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Preface

Rapid growth of the “proteomics” field during the past twelve years has con-
tributed to significant advances in science. To date, proteomic technologies have
been widely applied to examining various kinds of biological materials. Clinical
proteomics is the concept of using proteomic techniques to evaluate the
proteomes in clinical samples for biomarker discovery and for better understand-
ing of normal physiology and pathogenic mechanisms of human diseases. Trans-
lating the proteomic information to clinical practice may lead to the ultimate
goals of earlier diagnosis, improved therapeutic outcome and successful preven-
tion of diseases.

Human body fluids are produced, secreted, and/or excreted from various
tissues or organs. Major compositions of body fluids are water, organic sub-
stances and inorganic compounds. These compositions vary in each body fluid,
making one’s function different from the others. Analyses of protein compo-
nents in individual fluids would increase current knowledge on the biology and
physiology of various organ systems, and on the pathophysiology of diseases,
which cause alterations in protein production, secretion, and/or excretion from
the affected tissues or organs into the body fluids. Additionally, human body
fluids are the main targets and valuable sources for biomarker discovery. As
the high-throughput capability and applicability of proteomics for analyzing
proteins in the body fluids have been already proven, these desires are most
likely achievable by using proteomic technologies.

Proteomics of Human Body Fluids: Principles, Methods, and Applications
is the first and nearly complete collection of applications of proteomics to
analyze various human body fluids, including plasma, serum, urine, cere-
brospinal fluid, pleural effusion, bronchoalveolar lavage fluid, sputum, nasal
lavage fluid, saliva, pancreatic juice, bile, amniotic fluid, milk, nipple aspi-
rate fluid, seminal fluid, vitreous fluid, dialysate, and ultrafiltrate yielded
during renal replacement therapy. The book has been divided into two main
parts. The first part provides basic principles and strategies for proteomic
analysis of human body fluids, written by the leading experts in the
proteomics field. The second part offers more details regarding methodolo-
gies, recent findings and clinical applications of proteomic analysis of each
specific type of human body fluids, written by the authorities in their respec-
tive fields. Perspectives and future directions of each subject are also dis-
cussed. This book, therefore, covers almost everything one needs to know
about proteomics of human body fluids.



vi          Preface

I would like to thank all the authors who have contributed to this book,
which would not be possible without their willingness to give the valuable
time from their tight schedule and to share their knowledge and experience. I
hope that the book will prove to be a useful source of references for all who
are interested in this rapidly growing field of science and that the informa-
tion inside this book will facilitate the progress of current and future studies
on the human body fluid proteomes.

Visith Thongboonkerd, MD, FRCPT
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1

Proteomic Strategies for Analyzing Body Fluids

Sung-Min Ahn and Richard J. Simpson

Summary
The rapid development of molecular and cell biology in the latter part of the last century has

led us to the understanding that many diseases, including cancer, are caused by perturbations of
cellular networks, which are triggered by genetic changes and/or environmental challenges. These
perturbations manifest by changing cellular protein profiles, which, in turn, alter the quantitative
relationship of tissue-specific proteins shed into the tissue/organ microenvironment. Such altered
protein expression profiles in body fluids constitute molecular signatures or fingerprints that
reflect the original perturbation of cellular networks. The exciting challenge of modern proteomics
is to identify such signatures for various disease states––then the body fluids will become windows
into disease and potential biospecimen sources for biomarkers of disease. (1).

Key Words: Body fluids; biomarkers; proteome; expression proteomics; targeted proteomics;
sample collection; enrichment; prefractionation.

1. Introduction
1.1. Historical Perspective and Biological Context

Claude Bernard, the 19th century physiologist, introduced the concept of
milieu intérieur or the internal environment, defining it as the circulating organic
liquid that surrounds and bathes all tissue elements (2). Bernard regarded extra-
cellular fluid as the internal environment of the body and emphasized the impor-
tance of maintaining the constancy of that environment. This notion still holds
true today, especially in the era of proteomics. Indeed, the detection of protein
perturbations in the internal environment is one of the major goals of the fledg-
ling field of proteomics.

Approximately 60% of the adult human body is fluid, which is mainly distrib-
uted between two compartments: the extracellular space and the intracellular



space (3). The extracellular fluid is broadly divided into the interstitial fluid and
the blood plasma, which can be referred to as the microenvironment and the
macroenvironment, respectively (Fig. 1). Tissues consist of cellular elements
(parenchymal and stromal cells) and extracellular elements (extracellular matrix
and tissue interstitial fluid). In the literature, the term tissue microenvironment
usually refers to both cellular and extracellular elements (4). In this chapter, how-
ever, microenvironments are limited to tissue interstitial fluid (TIF) only, which
surrounds and bathes tissues. Since parenchyma, stroma, and blood all contribute
to the microenvironment, their individual secreted or shed protein profiles are
reflected together in the overall protein profile of the microenvironment. The
microenvironment, the interstitial fluid, is in direct contact with cells, exchanging
molecules with the intracellular fluid, whereas the macroenvironment, the
plasma, continuously communicates with all microenvironments throughout the
body, delivering nutrients and signals and receiving feedback directly or indi-
rectly via the lymphatics.

4 Ahn and Simpson

Fig. 1. Overview of body fluids and the internal environment. In an average 
70-kg person, the total body water is about 60% of the body weight (approx 42.0 L).
The intracellular fluid constitutes about two-thirds of the total body water (approx 28.0 L),
whereas the extracellular fluid constitutes the rest (approx 14.0 L). The interstitial fluid
comprises more than 75% of the extracellular fluid (approx 11.0 L), whereas plasma
comprises the remaining 25% (approx 3.0 L) (3).



Plasma is important in any proteomic analysis of human body fluids, not
only because every cell in the body leaves a record of its physiological state in
the products it sheds into the blood (5), but also because it influences most other
body fluids. Therefore, it is important to understand the proteomes of various
body fluids in the context of plasma. Theoretically, lymph and cerebrospinal
fluid (CSF) proteomes are subproteomes of plasma since these body fluids
eventually drain into plasma. Other body fluids represent plasma to varying
extents while having unique characteristics of their own (Fig. 2).

Proteomic Strategies for Analyzing Body Fluids 5

Fig. 2. Relationship between plasma and other body fluids. Tissue interstitial fluid
(TIF) enters terminal lymphatics and becomes lymph. (Thus, the composition of lymph
in the terminal lympatics is almost identical to that of TIF.) Hence, all lymph in the body
empties into the venous system at the junctures of internal jugular veins and subclavian
veins (94). CSF is secreted from the choroid plexus at a rate of about 500 mL/d, which
is approximately three to four times as much as its total volume (about 150 mL). Excess
CSF is absorbed by the arachnoidal villi, which have vesicular holes large enough to
allow the free flow of CSF, proteins, and even particles as large as red and white blood
cells into the venous system (95). Since lymph and CSF drain into the blood, theoreti-
cally all proteins in lymph and CSF are present in the blood. For this reason, lymph and
CSF proteomes are considered subproteomes of the plasma. Other body fluids such as
urine and tears represent plasma to varying extents while having unique characteristics
of their own.



1.2. Differential Enrichment of Biomarkers in Body Fluids

One of the main challenges of proteomics is to find molecular signatures or
biomarkers of disease. In plasma, high-abundance proteins such as albumin and
transferrin constitute approx 99% of the total protein and the remaining 1% is
assumed to include many potential biomarkers that are typically of low abun-
dance (6). Therefore, removal of high-abundance proteins has become a com-
mon practice to enrich for low-abundance proteins in plasma. (This issue will be
discussed in more details later in this chapter, as well as in other chapters.)
However, before trying to remove high-abundance proteins from plasma, the
concept of differential enrichment of biomarkers in various body fluids needs to
be considered. Figure 3 illustrates a simplified relationship of the concentration
of secreted or membrane-shed cellular proteins in TIF, lymph, and blood. For
example, if there is a cancer in the sigmoid region of the colon, cancer cells will
secrete or shed cancer-specific proteins into the microenvironment. Such pro-
teins traffic from the TIF to the lymph, being diluted during the process. Lymph
fluids from various regions of the body merge and eventually drain into the
circulatory system. Approximately 2.5 L of lymph drains into the systemic
circulation per day, whereas about 3 L of plasma (approx 5 L of blood) is ejected
from the heart every minute. Therefore, the dilution factor is at least 1.5 � 103.
(Lymph fluids from different tissues have different tissue-specific proteins. This
additional consideration is not included here). Given that only a 10-fold enrich-
ment can be achieved by removing the top six most abundant proteins in plasma,
the advantage of using TIF (7) or lymph (8) rather than plasma seems consider-
able in discovering biomarkers. For example, the study of Sedlaczek and
colleagues (9) highlights the differential enrichment of CA125, an ovarian cancer
marker, in different body fluids from patients with ovarian carcinoma. Table 1
summarizes their comparative analysis of CA125 in sera, cyst fluids, and ascites.
According to this study, the median value of CA125 is approx 64-fold higher in
cyst fluid than in serum.

Malignant ascites is another example of differential enrichment of secreted
or membrane-shed proteins. Some cancers such as colorectal and ovarian can-
cers can be seeded onto peritoneal cavity and cause malignant ascites via vari-
ous mechanisms. According to Trape and colleagues (10), carcinoembryonic
antigen (CEA) levels in malignant ascites are in the range of 33,540 ng/mL
maximum, which is more than 5� 103-fold higher than the normal plasma
level of CEA (�5 ng/mL). Although the availability of clinical specimens often
becomes the bottleneck of body fluid research owing to a paucity of clinical
specimens and ethical considerations, understanding and utilizing the differen-
tial enrichment of biomarkers may open a new window of opportunity for
discovering otherwise undetectable low-abundance biomarkers.

6 Ahn and Simpson



2. Proteomic Approaches for Studying Human Body Fluids
Proteomics, a newly emerging postgenomic technology that allows one to

unravel the biological complexity encoded by the genome at the protein level,
is built on technologies that allow one to analyze large numbers of proteins in
a single experiment. Broadly, there are two main facets of proteomics research:

1. Expression proteomics, which aims to catalog the proteome, i.e., the full comple-
ment of proteins expressed by the genome in any given cell, tissue, or body fluid
at a given time.

Proteomic Strategies for Analyzing Body Fluids 7

Fig. 3. Dilution of tissue-specific proteins in TIF, lymph, and blood.

Table 1
Median Levels of Ca125 in Serum, Cyst Fluid, and Ascites 
From Patients With Ovarian Neoplasms

CA125 (U/mL)

Histologic type Serum Ascites Cyst fluid

Serous carcinoma 696.0 18,563.0 44,850.0
Endometroid carcinoma 661.0 14,415.5 32,150.0
Mucinous adenocarcinoma 67.0 3521.5 3930.5
Undifferentiated carcinoma 860.7 3909.5 ––
Serous cystadenoma 7.1 –– 42150.0
Serous cyst 4.8 –– 6851.5
Mucinous adenoma 10.8 –– 5691.5

From Sedlaczek et al. (9), with permission.



2. Targeted proteomics, which strives to determine the cellular functions of genes
directly at the protein level (e.g., protein-protein interactions, posttranslational
modifications, protein localizations within cells) (11).

Currently, the major focus of proteomics of body fluids is expression pro-
teomics, especially the quantitative differences in protein profiles between
physiological and pathological states.

Figure 4 summarizes the pipeline of technologies that comprise the field of
proteomics strategies. Each step in the pipeline involves defined technologies,
each of which is technically challenging and of equal importance. Needless to
say, the overall success of any proteomics research depends on the success of the
individual step in the proteomic pipeline. For solving specific biological ques-
tions, the combination of various options in each step provides much flexibility
in experimental design. In this chapter, we address current issues and technolo-
gies involved in each step of proteomics with an emphasis on their application
to body fluid research.

2.1. Biospecimen Collection and Storage

Success in proteomics very much depends on careful biospecimen prepara-
tion. In clinical chemistry, many factors are known to cause variations in biospec-
imen precollection, collection, and postcollection stages (12). Therefore, a
standardized protocol for sample collection, processing, and storage is essential
for reproducible experiments within a given laboratory and, especially, from one
laboratory to another. (When we compare a large set of data from different lab-
oratories, it is important that we are actually comparing “apples with apples!”).
This was one of the major technical issues addressed in the pilot phase of the
Human Plasma Proteome Project, the first systematic international effort devoted
to analyzing a body fluid (13).
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Fig. 4. Pipeline of technologies used in the field of proteomics. The overall success
of qualitative and quantitative proteomics relies on the success of the individual tech-
nologies involved in a proteomic pipeline. PTMs, posttranslational modifications.



Among the various body fluids, blood is the most sampled and studied, yet its
optimal sample preparation is still problematic. For proteomic analysis, blood can
be collected as serum or plasma. When blood is removed from the body and
allowed to clot, it separates into a solid clot containing blood cells and fibrin, and
a liquid phase termed serum. If an anticoagulant such as heparin or EDTA is
added, the liquid phase is termed plasma (12). From a clinical chemistry perspec-
tive, serum differs from plasma only in that it lacks fibrinogen. From a proteomics
perspective, however, the differences between serum and plasma can be consid-
erable. The physiological and biochemical difference between serum and plasma
is demarcated by the activation of the coagulation cascade, which involves the
sequential activation of proteases (14). The activated proteases during this process
will in turn have proteolytic effects on other proteins. According to a recent report
of the Human Plasma Proteome Organisation (HUPO), a significant number of
peptides differed between serum and plasma specimens (especially intracellular,
coagulation-dependent, and enzymatic activity-derived peptides) (15). The issue
of coagulation can also be applied to other body fluids. Extravascular coagula-
tions are observed in lymph (16) and synovial fluid (17), and it is likely that most
of the internal body fluids have coagulation factors from blood to some extent.

Hulmes and colleagues (18) have addressed questions regarding plasma col-
lection, stabilization, and storage procedures for proteomic analysis of clinical
samples. According to their research, addition of a protease inhibitor cocktail
directly to plasma collection tubes prior to phlebotomy, centrifugation within 1 h
of blood draw, snap-freezing aliquots immediately in a dry ice/alcohol bath, and
storing frozen aliquots in a �70°C freezer can improve sample qualities for
proteomic analysis. This recommendation is supported in the report of the
HUPO Plasma Proteome Project on specimen collection and handling (15).

There are a number of anticoagulants that prevent the coagulation of blood. In
clinical chemistry, EDTA, heparin, and citrate are the most widely used, and the
choice of anticoagulants is important since the manner in which they behave
differs. Unlike EDTA and heparin, citrate is used as a concentrated solution in a
ratio of 1 part to 9 parts of blood (19), which itself introduces dilution effects and
variation. Heparin is a highly charged molecule, thus being able to prevent bind-
ing of molecules to charged surfaces (15). Although EDTA can interfere with
assays when divalent cations are necessary, it does not have dilution effects nor
does it interfere with charged molecules. Therefore, EDTA seems to be the anti-
coagulant of choice for proteomic analysis of body fluids when the primary aim
is to catalog and quantitate proteins. However, the choice of anticoagulants may
also depend on the specific aim or protein targets of experiments since anticoag-
ulants can affect the stability of some proteins, if not all (e.g., osteocalcin)
(20,21). Heparin, citrate, and EDTA have been reported to yield no obvious m/z
(mass per charge) peaks in typical proteome analysis, yet some types of blood
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collection tubes designed to reduce protein degradation contain aprotinin or
other protease inhibitors that will appear as m/z peaks and pose a potential prob-
lem with the interpretation of mass spectra if they are not recognized as exoge-
nous additives to a specimen (22).

With regard to the use of protease inhibitors, all data from the HUPO Plasma
Proteome Project on specimen collection and handling are consistent with the
benefits of blocking protease activity and, perhaps more importantly, of block-
ing this activity immediately, during sample acquisition (15).

Finally, the limitations of current storage methods using �70 to �80°C
freezers are worth mentioning. It has been reported that some degree of degra-
dation occurs over time in coagulation factors of stored plasma samples, pre-
sumably owing to renewal of enzymatic activity, albeit minimal, even at �80°C
(23). In this context, Rouy and colleagues (24) reported that the plasma level of
metalloproteinase-9 (MMP-9) decreased by 90% after 2 yr of storage at �80°C,
whereas those of MMP-2 remained constant. It is surprising that two enzymes,
which share many properties, behave in different manners under the same stor-
age condition. Therefore, careful validation and interpretation are essential
when we analyze a large set of body fluid samples stored in tissue banks over
a period of time since at least some proteins may show different levels of sta-
bility. Topics relating to specimen collection and storage of other body fluids
are dealt with in other chapters of this book.

2.2. Sample Loading: How and What to Compare

Typically, when cell or tissue lysates are subjected to proteomic analysis,
equal amounts of protein are compared (e.g., 100 μg protein from each sample
for 2D electrophoresis [2-DE]). In body fluid research, however, the analysis of
samples based on equal protein load may cause serious problems because even
the normal interval of total protein levels is very wide (e.g., it ranges from 68.0
to 86.0 mg/mL in plasma). To illustrate this potential problem, let us consider
these two hypothetical patients.

Patient A
Total plasma protein 86 mg/mL
CEA 4.9 ng/mL

Patient B
Total plasma protein 68 mg/mL
CEA 4.9 ng/mL

(CEA is a tumor marker for colorectal cancer; the normal range is �5 ng/mL.)
In current medical practice, total plasma protein levels are not considered

when we interpret individual protein levels (i.e., they are treated as independent
variables). Therefore, CEA levels of both patients will be regarded as normal.
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Now, let us assume that we perform 2-DE using plasma from these two
patients and that the dynamic range of detection is approx 1012. (In reality, it is
about 104.) Then, to load 86 μg of each sample to immobilized pH gradient
(IPG) strips, we load 1 μL of plasma for patient A, which contains 4.9 pg of
CEA, and 1.26 μL of plasma for patient B, which contains 6.2 pg of CEA.
After 2-DE, the CEA spots will be selected as differentially expressed spots.
(Differential gel electrophoresis [DIGE] can detect quantitative changes as low
as 10% [25]). In this approach, over 20% of variation is introduced because the
interpretation of CEA levels is dependent on total protein levels. In other words,
CEA levels or other biomarker levels, which we try to detect, can vary accord-
ing to the total protein concentrations (Fig. 5).

When we deal with cell or tissue lysate, the situation is totally different. For
example, if we compare radiation-treated with nontreated CaCo2 cell lines
using 2-DE, we are trying to detect changes in essentially identical systems, and
loading the same amount of samples (e.g., 100 μg protein from each sample)
will be a reasonable way to guarantee equal comparison.

There are two ways of solving this problem. The first is by simply loading the
same volume of body fluids. Although this method is perfectly compatible with
the current practice of clinical laboratories, it may not be an ideal solution for
expression proteomics of body fluids wherein prefractionation, such as depletion
of high-abundance proteins, is commonly required. When depletion is used, for
example, volumetric information is difficult to preserve and invariably lost. If we
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Fig. 5. Volume-based vs protein quantity-based comparison. Left panel illustrates the
comparison of the same volumes of plasma from patients A and B. Total protein levels
differ, yet carcinoembroyonic antigen (CEA) levels are the same. If we were to analyze
the same quantities of proteins instead (i.e., 86 μg of protein for each patient), patterns
will look like the right panel. In this case, total protein levels are the same (since we
loaded the same quantities), yet CEA levels differ. When the same quantities of sam-
ples are compared, it is assumed that the total protein levels in patients’ plasma are more
or less identical. This assumption does not hold true for most body fluids.



use multiple affinity columns for depleting high-abundance proteins, volumetric
information pertaining to original samples would be lost, first, by dilution during
chromatographic separation and, second, by a desalting and concentrating step.

The second solution is to normalize data based on the total protein concen-
trations. This method provides information about relative concentration of pro-
teins, and data can be normalized even after extensive prefractionation since
quantitative information is easier to preserve.

Let us go back to the example of CEA above. In that example, more than
20% of variation was introduced just because we loaded the same quantities of
protein from each sample assuming, willingly or unwillingly, that total protein
levels of two samples were identical. This systematic variation can be easily
corrected by calculating a normalization factor from total protein levels of each
sample and applying it to the data.

If we select the sample from patient A as a baseline, the normalization fac-
tor will be 68 mg/mL divided by 86 mg/mL. Then, the CEA level of patient B
will be corrected to be 4.9 pg by multiplying the compensation factor to the
original data [(68/86) � 6.2 � 4.9].

If we keep track of quantitative information in each prefractionation step, it
is possible to calculate proper normalization factors. For example, after deplet-
ing high-abundance proteins using affinity chromatography, we can get infor-
mation about how much protein is depleted from the total proteome (e.g., 85%
is depleted), which can be used for normalizing data.

2.3. Prefractionation and Fractionation

The development of proteomics technologies has enabled us to analyze a
large number of proteins simultaneously. 2-DE, arguably the most widely used
separation technique in proteomics (26,27), can resolve more than 5000 proteins
in one gel and detect less than 1 ng of proteins per spot (28). Nevertheless, at
least two technical challenges need to be overcome before proteomics can real-
ize its full potential for protein expression profiling of body fluids. First, body
fluids contain an enormous number of proteins. For example, it is claimed that
plasma alone contains more than 1 million protein forms (6). Another important
consideration is the problem of the dynamic range of protein abundances (29).
In plasma, the dynamic range of protein abundances can extend up to 12 orders
of magnitude (30), which far exceeds the current dynamic range of 2-DE
(approx 104) (31). To circumvent these problems, good separation strategies are
essential. The essence of prefractionation is the enrichment of the target popula-
tion of proteins (e.g., removal of high-abundance proteins and/or the isolation of
subpopulation of proteins––e.g., glycoproteins, phosphoproteins, glycosylphos-
phatidylinisotol (GPI)-anchored proteins, cysteine-containing proteins) whereas
the essence of fractionation is the maximal separation of a complex protein 
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mixture into its individual components (e.g., 2-DE and multidimensional chro-
matography). Prefractionation and fractionation technologies are too compli-
cated for a single review. For more detailed reviews, see Simpson (32) and
Righetti et al. (33).

2.3.1. Reduction of Dynamic Range of Protein Abundances

Various human body fluids including plasma, CSF, ascites, and lymph are
characterized by the presence of high-abundance proteins, which preclude effec-
tive analysis of low-abundance proteins (akin to searching for “needles” in a
haystack). For example, 22 high-abundance proteins represent about 99% of the
total proteins in plasma (34). Therefore, in any proteomic strategy for analyzing
body fluids, the reduction of the dynamic range of protein abundances must be
addressed in order to “drill down” to the low-abundance proteins for analysis.
Two opposite approaches will be briefly introduced here. One approach reduces
the dynamic range by depleting high-abundance proteins; the other achieves the
goal by increasing the relative copy numbers of low-abundance proteins. These
two may be called the yin and yang approaches to reducing the dynamic range
of protein abundances.

2.3.1.1. YIN APPROACH OF REDUCING DYNAMIC RANGE

OF PROTEIN ABUNDANCES

2.3.1.1.1. Depletion of High-Abundance Proteins. Depletion of high-
abundance proteins is probably the most commonly used prefractionation tech-
nique for body fluid research. (Govorukhina and Bischoff discuss it in more
detail in Chapter 2.) As just mentioned, this approach aims to reduce the
dynamic range of protein abundances by removing high-abundance proteins,
and it has been successfully adopted for body fluid research. For example,
Pieper and colleagues (35) have shown that immunoaffinity subtraction chro-
matography can improve the resolution of low-abundance proteins in plasma.
Although this approach is very useful in body fluid research, there are two
issues that require careful consideration. The first is the limitation of this
approach, which becomes evident if we take albumin, a major high-abundance
protein in various body fluids, with about 50 mg/mL in plasma, as an example
(36). If any depletion strategy were able to remove 99.9% of albumin from the
plasma (according to a recent report, the efficiency ranges from 96.0 to 99.4%
[37]), the remaining (contaminating) concentration of albumin would still be
approx 50 μg/mL. This concentration is 1 � 104 fold higher than CEA levels
(approx 5 ng/mL) and 5 � 106 fold higher than levels of interleukin-6 (IL-6;
approx 10 pg/mL). Considering that the current dynamic range of 2-DE is
approx 104 (31), this simple comparison shows that in addition to the depletion
of high-abundance proteins, technologies for the efficient separation and
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enrichment of low-abundance proteins to detectable levels have to be further
utilized and developed (38).

The second issue is the possibility that depletion of high-abundance proteins
may diminish the chances of finding low-abundance proteins bound to and
carried by high-abundance carrier proteins such as albumin (39). Although this
concept is still controversial and has not proved its importance, we should be
careful not to lose extra information when subtracting a portion of proteome
before initial analysis.

2.3.1.2. YANG APPROACH OF REDUCING DYNAMIC RANGE OF PROTEIN ABUNDANCES

2.3.1.2.1. Reduction of Dynamic Range With a Peptide Library. This
approach (enrichment of the general population of proteins to the same degree)
involves constructing a large peptide library via combinatorial chemistry. Using
just 20 natural amino acids and making six reaction steps, 206 peptide ligands
can be made; owing to this enormous diversity, there is theoretically a ligand for
every protein, antibody, and peptide. When a complex protein mixture such as
plasma is incubated with this library under large overloading conditions, high-
abundance proteins saturate their specific affinity ligands and excess is removed
during the washing step, whereas low-abundance proteins continue to concen-
trate on their specific affinity ligands. After processing, the eluate has all the rep-
resentatives of the original mixture, but with much reduced dynamic range since
high-abundance proteins are significantly diluted and low-abundance proteins
are concentrated (33). Although the efficiency and efficacy of this approach are
not yet clear in this early stage, it is free from potential problems associated with
depletion and may work as a complementary method to depletion strategy.

2.3.1.2.2. Reduction of Dynamic Range With Selective Capture Methods.
This approach involves enrichment of the selective population of proteins. The
peptide library mentioned in Subheading 2.3.1.2.1. reduces the dynamic range of
protein abundances by enriching the general population of proteins to the same
degree. There are, however, other methods by which we can enrich selective pop-
ulations of proteins using the unique characteristics of each group. Here, we
briefly introduce two examples, which are important for analyzing body fluids.

Immunoprecipitation is the most classical example of enriching a selective
population of proteins. This technique is based on the immunoaffinity between
antibodies and their target proteins. Immunoprecipitation has been successfully
applied to the analysis of protein isoforms, phosphorylated proteins, and pro-
tein-protein complexes (33).

Glycoprotein capture is another good example. This method, specifically
targeting glycoproteins, is highly relevant to body fluid research, since protein
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glycosylation is prevalent in extracellular proteins, and many clinical biomark-
ers in body fluids are also glycoproteins (40). Currently, there are two main
approaches for capturing glycoproteins. Kaji and colleagues (41) combined the
classical lectin chromatography with isotope-coded tagging and mass spec-
trometry (MS). In this method, glycopeptides, generated by tryptic digestion of
protein mixture, are captured by the lectin column. Then captured glycopep-
tides are isotope-tagged with 18O and identified by multidimensional liquid
chromatography (LC) MS. In the other approach, Zhang and colleagues (40)
used hydrazide chemistry to capture glycoproteins through conjugation, which
is followed by isotope labeling and identification/quantitation by tandem mass
spectrometry (MS/MS).

2.3.2. Electrophoresis and Liquid Chromatography

Electrophoresis and liquid chromatography are two main streams of separation
technology. In this section, only a limited number of topics will be discussed, with
an emphasis on their application to body fluids. For more detailed reviews, see
Westermeier and Grona (42), Simpson (43), and Mant and Hodges (44).

2.3.2.1. ISOELECTRIC FOCUSING

Proteins are amphoteric molecules that carry a positive, negative, or zero net
charge, depending on the pH of their surroundings. Therefore, when placed in a pH
gradient within an electric field, proteins will migrate to the pH where they have no
net charge. Isoelectric focusing (IEF) takes advantage of this phenomenon (45).

In addition to its well-known application as the first dimension analysis of 
2-DE, IEF can also be used as a prefractionation technique or in combination
with non-gel-based technologies such as liquid chromatography. Here we will
briefly introduce three applications of IEF: prefractionation IEF for narrow-
range IPGs, free-flow electrophoresis (FFE), and chromatofocusing.

2.3.2.1.1. Prefractionation-IEF for Narrow-Range Immobilized ph Gradients.
The use of multiple narrow overlapping IPGs is the best remedy for increasing
the resolution of 2-DE to avoid multiple proteins in a single spot for unambigu-
ous protein identification and to facilitate the application of higher protein
amounts for the detection of minor components (46).

When narrow-range IPGs are loaded with a body fluid (e.g., plasma), a
massive disturbance of the focusing process ensues, stemming from two main
problems. The first problem is that it is usually not possible to achieve high
loads of protein, actually focused, on narrow pH gradients since most of the
loaded proteins have pIs outside the pH range of the IPG. The second problem
is the severe disturbance caused by extraneous proteins, which migrate to the
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ends of the strip, where they collect in highly concentrated zones in charged
states. Therefore, it is essential to prefractionate body fluids into isoelectric
fractions that correspond to the pH ranges of the IPGs (47).

To achieve this goal, various liquid-phase IEF apparati such as the Rotofor™
(48), the multicompartment electrolyzer (49), and the zoom fractionator (50)
have been developed. In general, these apparati, except the Rotofor, have multi-
ple compartments separated by separation barriers with a defined pH, and the pH
range of a fraction in a compartment is determined by the pH of separation bar-
riers at both ends. After IEF, each fraction can be loaded to corresponding nar-
row-pH IPG strips. For a more detailed discussion of each technique, see
Righetti et al. (33) and Zuo and Speicher (51). Recently, Tang and colleagues
(52) reported on four-dimensional analysis, which combines the depletion of
high-abundance proteins, liquid-phase IEF, and 1-DE, followed by nanocapillary
reversed phase high-performance liquid chromatography (RP-HPLC) tryptic
peptide separation prior to MS/MS analysis to detect low-abundance proteins in
human plasma and serum.

Görg and colleagues (53) developed a solid-phase prefractionation IEF using
granulated gels. In brief, a Sephadex slurry is made with Sephadex G-200
superfine and a solution containing urea, 3-[(3-cholamidopropyl)dimethy-
lamino]-1-propanesulfonate (CHAPS), dithiothreitol (DTT), and carrier
ampholytes. This slurry is mixed with the sample solution, and the mixture is
pipeted into the trough of the template inserted into the IPG DryStrip kit for
IEF. After IEF, individual Sephadex fractions are removed with a spatula and
applied onto rehydrated, narrow-pH-range IPG strips. When IPG-IEF is per-
formed, prefractionated proteins in the Sephadex fraction are electrophoreti-
cally transferred to IPG strips and focused. This method does not require
special equipment and is relatively free from protein dilution and loss, which
may occur in liquid-phase IEF.

2.3.2.1.2. Free-Flow Electrophoresis and Chromatofocusing. Although
the prefractionation-IEF methods introduced above are specifically devised for
2-DE, FFE, and chromatofocusing, they provide better results in combination
with liquid chromatography; they can also be used with gel-based technologies.
Both FFE and chromatofocusing are liquid-phase IEF, and, as their names
indicate, the basic principles of FFE and chromatofocusing are based on
electrophoresis and chromatography, respectively.

In FFE, samples are continuously injected into a carrier ampholyte solution
flowing as a thin film between two parallel plates. By introducing an electric
field perpendicular to the flow direction, proteins are separated by IEF accord-
ing to their different pI values and collected (29,54). Key advantages of this
method are improved sample recovery (owing to the absence of solid membrane
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supports) and sample loading capacity. (Sample loading is continuous during
FFE and hence not rate limiting [29]).

Although FFE can be coupled off-line to sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE) (54), the restricted separation capacity
of SDS-PAGE presents limitations in resolution, recovery of low-Mr proteins,
and sample loadability. In contrast, when FFE is coupled off-line to RP-HPLC,
the high resolving power produced in the first-dimension IEF step, in which
very narrow-range pH gradients can easily be generated, coupled to the high
resolution of modern RP-HPLC stationary phases, extends the resolving power
of this 2D protein separation system over other previously described 2D sys-
tems based solely on coupled HPLC columns (29). For the fundamental princi-
ples and experimental protocols of FFE, including the introduction of
commercial instrumentation, see Krivankova and Bocek (55) and Weber et al.
(56). For a detailed protocol for the application of FFE for proteins and
peptides, see Moritz and Simpson (57).

In chromatofocusing, usually a weak anion exchanger is used as the matrix in
which the functional groups are amines, and the eluent is a buffer containing a
large number of buffering species, which together give a uniform buffering
capacity over a broad pH range. Unlike ion-exchange chromatography, in which
a pH gradient is normally formed using a gradient mixer, chromatofocusing
takes advantage of the buffering action of the charged functional groups on the
matrix, and the pH gradient is formed automatically as the eluting buffer titrates
the functional groups on the matrix. As elution progresses, the pH at each point
in the column is gradually lowered, and proteins with different pI values will
migrate at different distances on the column before binding. In this way, proteins
elute in the order of their pIs (58). Yan and colleagues (59) used chromatofocus-
ing coupled to nonporous (NPS) RP-HPLC for fractionating and comparing pro-
tein expression using a drug-treated cell line vs the same untreated cell line. This
method provides a 2D map based on pI values and hydrophobicity and has been
shown to be highly reproducible for quantitative differential expression analysis.
Soldi and colleagues (60) used a commercial platform combining chromatofo-
cusing and NPS RP-HPLC for protein profiling of human urine and showed that
this method could be a complementary system to 2-DE in body fluid research.

2.3.2.2. 2D ELECTROPHORESIS

2-DE has been the most commonly used technique in the field of proteomics
since its development in 1975 by O’Farrell (26) and Klose (27). This technique
couples IEF in the first dimension with SDS-PAGE in the second dimension
and allows the separation of complex mixtures of proteins according to their
respective pI and Mr values. Depending on the gel size and pH gradient used,
2-DE can resolve more than 5000 proteins simultaneously (more than 2000 
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proteins routinely) and can detect less than 1 ng of protein per spot (46). Since
2-DE has suffered from problems such as reproducibility, resolution, proteins
with extremes of pI, and recovery of hydrophobic proteins (61), it is now seri-
ously challenged by other non-gel-based approaches. However, as Rabilloud
(31) pointed out, if the goal of the proteomic experiment is to look for quanti-
tative changes, 2-DE will remain unrivalled for some time.

Body fluid research is closely related to finding disease biomarkers, and
therefore, quantitative analysis of differentially expressed proteins in normal
and disease groups is important. Although 2-DE is a good quantitative tool, its
ability has been hampered by important limitations. First, the predominant pro-
tein staining methods are either not sensitive enough (Coomassie brilliant blue)
or have a limited linearity (silver staining) (62). The application of radioactive
labeling or fluorescent stains can alleviate these problems, but only partially.
Second, the intrinsic gel-to-gel variation of 2-DE masks the biological differ-
ence between the samples and compromises any quantitative comparison of
protein expression levels (63). DIGE (64) circumvents many of the issues asso-
ciated with traditional 2-DE, such as reproducibility and limited dynamic range,
and allows for more accurate and sensitive quantitative analysis (65).

In DIGE, two samples are labeled in vitro using two different fluorescent cya-
nine dyes (CyDyes; Amersham Biosciences) differing in their excitation and
emission wavelengths, then mixed before IEF, and separated on a single 2D gel.
After consecutive excitation with both wavelengths, the images are overlaid and
subtracted (normalized), whereby especially differences (e.g., up- or down-
regulated, and/or posttranslationally modified proteins) between the two samples
can be visualized (46). This multiplex approach instead of the “one gel one sam-
ple” approach solves most of the problems associated with gel-to-gel variation,
spot matching, and normalization. In addition, CyDye has a detection limit of
150 to 500 pg for a single protein with a linear response in protein concentration
over 5 orders of magnitude, whereas silver staining has a protein detection limit
of approx 1 ng with a dynamic range of less than 2 orders of magnitude (65). At
least five replicate gels should be run per sample for quantitative analysis in tra-
ditional 2-DE, and owing to the high variability from sample comparisons run in
different gels, the threshold for accepting a meaningful variation is set at a fac-
tor of 2.0 (100% variation) (66). In contrast, DIGE can detect quantitative
changes as low as 10% with 95% confidence, and the use of an internal standard
helps to minimize false positives and negatives (25).

For biomarker research using body fluids, protein profiling of a large set of
samples is essential. In this case, the primary benefit of sample multiplexing is
that a pooled standard can be included on each gel, which comprises equal
amounts of each sample and represents the average of all the samples being
analyzed. The pooled standard approach is used to normalize protein abundance
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measurements across multiple gels in an experiment, making it possible to com-
pare more than two samples accurately (67). A more detailed review of multi-
plexed dye technologies is presented by Patton in chapter 4.

2.3.2.3. LIQUID CHROMATOGRAPHY

Chromatography is a widely used technique for separating the components of
a mixture by allowing the sample (the analyte) to distribute between the station-
ary and mobile phases. Stationary phases, the key elements of LC, are made of
the support matrix chemically coated with a bonded phase containing functional
groups that provide the desired specific binding interaction (68). Table 2
summarizes commonly used chromatographic methods and their principles of
separation. Chromatography can be used for the enrichment of low-abundance
proteins as well as for multidimensional analysis of body fluids. For a more
detailed review of chromatographic methods for separating proteins and peptides,
see Simpson (32) and Mant and Hodges (44).

2.3.2.3.1. Chromatographic Prefractionation for 2-DE. As mentioned
above, immunoaffinity chromatography is the most commonly used prefraction-
ation tool in body fluid research. However, other chromatographic methods such
as ion-exchange chromatography and RP-HPLC can also be considered for pre-
fractionation. Combining a chromatographic step with 2-DE provides a third
orthogonal dimension for protein separation. For example, if we use RP-HPLC
before 2-DE, we are separating proteins based on a combination of their
hydrophobicity, pI, and Mr. For an overview of chromatographic prefractionation
prior to 2-DE, see Lescuyer et al. (69).

2.3.2.3.2. Multidimensional Analysis Using Chromatography. As we dis-
cussed in chromatofocusing, multiple chromatographic methods can be coupled for
separating the components of a mixture (e.g., combination of chromatofocusing 
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Table 2 
Commonly Used Liquid Chromatography Methods in Proteomics

Principle of separation Type of chromatography

Size and shape Size-exclusion chromatography (gel- 
filtration or gel-permeation chromatography)

Net charge Ion-exchange chromatography
Hydrophobicity Hydrophobic interaction chromatography

Reversed-phase high-performance 
liquid chromatography

Antigen-antibody interaction Immunoaffinity chromatography
Isoelectric point (pI) Chromatofocusing
Metal binding Immobilized metal ion affinity chromatography



and RP-HPLC). This approach, termed multidimensional HPLC (MDLC), can be
fully automated to join the various separation steps into a single seamless proce-
dure and can also interface protein and peptide separations directly to mass spec-
trometers. In MDLC of intact proteins, the protein complex is fractionated and
digested to peptides for subsequent mass spectrometric analysis. In an alternative
MDLC, termed multidimensional protein identification technology (MudPIT),
complex protein samples are enzymatically digested to produce extremely com-
plex peptide mixtures, which are then subjected to multidimensional chromato-
graphic separations and mass spectrometric analysis. For detailed reviews of MDLC
of intact proteins and MudPIT, see Apffel (70) and Wolters et al. (71). Table 3
presents a summary of comparisons between MDLC of intact proteins and
MudPIT. This table is based on Apffel’s review (70).

2.4. Mass Spectrometry

MS has become the method of choice for the identification and characteriza-
tion of proteins in complex mixtures, largely as a result of the development of soft
ionization methods for proteins and the availability of gene and genome sequence
databases (11). In expression proteomics of body fluids, the main applications of
MS are determination of primary structure of peptides, quantitative analysis, and
characterization of posttranslational modifications. For a review of MS-based
proteomics, see Aebersold and Mann (72), and for a “hands-on” description of
current MS-based proteomics methods, see the proteomics laboratory manual of
Simpson (43). Glycosylation, an important posttranslational modification in body
fluids, will be discussed by Bunkenborg and colleagues in chapter 5.
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Table 3
MDLC of Intact Proteins versus MudPIT

MDLC MudPIT

Peptide fragment Good correlation between Poor correlation owing to 
correlation peptides and their original digestion prior to 

protein fractionation
Mixture complexity Still complex About 50-fold more complex
Computational Less challenging; MS/MS data One of the biggest 

requirements search can be supported challenges
by elution profiles 
and protein properties.

Solubility Problematic A significant advantage over
MDLC

Abbreviations: MDLC, multidimensional high-performance liquid chromatography; 
MS, mass spectrometry; MudPIT, multidimensional protein identification Technology.



2.4.1. Protein Identification

2.4.1.1. PROTEIN IDENTIFICATION USING MASS SPECTROMETRY

Currently, the bottom-up approach using MS/MS is most widely used for protein
identification. In MS/MS, peptide ions are isolated, fragmented, and analyzed to
produce MS/MS spectra. Then these experimental MS/MS spectra are compared
with the theoretical MS/MS spectra generated from protein sequence databases
using search algorithms, which assign scores indicating the degree of similarity
between the experimental and theoretical MS/MS spectra (73) (Table 4).

However, it has been increasingly realized that the protein inference prob-
lem, i.e., the task of assembling the sequences of identified peptides to infer the
proteins of their origin, is far from being trivial and requires special attention.
Protein digestion makes peptides, not proteins, the currency of MS/MS, and the
connectivity between peptides and proteins is lost at the digestion stage, which
complicates computational analysis and biological interpretation of the data,
especially in the case of higher eukaryotic organisms in which the same peptide
sequence can be present in multiple different proteins (74).

2.4.1.2. MS/MS SEARCH ALGORITHMS FOR PROTEIN IDENTIFICATION

Currently MS/MS search algorithms scoring functions can essentially be 
classified into two categories: heuristic and probabilistic algorithms. Heuristic
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Table 4
Current Approaches to Protein Identification Using Mass Spectrometry (MS)

MS approach Features

Top-down Analysis of the fragmentation pathway of intact proteins
Complete sequence coverage (useful for examining site-specific

mutations and posttranslational modifications) (96)
Requirement of specialized equipment
Early stage of development

Bottom-up Digestion of proteins to peptides prior to MS
Limited sequence coverage, but improved sequencing properties

and detection efficiencies of peptide (97)
PMF Comparison of peptide mass fingerprints with virtual fingerprints

obtained by theoretical cleavage of protein sequences in 
databases

MS/MS Peptide sequencing by analyzing the fragmentation patterns 
of peptides

More sensitive and specific than PMF

Abbreviations: PMF, peptide mass fingerprinting; MS/MS, tandem mass spectrometry



algorithms, such as SEQUEST, Spectrum Mill, X!Tandem, and Sonar, correlate
the experimental MS/MS spectrum with a theoretical spectrum and calculate a
score based on the similarity between the two. On the other hand, probabilistic
algorithms, such as MASCOT, model to some extent the peptide fragmentation
process (e.g., ladders of sequence ions) and calculate the probability that a partic-
ular peptide sequence produced the observed spectrum by chance. Important con-
siderations when one is carrying out MS/MS database searches are the specified
search parameters (i.e., mass tolerance, which is dependent on the instrument and
calibration), search strategy (i.e., semitryptic vs tryptic), chosen protein sequence
database to query (i.e., IPI vs NCBI NR, which is dependent on the particular
experiment), and chosen search engine. In addition, it is recommended to use an
algorithm that demonstrates high sensitivity in conjunction with an algorithm that
demonstrates high specificity (75). For more detailed discussion, see Kapp et al.
(75) and Sadygov et al. (76). For publication guidelines for peptide and protein
identification data, see Carr et al. (77).

2.4.2. Quantitative Analysis Using Mass Spectrometry

MS has been used successfully to identify and characterize proteins in com-
plex mixtures (especially suborganellar proteomes such as mitochondria, phago-
somes, Golgi bodies, and so on; for reviews, see Taylor et al. [78] and Brunet
et al. [79]). MS research so far has been mainly qualitative, yet the recent advent
of new methodologies provides the opportunity to obtain quantitative proteomics
data sets. There are two approaches in MS-based quantitative proteomics: stable
isotope labeling, which permits direct comparison of two proteome states in the
same analysis, and ion current-based quantitation (label-free methods), which
compares the ion currents of the same peptides in different experiments (80).

Two main approaches, based on stable isotope methods, are currently used for
relative quantitation using MS: metabolic labeling and chemical tagging. In meta-
bolic labeling, stable isotope-labeled atoms are metabolically incorporated into
newly synthesized proteins in vivo. These labeled cells (or their lysates) are then
added as an internal standard to cells grown in material with natural abundance
isotopes at the beginning of the experiment to account for errors accrued during
sample preparation and measurement (81). This approach can be used for model
organisms, as well as cell lines in culture. In stable isotope labeling in cell culture
(SILAC), a prototype approach of metabolic labeling in cell culture, mammalian
cell lines are grown in a defined medium containing isotope-labeled amino acids.
Samples grown in the presence of the natural and heavy isotopes can be pooled
and analyzed together. Then, the signal intensities of the light and heavy versions
of the same peptides are measured, which allows their relative quantitation (82).
In chemical tagging, protein samples are labeled with chemical tags of light and
heavy formats. After labeling, samples are pooled and analyzed together for the
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same purpose just explained for metabolic labeling. In isotope-coded affinity tag
(ICAT), a prototype approach of chemical tagging, cysteine residues of proteins
samples are labeled with biotinylated tags of light and heavy formats. After label-
ing, samples are pooled, digested, and analyzed. As in SILAC, the signal intensi-
ties of the light and heavy versions of the same peptide are measured for relative
quantitation (83). Although metabolic labeling has only a limited value in human
body fluid research, chemical tagging is fully applicable to it. There are other
derivatives of chemical tagging methods such as iTRAQ™, or 18O labeling
(84,85). For a more detailed review of stable isotope methods and metabolic
labeling of proteins, see Schneider and Hall (86) and Beynon and Pratt (87).

Recently, Pan and colleagues (88) reported a new approach for the detection
and quantification of targeted proteins in a complex mixture. In this method, pro-
teotypic peptides that uniquely represent proteins are selected from databases and
used as reference peptides. The reference peptides are generated by chemical syn-
thesis and contain heavy stable isotopes. Protein samples are digested and com-
bined with a mixture of defined amounts of isotopically labeled reference
peptides. Then the peptide mixture is separated by capillary RP-HPLC and
deposited on a matrix-assisted laser desorption ionization (MALDI) plate to be
analyzed using a MALDI tandem mass spectrometer. The identification and
quantification of targeted proteins is based on searching and identifying the cor-
responding signature peptide pairs directly (88). This method holds the promise
that it can improve the throughput and confidence of protein identification as well
as allowing absolute quantitation. For a more detailed discussion of the proteo-
typic peptide approach, see Kuster et al. (89).

The second approach of MS-based quantitation is comparing the ion currents
of peptides. Quantitation of small molecules by integration of LC-MS-extracted
ion currents (XIC) has a long history in analytical chemistry, and similar quanti-
tation techniques have been applied to proteolytic digests of protein mixtures
(90). Obvious advantages of XIC-based quantification are that no labeling is used
and it can be performed with any type of sample, whereas clear disadvantages are
the multiple occasions for quantitation error to occur during sample processing
and LC-MS analysis, as well as the presence of interfering substances in one of
the states to be compared (i.e., extremely reproducible conditions are required)
(80). According to Higgs and colleagues (90), it appears that relatively small
(20%) changes in protein relative levels between different biological sample sets
are discoverable with a fully automated sample processing and analysis system,
which is implemented using a high-throughput computational environment.

3. Future Perspectives
As previously mentioned, one of the main goals of body fluid proteomics is to

find protein fingerprints or biomarkers, which may reflect various disease states,
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and it is becoming more evident that a single biomarker cannot represent all the
complex mechanisms behind diseases including cancer. According to Diamandis
(91), the prevailing view in cancer biomarker research is that the most powerful
single cancer biomarkers may have already been discovered. Probably, we are
now bound to discover biomarkers that could be used in panels with improved
sensitivity and specificity (i.e., a multivariate approach). In other words, we may
need to construct more detailed patterns to detect a certain phenotype. Then the
next challenge will be to understand the relationships between the components
comprising disease-specific patterns. Although this approach, referred to as
integrative systems biology, has been increasingly applied to the study of animal
models or single cells in which informative pathway information can be gained at
an early stage of analysis, its application has been limited in body fluids in which
the relationships between the components may not be revealed without further
study (92). Recently, Davidov and colleagues (93) reported methods for the
differential integrative analysis of plasma. Solely based on a body fluid analysis,
their effort represents the first attempt to explain the relationships between molec-
ular phenotypic fingerprints by combining quantitative proteomic and metabolomic
data. In the future, it will be possible to enhance this approach by including the
genomic component in the form of differential transcription analysis of multiple
tissues and make it truly global with respect to understanding pleiotropic effects
of gene perturbation on body fluids (93).
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Sample Preparation of Body Fluids 
for Proteomics Analysis

Natalia Govorukhina and Rainer Bischoff

Summary
This chapter gives an overview of various approaches to sample preparation of body fluids

with special emphasis on serum. The methodology is presented in sections covering protein
depletion, protein enrichment using affinity ligands, protein chip technology in conjunction with
mass spectrometry, and the use of magnetic beads. Since many of these methods are also relevant
for other body fluids like urine, applications are highlighted briefly. The last part of the chapter
deals with the link between sample preparation and downstream separation methods such as 2D
electrophoresis or HPLC. A distinction is made between the analysis of high-molecular-weight
proteins (the proteome) and the lower molecular weight part (the peptidome).

Key Words: Proteomics; sample preparation; plasma; serum; HPLC; electrophoresis; biomarker;
clinical chemistry; urine; mass spectrometry.

1. Introduction
1.1. Proteomics of Human Body Fluids

The analysis of human body fluids constitutes one of the most important
approaches to the diagnosis of disease and the following of therapeutic interven-
tions. Human body fluids carry information about the status of the organism that
may help in the recognition of physiological misbalances when overt pathological
symptoms are not yet present. Analyzing the constituents of body fluids presents a
number of challenges, the most difficult being the discrimination between variabil-
ity in composition caused by an ongoing disease process and natural variability.
The composition of body fluids varies due to endogenous, possibly pathological,
processes and many environmental influences such as diet and life style and 
the way the organism deals with them (e.g., metabolism and detoxification). This



variability is most obvious when one is analyzing samples from different persons
(cross-sectional studies) but is also present, albeit to a lesser extent, when one is
analyzing samples from the same person over a given period (longitudinal studies).
Variability cannot be avoided but may be reduced by careful selection of the study
population. At any rate, the discovery of disease-related changes in the composi-
tion of body fluids requires the study of a significant number of samples from
patients and controls and a careful statistical interpretation of the results.

From an analytical chemistry point of view, body fluids constitute highly
complex biological samples containing cells, proteins, peptides, and many
metabolites. Thus preparation of body fluids is unavoidable prior to determin-
ing the concentration or amount of a given set of constituents. Sample pretreat-
ment and all further downstream steps will affect the ultimate analytical result
and must therefore be carefully controlled and validated. It is not easy to give a
general overview of sample pretreatments for body fluids, since each of them
requires an adapted protocol, which in turn needs to be tailored to certain
groups of analytes. More detailed procedures are given in Part II of this book,
which deals with various kinds of body fluids. In this chapter we focus on sam-
ple pretreatments for the analysis of proteins and peptides in serum. Although
serum is just one example of a body fluid, albeit an important one, we will use
it to highlight general principles of sample pretreatments that have a bearing on
other kinds of body fluids, as touched upon in Subheading 2.6.

The first step after taking a blood sample from a patient is to treat it in a way
that makes it suitable for storage and subsequent analysis. A common initial step
is to separate blood cells from soluble components, for example, by low-speed
centrifugation. During sampling and centrifugation, it is pivotal to avoid disrup-
tion or activation of cells, notably hemolysis of red blood cells (which is shown
by an orange to red color of the supernatant) and activation of platelets. The
remaining supernatant, the blood plasma, may be stored as such in the case that
anticoagulants were added during collection to prevent blood clotting.
Alternatively, blood clotting may be allowed or induced by leaving plasma at
room temperature for a few hours. Deciding whether to store plasma or serum for
subsequent analyses is important. Although plasma is easier to prepare, it requires
the presence of efficient anticoagulants for long-term stability. The components
of the coagulation, fibrinolytic, and complement systems are all sensitive to 
contact with unnatural surfaces, such as plastic containers, glass, or injection nee-
dles, and there is a risk of activating these systems during processing steps (e.g.,
during chromatography or solid-phase extraction). The preparation of serum
requires coagulation of the plasma, which is a complex biochemical process that
may be difficult to control. In most hospital or laboratory settings, coagulation is
effectuated at room temperature for 1 to 4 h. During this time the endogenous
coagulation system is activated, leading to a cascade of proteolytic events that
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results in the formation of a fibrin-containing blood clot, which is usually
removed by centrifugation.

It is obvious that activating a proteolytic system can have serious consequences
for subsequent proteomic analyses, and some authors have noted that the coagu-
lation time affects the resulting serum (1,2). However, proteolytic events associ-
ated with coagulation are highly controlled due to the sequence specificity of the
major proteases (thrombin, factor Xa) and their well-defined location in the coag-
ulation pathway (factor VIIIa, factor XIa) (Fig. 1). It is thus not clear whether the
coagulation time affects the final composition of the proteome significantly,
but there are indications that the lower molecular weight part, the so-called pep-
tidome, is altered (Schulz-Knappe, personal communication).

In our own studies, which applied tryptic digestion prior to LC-MS analysis
(the shotgun approach), we have not observed major changes in the resulting
profiles (Fig. 2). It is, however, important to validate this sample processing
step carefully within the context of the overall analytical scheme (e.g., the com-
plete protein vs the shotgun and peptidomics approach), because coagulation
time is not well controlled in most laboratory or hospital settings and experi-
ence shows that it is hard to impose strict rules on hospital personnel with
respect to this parameter. Finally, for retrospective studies on already acquired
and stored serum samples, it is not possible to influence this step; thus the deci-
sion here is whether to include these samples in the analysis or not.

The way samples are initially treated determines in part what kind of analytes
can be detected and quantified. Although this is true for any kind of analyte, it is
particularly critical for the analysis of proteins and peptides, which are suscepti-
ble to degradation, precipitation, chemical modification (e.g., oxidation), adsorp-
tion to the walls of containers, and so on. Establishing a well-controlled and
reproducible sampling procedure is therefore critical for any study involving
human body fluids.

The proteomes in body fluids differ significantly from intracellular or tissue-
derived proteomes, which are the subject of most proteomics studies. Systemic
body fluids, like blood, sample the whole organism and give an average picture
of the physiological state of that organism at a given point in time. Notably, blood
contains a few high-abundance proteins that are to a large extent produced and
secreted by the liver. In contrast, urine is a much more dilute body fluid that 
samples the metabolic end products from blood. Its composition is greatly influ-
enced by the status of the kidneys. Although every body fluid presents particular
challenges with respect to sample pretreatment, it is fair to say that blood is one
of the most difficult body fluids to analyze.

In the following, we will highlight a number of options for sample pretreat-
ment prior to proteomics analysis. Our focus will be directed at serum, but the
principles are applicable to other body fluids. We will try to emphasize that
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Fig. 1. Overview of the intrinsic and extrinsic coagulation pathways. Both pathways
are activated during preparation of serum from blood plasma. Proteolytic activity asso-
ciated with coagulation may affect the profile of low-molecular-weight proteins and
peptides used for peptidomics analysis. F, factor; PK, protein kinase; PKa, protein
kinase A; TAFI, tissue angiogenesis factor inhibitor; TFPI, tissue factor pathway
inhibitor; TPA, tissue plasminogen activator; UPA, urokinase plasminogen activator.
Reproduced with permission from Tapper H, Herwald H. Modulation of hemostatic
mechanisms in bacterial infectious diseases. Blood 2000;96:2329–2337.



there are strategic choices to be made early on in the analytical procedure that
will determine the final result.

1.2. Methodological Overview

There is no single approach to proteomics in body fluids. It is likely that the
comprehensive analysis of the proteome of any given body fluid is still beyond
our reach despite great methodological advances in recent years. A major 
challenge is the concentration range of proteins in most body fluids, which spans
about 12 orders of magnitude (3) (Fig. 3). Furthermore, it is difficult to predict
the number of proteins in body fluids owing to processing events (like the 
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Fig. 2. Correlation map of LC-MS data sets obtained from the analysis of serum
(male) after depletion and tryptic digestion. Coagulation at room temperature was
allowed to proceed for 1, 2, 4, 6, or 8 h. As indicated in this plot, high correlation of all
data sets was found, with correlation coefficients above 0.8 in each case.
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generation of smaller proteins and peptides from larger precursors, posttransla-
tional modifications, and the fact that proteins can enter body fluids by well-
defined pathways like secretion) and also cell and tissue turnover as a result of
necrosis or apoptosis. From a methodological point of view, the proteome of a
body fluid may be roughly divided into high- and low-molecular-weight com-
partments (Fig. 4). This discrimination is rather arbitrary and is mostly defined
by the size-dependent separation method used for prefractionation.

Body fluids have been prefractionated by ultrafiltration with membranes of
various cutoff values (4–6). Although ultrafiltration appears to be an easy sep-
aration methodology with an apparently clear-cut separation mechanism, its
application to complex biological samples shows that discrimination between
proteins above and below the nominative cutoff of the membrane is never com-
plete (6). Effects such as adsorption of proteins to the membrane, the genera-
tion of a polarization layer close to the membrane surface, and deformation of
the pores in relation to the g force can all affect filtration. Ultrafiltration is also
performed on a large scale in patients with renal insufficiency, and this material
has been the source for many studies of bioactive proteins and peptides below
approximately 20 kDa (7–9). Although the kidney itself is performing much
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Fig. 4. Schematic overview of different approaches of sample preparation. The
main initial difference is whether undigested or trypsin-digested proteins are being
analyzed. A second level of differentiation comes into play when one is deciding
whether to analyze the high- or the low-molecular-weight (MW) fraction of the proteome.
High-molecular-weight proteins are best analyzed by 2D electrophoresis, whereas
peptides are more amenable to high-performance liquid chromatography (HPLC)
mass spectrometry (MS).



more complex tasks than just ultrafiltration, urine may be considered an 
ultrafiltrate of blood and thus has a considerably lower concentration of high-
molecular-weight proteins.

An elegant combination of ultrafiltration and chromatography is based on
restricted access materials (RAMs), which have an adsorbing internal pore sur-
face and a nonadsorbing external surface (10,11). The pore diameter in most
RAMs is about 6 nm, which corresponds roughly to a cutoff value of 20 kDa.
RAM chromatography has been integrated into analytical systems with the goal
of analyzing the low-molecular-weight part of the proteome of blood diafil-
trates (12,13). Although a clear enrichment of the low-molecular-weight frac-
tion was observed, a considerable amount of albumin was still present even
after RAM chromatography.

The decision of whether to work with undigested proteins or to digest proteins
with trypsin prior to further analyses is of principal importance in an analytical
scheme (Fig. 4). Performing separations of very complex mixtures of proteins is
difficult owing to the wide range of physicochemical properties and the possibil-
ity that proteins will denature, aggregate, or even precipitate under separation
conditions. The most universally applicable separation method for proteins is 2D
polyacrylamide gel electrophoresis (2D-PAGE), whereby all proteins are dena-
tured from the beginning and kept in a denatured state throughout separation.
This reduces the risk of aggregation and precipitation with subsequent loss of
proteins as well as that of proteolysis. There is no comparable universal chro-
matographic method, and it is thus necessary to develop an appropriate fraction-
ation scheme for groups of proteins or individual proteins. However, as
2D-PAGE has limitations with respect to low-molecular-weight proteins of 10 to
20 kDa and hydrophobic or basic proteins, alternatives are being developed.

One approach is based on the so-called shotgun method, whereby the com-
plete protein mixture is digested with trypsin (other proteases are conceivable
as well for this purpose but are not widely used) and the generated peptides are
separated by 2D high-performance liquid chromatography (HPLC) (14–16).
Shotgun proteomics has the advantage of overcoming many of the difficulties
related to very hydrophobic or otherwise intractable proteins at the expense of
rendering the separation problem quite daunting. Assuming that serum contains
about 105 different protein forms each of which generates 50 tryptic peptides,
one has to deal with a mixture of about 5 × 106 peptides to be separated.
Fortunately, not all peptides need to be separated into single peaks, and not all
peptides of each protein need to be identified by mass spectrometry to trace
them back to the protein of origin. A drawback of the shotgun method is that
not all regions of a protein are covered by the analysis, which may mean that
some possibly relevant posttranslational modifications or processed forms are
missing. Nevertheless, the excellent separation capacity of HPLC for peptides
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compared with complete proteins and the much easier identification of pep-
tides by tandem mass spectrometry have accelerated the use of shotgun pro-
teomics in the biomarker discovery area. The daunting separation problem
posed by this approach has also driven recent new developments in HPLC sta-
tionary phase chemistry and technology that increase separation efficiency
and reduce analysis time (17–20).

The presence of a few high-abundance proteins in body fluids such as albumin
has driven developments to deplete these proteins specifically and thus to increase
the loading capacity by a factor of 5 to 10 (21–27). In addition to increasing the
protein or peptide load, depletion also augments the capacity to detect peptides
derived from lower abundance proteins (28). Recent research has shown, how-
ever, that depletion of high-abundance proteins does not proceed without the loss
of some low-molecular-weight proteins and peptides (29). It is thus important to
decide whether to deplete or rather try to design a fractionation strategy that deals
with high-abundance proteins such as albumin or immunoglobulins (30).

Arguably, very low-abundance proteins in the ng/mL to pg/mL range cannot
be detected in complex protein mixtures such as serum even after depletion.
Many regulatory proteins such as cytokines or some of the known tumor-specific
markers reside in this concentration range and are presently measured by
immunological methods. To reach into this lower concentration range, it is often
necessary to enrich a given set of proteins by affinity chromatography using
highly selective antibodies or group-specific ligands like lectins. The use of 
protein-specific antibodies limits the scope of the analysis to those proteins that
are recognized, and we cannot make new discoveries unless they are related to
the targeted protein. Group-specific affinity ligands such as lectins or antibodies
directed at a common structural element such as phosphotyrosine represent a
compromise between the comprehensive proteomics approach, which often fails
to detect low-abundance proteins, and the highly specific methods. For example,
lectins have been specifically applied to the discovery of tumor-specific glyco-
protein markers, since tumor cells often produce proteins with aberrant glycosy-
lation patterns (31,32). Lectins have also been used to enrich glycoproteins from
complex protein mixtures or glycopeptides from tryptic digests of such mixtures
(33–36). In general, targeted approaches require a hypothesis concerning the role
that different kinds of proteins may play in a given disease in order to chose
appropriate affinity ligands for enrichment.

2. Sample Preparation
2.1. Preparation of Plasma and Serum

Between two fundamentally different compartments of the blood, namely,
blood cells and the actual fluid, most clinical analyses are done on derivatives
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of the fluid, like plasma or serum. Discussion continues on whether serum or
plasma should be used, but this may also depend on the general practice of the
hospital that provides samples for analysis, notably, whether samples are ana-
lyzed from existing collections. Preparation of plasma requires addition of anti-
coagulants, such as EDTA, citrate, and/or heparin, whereas serum contains no
extra additives. However, serum lacks components of the coagulation system,
such as thrombin and fibrinogen, since they are part of or become entrapped in
the blood clot and are thus removed from the serum. In addition, other proteins
or peptides that have some binding affinity to the clot may also be partially
depleted. Being a proteolytic process, coagulation generates peptide fragments
from larger proteins that may especially affect the composition of the pep-
tidome. Interestingly, comparison of plasma made with EDTA, citrate, or
heparin also shows variation in protein composition (37).

Sampling blood for plasma or serum preparation is routine in most hospital
laboratories and a reasonably standardized procedure is in place using commer-
cial reagents and materials. However, most laboratory technicians and nurses
are not aware of the specific requirements of proteomics and thus need to be
informed. Very restrictive standard operating procedures (SOPs), notably
with respect to the coagulation time and conditions, are often difficult to follow
in routine hospital operations. Biomarkers discovered thus far therefore need to
be robust enough to be useful in a routine clinical laboratory, and very unstable
proteins or peptides are probably not of interest in the long run.

Recently, Schulte et al. (2) reported that a considerable number of peptides
were found in serum but not in human plasma. The authors suggest that these
peptides appeared as a result of a clotting-related proteolytic activity. This
might be indicative of artifacts generated as a result of the clotting reaction,
which is disturbing with respect to peptidomics. The authors therefore propose
to use human plasma for this purpose.

An example of the preparation of plasma for biomarker discovery by
Peptidomics® (Schulz-Knappe, personal communication) involves taking a
blood sample from a superficial vein of the cubital region. The blood sampling
procedure should not take longer than 1 min, and EDTA is used as the antico-
agulant. Prior to collection, the first sample (approximately 2.5 mL) is dis-
carded. To remove platelets, the sample is centrifuged at 2,000g for 10 min. The
final plasma sample (approximately 1.5 mL) should be frozen within 30 min
after being taken and stored at −80°C.

Serum is made by letting a fresh blood sample coagulate (with or without
thrombin as the activator) and either filtering it through a gel or collecting the
liquid fraction after centrifugation. As discussed just before, there are pos-
sible disadvantages to preparing serum or plasma, but this will also depend on
the analytical question (e.g., low- vs high-molecular-weight proteins).
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Although their hypothesis has not been proved, Sorace and Zhan (38) sug-
gest that variations in blood coagulation might be a significant factor in obscur-
ing clinical proteomics data sets. The source of variation can be both technical
and natural. Schulte et al. (2) found that a naturally occurring Val-34 to Leu
mutation in the activation peptide of factor XIII (FXIIIA) not only affected the
process of blood clotting but also correlated with a lower incidence of myocar-
dial infarction and ischemic stroke and an increased risk of hemorrhagic stroke.
According to our results, different clotting times ranging from 1 to 8 h in the
preparation of serum samples resulted in highly correlated liquid chromatogra-
phy-mass spectrometry (LC-MS) data sets when we analyzed serum proteins
after depletion and trypsin digestion. Correlation coefficients above 0.8 were
found for all samples after we selected the 37 top information-rich m/z traces
using the CODA component detection algorithm (39) (Fig. 2).

2.2. Removal of High-Abundance Proteins

As the presence of abundant proteins in most biofluids used for diagnostic
purposes decreases the capacity of analytical methods to detect low-abundance
proteins or peptides, a range of approaches has been developed to reduce the
total amount of protein. Blood serum is a complex mixture of thousands of pro-
teins and peptides. However, few of the serum proteins are present in extremely
high amounts compared with the rest of the serum components. (Human serum
albumin [HSA] constitutes 57–71% and γ-globulins 8–26% of the total of all
human serum proteins). The 10 most abundant proteins account for 97% of all
the protein content in plasma (3). In a recent publication, the authors claim that
the search for specific markers occurs in a fraction of less than 1% of all plasma
proteins (40).

Removal of these high-abundance proteins increases the loading capacity of
the analytical system by a factor of 5 to 10 and thus improves the detection of
low-abundance proteins. Several affinity columns are presently on the market
based on dye ligands or antibodies for albumin removal and protein A or G for
the removal of immunoglobulins (41). Technically simple approaches that
allow processing of multiple samples in parallel based on HSA- and IgG-bind-
ing spin columns or filters have been developed (42). For HSA binding, two
types of stationary phases are generally used: (1) those based on dye ligands
such as Cibacron-Blue and derivatives thereof (43), and (2) those based on spe-
cific antibodies against human serum albumin (42) raised in mammals (IgG)
but also in chickens (IgY), as recently described (23). HSA was also success-
fully removed by affinity capture on immobilized phage-derived peptides (44).
Recently, a synthetic peptide derived from protein G was used for HSA affinity
chromatography and depletion of HSA from human plasma (45). The column
could easily be regenerated with alkaline treatment owing to the stability of the
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peptide, and its specificity and capacity were quite high. However, the column
is presently not commercially available. Removal of IgG is exclusively done by
well-established methods based on immobilized protein A, protein G, or protein
L, owing to their high affinity and selectivity (46–51). Comparative studies of
HSA- and IgG-binding columns based on Poros® polystyrene-divinylbenzene
beads (Applied Biosystems) (24) as well as on Mimetic Blue (ProMetic
BioSciences) and HiTrap Blue (Amersham Biosciences) for HSA removal have
been recently performed (25).

We tested several approaches specifically to reduce the level of high-
abundance proteins in serum based on either specific antibodies, dye ligands,
(for albumin), or protein A or G (for γ-globulins) (22). Analysis by sodium
dodecyl sulfate (SDS)-PAGE (Fig. 5) and LC-MS after tryptic digestion of the
remaining proteins (Fig. 6), showed that reduction with albumin-directed anti-
bodies was most effective, albeit not complete (28). A more recently introduced
multiple affinity removal column, which depletes certain high-abundance 
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Fig. 5. Depletion of albumin and γ-globulins from human serum. In each lane 8 to 10
μg of protein were loaded, and gels were stained with Coomassie Blue G-250. (A) POROS
Anti-HSA and POROS Protein G columns. (B) HiTrap Blue and HiTrap Protein G
columns. (C) Merck Albumin Removal column and HiTrap Protein G column. (D) Aurum
Serum Protein column. Lanes: 1, standards; 2, crude serum; 3, depleted serum; 4, bound
protein eluted from albumin-depleting columns; and 5, bound γ-globulins eluted from
columns. Labeled protein bands: 1, serotransferrin; 2, α1-antitrypsin; 3, albumin; 4, 5,
γ-globulins, heavy and light chains, respectively. Reproduced with permission from
Govorukhina NI, Keizer-Gunnink A, van der Zee AGJ, de Jong S, de Bruijn HWA,
Bischoff R. Sample preparation of human serum for the analysis of tumor markers:
comparison of different approaches for albumin and [gamma]-globulin depletion.
J Chromatogr A 2003;1009:171–178.
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Fig. 6. Efficiency (A) and selectivity (B) of albumin removal from human serum
using an antialbumin immunoaffinity column. (A) Extracted ion chromatogram of m/z =
575.3 (doubly charged molecular ion of peptide LVNEVTEFAK; positions 41–50 in
human serum albumin) of tryptic digests of human serum (upper trace; peak height 3.2 × 107)
or of human serum after depletion with an antialbumin immunoaffinity column (lower
trace; peak height 4.6 × 105). (B) Extracted ion chromatogram of m/z = 393.3 (doubly
charged molecular ion of peptide IVDLVK; positions 193–198 in human α1-antitrypsin)
of tryptic digests of human serum (upper trace; peak height 16,052) or of human serum
after depletion with an antialbumin immunoaffinity column (lower trace; peak height
32,607). Note the much cleaner detection of this peptide fragment after depletion and the
increased overall peak height. Reproduced with permission from Bischoff R, Luider
TM. Methodological advances in the discovery of protein and peptide disease markers.
J Chromatogr B 2004;803:27–40.



proteins (albumin, IgG, IgA, transferrin, haptoglobin, and α1-antitrypsin [41])
proved to be most effective in our hands and provided more reproducible results
during LC-MS analysis regarding retention times and peak areas than previously
evaluated methods (unpublished data). Similar results were recently published
for 2D gel electrophoresis (Fig. 7) (41).

Removal of high-abundance proteins by ultrafiltration through cellulose fil-
ters with a cutoff of 30 kDa proved to be less successful (6). Many known
“landmark” proteins of low molecular weight (<30 kDa) were missing upon 2D
gel electrophoresis. Ultrafiltration has, however, the advantage of allowing one
to concentrate the low-molecular-weight fraction of the proteome and was
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Fig. 7. 2D electrophoresis of crude (70 μg protein) and depleted (multiple affinity
removal column, 100 μg protein) serum samples. On the right side is a zoom view of
the area containing albumin. Reproduced with permission from Bjorhall K, Miliotis T,
Davidsson P. Comparison of different depletion strategies for improved resolution in
proteomic analysis of human serum samples. Proteomics 2005;5:307–317.



found to be useful for analysis of low-molecular-weight proteins (LMWs) by
LC-MS after prefractionation by strong cation-exchange HPLC (5). To prevent
binding of LMWs to serum carriers, particularly albumin, 20% acetonitrile was
used. In the resulting fraction, the authors could identify 314 unique proteins
including cytokines, growth factors, and transcription factors, which are pro-
teins of low abundance that are very difficult to detect by other methods with-
out serum depletion. This method of sample preparation at a cutoff of 10 kDa
was recently used to analyze the LMW fraction of pooled serum from patients
with ovarian cancer by nanoLC-electrospray ionization-fourier transform ion
cyclotron resonance (ESI-FT-ICR)-MS and analyzed statistically (4).

A quite different set of methods uses electrophoretic approaches to fractionate
complex samples and to separate high-abundance proteins from those of low
abundance. The basic principle is based on preparative isoelectric focusing
and/or free-flow electrophoresis in solution, whereby the crude sample is pre-
fractionated in a specially designed chamber owing to different electrophoretic
mobilities or isoelectric points of the proteins. The HSA-rich fraction was dis-
carded, and other fractions were pooled or analyzed separately. The method was
originally reported more than 10 yr ago (52) and is still in limited use (53–55).
Some commercially available systems can be used for electrophoretic prefrac-
tionation (e.g., the Zoom IEF fractionator® [Invitrogen] or the system produced
by Weber).

There is one particular problem associated with the removal of serum albumin
and globulins. These proteins appear to fulfill the function of carriers for less
abundant proteins (29,56). This is especially critical for LMWs, since they can
escape kidney clearance only when bound to high-molecular-weight carrier pro-
teins. Many of these LMWs are found to be associated with the development of
cancer and could therefore be extremely important biomarkers (see ref. 29).
Binding of LMWs to high-abundance, high-molecular-weight proteins may be
used advantageously based on a two-step procedure, whereby abundant carrier
proteins are first specifically bound to the corresponding affinity column followed
by elution of the bound LMWs using a gradient (29,56).

2.3. Targeted Enrichment of Individual Proteins or Protein Families

Since many disease-specific biomarkers are likely of low to very low abun-
dance in body fluids, it is a major challenge to detect them using profiling meth-
ods. Based on a given hypothesis about the disease mechanism, it is therefore
often advisable to use targeted, affinity-based methods for enrichment prior to
analysis. A combination of proteomics technology with targeted enrichment
that does not require a very “sharp” hypothesis is based on group-specific lig-
ands like lectins (57,58) in case of glycoproteins or activity-based probes
(ABPs) in the case of proteases or other enzymes (59–65).
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2.3.1. Lectins

Glycosylation of proteins is a posttranslational modification that is easily
affected by cellular growth conditions. Modifications of glycosylation patterns
are therefore often observed in fast growing cancerous cells compared with their
quiescent counterparts (31,66). Analysis of the carbohydrate portion of proteins
is a rather complex task, since the glycosyl moiety is usually a branched chain
polymer with an enormous variety in length, composition, and complexity.
Studies of glycoproteins can be divided into two types, first identification of the
proteins and their glycosylation sites and second the more demanding analysis
of the structure of the attached glycosyl residues themselves.

Glycosyl residues can be linked to the protein core via asparagine (N-linked
glycans) or bound via serine or threonine (O-linked glycans). For N-linked gly-
cans, N-acetylglucosamine (GlcNAc) is the first monosaccharide in the chain,
whereas N-acetylgalactosamine (GalNAc) is most often found for O-linked gly-
cans. In addition to being potentially interesting as biomarkers, failure of proper
glycosylation can cause severe abnormalities (67).

Although the exact structure of glycosylated proteins varies considerably,
probably all known glycoproteins can be enriched by lectin affinity chromatog-
raphy (68). There are several commercially available lectin affinity columns,
which differ in specificity and are used widely in early stages of the isolation of
glycoproteins (69). The specificity of many lectins is known (Table 1), allowing
us to design complementary enrichment schemes rationally.

Recently five lectins, concanavalin A (Con A), wheat germ agglutinin
(WGA), jacalin, lentil lectin (LCA), and peanut lectin (PNA), were tested for
capturing glycoproteins from human serum (70). At first, the authors depleted
the high-abundance proteins from human serum with a multiple affinity deple-
tion column (see Subheading 2.2.) followed by enrichment on single- or 
multiple-lectin affinity columns. The enriched proteins were eluted with buffers
containing specially selected sugars. The resulting fractions were analyzed by
LC-MS after digestion with trypsin. Figure 8 gives an example of how the
analysis of proteins in serum can be focused to a subset containing a fucose
residue by prior enrichment on a column containing the fucose-specific Lotus
tetragonolobus agglutinin (LTA) (34).

2.3.2. Activity-Based Profiling of Proteases

Standard proteomics techniques give information about the relative abun-
dance of proteins and possibly posttranslational modifications. In most cases,
however, these techniques do not provide information about biological activity.
In recent years another branch of proteome analysis has developed to tackle this
problem with the development of affinity-labeling techniques, generally called
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activity-based protein profiling (ABPP) (71–74). This line of research focuses
on profiling the activity of families of enzymes like the various types of pro-
teases. A derivative of this work is to use affinity ligands, like protease
inhibitors, to enrich classes of proteins based on their activity (64). Arguably, it
is the activity of enzymes that is involved in disease development and that may
therefore serve as biomarkers rather than the abundance, since most enzymes
are present as inactive proforms that are activated upon appropriate (or inappro-
priate) stimuli.
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Table 1
Selected Lectins With Their Specificities

Lectin Specificity

Concanavalin A (ConA) Glucosyl and mannosyl residues of N-linked 
oligosaccharides

Wheat germ agglutinin (WGA) Chitobiose core (di-N-acetylglucosamine) and 
N-acetylneuraminic acid

Peanut agglutinin (PNA) T-antigen (Galb1-3GalNAc) found in O-glycans of 
mucin-type proteins

Aleuria aurantia (AAL) L-fucose-containing oligosaccharides
Galectines N-acetyllactoseamine (LacNAc)-containing glycans 

found in both N- and O-glycans

Fig. 8. Enrichment of fucose-containing peptides in serum proteins after tryptic
digestion. An LTA lectin affinity column was used to select the peptides followed by
deglycosylation and reversed-phase HPLC. Reproduced with permission from Xiong L,
Andrews D, Regnier F. 2003. Comparative proteomics of glycoproteins based on lectin
selection and isotope coding. J Proteome Res 2003;2:618–625.



ABPs have been described for cysteine proteases (73,75–77), serine hydro-
lases, including serine proteases (61,78), and also metalloproteases (59). In
most cases the labels contain biotin, which allows one not only to visualize but
also to isolate the labeled proteins. Even in vivo labeling, for example, in tissue
biopsies or cells in culture is feasible (73). By employing this strategy, sample
depletion for abundant proteins can be bypassed as long as the inhibitors or
other affinity ligands are sufficiently specific and nonspecific binding to the
support materials can be minimized. Figure 9 gives an example of how strongly
some proteins may bind to materials used for the immobilization of affinity lig-
ands and how nonspecific binding may be overcome by chemical derivatization
of the surface.

Nonspecific binding to affinity ligands or the surfaces on which they have been
immobilized makes stringent controls necessary. For example, preparing non-
functionalized “control” materials and competing with the affinity interaction by
adding an excess of ligand to the binding buffer are common ways of assessing
specificity. Some authors have also denatured the proteins by heat treatment prior
to binding as a control. As an example, a complex mixture of extracellular serine
hydrolases was successfully identified by MS after the hydrolases were enriched
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Fig. 9. Binding of the catalytic domain of matrix metalloprotease-12 (MMP-12) 
to unmodified controlled porosity glass beads (�), silanized with a diol layer (u) or
silanized and then coupled to a reversible MMP inhibitor (n).



by affinity chromatography. In addition, resolution of protein bands on SDS-
PAGE was improved upon deglycosylation of the enriched enzymes (79,80).

Successful affinity-based profiling requires suitable affinity ligands. To
address a wider range of proteins based on their activity, combinatorial chem-
istry approaches have been developed (81). A new promising concept of in vivo
click chemistry protein labeling utilizing the copper(I)-catalyzed azide-alkyne
cycloaddition reaction was recently introduced (82). Present protein enrichment
approaches are mostly limited to catalytically active proteins, such as enzymes.
A great deal of protein-protein interactions, however, remain largely unexplored.

2.4. Protein Chip Technology (SELDI-TOF-MS)

Since natural body fluids are too complex to analyze directly, investigators
are in constant search of new techniques of subfractionation prior to MS. Most
often prefractionation is done by LC or electrophoresis, but simple adsorption/
washing/desorption methods are finding more widespread use, as they are
rather fast and can be automated more easily. In classical matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS), prefractionated protein
samples are digested with trypsin prior to analysis (peptide mass fingerprint-
ing). In this version all peptides are indiscriminately deposited on the MALDI
target plate and entrapped in the light-absorbing matrix.

The central idea of surface-enhanced laser desorption/ionization (SELDI) is
to use adsorptive surfaces, mainly based on well-known chromatographic prin-
ciples, to bind a subfraction of proteins from a sample and to analyze the
bound proteins or peptides by MALDI-MS. By varying the adsorptive surface,
different groups of proteins can be bound and analyzed. This technology has
more recently been further developed and commercialized under the trade name
ProteinChip® (Ciphergen Biosystems, Palo Alto, CA) and has found wide-
spread application, notably in the medical and clinical research community
(83). The original mass spectrometer was a simple linear MALDI-time of flight
(TOF) system, but interfaces have now been developed that allow coupling of
the ProteinChip technology to tandem mass spectrometers of the quadrupole-
TOF hybrid type.

The key components of this technology are Protein Chip Arrays and the
Protein Chip Reader. The array comprises a set of different surfaces, such as a
hydrophobic, hydrophilic, or metal chelate to which the biological samples are
added. The unbound proteins are washed away, and the bound fraction is sub-
jected to MS analysis. Optionally, it is possible to digest the bound proteins with
trypsin to facilitate their identification. However, since most chips bind many
diverse proteins, interpretation of the results after trypsin digestion is not always
obvious because it is not straightforward to link the observed peptides back 
to the proteins that gave rise to an increased or decreased peak in the original
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spectrum. Alternatively, the bound fraction can be subjected to MS analysis
without trypsin digestion. As a recent example of this approach, cystatin C was
suggested as a biomarker in the diagnosis of Creutzfeld-Jakob disease (84).
Direct fragmentation of the high-molecular-weight ions to obtain sequence
information for identification would be most advantageous, but requires high-
end mass spectrometers such as FT-ICR-MS instruments (85–87).

As with any mass spectrometric method dealing with highly complex mix-
tures, there is a competition between different molecules to ionize (also known
as ion suppression). It is thus unlikely that the mass spectrum obtained from a
ProteinChip will give a true representation of the proteins or peptides adsorbed
on the chip. Most applications of SELDI-TOF-MS to body fluids therefore gen-
erate rather simple mass spectra, which can be easily analyzed. A number of
applications of SELDI-TOF to biological samples, notably plasma, serum, or
urine, have shown that samples taken from patients differ significantly from
those from healthy controls or from patients with other kinds of disease, opening
the possibility of discriminating patient groups and performing early diagnosis
of, for example, ovarian or breast cancer (88,89). However, recent efforts to
reproduce these results have met with limited success, and the jury is still out
on whether this fairly straightforward approach to sample preparation will lead
to clinically relevant results (90,91).

Probably one of the most impressive studies using SELDI-TOF in recent
years was the detection of an antiviral factor secreted by CD8 T-cells upon
infection with HIV-1 in immunologically stable patients, which was identified
as a member of the α-defensin family by subsequent isolation and protein
sequencing (92). This factor had been known since 1986 but had eluded identi-
fication for 15 yr (93).

2.5. Automated Sample Preparation Using Magnetic Beads

The automation of sample preparation in light of increasing sample through-
put and reproducibility is an important aspect of clinical proteomics. In analogy
to the previously described ProteinChips, it is possible to prepare samples by
adsorption/washing/desorption on magnetic beads (or other kinds of beads).
Magnetic beads are an effective tool for fast concentration of diluted samples
and for the crude separation of proteins and peptides prior to MS analysis.
Magnetic beads are widely used in automated immunoassays, cell purification,
and more recently the detection of bacterial pathogens. Mostly, the assay is 
targeted at individual proteins, like prostate-specific antigen (PSA), which 
is captured with a biotinylated anti-PSA antibody (anti-F-PSA-M30-IgG) and
subsequently bound to streptavidin-coated magnetic beads (94). This latter
approach, however, is targeted to a specific protein and is not applicable to pro-
teomic studies in a broad context. In another example, magnetic nanoparticles
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modified with vancomycin were used to trap Gram-positive bacteria (95). The
method was able to detect Staphylococcus aureus in a 3-mL urine sample at 
a concentration of 7 × 104 CFU/mL (colony-forming units) by MALDI-
TOF-MS. A combination of affinity trapping with MS has also been successful
in detecting bacterial and viral infections based on immobilized lectins (96,97).

Application of magnetic beads to clinical proteomics has emerged only
recently mainly based on adapted liquid handling systems (98). Serum was pre-
cipitated with ethanol to remove larger proteins, and the remaining polypep-
tides in the supernatant were bound to reversed-phase super-paramagnetic silica
beads. The washed and eluted peptides were profiled by MALDI-TOF/TOF-
MS with the possibility of performing partial sequencing and identification 
by MS/MS. Four hundred polypeptides were detected in 50 μL serum (range
0.8–15 kDa), and discrimination between samples from brain tumor patients
and healthy controls was 96.4% based on a learning algorithm.

2.6. Analysis of Other Body Fluids

Sample preparation is equally important for proteomics and peptidomics in
other body fluids, and many of the methods and considerations developed for
serum are suitable. Urine is probably the second most relevant body fluid after
blood for general proteome studies, owing to its availability. Urine is in fact fil-
tered blood plasma, so it might be representative of the protein spectrum of
blood, but with lower protein concentrations. In normal conditions the kidney
restricts passage of plasma proteins above approx 40 kDa during filtration in the
glomeruli. Proximal renal tubules reabsorb filtered proteins and degrade them.
Total amounts of secreted protein per voiding vary from 1 to 10 mg, whereas in
pathology, the protein concentrations can dramatically increase (99,100). Urine
collects the metabolic end products of the organism destined for excretion, and
its composition is therefore more variable than that of serum or plasma. In par-
ticular, the composition and concentration of proteins and peptides in urine are
strongly affected by nutrition, the day/night cycle, and the health status of the
kidneys. It is thus important to try to control and document these parameters as
well as possible.

Although protein concentration in urine is much lower than in serum
(approximately 1000-fold) and filtration takes place in the kidneys, albumin is
still the major protein. Proteome maps of human urinary proteins were recently
constructed after LC-MS analysis of trypsin-digested unfractionated urine
(101,102), by 2D electrophoresis after acetone precipitation (103), and by
depletion of high-abundance proteins (albumin and IgG) followed by ultrafiltra-
tion and 2D electrophoresis (104). An equivalent of urine, human hemofiltrate,
was also analyzed by restricted access chromatography to select the peptidome
followed by 2D HPLC and MS (12,13). Urine has furthermore been analyzed
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by capillary electrophoresis coupled to electrospray ionization MS (105), estab-
lishing a “normal” urinary protein profile. Combined with new analysis soft-
ware, this analytical method is presently under further investigation.

Normalization of the data obtained to an internal standard that takes biolog-
ical variation into account is critical for urine. This has been realized in clinical
chemistry for a long time, and creatinine is widely used for this purpose.
However, whether creatinine is also a suitable normalization standard for pro-
teomics and peptidomics studies in urine is questionable. Normalization based
on the total protein content or the area under the curve of the HPLC-UV trace
may be preferable. It remains to be seen whether the urinary spectrum of pro-
teins and peptides can be successfully used to detect human diseases short of
those related to the kidney or general inflammation.

Usually urine samples should be collected under sterile conditions, cooled
down, and treated with protease inhibitors. The next steps of sample pretreatment
are variable from one publication to the other. For example, proteins can be con-
centrated by precipitation with trifluoroacetic acid followed by centrifugation
(106). The resulting sample can be further applied to 1D or 2D electrophoresis,
or subjected to solid-phase extraction and trypsin digestion followed by LC-MS
analysis. Pieper et al. (104) compared urinary proteomes of healthy and renal cell
carcinoma patients. Initially, cooled samples with added protease inhibitors were
cleared by centrifugation and concentrated by membrane filtration. Samples were
further desalted and fractionated by gel filtration on Superdex G-75. The result-
ing sample of more than 30 kDa proteins was passed through a depleting column
specific for albumin, IgG, and α-1-acid glycoprotein. The final comparative
analysis was done by 2D electrophoresis and mass spectrometry.

Urine samples were recently used for comparative studies of normal and
lung cancer patients (107). The collected urine samples were first desalted by
gel filtration (PD-10 columns) followed by lyophilization. The pellet was resus-
pended in phosphate buffer, extracted with methanol/ chloroform, and precipi-
tated with trichloroacetic acid/acetone to remove organic acids and lipids.
Finally, the sample was fractionated with HPLC and 1D or 2D electrophoresis
followed by MALDI-MS and MS-MS. The images obtained of the gels demon-
strated a quite impressive number of protein spots, but albumin and IgG were
still quite abundant.

Whereas easily obtainable body fluids such as blood, urine, saliva, or tears
are samples of first choice for human proteomic studies, more specialized sam-
ples are frequently used to evaluate the condition of a given organ system. It is
implied that a sample taken closer to the diseased organ will show changes in
protein composition that are more closely related to the disease than those
occurring in blood or urine.
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Recently, proteomics of bronchoalveolar lavage fluid (BALF) was reviewed
(108,109). Bronchoalveolar lavage samples the epithelial lining of the lung and is
frequently analyzed in cases of severe respiratory diseases (chronic obstructive
pulmonary disease, severe asthma, pulmonary fibrosis, and others). BALF con-
sists of a soluble part often used for biomarker analysis and cells derived from the
lung tissue or the blood (alveolar macrophages, lymphocytes, neutrophils, and
eosinophils). It is noteworthy that most proteins found in BALF correspond to
abundant plasma proteins, indicating “plasma leakage” into the alveolar space
owing to the lavage procedure. A map of the BALF proteome showed up to 1400
different proteins on a 2D gel (108), with some proteins at higher concentrations
than in serum or plasma. These proteins are likely directly derived from the lung.
Removing albumin as the most abundant protein in BALF by RAM chromatog-
raphy allows one to process larger volumes and thus to detect lower abundance
components (Fig. 10).

3. The Linkage to Separation Methods and Mass Spectrometry
The analysis of complex proteomes requires that dedicated and effective

sample preparation be followed by high-resolution separation to reduce com-
plexity to a level that can be handled by MS in terms of protein or peptide ion-
ization, identification, and quantification. A wide range of separation methods
has been applied to proteins and peptides, and it is beyond the scope of this
chapter to review them all. The main purpose of the ensuing sections is to high-
light how sample preparation of body fluids affects the downstream separation
procedures and MS. To this end two of the major separation methods will be
highlighted, notably 2D electrophoresis for whole proteins and HPLC for the
low-molecular-weight fraction of proteins and peptides or protein digests.

3.1. 2D Gel Electrophoresis of Proteins in Body Fluids

The presence of a few high-abundance proteins in most body fluids poses a
problem for 2D electrophoresis. 2D gels have a limited loading capacity of some
hundred micrograms of total protein, which makes the detection of medium- to
low-abundance proteins difficult if not impossible unless the sample is prefrac-
tionated. Considering that albumin in serum represents 40 mg/mL of the 80 mg/mL
total protein concentration and that established tumor markers circulate at con-
centrations of a few ng/mL or even less, it is clear that applying, for example,
500 μg of total protein to a gel (corresponding to approximately 6 μL of serum)
will yield only about 10 pg (approximately 0.12 fmol for a protein of 50 kDa) of
a given tumor marker in the original sample. Even assuming a recovery of 100%,
this is clearly below the detection level of any protein staining technique and def-
initely an amount that cannot be identified by in-gel digestion and MS. Without
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Fig. 10. Sample preparation of bronchoalveolar lavage fluid (BALF) by restricted
access material (RAM) chromatography. The upper panel shows the reversed-phase
HPLC analysis of 10 μL BALF (major peak is albumin), and the lower panel shows the
analysis of 1 mL BALF after sample preparation.



any enrichment or prefractionation, 2D electrophoresis will not be able to reveal
proteins at concentrations much below the μg/mL range, an area that is largely
occupied by well-known plasma or serum proteins that are likely not relevant as
disease-specific biomarkers (Fig. 3) (3).

One way to enhance the capacity of 2D electrophoresis to detect proteins at
lower concentrations is to remove high-abundance proteins selectively, as
described in Subheading 2.2. An affinity column developed to deplete the six
most abundant proteins from serum resulted in a reduction in total protein by
about a factor of 10 (41). The effect of this removal step on 2D electrophoresis
can be appreciated in Fig. 7, which shows that after depletion a range of pro-
teins becomes visible. However, increasing the loading capacity by a factor of
10 is not sufficient to reach into the ng/mL concentration range for complex
body fluids like serum.

Another strategy to cover more of the low-abundance proteins is to enrich some
of them specifically. This is naturally at the expense of losing the overview over
the proteome and thus potentially missing relevant markers. Enrichment depends
critically on the selection of appropriate ligands (see Subheading 2.3.) in combi-
nation with stationary phases of low nonspecific protein binding. Both require-
ments are not easy to meet, but it is often the elimination of nonspecific binding
that poses the greatest problems. As an example of the effect of nonspecific bind-
ing, Fig. 9 shows the binding kinetics of a metalloprotease to controlled porosity
glass beads (with or without silanization to render the surface more hydrophilic)
and to the silanized beads containing an immobilized metalloprotease inhibitor.

Prefractionation of the sample is another option to reduce complexity prior
to 2D electrophoresis, at the expense, however, of having to run multiple gels
for a single sample. This is often not a viable option owing to the work-intensive
nature of 2D gels. An alternative is to select narrow pH ranges to visualize only
that part of the proteome that does not coincide with the high-abundance pro-
teins. Unfortunately, most serum proteins have similar isoelectric points between
pH 5 and 6 (see Fig. 7), making fractionation difficult. More recently, prefrac-
tionation by preparative in-solution isoelectric focusing has emerged as a first
step in body fluid analysis prior to 2D electrophoresis and also chromatography
(110). This approach has the advantage that proteins are fractionated based on
a clear-cut physicochemical parameter, their isoelectric point, but multiple frac-
tions still need to be analyzed, meaning that an efficient, preferably automated
method should be used downstream.

3.2. LC-MS of Proteins and Peptides in Body Fluids

Based on the above discussion, it is obvious that 2D electrophoresis is not the
method of choice for analyzing large series of clinical samples in quest of new
disease-specific markers. Consequently, other methods have been sought to
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reduce the workload of 2D gels, methods that make use of automated equipment.
In addition to the already described direct combination of sample preparation on
protein chips or magnetic beads with MS, as outlined in Subheadings 2.4. and
2.5., there is increasing interest in the combination of online sample preparation
with LC (LC-MS). In the following two examples, a focus on the low-
molecular-weight part of the body fluid proteome (also referred to as the pep-
tidome) and the shotgun proteomics approach requiring proteolytic digestion
will be highlighted. Indeed, there are many possibilities of integrating the sam-
ple preparation step with the ensuing separation, but these two approaches may
serve as examples.

3.2.1. Peptidomics

Dividing the proteome of body fluids into a high- and a low-molecular-
weight fraction (the so-called peptidome [9,111–114]) is an approach to detect
lower abundance small proteins and peptides. Although it is restricted to a cer-
tain molecular weight range, the peptidome contains extensive information
about processes in the organism that may be relevant for diagnosis and follow-
up of therapy. This is a deliberate choice of sample pretreatment, eliminating
most of the high-abundance serum or plasma proteins. An additional advantage
of focusing on the molecular weight region below 15 to 20 kDa is that these
molecules are more easily separated and recovered by reversed-phase HPLC
(RP-HPLC), which is the preferred method for coupling to MS.

There are a number of techniques that allow elimination of the fraction of the
proteome above approximately 20 kDa, such as ultrafiltration (see Subheading
3.2.), precipitation with acids or organic solvents (see also Subheading 3.2.),
or the combination of ultrafiltration with adsorption chromatography, e.g.,
RAM chromatography (10,11). Full integration of all analytical steps in an
automated system is often desirable for biofluid analysis in a clinical or bio-
medical environment to increase throughput, reduce the need for skilled person-
nel, and increase reproducibility. Furthermore, documentation is often
facilitated by using an integrated, fully automated analytical system.
Combining the “unit operations” of sample pretreatment, separation, and detec-
tion in the case of peptidomics was achieved in a system described by Wagner
et al. (12) and further developed by Machtejevas et al. (13). Figure 11 shows
the instrumental setup combining selection of the peptidome from human
hemofiltrate by RAM chromatography followed by prefractionation on a strong
cation exchanger and finally separation by RP-HPLC. Although this setup was
not coupled online to a mass spectrometer, analysis of selected fractions
after RP-HPLC by MALDI-TOF-MS showed that complexity of the original
hemofiltrate had been reduced to such a level that most of the fractions con-
tained one major peptide or small protein (Figs. 12 and 13).
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3.2.2. Shotgun Proteomics

Applying HPLC separation to the high-molecular-weight region of the pro-
teome requires prior proteolytic digestion, since most complex proteins are not sta-
ble under the denaturing conditions of RP-HPLC and are thus not quantitatively
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Fig. 11. Schematic diagram of an online comprehensive 2D HPLC system including
an integrated sample preparation step by restricted access chromatography. Strong
cation-exchange HPLC is used in the first dimension (IEX) followed by rapid reversed-
phase (RP) HPLC on four nonporous particle-packed columns working in parallel.
Reproduced with permission from Machtejevas E, John H, Wagner K, et al. Automated
multi-dimensional liquid chromatography: sample preparation and identification of
peptides from human blood filtrate. J Chromatogr B 2004;803:121–130.
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Fig. 12. Selected reversed-phase chromatograms from human hemofiltrate processed
through the integrated, multidimensional chromatography system shown in Fig. 11.
Numbered and marked peak fractions 1 to 10 were selected for MS and sequence analysis.
Reproduced with permission from Machtejevas E, John H, Wagner K, et al. Automated
multi-dimensional liquid chromatography: sample preparation and identification of pep-
tides from human blood filtrate. J Chromatogr B 2004;803:121–130.



Sample Preparation of Body Fluids for Proteomics Analysis 59

Fig. 13. MALDI-TOF mass spectra of selected peaks from the reversed-phase HPLC
fractions shown in Fig. 12. Spectra (A), (B), (C), and (D) correspond to peak fractions 4,
7, 8, and 9, respectively. Measurement was performed in the linear positive operation
mode using a matrix of α-cyano-4-hydroxycinnamic acid mixed with fucose. The peak at
m/z = 3914.4 is an internal standard. Reproduced with permission from Machtejevas E,
John H, Wagner K, et al. Automated multi-dimensional liquid chromatography: sample
preparation and identification of peptides from human blood filtrate. J Chromatogr B
2004;803:121–130.

recovered. In addition, it is not possible to identify proteins based on their molec-
ular weight only, and fragmentation of large proteins is impossible in most com-
monly employed mass spectrometers.

This has led to the shotgun proteomics approach, whereby the entire proteome
is first digested with trypsin followed by one or multidimensional chromatographic



separations of the peptides (14,16). Most of the observations about high-
abundance proteins masking those of lower abundance that were made with
respect to 2D electrophoresis also apply to the shotgun method. This is partially
because of the limited loading capacity of the chromatographic columns, espe-
cially when nanoLC-MS (loadability in the ng–μg range) is the final analytical
step. Removing high-abundance proteins by affinity chromatography prior to
digestion is one way of increasing the loading of medium- and low-abundance
proteins. The effect of depletion of albumin on the detection of a tryptic peptide
derived from α1-antitrypsin, whose concentration in serum is about 20-fold
lower, shows the clear improvement even for a protein that is still considered to
belong to the high-abundance class (Fig. 6). Depleting high-abundance proteins
and notably albumin can also have drawbacks, however, as albumin is known to
bind and carry numerous compounds including small proteins and peptides that
may be codepleted. Zhou et al. (29) showed, for example, that albumin binds
some 210 proteins and peptides, which could be identified in the albumin-
containing fraction after depletion. In some of our own studies, we observed
that a small protein added as an internal standard (horse heart cytochrome C) at
pmol/μL concentrations was codepleted to about 25% of the original amount
when the six most abundant proteins were removed by affinity chromatography
(125). It is important to note that although depletion removes some other pro-
teins and peptides, this seems to be rather reproducible, at least when judged
from the results with horse heart cytochrome C. (The relative standard devia-
tion of peak areas without normalization is 10–30%.)

The enormously complex mixture generated by shotgun proteomics usually
requires multiple separation dimensions prior to MS. This has inspired
researchers to develop novel ways of performing “coupled column” HPLC such
as the multidimensional protein identification technology (MudPIT) (15) or the
integrated setup outlined in Fig. 11. Because analysis of individual fractions
from earlier dimensions in such a multidimensional HPLC approach requires
12 to 24 h per sample, more efficient and rapid separation methods are under
development. One of them is based on reducing the particle diameter of the
chromatographic materials to 1 μm, which results in very high backpressures
that can only be delivered by special HPLC equipment (115–118); another
approach is based on monolithic materials that support very high linear flow
rates at pressures amenable to common HPLC equipment (17,119–123). These
developments show that in addition to the major advances in MS, which have
made proteomics as we know it today possible, there is also considerable activ-
ity in the fields of sample preparation and separation methodology. It is only
through integration of these unit operations into an analytical strategy that the
challenges of body fluid analysis can be tackled and possibly the entire
dynamic range covered. Much remains to be done.
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4. Conclusions
Proteomics of body fluids is a rapidly expanding field driven by the search

for better biomarkers for disease diagnosis, follow-up on therapy, and evalua-
tion of the response of patients to newly developed pharmaceuticals. The analy-
sis of body fluids has a long tradition in clinical chemistry and serves to support
decision making by clinicians in many respects. Because of recent methodolog-
ical developments in separation science, MS, and bioinformatics, there has been
a surge of efforts to apply them to biomarker discovery, often focusing on bio-
marker patterns rather than individual molecules. Sample preparation, the indis-
pensable and very critical first step in an analytical method, has attracted less
attention, and its relevance is often underestimated. As outlined in this chapter,
the approach to sample preparation is an important decision of strategic rele-
vance for the ensuing analyses. It is therefore pivotal to weigh the pros and cons
of each approach in light of the final goal. We hope that the overview given in
this chapter will guide the reader in this complex methodological field.
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Summary
This chapter describes the development and use of suspension antibody microarrays for protein

profiling in several human body fluids. In suspension microarrays, which allow the simultaneous
analysis of a variety of analytes within a single experiment, capture antibodies are coupled onto
color-coded microspheres. Applications are described, with emphasis on analyses of proteins pres-
ent in different types of body fluids, like serum or plasma, tears, cerebrospinal, pleural, and syn-
ovial fluids, and cell culture supernatants. The chapter is divided into the generation of suspension
microarrays, sample preparation, processing, and validation of analytical performance.

Key Words: Suspension microarray; microspheres; immunoassay; protein profiling; biologi-
cal fluids; serum; pleura; cell culture supernatants; tears; cerebrospinal fluid; synovial fluid.

1. Introduction
Protein microarray technology allows the simultaneous determination of a

large variety of analytes from a minute amount of sample within a single exper-
iment. Assay systems based on this technology are currently applied for the
identification and quantitation of proteins. Protein microarray technology is of
major interest for proteomic research in basic and applied biology as well as for
diagnostic applications. Miniaturized and parallelized assay systems have
reached adequate sensitivity and, hence, have the potential to replace single-plex
analysis systems.

The well-known planar microarray-based systems are perfectly suited for
screening a large number of target proteins; suspension assays are an inter-
esting alternative, especially when the number of parameters of interest is
comparably low.



Suspension assay systems employ different color-coded or size-coded
microspheres as the solid support for the capture molecules. A flow cytometer,
which is able to identify each individual type of bead and quantify the amount
of captured targets on each individual bead, is used as a readout system. In a
first step, antigen-specific capture antibodies are immobilized on the individual
bead types. Different bead types are combined and incubated with the sample
of interest. A labeled secondary antibody detects captured analytes and is visu-
alized with a fluorescent reporter system. Sensitivity, reliability, and accuracy
are similar to those observed with standard microtiter ELISA procedures (1).
Color-coded microspheres can be used to perform up to 100 different assay
types simultaneously. The flow cytometer identifies several thousand micros-
pheres in a second and simultaneously quantitates the amount of captured ana-
lytes (2–6). Today, suspension microarrays are currently advanced within the
field of miniaturized, multiplexed ligand-binding assays with respect to automa-
tion and throughput. Appropriate sensitivity, precision, and reliability must be
demonstrated for the miniaturized, parallelized assay systems, before they can
be applied for screening or diagnostic purposes.

This chapter describes the development and use of suspension antibody
microarrays for protein profiling in several human body fluids. Standard method-
ology guidance is described to validate immunoassays (7) and to determine the
sensitivity, precision, and accuracy of the multiplexed analysis.

2. Materials
2.1. Equipment and Materials

1. Centrifuge: 5415D (Eppendorf).
2. Vortex mixer (Neolab).
3. Ultrasonic bath.
4. Thermomixer (Eppendorf).
5. Luminex100 instrument (Luminex).
6. Vacuum manifold (Millipore).
7. Filterplates (Millipore 96-well plate, cat. no. MAB1250).
8. Microcentrifuge tubes (Starlab 1.5 mL, cat. no. I1415-2500).
9. Carboxylated beads (Qiagen, cat. no. 922400 or Luminex).

2.2. Common Reagents

1. Bovine serum albumin (BSA; Roth, cat. no. T844.2).
2. Phosphate-buffered saline (PBS; Fischer Scientific, cat. no. 9472615).
3. 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide HCl (EDC; Pierce).
4. Sulfo-NHS (N-hydroxysulfosuccinimide; Pierce).
5. Detection reagent: streptavidin-phycoerythrin (streptavidin-PE) stock solution 

(1 mg/mL) in 100 mM NaCl, 100 mM sodium phosphate, pH 7.5, containing 2 mM
sodium azide (Molecular Probes, cat. no. S21388).
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2.3. Buffers

1. Activation buffer: 100 mM sodium phosphate (Na2HPO4), pH 6.2.
2. Coupling buffer: 50 mM MES, pH 5.0.
3. Washing buffer: 0.05% Tween-20 in PBS, pH 7.4.
4. Blocking/storage (B/S) buffer: 1% BSA fraction IV (Roth, cat. no. T844.2) in 

1X PBS.
5. Assay buffer: formulation—1% BSA fraction IV in 1X PBS.
6. Wash buffer: 1X PBS.

3. Methods
3.1. Principle

The principle of suspension antibody microarrays is based on sandwich
immunoassays, as represented in Fig. 1. First, capture antibodies are coupled
to carboxylated microspheres and then samples are incubated with coupled
microspheres. Bound analytes are detected with biotinylated antibodies. PE-
labeled streptavidin is used for signal detection. Finally, microspheres are
identified by a flow cytometer, allowing quantitation of the amount of cap-
tured analytes.

3.2. Production of Suspension Microarrays: Antibody Coupling 
to Carboxylated Microspheres (see Note 1)

Using proven carbodiimide coupling chemistry, antibodies are covalently
immobilized on carboxylated beads via the amine groups in lysine side chains.
Before the coupling procedure, the beads are first activated using EDC/Sulfo-
NHS. Antibodies should not contain foreign protein, azide, glycine, Tris, or any
other reagent containing primary amine groups. Otherwise, antibodies must be
purified by gel-filtration chromatography or dialysis before use.

3.2.1. Bead Activation

1. Sonicate the carboxylated bead stock suspension for 15 to 20 s to yield a homoge-
neous bead suspension. Vortex bead stock suspension thoroughly for at least 10 s.
Take 2.5 × 106 beads per coupling reaction.

2. Transfer the bead stock suspension to a Starlab microcentrifuge tube.
3. Briefly centrifuge bead suspension (a quick spin up to 3000g is sufficient), and

discard the supernatant.
4. Wash beads with 80 μL activation buffer. Briefly vortex and centrifuge at 10,000g

for 2 min. Discard the supernatant and repeat the washing step.
5. Resuspend beads in 80 μL of activation buffer. Sonicate for 15 to 20 s to yield a

homogeneous bead suspension.
6. Freshly prepare EDC solution (50 mg/mL) and Sulfo-NHS solution (50 mg/mL)

(see Notes 2 and 3).
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Fig. 1. Processing of suspension microarrays. Schematic representation of the steps
required for performing a suspension microarray immunoassay.



7. Add 10 μL EDC solution and 10 μL Sulfo-NHS solution to the bead suspension.
Incubate for 20 min at room temperature (15–25°C) in the dark.

3.2.2. Coupling of Antibodies to Activated, Carboxylated Beads

1. Dilute your protein stock solution with coupling buffer to a concentration of
100 μg/mL in a volume of 500 μL.

2. Centrifuge beads at 10,000g for 2 min and discard the supernatant.
3. Wash beads with 500 μL of coupling buffer. Briefly vortex and centrifuge at

10,000g for 2 min. Discard the supernatant and repeat the washing step.
4. Add the diluted antibody solution (500 μL) from step 1.
5. Wrap tube in aluminum foil to avoid light exposure. Agitate the tube with acti-

vated beads and antibody solution on a plate shaker at 900 rpm at room tempera-
ture (15–25°C) for 2 h.

3.2.3. Washing and Storage of Coupled, Carboxylated Beads

1. Centrifuge beads at 10,000g for 2 min and carefully remove and discard the super-
natant.

2. Wash beads with 500 μL of washing buffer. Briefly vortex and centrifuge at
10,000g for 2 min. Discard the supernatant and repeat the washing step.

3. Resuspend the bead pellet in 1 mL Blocking/Storage (B/S) buffer including 
0.05% azide.

4. Determine the bead concentration of the suspension using a cell-counting 
chamber.

3.2.4. Counting Beads Using a Cell-Counting Chamber

1. Add 5 μL of beads to 45 μL of PBS and mix.
2. Fill the hemacytometer with 10 μL bead suspension by placing the pipet tip

against the loading V of the hemacytometer at a 45° angle. Slowly release the sam-
ple between the slide and the cover slip until the counting chamber is loaded. It is
important to fill both sides of the chamber and wait 2 to 3 min to allow the beads
to settle.

3. Count the cells in two opposite corners of the scored chamber and take an aver-
age. Each of the nine squares on the grid has an area of 1 square mm, and the cov-
erglass rests 0.1 mm above the floor of the chamber. Thus, the volume over the
central counting area is 0.1 mm3 or 0.1 mL. Multiply the average number of beads
each central counting area by 10,000 to obtain the number of beads per mL of
diluted sample. Multiply by the dilution factor of 10 to get beads/mL.

4. Store beads at 25X, typically 5 × 106 beads/mL.

3.3. Processing of Bead-Based Multiplex Assays

3.3.1. Sample Preparation

Here the preparation of proteins from either clinical specimens or cell 
culture for use in the multiplexed assay is described.
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3.3.1.1. SERUM OR PLASMA SAMPLES

Serum and plasma samples should be spun down (8000g) prior to the assay
to remove particulate and lipid layers. This will prevent blocking of the wash
plate, as well as the sample needle. Caution: samples should be handled as bio-
hazards because they might carry infectious agents. As freezing-thawing cycles
might result in a measurable breakdown in some proteins (e.g., cytokines) sam-
ples should be aliquoted for any experiment. Storage of aliquoted samples at 
−80°C is recommended. When we analyzed eight matched serum and plasma
samples on the Luminex platform, no differences were seen between fresh sam-
ples and those that had undergone a freeze-thaw for levels of tumor necrosis
factor-α (TNF-α), eotaxin, interleukin-13 (IL-13), monocyte chemotactic
protein-1 (MCP-1), interferon-γ (IFN-γ), IL-12p70, macrophage inflammatory
protein-1α (MIP-1α), interferon-γ-inducible protein (IP-10), or granulocyte/
macrophage colony-stimulating factor (GM-CSF) (Fig. 2). There was, however,
a significant increase in IL-1α after the freeze-thaw, suggesting that this process
may liberate IL-1α from insoluble receptors. IL-1α and MCP-1 levels were 
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Fig. 2. Serum and plasma were drawn from eight individuals. Half of the sample was
subjected to a freeze-thaw cycle. Cytokines were analyzed using cytokine suspension
arrays. There were no differences in cytokine levels attributed to the freeze-thaw cycle.
Differences between plasma and serum occurred for interleukin-1α (IL-1α), interferon-γ-
inducible protein-10 (IP-10), and monocyte chemotactic protein-1 (MCP-1). GM-CSF,
granulocyte/macrophage colony-stimulating factor; IFN-γ, interferon-γ; MIP-1α,
macrophage inflammatory protein-1α; TNF-α, tumor necrosis factor-α.



significantly higher in plasma compared with the matched serum sample. In
contrast, IP-10 was higher in serum (Fig. 2). Another important consideration
in analyzing serum or plasma samples is the need for an appropriate buffer
(described in Subheading 3.3.2.).

3.3.1.2. CELL CULTURE SAMPLES

Before use, cell culture supernatants should be centrifuged at 14,000g to
remove any particulates. Cell culture supernatants can be diluted in their corre-
sponding culture medium. As for serum samples, cell culture supernatants
should be aliquoted and frozen at −80°C for any experiment.

3.3.1.3. TEARS

Tears can be collected and stored for future analysis. In many disease states,
levels of IgA increase and may require blocking with animal serum or removal by
filtration. As the volume of tear sample is minimal, modifications can be made to
the assay to allow for lower volume incubations, without loss of sensitivity. The
primary incubation of 5 μL of either tears or standard can be performed in micro-
centrifuge tubes with beads that have been concentrated fivefold. This will act to
increase the effective concentration of the analytes. After the primary incubation,
buffer can be added and the mixture transferred to a 96-well wash plate to 
continue the assay according to the protocol. Experiments performed with 10-plex
cytokine assays on the Luminex platform have demonstrated that assay sensitivity
was maintained using the low-volume protocol.

3.3.1.4. CEREBROSPINAL, SYNOVIAL, AND PLEURAL FLUIDS

Precious samples with limited volume such as cerebrospinal fluid (CSF) and
synovial fluid are ideal candidates for multiplex analysis. For synovial fluid,
animal serum should be added to prevent the binding of heterophilic antibodies
and rheumatoid factor (RF) binding, which can cause false positives. For
cytokine assays, samples can be filtered with a 50-kDa filter to remove interfer-
ing antibodies. Another recently described method to remove RF from serum
uses protein L (8). The low-volume protocol described in Subheading 3.3.1.3.
may be suitable if sample volume is below 50 μL. When CSF samples were
analyzed for 22 cytokines using the Luminex platform (9), 11 cytokines were
detected. The authors performed spike recovery experiments and describe
recoveries as good.

3.3.2. Diluent

It is important that the diluent selected for reconstitution and for dilution of
the standards reflect the environment of the samples being measured. Diluents
for specific sample types have to be validated prior to use. For analyzing cell 
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culture samples, standards and samples are diluted in the respective cell culture
medium. It is important to use the same lot of fetal bovine serum as there are sig-
nificant differences between lots in compounds that may interfere with the assay.
Another factor to ensure is sample pH, which will affect antibody binding. For
assaying serum samples, each laboratory should develop and validate an appro-
priate diluent. We suggest starting with PBS supplemented with 10 to 50% ani-
mal serum (e.g., fetal calf serum, horse serum, goat serum, or depleted human
serum). The goal is to mimic the serum matrix to ensure similar binding kinet-
ics in both the serum and standard samples. The serum samples may also require
dilution with a small amount of serum to prevent false positives, as some human
antibodies may show reactivity toward the mouse captures. Generally, 1 to 2%
of each species of antibodies is sufficient. The serum diluent must not be used to
dilute the detection antibody or the streptavidin-PE.

3.3.3. Detection Antibody

The concentration of detection antibody used can be varied to create an
immunoassay with a different sensitivity and dynamic range. The authors typically
use the detection antibody at a concentration between 0.5 μg/mL and 1.0 μg/mL.
The quantitative range of the assay can be shifted by changing the antibody con-
centration. A dilution of the detection antibody shifts the standard curve to the
lower concentration range, whereas an increased concentration shifts the curve to
the higher concentration range.

3.3.4. General Protocol for Processing Bead-Based Multiplex Assays 
for the Determination of Proteins in Human Body Fluids

1. Centrifuge the sample at 14,000g to precipitate any particulates before diluting
into appropriate diluent. Dilution factors will vary depending on sample type and
concentration of analyte.

2. Resuspend the standard into the appropriate diluent and prepare an eight-point
standard curve using twofold serial dilutions.

3. Wet the filter plate with 100 μL Assay buffer.
4. Plate fitting: add 50 μL standard or sample to each well.
5. Sonicate coupled beads for 15 to 20 s to yield a homogeneous suspension. Vortex

beads thoroughly for at least 10 s.
6. Dilute beads to 1500 beads per well and add 25 μL diluted bead suspension to

each well.
7. Incubate in the dark at room temperature for 2 h (see Note 4).
8. Washing step: apply vacuum manifold to the bottom of the filter plate to remove liq-

uid. Wash by adding 100 μL assay buffer. Repeat washing step twice. Resuspend
beads in 75 μL assay buffer.

9. Add 25 μL detection antibody solution to each well.
10. Incubate in the dark at room temperature for 1.5 h.
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11. Washing step: apply vacuum manifold to the bottom of the filter plate to remove
liquid. Wash by adding 100 μL assay buffer. Repeat washing step twice. Resuspend
beads in 75 μL assay buffer.

12. Add 25 μL streptavidin-PE solution to each well.
13. Incubate in the dark at room temperature for 0.5 h.
14. Washing step: apply vacuum manifold to the bottom of the filter plate to remove

liquid. Wash by adding 100 μL assay buffer. Repeat washing step twice. Resuspend
beads in 125 μL assay buffer.

15. Incubate on a plate shaker for 1 min.
16. Read results on Luminex 100 instrument.
17. Data evaluation: we recommend extrapolating sample concentrations from a 4-PL

or 5-PL curve.

3.4. Validation of Analytical Performance of Miniaturized 
Multiplexed Protein Assays

3.4.1. Accuracy

Accuracy is expressed by the closeness of the measured value to the true
value. Accuracy should be assessed using a minimum of five determinations
over a minimum of three concentrations across the expected range of the assay.
A deviation of 15% of the measured value from the true value is acceptable.
Several methods for estimating accuracy are possible:

1. Accuracy may be determined by comparison of the measured analyte values with
those of reference data.

2. Accuracy may be determined by adding known quantities of the analyte into an
appropriate test matrix (e.g., serum, plasma). Then the recovery is expressed as the
measured analyte concentration relative to added analyte concentration. The
Recovery (%) is calculated as follows:
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Measured analyte concentration
× 100Recovery (%) = 

Background analyte concentration in test matix + added
analyte concentration

3.4.2. Selectivity

Selectivity can be assessed by performing cross-reactivity experiments,
whereby the multiplex assay is performed with each of the standards assayed
separately. This will ensure that your capture antibody is selective for its respec-
tive analyte only in the assay.

3.4.3. Specificity

Specificity is defined by the ability of an assay to measure unequivocally the
amount of an analyte in the presence of interfering substances. Nonspecificity



might be derived from cross-reactivity of the antibody used in the assay with
other proteins or antibodies present in the sample.

3.4.4. Precision

Precision is expressed by the closeness of agreement between a series of
repeated measurements. Precision should be assessed using a minimum of five
determinations over a minimum of three concentrations across the expected
range of the assay. The mean value should be within 15% of the coefficient of
variation (CV).

3.4.4.1. REPEATABILITY

Also termed intraassay precision, repeatibility expresses the precision under
constant conditions. Measurements are performed within 1 d by the same ana-
lyst using identical reagents and the same instrument.

3.4.4.2. REPRODUCIBILITY

Also known as interassay precision, reproducibility expresses the precision
by changing measurement conditions, which may involve different analysts,
reagents, instruments, and laboratories.

3.4.5. Limits of Detection and Quantitation (see Note 5)

3.4.5.1. DETECTION LIMIT

The limit of detection (LOD) is the lowest amount of analyte in a sample that
can be detected but not quantitated as an exact value. According to the
International Union of Pure and Applied Chemistry (IUPAC) definition (2) the
LOD is estimated as the mean of the zero standard signal plus 3 times the stan-
dard deviation (SD) obtained on the zero standard signal:

LOD = Meanzero standard + 3 × SDzero standard

3.4.5.2. QUANTITATION LIMIT

The limit of quantitation (LOQ) is the lowest amount of analyte in a sample
that can be quantitated with an acceptable statistical significance. According to
the IUPAC definition, the LOQ is estimated as the mean of the zero standard
signal plus 10 times the SD obtained on the zero standard signal:

LOQ = Meanzero standard + 10 × SDzero standard

3.4.6. Linearity

The linearity is defined as the ability of an analytical procedure to produce sig-
nals, which are directly proportional to the analyte concentration of the sample.
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3.4.7. Range

The range of an analytical procedure is defined by the interval between the
upper and lower amount of analyte that can be detected with a suitable level of
accuracy, precision, and linearity.

3.4.8. Robustness

Robustness expresses the extent to which measured values remain unaffected
by small variations in method parameters (e.g., temperature, reagent concentra-
tion) or instrumental parameters. The robustness indicates the reliability of an
analytical procedure during normal usage.

4. Notes
1. This method can also be adapted for coupling reactions of antigens, receptors, or

other proteins.
2. Minimize the exposure of EDC and Sulfo-NHS to air, and close containers tightly.

Use fresh aliquots for each coupling reaction and discard after use.
3. Sulfo-NHS solution (50 mg/mL) can be prepared and stored at –20°C.
4. The incubation time can be varied. The authors typically incubate between 30 min

and 2 h. The primary incubation of bead and sample can be performed overnight
at 4°C for greater low-end sensitivity.

5. The detection limit depends primarily on the quality of antibodies used.
Additionally, the detection limit is influenced by detection conditions (e.g., antibody
concentration, incubation time) and the complexity of the multiplex assay and
matrix proteins.
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Deciphering the Hieroglyphics of Functional 
Proteomics Using Small Molecule Probes

Wayne F. Patton

Summary
Fluorescence-based total protein detection is generally acknowledged to provide superior

capabilities relative to the classical staining methods. Simple measurement of differences in pro-
tein expression, however, does not directly measure changes in protein activity and often fails to
detect key posttranslational modifications. A number of fluorescence-based strategies tailored to
the analysis of protein posttranslational modifications, functional domains, and enzymatic activ-
ities have been introduced recently. The new fluorescent staining methods have spurred the rapid
development of sophisticated imaging devices that provide the highest possible detection capa-
bilities. A limitation of the newly devised functional proteomics stains is that the abundances of
the target proteins are often quite low, and as a consequence, protein prefractionation has increas-
ingly become an integral part of proteomics analysis. It is expected that fluorescence-based
approaches, originally devised for gels, will ultimately be adapted to liquid chromatography-
mass spectrometry, protein microarrays, and cell-based assays. Additionally, the powerful capa-
bilities of differential protein expression profiling will be engineered into future probes, allowing
for multiplexed analysis of posttranslational modifications and enzyme activities. Integrating pro-
tein prefractionation and small molecule probe-based detection with multiwavelength imaging
significantly expands the power of gel electrophoresis for the large-scale elucidation of the func-
tional properties of proteins.

Key Words: Review; proteomics; posttranslational modifications; protein prefractionation;
fusion tags; activity-based probes.

1. Introduction
Although the characterization of genes is undeniably central to the discipline of

modern biology, to unravel fully the complex molecular basis of life, a comprehen-
sive understanding of the functional aspects of proteins themselves must be
obtained as well. Proteins are the primary mediators of almost all physiological



and pathophysiological processes, and most drugs developed by the pharmaceuti-
cal industry specifically target proteins. In contrast to genomics, the essential fea-
ture of proteomics, large-scale and all-inclusive analysis of proteins, is relatively
difficult to implement fully because of the heterogeneous physicochemical prop-
erties displayed by proteins, an inability to amplify proteins by any polymerase
chain reaction (PCR)-like process, and the lack of predefined complementary
binding partners for specific proteins. Nonetheless, global strategies for the com-
prehensive analysis of protein posttranslational modifications, functional domains,
and enzymatic activities are being devised and increasingly implemented in the
field of proteomics. The objective of this review article is to communicate the
unique capabilities of gel-based proteomics with respect to the analysis of func-
tional properties of proteins.

2. Detecting Total Protein Profiles
Global quantification of protein expression levels has served as a fundamental

component of most proteomics investigations to date. However, the simple meas-
urement of differences in protein expression levels alone does not provide a direct
determination of changes in protein activity and often fails to detect key post-
translational modifications that regulate protein activity. The accurate determina-
tion of total protein levels does play a fundamental role in evaluating functional
alterations in proteins, since such measurements provide a normalizing factor for
verifying that different samples are present in equivalent amounts on the gel and
assist in distinguishing between changes in the activity levels or degree of post-
translational modification of a protein compared with simple changes in protein
expression levels without concomitant changes in the assayed functional attribute.

A variety of options are available for detecting and quantifying proteins in
polyacrylamide gels (1). Some representative fluorescence-based molecular
probes for the detection of protein expression levels in polyacrylamide gels are
summarized in Fig. 1. Fluorescence-based total protein detection strategies
have gained prominence in recent years and are generally acknowledged to pro-
vide superior capabilities relative to the classic staining technologies based on
Coomassie Blue and silver stains. The detection capability of a representative
fluorescence-based stain, SYPRO® Ruby protein gel stain, is compared with
colloidal Coomassie Blue stain and silver stain in Fig. 2. Fluorescence-based
stains often provide better capabilities than their colorimetric counterparts
including superior linear dynamic range of quantification, excellent limits of
detection, and outstanding compatibility with mass spectrometry-based protein
characterization and identification techniques (2–4).

An increasingly wide range of molecular probes are currently available for the
fluorescence-based detection of protein expression levels in sodium dodecyl 
sulfate (SDS)-polyacrylamide gels, as summarized in Fig. 1. The fluorophore
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represents but one ingredient necessary for a successful detection method, and its
actual formulation into a stain ultimately determines performance characteristics.
For example, ruthenium tris (bathophenanthroline disulfonate) (RuBPSA)
(Fig. 1D) is widely regarded to be structurally quite similar to SYPRO Ruby pro-
tein gel stain (Molecular Probes, Eugene, OR), although simple mass measure-
ment of the two dyes on a matrix-assisted laser desorption ionization-time of
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Fig. 1. Structures of some fluorophores commonly utilized for detecting and quantify-
ing proteins in polyacrylamide gels. (A) 5-Hexadecanoylaminofluorescein (16). (B) Nile
Red dye (10). (C) Deep Purple dye (15). (D) Ruthenium Tris (bathophenanthroline disul-
fonate) (RuBPSA) (7). Only one of the three bathophenanthroline disulfonate ligands sur-
rounding the ruthenium ion is depicted in the illustration. This fluorophore is structurally
similar to SYPRO Ruby protein gel stain. (E) Structural analog of OGT MP17 (17). The
specific structure of the dye was not revealed, but a class of dyes was referenced. SYPRO
Orange and Red dyes also belong to this general class of organic fluorophores.
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flight (MALDI-TOF) mass spectrometer demonstrates that they are not identical.
Whereas SYPRO Ruby stain was created based on principles gleaned from the
colloidal Coomassie Blue stain literature, the RuBPSA stain was created using
the principles of silver staining (5–9). Consequently, whereas SYPRO Ruby stain
provides background-free end-point staining using a minimal number of proce-
dural steps in as little as 3 h, the RuBPSA procedure is a relatively complex eight-
step procedure requiring harsh fixatives and about 26 h to complete.

The fluorophores shown in Fig. 1 may be classified into three fundamental
categories based on their mechanisms of targeting to the proteins. The cate-
gories include dyes that bind indirectly to proteins through detergent intercala-
tion, dyes that bind directly but noncovalently with proteins, and dyes that bind
covalently with proteins. Gel staining procedures originally devised for the
SDS-intercalating Nile Red dye form the basis of formulations incorporating
a range of other fluorophores and offering better staining characteristics than
the original dyes, including SYPRO Orange dye, SYPRO Red dye, SYPRO
Tangerine dye, OGT MP 17 dye, 5-hexadecanoylamino-fluorescein, and Deep
Purple® dye (Epicocconone, Belijan Red) (10–18). The principle limitation of
Nile Red dye has been its very low solubility in aqueous media, resulting in a
tendency for precipitation during staining. The improved dyes belonging to the
family of SDS-intercalating stains all share common structural features. All
contain at least one aliphatic tail that promotes association with the SDS micelle,
an aromatic chromophore for signal generation and, importantly, hydrophilic
functionalities (sulfonate or hydroxyl residues) to promote aqueous solubility. In
addition to the structural features cited, Deep Purple dye also forms a reversible
covalent linkage with protein primary amines during staining, resulting in a shift
in fluorescence to a longer wavelength.

SYPRO Ruby protein gel stain and the structurally related RuBPSA are
prominent members of the family of fluorescent dyes that bind noncovalently
with proteins (4–9). Other members include the less widely used europium tris
(bathophenanthroline disulfonate) and SYPRO Rose Plus dyes (19–20). The
transition metal ion in these stains is responsible for their luminescent proper-
ties, and, unlike most conventional organic fluorophores, the metal ions exhibit
a relatively large Stoke’s shift, which facilitates detection using simple optical
filtering methods. Ruthenium-based stains have proved to be more suitable than
previously devised europium-based stains for gel-based applications because
they are excitable at either 300 or 450 nm, allowing ultraviolet transilluminator,
visible laser, or xenon-arc lamp illumination. This permits the stains to be visu-
alized on almost any gel imaging device available to the investigator. The stains
are thought to bind to proteins primarily through interaction of dye sulfonate
groups with basic amino acid residues, although some hydrophobic interaction
through the bathophenanthroline group itself is also likely. A recent independent
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comparison of Deep Purple dye, SYPRO Ruby dye, 5-hexadecanoylamino-
fluorescein, silver stain, and Coomassie Blue stain, using Progenesis gel analysis
software (Perkin-Elmer), found SYPRO Ruby dye to be superior with respect to
the capability of detecting the greatest number of proteins with the highest repro-
ducibility (lowest coefficient of variance) (18). SYPRO Ruby dye has also been
shown to be considerably more photostable than alternative dyes, such as Deep
Purple dye (21). A head-to-head comparison of the performance of SYPRO
Ruby and Deep Purple stains is shown in Fig. 3. The two-color overlay indicates
that each dye favors different subsets of proteins, with certain highly acidic
proteins being especially well detected by SYPRO Ruby dye.

With the advent of advanced infrared-based gel imagers, such as the Odyssey®

Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE), there have been
rumors circulating at various scientific conferences of Coomassie Blue stain once
again becoming the preeminent fluorescent stain for gel-based proteomics (22).
Careful analysis of the limits of detection and linear dynamic range associated
with this reincarnation of an old staining method will determine whether
infrared imaging of Coomassie Blue stain is competitive with the cadre of other
validated fluorescent stains already commercially available on the market.
Certainly, compatibility with downstream protein identification methods, such
as mass spectrometry, is well established, but the requirement of a specialized
imager may be a drawback to general acceptance of the approach.

Several independent investigations have confirmed the original manufacturer
claims concerning the superior reproducibility, equivalent sensitivity, and better
compatibility of SYPRO Ruby stain compared with silver stain (23,24).
Unfortunately, SYPRO Ruby dye is very expensive, and the fluorescent stain
providing the most cost-effective performance for routine proteomic analysis
comprising high and moderate abundance proteins was determined to be 
5-hexadecanoylamino-fluorescein (18). Popular approaches for making SYPRO
Ruby dye itself more cost effective include diluting the stain 50:50 with deion-
ized water and reusing the stain (25,26).

A number of approaches for the irreversible covalent labeling of proteins
with fluorophores have been devised in the past, with the sulfhydryl-reactive
monobromobimane and the amine-reactive or sulfhydryl-reactive cyanine dyes
being the most commonly employed fluorophores for this purpose (27–30).
Fluorescence-based 2D difference gel electrophoresis (DIGE), employing reac-
tive cyanine dyes, has had a tremendous impact in gel-based proteomics, allow-
ing two to three samples to be run on a single 2D gel (31). This multiplexing
strategy significantly improves the quantitative accuracy and statistical confi-
dence of the 2D gel electrophoresis (2-DGE) method, by minimizing gel-to-gel
variation and allowing inclusion of a pooled internal standard.
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Fig. 3. Comparison of SYPRO Ruby gel stain and Deep Purple gel stain with respect
to the different proteins detectable after 2DGE and staining. An extract of rat liver cells
(20 μg) was separated by isoelectric point on Zoom pH 4 to 7 gel strips and then by
molecular weight on NuPAGE 4 to 12% polyacrylamide, Bis-Tris slab gels (Invitrogen,
Carlsbad, CA). Gels were stained in parallel with either SYPRO Ruby gel stain
(Invitrogen) or Deep Purple gel stain (GE Healthcare, Chalfont St. Giles, UK), following
the most updated staining protocols of each manufacturer. The resultant fluorescent sig-
nals from the two stains were visualized using an FX® Pro Plus gel imager (Bio-Rad,
Hercules, CA) using the 488-nm excitation line of an argon-ion laser for SYPRO Ruby
stain and the 532-nm excitation line of a YAG laser for Deep Purple stain. Fluorescent sig-
nals from both stains were detected using a 555-nm long-pass emission filter. (A) Yeast
proteins visualized with Deep Purple stain. (B) Yeast proteins visualized with SYPRO
Ruby stain. (C) Computer-generated overlay of images from Deep Purple stain (green)
and SYPRO Ruby stain (fuchsia), using Z3 software (Compugen, Tel Aviv, Israel).
(Courtesy of Courtenay Hart, Molecular Probes/Invitrogen, Eugene.)



3. Detecting Protein Functional Attributes
As discussed, a variety of options for fluorescence-based detection of protein

expression levels in polyacrylamide gels are currently available, and it has
become somewhat routine work to devise additional ones at this point. The new
scientific frontier for biological analysis in gel electrophoresis has certainly
become the detection of functional attributes of proteins. Only a relatively few
breakthroughs have been reported, and, clearly, there is a room for further
advancements in the field, particularly in terms of improving detection sensitivity
(1). Fundamentally, the requirements for developing a good gel stain that is
selective for a particular functional attribute are much more stringent than that
for a nonspecific total protein stain. With total protein stains, nonspecific or sec-
ondary binding processes only serve to enhance detection further, whereas with
stains targeting particular functional attributes, even specific to nonspecific
binding ratios of 100:1 confound interpretation of results, because proteins in
the biological sample itself may vary in concentration over a range of four or
more orders of magnitude. Consequently, it is more than just a good idea to eval-
uate any functional proteomics stain in parallel with a total protein stain, so as to
differentiate between specific staining of proteins and very weak nonspecific
staining of highly abundant components in the sample.

3.1. Phosphorylation

Reversible protein phosphorylation has been intensely studied since the 
discovery of its central role in regulating enzyme activity in the 1950s.
Phosphoproteomics, the systematic parallel analysis of the phosphorylation
status of large sets of proteins involved in the regulatory circuitry of cells and
tissues, is a relatively new field likely to drive research in the postgenomics era
for a number of years to come. Phosphorylation arguably represents the single
most critical posttranslational modification in biology, impacting almost every
functional aspect of a cell, from mitosis through apoptosis. The modification
plays a central role in both the regulation of signal transduction pathways and
the modulation of enzyme activity. Phosphoproteins are most often detected by
autoradiography after incorporation of 32P or 33P into cultured cells or after
incorporation into subcellular fractions using protein kinases. Radiolabeling
remains the most sensitive and effective method for detecting protein phospho-
rylation in gels. However, this approach is somewhat limited with respect to
the range of biological materials that can be analyzed, as examination of clin-
ically derived samples requires in vivo labeling, which is not usually feasible.
The hazardous nature of radiolabels, as well as the accompanying disposal
costs for radioactive waste, also makes the radiolabeling approach somewhat
onerous to perform.

90 Patton



Pro-Q® Diamond phosphoprotein stain (Molecular Probes) detects phospho-
proteins in SDS-polyacrylamide gels, isoelectric focusing gels, 2D gels, elec-
troblots, and protein microarrays through a mechanism that combines a
trivalent transition metal ion and a fluorescent metal ion-indicator dye (32–39).
The stain has also recently been adapted to phosphate quantification of phos-
phoproteins and phosphopeptides from solution, detection of phosphopeptides
by high-performance liquid chromatography, and isolation of phosphopetides
using magnetic beads. The staining technique is rapid, simple to perform, read-
ily reversible, and fully compatible with analytical procedures such as MALDI-
TOF mass spectrometry. Pro-Q Diamond dye is capable of detecting as little as
1 to 8 ng of a phosphoprotein. The linear range of signal response for the fluo-
rescent dye allows rigorous quantitation of phosphorylation changes over a 500-
to 1000-fold concentration range. Using heart tissue, the technology has been
employed successfully to identify two novel phosphorylated proteins present in
complex I of the mitochondrial respiratory chain (32,36). A recent study com-
paring 32P labeling with Pro-Q Diamond dye staining concluded that results
from the two approaches do not correlate perfectly (39). This is understandable,
as even in a comparison of 4-h vs 16-h of radiolabeling, only 71% of the spots
were found to be correlated with one another (39). 32P radiolabeling is depend-
ent on the turnover rates of the individual phosphorylation sites, whereas the flu-
orescent stain measures the actual abundance of the posttranslational
modification within the protein.

The only commercialized staining alternative for detecting phosphoproteins
in gels requires alkaline hydrolysis of serine or threonine phosphate esters, pre-
cipitation of the released inorganic phosphate with calcium, formation of an
insoluble phosphomolybdate complex, and then visualization of the complex
with methyl green dye, as commercialized in the GelCode phosphoprotein
detection kit (Pierce). The staining method is not particularly sensitive, with μg
to mg amounts of phosphoprotein required to obtain a discernable signal. In
addition, phosphotyrosine residues escape detection with the stain.

3.2. Glycosylation

Protein glycosylation is typically detected after periodate oxidation of glycan
moieties, followed by Schiff’s base conjugation of a hydrazide or hydrazine tag.
A sensitive green-fluorescent glycoprotein-specific stain, Pro-Q Emerald 300
dye (Molecular Probes), detects glycoproteins directly in polyacrylamide gels or
on polyvinylidene difluoride membranes (40–42). As little as 300 pg of α1-acid
glycoprotein (40% carbohydrate) may be detected in gels after staining with the
dye, although less highly glycosylated proteins are generally detectable at the 
1- to 2-ng level. As is typical with fluorescence-based detection approaches,
Pro-Q Emerald 300 dye provides a 500- to 1000-fold linear dynamic range of
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detection. One limitation of the stain is that a UV transilluminator-based imag-
ing system is required for detection. However, using a related stain, Pro-Q
Emerald 488 dye, glycoproteins may be detected using visible light excitation
sources, albeit with an overall 10-fold poorer detection sensitivity. The
GlycoProfile III fluorescent glycoprotein detection kit (Sigma-Aldrich) also
detects glycoproteins by a periodate oxidation and Schiff’s base conjugation and
is suitable for fluorescence-based detection of glycoproteins using UV excita-
tion. The dye is not as sensitive as Pro-Q Emerald 300 dye, detecting roughly
150 ng of a glycoprotein in gels. Finally, it should be noted that the commonly
employed acid fuchsin-based colorimetric glycoprotein stain may be used as a
fluorescent stain if imaged for fluorescence with a 532-nm excitation source and
a 675-nm long-pass filter (41).

A metabolic approach for the labeling and identification of cell surface glycans
has gained prominence in recent years (43–47). The approach is based on meta-
bolically incorporating an unnatural sugar precursor containing an azide func-
tional group into cell surface glycans using the cell’s endogenous enzymes. The
azide functional group is then induced to undergo a covalent reaction with an
exogenously added tag containing a phosphine residue to form an amide bond,
via the Bertozzi-Staudinger ligation reaction. Triarylphosphine can be ester con-
jugated to a wide range of probes including biotin, various fluorophores, or the
FLAG tag in order to facilitate detection of the glycoproteins. Recently, an anal-
ogous approach has been devised for the labeling and detection of farnesylated
proteins, suggesting that the chemical strategy is broadly applicable to the analy-
sis of a wide range of protein posttranslational modifications (48).

In another recently described method, covalent modification of O-linked 
β-N-acetylglucosamine (O-GlcNAc) is achieved using an engineered galacto-
syltransferase enzyme to label proteins modified with this sugar selectively
using a ketone-biotin tag. The biotin tag permits enrichment of low-abundance
O-GlcNAc-containing proteins from complex cell lysates and subsequent
detection of the modification by standard streptavidin-based Western blotting
techniques (49,50).

3.3. Oxidative Posttranslational Modifications

The biological effects of nitric oxide are largely mediated through S-nitrosylation
of cysteine thiol residues on a variety of proteins, ranging from ion channels to
nuclear regulatory proteins. Protein S-nitrosylation is becoming recognized as
an important mechanism for the reversible posttranslational regulation of 
protein activity and consequently cellular function (51–54). Until relatively
recently, the detection of protein S-nitrosylation in cells and tissues was
hampered by the unavailability of suitable techniques to detect S-nitrosylated
proteins explicitly. The Biotin-Switch method is the first approach to provide
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detection of protein S-nitosylation after SDS-polyacrylamide gel electrophore-
sis and electroblotting (55,56). The basic technique, commercialized as the
NitroGlo nitrosylation detection kit (Perkin-Elmer), provides an optimized pro-
cedure for detecting protein S-nitrosylation that has been validated using known
S-nitrosylated proteins, such as creatine phosphokinase and H-ras. The detec-
tion approach involves chemically blocking free cysteine residues, followed 
by reduction of S-nitrosylated cysteine to free thiol residues. The free thiol
residues are then reacted with a biotinylating reagent. Consequently, only the
cysteine residues, which formerly possessed nitroso modifications, are tagged
with a biotin label. Gel electrophoresis is then used to separate the various pro-
teins in the sample directly, or the labeled proteins are selectively enriched using
streptavidin affinity chromatography prior to fractionation. Electroblotting,
using chemiluminescence reagents, such as the Western Lightning kit (Perkin-
Elmer), and subsequent imaging of the blots, reveals the S-nitrosylated proteins
in the sample.

Another significant posttranslational modification generated by free radicals
is the oxidative conversion of a tyrosine residue into a tyrosyl radical, which 
can subsequently react with another tyrosyl radical to generate a dityrosyl residue
or alternatively with nitrogen dioxide to form nitrotyrosine (57,58). Formation
of dityrosine or nitrotyrosine residues in proteins alters them both structurally
and functionally. A fluorescent tyramine-fluorescein conjugate, referred to as
TyrFluo, allows detection of protein oxidation events in intact cells (57–60). The
probe facilitates detection of oxidatively modified extracellular proteins; a related
cell-permeable probe, acetylTyrFluo, permits detection of modified proteins
intracellularly. Although not commercially available, TyrFluo is readily synthe-
sized by conjugating the succinimidyl ester of 6-(fluorescein-5-carboamido)hexa-
noic acid/6-(fluorescein-6-carboamido)hexanoic acid with the amine group of
tyramine. Owing to the relatively low levels of tyrosyl radicals encountered in
biological specimens, detection of the TyrFluo-conjugated proteins is typically
performed after electroblotting using a horseradish peroxidase-conjugated anti-
fluorescein antibody and a chemiluminescent substrate, rather than directly in
polyacrylamide gels by fluorescence-based measurement.

Carbonylation has been used extensively as an indicator of protein oxidative
modification (61–67). Typically, the labeling schemes widely used for detection
of carbonyl groups are analogous to those used for detection of glycoproteins by
periodic acid Schiff’s base (PAS) formation. Instead of intentionally oxidizing
the proteins with periodic acid, however, the native oxidative products present in
the sample are assayed directly. Biotin-hydrazide, 2,4-dinitrophenylhydrazine,
and fluorescein hydrazine have been employed to label the carbonyl groups of
oxidized proteins. Pro-Q Emerald 300 dye can also be employed in order to
detect carbonyl groups of oxidatively modified proteins.
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3.4. α-Helical Transmembrane Domains

Integral membrane proteins are considered important drug targets by the phar-
maceutical industry, as they play key roles in converting extracellular binding
events to intracellular signals. These proteins characteristically consist of one or
more hydrophobic, transmembrane domains that interact with the hydrophobic
component of lipid bilayer membranes. Unfortunately, proteomic profiles derived
from 2-DGE lack highly hydrophobic proteins, particularly integral membrane
proteins containing more than one α-helical transmembrane domain. This is
primarily owing to the very poor resolution of this class of proteins in the isoelec-
tric focusing component of the procedure, arising from their poor solubilization
by nonionic detergents, even in the presence of high concentrations of urea.
Detection of proteins containing two or more α-helical transmembrane domains
was recently accomplished using a combination of SDS-polyacrylamide gel elec-
trophoresis and fluorescence-based staining methods (68). With the Pro-Q Amber
dye formulation (Molecular Probes), staining in gels is achieved through interac-
tion of a hydrophobic fluorophore with the amphiphilic portion of the protein
after removal of SDS by fixation and washing. As little as 5 to 10 ng of a seven-
membrane spanning protein, such as bacteriorhodopsin, is detectable using the
staining method; proteins containing two α-helical transmembrane domains are
generally detectable at the 8- to 10-ng level.

3.5. Fusion Tags

The oligohistidine domain is a transition metal-binding peptide sequence
consisting of 4 to 10 consecutive histidine residues. Recombinant proteins are
commonly fused to oligohistidine affinity tag sequences in order to assist in their
purification or retention by immobilized nickel-ion affinity chromatography. The
tag domain may be incorporated into the N-terminal, C-terminal, or internal
sites of the protein using standard molecular biology techniques. Detection of
oligohistidine-tagged fusion proteins after polyacrylamide gel electrophoresis
has been accomplished by Western blotting strategies that involve the transfer of
proteins from an SDS-polyacrylamide gel to a nitrocellulose or polyvinylidene
difluoride membrane, the blocking of unoccupied sites on the membrane with pro-
tein or detergent solutions, incubation with an appropriate oligohistidine-binding
reagent (primary antibody or biotin-nitrilotriacetic acid), incubation with a second-
ary detection reagent (antibody-reporter enzyme conjugate, streptavidin-reporter
enzyme conjugate), and subsequent incubation with a visualization reagent (col-
orimetric, fluorogenic, or chemiluminescent compound; reviewed in ref. 1).

Two novel fluorophore-nitrilotriacetic acid conjugates, Pro-Q Sapphire 365
and Pro-Q Sapphire 488 oligohistidine gel stains (Molecular Probes), facilitate
direct fluorescence-based detection of oligohistidine-tagged fusion proteins in
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SDS-polyacrylamide gels, without immunoblotting, reporter enzymes, or sec-
ondary detection reagents (69). Subsequently, other fluorophore-chelate conju-
gates were commercialized, such as the Pro-Q Sapphire 532 oligohistidine gel
stain (Molecular Probes) and the InVision® His-tag in-gel stain (Invitrogen,
Carlsbad, CA) (41,70). The fluorescence-based approaches are capable of
detecting 20 to 65 ng of oligohistidine-tagged fusion protein from samples
derived from whole cell extracts.

A method for site-specific fluorescent labeling of recombinant proteins has
been developed using a biarsenical fluorescein or rhodamine derivative and tetra-
cysteine epitope-tagged proteins (71–74). The detection reagent has recently been
commercialized as the Lumino® system (Invitrogen). The Lumino reagent is vir-
tually nonfluorescent until it binds to a tetracysteine sequence. The reagent may
be applied directly to protein samples before electrophoresis, permitting the visu-
alization of fusion proteins during or immediately after gel electrophoresis using
a standard UV transilluminator or any of a variety of gel imaging instruments.

Finally, a small C-terminal tetrapeptide motif containing selenocysteine,
referred to as a Sel-tag, shows promise as a fusion tag for proteomics applications
(75). The selenocysteine residue of a selenoprotein is analogous to the cysteine
residue except that a selenium atom replaces the sulfur atom. Selenocysteine is
cotranslationally incorporated into proteins using a recoded UGA stop codon. The
selenocysteine residue has unique biochemical attributes, such as low pKa, high
electrophilicity, and higher chemical reactivity than a cysteine residue. These prop-
erties make selenocysteine amenable for the attachment of various tags. Proteins
containing the Sel-tag may be purified using 4-phenylarsine oxide Sepharose col-
umn chromatography. The γ-emitting radionucleotide, 75Se, can be metabolically
incorporated into the selenoproteins, provided that excess cysteine is added to pre-
vent nonspecific radiolabeling of cysteine or methionine residues. Electrophilic
compounds, such as 5-iodoacetamidefluorescein, can be used to label Sel-tagged
proteins fluorescently, provided that labeling is conducted at acidic pH value and
in the presence of a reducing agent, such as dithiothritol, using a short reaction
time. Similarly, positron-emitting 11C-labeled methyl iodide may be used to label
the selenoproteins. The Sel-tag technology is currently limited somewhat by the
requirement that the tag be introduced at the C-terminus of proteins and the fact
that limited bacterial selenocysteine incorporation efficiency leads to substantial
amounts of truncated protein. Additionally, under certain circumstances the sele-
nium atom can be lost from the tagged protein.

3.6. Activity-Based Proteomics

Activity-based protein profiling employs chemical approaches for determining
the activity of proteins in complex samples (76–87). Two strategies have been
employed with respect to profiling specific classes of enzymes, directed
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approaches tailored to specific classes of enzymes and nondirected approaches
that profile enzymes from several different classes. The strategies differ from con-
ventional zymography, as exemplified by the in-gel fluorescence-based detection
of β-glucuronidase activity, in that detection is achieved by labeling of enzymes
in the specimen prior to analysis by gel electrophoresis, rather than through rena-
turing enzymes in gels and subsequently detecting their activity (88).

The directed profiling approach has been employed to detect serine hydrolases,
cysteine proteases, protein tyrosine phosphatases, glycosidase, and metallopro-
teases (78,83,85). Typically, a reactive small molecule inhibitor known to target
particular enzymes is coupled to a linker group and a detection and/or isolation
tag to create a directed activity-based probe. For example, serine hydrolases, such
as thrombin, trypsin, urokinase plasminogen activator, phospholipase A2, acetyl-
cholinesterase, and fatty acid amide hydrolase, may all be detected directly in gels
using a probe consisting of a fluorophosphonate reactive group, an alkyl or poly-
ethylene glycol linker, and a rhodamine or fluorescein reporter group (76,87). The
enzymes are then detected by direct in-gel fluorescence imaging.

For enzyme classes in which covalent active site-directed inhibitors have not
yet been identified, the nondirected strategy is most appropriate. With nondi-
rected probes, a combinatorial strategy is employed in which libraries of candi-
date probes are synthesized and screened against complex samples for
activity-dependent protein reactivity. For example, a library of sulfonate ester
reactive groups has been coupled to an aliphatic linker and a rhodamine signal-
ing molecule or biotin affinity purification tag for broad-based analysis of
enzyme activities, including glutathione S-transferase, tissue transglutaminase,
aldehyde dehydrogenase, enoyl-CoA hydratase, epoxide hydrolase, thiolase,
and platelet-type phosphofructokinase (77,80).

The directed and nondirected activity-based strategies for proteomics have
produced a considerable list of molecular probes that may be employed sepa-
rately or in combination to characterize enzyme activities on a proteome-wide
scale. A recent development in this field is the creation of “tag-free” probes,
which are cell-permeable and thus allow in vivo labeling of enzyme activities
(82). In this scheme, the enzymes are labeled with a reactive functionality that
also contains a biologically inert coupling agent, and then the reporter group
(biotin or fluorophore), equipped with a complementary coupling agent, is sub-
sequently attached. Comprehensive reviews concerning activity-based pro-
teomics have previously been published and should be consulted by those
interested in more information on this exciting technology (83,84,86,87).

4. Advanced Imaging Instrumentation
The recent development of the new fluorescent staining methods cited 

has spurred the rapid evolution of sophisticated imaging devices capable of 
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providing the highest possible detection capabilities for them, including CCD
camera-based multiwavelength imaging platforms and gel scanners with multi-
ple laser excitation sources (reviewed in refs. 2,3, and 89). The DIGE dyes,
SYPRO Ruby dye, and Pro-Q Diamond dye have served as the most popular
stains for benchmarking these instruments, and many of the newer machines are
equipped with specialized filters and even application software pull-down
menus specifically tailored to these popular dyes.

Cooled CCD camera-based imaging systems offer a great deal of flexibility
in terms of stains and labels that may be analyzed (2,3). Instruments based on
CCD camera technology are suitable for the quantification of absorbance,
fluorescence, chemiluminescence, and even radioactivity (employing storage
phosphor plates or autoradiography film). CCD cameras capture images by
integrating signals over a user-defined period, improving the detection of even
weakly fluorescent signals. This important feature often makes protein bands
detectable that cannot be observed by eye alone. Gel imaging systems typically
use 14- or 16-bit cooled CCD cameras, providing a quantitative capability that
extends over as much as 3 to 4 orders of magnitude in intensity. However, the
image resolution of most fixed CCD cameras is often relatively poor, providing
only 200 μm of resolution across the entire field, when, for example, larger for-
mat 2D gels are imaged. In addition, most CCD camera-based imaging systems
employ UV illumination to excite fluorescent dyes, which is suboptimal for the
multitude of fluorescent dyes and tags that absorb maximally in the visible region
of the spectrum.

Alternatively, a number of gel imaging instruments that employ photomulti-
plier tube (PMT) detectors combined with laser light sources, such as the FLA-
5000® fluorescent imager (Fuji, Tokyo, Japan), are commercially available for
the analysis of proteins separated by polyacrylamide gel electrophoresis. These
instruments serially pass an illumination beam over each point of the sample in
a 2D raster pattern format, by optical scanning, mechanical scanning, or a com-
bination of the two approaches (2,3). Modern laser-based gel scanners usually
employ multiple PMTs and lasers to allow simultaneous detection of multiple
fluorophores in a gel. Laser-based gel scanners routinely achieve 25 to 50 μm
spatial resolution but lack the depth of focus to allow convenient analysis of
nonstandard objects, such as multiwell plates. Another disadvantage of laser
scanners is that they are limited to imaging fluorophores that spectrally match
the output of the limited number of laser sources they are equipped with. Thus,
certain commonly employed dyes, such as Pro-Q Emerald 300 glycoprotein
stain, cannot be imaged on these devices.

A third category of gel imager, the ProXPRESS® 2D Proteomic Imaging
System (Perkin-Elmer), is a newly introduced instrument that enables the use 
of a wide range of fluorescent and colored dyes owing to its multiwavelength
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emission and excitation capabilities. This highly sensitive multiwavelength
imaging platform is equipped with a 16-bit slow-scan CCD camera cooled to 
−35°C, a UV transilluminator, a Xenon arc light source, and ProSCAN® 4.0
image acquisition software. Spatial resolution is a particularly important
parameter for 2-DGE, as it is critical to capture a sufficient number of data
points per spot in order to perform Gaussian smoothing and spot segmentation.
As alluded to earlier, the spatial resolution provided by conventional fixed CCD
camera imaging devices is usually inferior to that of laser-based gel scanners
and photographic film. However, the ProXPRESS device mechanically scans
the CCD camera over the gel or blot, acquiring multiple images that are subse-
quently automatically stitched together to form a complete image. As a conse-
quence, the system readily delivers the same 30- to 50-μm spatial resolution
obtained with high-end laser scanners. With respect to multiplexing applica-
tions, the device is capable of acquiring images using different filter combina-
tions, with the result that as many as four different fluorescent labels are
detectable from a single gel.

Figure 4 demonstrates the quantitative capability of this xenon-arc-based
imaging system using the fluorescent phosphoprotein-selective stain, Pro-Q
Diamond dye, and two model phosphoproteins, ovalbumin and β-casein. Signal-
to-noise ratios for the 0.4-ng phosphoprotein bands on the gel were all greater
than 3.0, demonstrating that this quantity of phosphoprotein is readily detectable
by the ProXPRESS gel imager. This sensitivity of detection compares favorably
with imaging of the dye using laser-based gel scanners, which are reported to
provide detection limits of 1 to 8 ng for the same model phosphoproteins (33).

5. Protein Fractionation and Detection
Technological innovations and improvements related to fluorescence-based

functional proteomics have progressed considerably over the past 6 yr. One lim-
itation of many of the newly devised tools and technologies relates to the abun-
dances of the target proteins possessing the assayable attribute relative to the
abundances of the bulk housekeeping proteins in tissues and cells. Enzymes, sig-
nal transduction proteins, and plasma membrane proteins often serve catalytic
roles in biological systems and are consequently present at levels that may be 1
or more orders of magnitude lower than structural components, such as
cytoskeletal or extracellular matrix proteins. Compounding this problem is the
fact that many of the fluorescence-based approaches for the detection of protein
functional activities are currently about an order of magnitude less sensitive than
approaches employed to detect the total protein profile. This is entirely under-
standable, as the number of functional groups that serve as anchors for dye bind-
ing is reduced in the case of the specialized dyes. For example, whereas an
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average phosphoprotein may possess a dozen or so lysine and arginine residues
that can potentially interact with sulfonate residues from a fluorescent total
protein stain, it may only contain one or two phosphorylated residues that a
phosphate-selective stain can bind to. The vast majority of fluorescent probes
used to assay protein functional activity in gels only display micromolar or
weaker binding affinities for their targets. Although incremental improvements
in binding affinities are likely in the future, only modest improvements in over-
all detection sensitively are anticipated. Consequently, protein prefractionation
has increasingly become an inescapable reality in proteomic analysis.

5.1. Prefractionation Strategies

Many of the detection strategies cited in this review may be used effectively
with prefractionated samples that have been separated by SDS-polyacrylamide
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Fig. 4. Dynamic range of quantification of two phosphoproteins obtained from
SDS-polyacrylamide gels stained with Pro-Q Diamond dye and imaged using the
ProXPRESS 2D proteomic imager. Band volumes were plotted against sample loading
for the two phosphoproteins (ovalbumin and β-casein). The proteins were loaded in
such a manner as to produce a four order of magnitude dilution series. A double loga-
rithmic scale was employed to facilitate evaluation of instrument performance at both
low and high fluorescence signal levels. (Courtesy of Elaine Scrivener and Peter
Jackson, PerkinElmer Life and Analytical Sciences, Seer Green, UK.)



or 2-DGE, to provide a more comprehensive proteome-wide analysis of protein
characteristics. A number of techniques for the fractionation of complex protein
samples have been optimized for proteomic applications, including sucrose-
gradient fractionation, microscale solution-phase isoelectric focusing, ultrafil-
tration, and ion-exchange membrane chromatography-based fractionation
(90–94). Of these approaches, chromatographic prefractionation offers certain
performance advantages (94). The chromatographic step is a straightforward
approach to applying a third dimension of separation to a sample that is largely
independent of the isoelectric point and molecular weight fractionations pro-
duced in 2-DGE. Even ion exchange chromatography only bears a modest
resemblance to isoelectric focusing in most circumstances, as surface-charge
features rather than overall protein isoelectric point are involved in binding to
the column packings. Under nondenaturing conditions, separation is also influ-
enced by the existence of protein complexes in the sample. Successful applica-
tion of membrane-based microscale ion-exchange fractionation to uncover
differentially expressed proteins in brain samples from patients with
Alzheimer’s disease and a control group demonstrated that 13 protein differ-
ences could be identified (92). The differences were not apparent when unfrac-
tionated material was evaluated by 2-DGE alone.

5.2. Trifunctional Probes

Typically, two types of chemical probes for assaying functional attributes of
proteins have been developed in the past. In the first instance, a detectable
moiety, such as a fluorophore, is attached to the targeted functional attribute,
but no mechanism for enrichment of the labeled protein is explicitly provided,
although antidye antibodies might be used in this capacity. Examples of this
type of probe include Pro-Q Diamond phosphoprotein stain and Pro-Q Emerald
glycoprotein stain. In the second instance, an affinity tag, such as biotin, is
introduced, but subsequent detection of the targeted attribute requires additional
steps, such as electroblotting and immunodetection. The biotin-switch approach
for identification of S-nitrosylated proteins is an example of this type of probe.
A few trifunctional probes containing a moiety suitable for binding to the 
functional modification, a second handle suitable for enrichment of the target,
and a third providing a means for detection have been introduced (80,95). A 
trifunctional phenyl sulfonate probe, for example, has been devised for the
consolidated visualization and affinity purification of certain enzymes, such as
3-β-hydroxysteroid dehydrogenase, platelet-type phosphofructokinase, and type
II tissue transglutaminase, by a combination of avidin affinity chromatography
and in-gel fluorescence detection (80). Chemical probes that facilitate both
isolation and detection should prove highly useful for the visualization and
identification of specific functional attributes on a proteome-wide scale.
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6. Future Perspectives
A presentation of the relative merits and shortcomings of gel-based vs gel-free

approaches to proteomics goes well beyond the scope of this chapter. Several
papers devoted to this topic have already been published in the scientific litera-
ture, with the authors of this review historically championing the gel-based tech-
niques (1,96–99). It is safe to state that the days when the term “proteomics” was
synonymous with “2-DGE/mass spectrometry” are now behind us, and alternate
approaches, such as isotope-coded affinity tagging (ICAT), protein microarrays,
and multidimensional protein identification technology (MudPIT) will increas-
ingly play significant roles in proteomic investigations of the future. The through-
put and resolution required for a particular proteomic investigation must be
determined prior to deciding which technological approach offers the optimal
breadth and depth of analysis needed to assign functional attributes to the proteins
under study. Generally speaking, liquid chromatography-mass spectrometry methods
provide higher resolution but lower throughput, whereas SDS-polyacrylamide gel
electrophoresis provides lower resolution but higher throughput.

Clearly the polyacrylamide gel represents a specialized environment, and
technologies optimized for this matrix are not always directly transferable to
liquid chromatography-based assay formats or direct analysis in living cells and
tissues. The past 6 yr have demonstrated that it is feasible to identify a host of
protein functional attributes using fluorescence-based small molecule probes
combined with polyacrylamide gel electrophoresis. It is anticipated increasingly
that the approaches originally applied to gels will be adapted to other tech-
nology platforms, such as liquid chromatography-mass spectrometry, protein
microarrays, cell-based assays, and even whole animal imaging. Proceeding for-
ward, specialized small molecule probes will likely each be designed with the
ability to serve as a sort of “proteomics Swiss army knife” for a particular pro-
tein functional attribute, displaying broad-based capabilities in cell imaging,
electrophoretic separations, liquid chromatography, mass spectrometry, and pro-
tein microarrays. Additionally, the powerful capabilities of differential protein
expression profiling, as already demonstrated by DIGE technology, will become
incorporated into the probes, allowing for the multiplexed analysis of a host of
protein functional attributes, including posttranslational modifications and
enzyme activities. Prototypes for these advanced tools may already be gleaned
from the literature, as exemplified by pairs of reactive fluorophores for examin-
ing differences in protease activity displayed between two samples, using both
light microscopy and gel electrophoresis as analytical readouts (100).
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Modification-Specific Proteomic Analysis 
of Glycoproteins in Human Body Fluids 
by Mass Spectrometry

Jakob Bunkenborg, Per Hägglund, and Ole Nørregaard Jensen

Summary
Glycosylation of proteins is a very common, diverse, and heterogeneous type of modification,

especially for proteins with extracellular destinations. This chapter describes some general
strategies for the enrichment of glycoproteins and glycopeptides with an emphasis on proteomic
analysis of N-glycosylated proteins in body fluids and other complex samples. An approach for
identification of N-glycosylated proteins and mapping of their glycosylation sites is described. In
this approach, glycoproteins are initially selectively purified by lectin chromatography. Following
tryptic digestion, glycopeptides are enriched by hydrophilic interaction chromatography (HILIC).
Glycan heterogeneity is then reduced by treating the glycopeptides with endoglycosidases. The
resulting peptides are then analyzed by matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry and nano-flow reversed-phase liquid chromatography tandem mass spectrom-
etry (LC-MS/MS). The analysis allows the identification of N-glycosylation sites and is demon-
strated on a mixture of standard proteins.

Key Words: Proteomics; posttranslational modifications; mass spectrometry; lectin; HILIC;
glycosylation; glycoproteomics; plasma proteins.

1. Introduction
The analysis of glycoproteins in human body fluids is one of the most com-

plex and challenging areas of proteomic research. In human plasma, protein con-
centrations span over 10 orders of magnitude (1), and heterogeneous processing
through glycosylation and other modifications increases the complexity even
further, making identification of low-abundance proteins a very difficult task.
Glycoproteins are known to be involved in many diseases (e.g., cancer [2]), and
it may therefore be of particular interest to identify low-abundance glycoprotein



biomarkers leaking into body fluids from diseased cells or tissues. Glycosylation
is one of the most common types of posttranslational modifications of both
secreted and cell surface proteins. A wide range of glycans may be covalently
attached to proteins, and glycosylations are usually categorized depending on the
specific amino acid involved (see Spiro for a review [3]). In N-linked glycosyla-
tion, lipid-linked dolichol phosphate oligosaccharide precursors are transferred
to asparagine residues located in the sequon NXS/T/C (where X is any amino
acid except proline). O-linked glycans are usually attached to the hydroxyl group
of serine or threonine, but linkages to tyrosine, hydroxylysine, and hydroxypro-
line have also been reported. A single mannose residue can be covalently attached
to the C-2 atom in the indole ring of tryptophans, and this C-mannosylation
only takes place on the first tryptophan in the consensus sequence WXXW (4).
The O- and N-linked glycans are often further processed into different glyco-
forms depending on the protein structure and of the levels of sugar-nucleotide
donors, glycosidases, and glycosyltransferases present at the time the protein
travels through the endoplasmatic reticulum and Golgi apparatus. Many proteins
are associated to cell surfaces by glycosylphosphatidylinositol (GPI) anchors
covalently bound to the C-terminus. Finally, glycation is a nonenzymatic modi-
fication whereby glucose reacts preferentially with primary amine groups from
lysine residues or the N-termini of proteins (5).

The complexity of the task at hand when one is analyzing protein glycosy-
lation can be illustrated by a very impressive study of the human complement
regulatory protein CD59 (6). CD59 is both O- and N-glycosylated and has
been found in several body fluids including urine, milk, and saliva, although it
is normally membrane-bound by a GPI anchor. The pool of glycans attached
to the single N-glycosylation site contains at least 123 glycan structures after
desialylation with the largest structure detected, containing approximately 25
monosaccharide residues. The full proteomic analysis of glycoproteins in
human body fluids requires not only identification of the masses of all glyco-
forms present and their relative abundances, but also determination of the
branching, linkage patterns, and configurations of each glycan attached to each
glycosylation site in the protein. Currently, this comprehensive information
cannot be obtained through the use of a single technique, but the combination
of chromatography, enzymatic processing, and soft ionization tandem mass
spectrometry (MS/MS) provides very powerful analysis tools. This chapter
gives a brief general overview of strategies used for glycoprotein characteriza-
tion in a proteomics context (Subheading 1.) and describes in detail a prag-
matic approach for mapping N-glycosylation sites in complex mixtures
(Subheadings 2. and 3.). This approach is based on glycoprotein enrichment
by lectin chromatography, glycopeptide enrichment by hydrophilic liquid
interaction chromatography (HILIC), and complexity reduction by enzymatic
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deglycosylation (Fig. 1). The samples are ultimately analyzed by either matrix-
assisted laser desorption/ionization (MALDI) MS or nanoflow liquid chromato-
graphy (LC) coupled online to electrospray ionization tandem mass spectrometry
(ESI-MS/MS).

1.1. Glycoprotein Enrichment

One of the main strategies in proteomic analysis is to reduce complexity by
targeting a subclass of proteins or peptides through their amino acid composition
(e.g., cysteines) or posttranslational modifications (e.g., phosphorylation). In the
context of body fluid analysis, this step also serves as a way to remove various
nonproteinaceous small molecules that may interfere with subsequent enzymatic
digestions (e.g., trypsin inhibitors). Glycoproteins and glycopeptides can 
be enriched by a number of different techniques, which are listed in Table 1.
One of the most commonly used methods for glycoprotein enrichment is lectin
affinity chromatography. Lectins are carbohydrate-binding proteins of nonim-
mune origin with a wide range of specificities for different glycans. More than
100 different lectins are commercially available, and a representative list of some
lectins, which are widely used to isolate and characterize glycoconjugates and
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Fig. 1. Strategy for identification of N-glycosylation sites in human body fluids.
Lectin chromatography is used to enrich for a subset of proteins with particular glyco-
forms. The proteins can be separated by various means (e.g., SDS-PAGE, size-exclusion,
and so on) followed by tryptic digestion. The glycopeptides are enriched by hydrophilic
interaction chromatography (HILIC) or a second round of lectin chromatography. The
glycosylated peptides are then treated enzymatically to remove the glycan heterogeneity,
as outlined in Fig. 2. Finally, the resulting pool of peptides is analyzed by liquid chro-
matography coupled to tandem mass spectrometry.



released glycans, is displayed in Table 2. More elaborate schemes using serial
lectin affinity chromatography (SLAC) have been utilized to separate glyco-
forms (7). Monoclonal antibodies have been raised against different carbohy-
drate epitopes and have been used to probe glycosylation patterns (8).

A drawback of lectin and antibody chromatography is that the high specificity
for particular oligosaccharide structures only pulls out a subset of the glycans
attached to the given glycosylation sites. A less biased strategy utilizes periodate
oxidation of glycan hydroxyl groups followed by coupling to either a hydrazide-
conjugated biotin group or an immobilized hydrazide column (9,10). This
approach can be combined with peptide-N-glycosidase F (PNGase F) digestion to
release the peptide moiety of conjugated N-glycosylated peptides. However, it
should be noted that this method is limited to glycans possessing cis vicinal diols.
Boronic acid affinity chromatography (11) is based on the formation of a cyclic
ester between cis-diols and immobilized phenylboronic acid at basic pH (pH 8.5);
this reaction can be reversed at acidic pH. Khidekel et al. (12) have used a
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Table 1
Glycosylation-Specific Enrichment Strategies

Enrichment strategy Principle

Lectin chromatography Noncovalent interactions between a glycan
and a carbohydrate binding protein

Antibody Noncovalent interactions between a glycan
and a carbohydrate binding protein

Hydrophilic interaction Hydrophilic oligosaccharides in an apolar
chromatography (HILIC) mobile phase bind strongly to the polar

stationary phase
Boronic acid Reversible pH-dependent formation of

cyclic ester between cis-diols and 
immobilized phenylboronic acid

Porous graphite Reversed-phase chromatography on an 
apolar stationary phase

Periodate oxidation hydrazine coupling The aldehyde groups resulting from 
periodate oxidation react with hydrazine
coupled to a resin or an affinity tag

Chemoenzymatic tagging Enzymatic incorporation of saccharide 
analogs that can be derivatized with
biotin affinity tags

β-Elimination/Michael addition O-glycans attached to serine and threonine
are removed by β-elimination under alka-
line conditions, and a suitable affinity tag
is introduced by Michael addition



chemoenzymatic strategy whereby a ketone-containing galactose analog is lig-
ated to the existing glycan by β-1,4-galactosyltransferase and then conjugated to
biotin. Glycans can also be enriched by strategies that utilize the hydrophilic
properties of the glycans. The term hydrophilic interaction chromatography was
coined by Alpert (13) to describe the form of normal phase chromatography
(hydrophilic stationary phase) whereby the analytes are loaded in a hydrophobic,
predominantly organic mobile phase and eluted with a more polar mobile phase.
This technique has been successfully applied to isolate and separate both carbo-
hydrates (14,15) and glycopeptides (16,17). Porous graphitic columns (18) and
microcolumns (19) have also been used to capture very hydrophilic glycopeptide
conjugates resulting from proteolytic digestions with nonspecific proteases.
Finally, O-glycosylated peptides can be labeled and affinity-tagged by modifica-
tion with various nucleophiles in Michael addition reactions in combination with
β-elimination (20), and providing a handle for enrichment and analysis.
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Table 2
Lectins Commonly Used in Affinity Purification of Body Fluids

Lectin Carbohydrate Oligosaccharide 
name Source binding preferencesa

Concanavalin A Canavalia α-Man Branched mannose
(Con A) ensiformis α-Glc

(jack bean) α-GlcNAc
Wheat germ Triticum vulgaris β-GlcNAc GlcNAc(β1,4)GlcNAc

agglutinin (WGA) (wheat germ) Sialic acid
Jacalin Artocarpus α-Gal Gal(β1,3)GalNAc

integrifolia β-GlcNAc
(jackfruit)

Sambucus nigra Sambucus nigra β-Gal NANA(α2,6)Gal
agglutinin (SNA) (elder) Sialic acid

Lotus tetragonolobus Lotus tetragonolobus α-Fuc Fuc(α1,2)Gal
(asparagus pea) Fuc(α1,3)GlcNAc

Dolichos biflorus Dolichos biflorus α-GlcNAc GalNAc(α1,3)GalNAc
agglutinin (DBA) (horse gram)

Maackia amurensis Maackia amurensis Sialic acid NANA(α2,3)Gal
(MAA) (Amur maackia)

Ulex europaeus I Ulex europaeus α-Fuc Fuc(α1,2)Gal
agglutinin (UEA I) (gorse)

Ulex europaeus II Ulex europaeus β-GlcNAc Gal(β1,4)GlcNAc
agglutenin (UEA II) (gorse)
aThe lectins react with a specific structural carbohydrate motif, and the affinities depend on

the glycan structure and oligosaccharide composition. For example, Con A has a specificity for
high-mannose and biantennary complex-type chains.



1.2. Deglycosylation Methods

PNGase F and endoglycosidase H (Endo H) are commonly used to reduce the
glycan heterogeneity by deglycosylation of N-linked glycans (Fig. 2). PNGase F
cleaves the bond between asparagine and the innermost N-acetylglucosamine
(GlcNAc) residue of the N-glycan. Since asparagine is converted to aspartic
acid in this reaction, glycosylation sites can by identified by a mass increase of
1 Dalton (Fig. 2A). However, this mass shift can also be the result of “true”
deamidation, which is a common modification of human proteins in vivo and in
vitro (21). To eliminate this ambiguity, PNGase F may be used in the presence
of 18O-labeled water, which leads to a mass increase of 3 Daltons per glycosyla-
tion site in deglycosylated peptides (22,23).

N-linked glycans can also be deglycosylated using Endo H or other
endo-β-N-acetylglucosaminidases (Fig. 2B). These enzymes hydrolyze the
O-glycosidic bond between the two innermost GlcNAc residues attached to
asparagine. Thus, a deglycosylated peptide will retain a single GlcNAc residue
(mass increase 203 Daltons) attached to asparagine. If an α-1-6-linked fucose
residue is attached to the innermost GlcNAc residue, this residue will also be
retained on the peptide after deglycosylation (mass increase of 203 + 146
Daltons). In MS/MS experiments, the oxonium ion of the retained GlcNAc
residue (m/z 204) can be used as a diagnostic marker for glycopeptides in, e.g.,
interpretation of tandem mass spectra and precursor ion scanning (24).

One drawback of these enzymes in a comprehensive analysis of glycosylation
sites is that no single enzyme is active on all the major classes of N-glycans, i.e.,
high mannose, complex, and hybrid types. To circumvent this problem, a com-
bination of enzymes that are active, when used in concert, on all the major
classes can be utilized. For example, Endo H is active on high-mannose-type
glycosylation, and Endo D is active on complex and hybrid-type glycosylation
when used together with a set of exoglycosidases (25,26).

O-glycan structures can vary considerably, and there is no commercially avail-
able endo-acting enzyme that is generally applicable for deglycosylation of these.
For example, O-glycanase (Endo-β-N-acetylgalactosaminidase) displays strict sub-
strate specificity and is only active on the disaccharide galactosyl-β-1-3-GalNAc
attached to serine or threonine (27). As an alternative to enzymatic deglycosyation,
O-glycans can be removed by β-elimation reactions under alkaline conditions
(20,28). In this reaction, previously glycosylated serine and threonine residues are
converted to dehydroalanine and dehydrobutyric acid, respectively. This results in
mass shifts of 18 Daltons that can be used for identification of glycosylation sites.
A drawback with the β-elimination reaction is that phosphorylated serine and thre-
onine residues also may be modified in β-elimination reactions. As previously men-
tioned, this reaction can be combined with Michael addition reaction for selective
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tagging and enrichment of modified peptides or for relative quantitation (20,29). It
is also possible to remove the majority of O- and N-linked glycans chemically with
trifluoromethanesulphonic acid (30).

GPI anchors can be released from the C-terminus of proteins using
phosphatidylinositol phospholipase C (PI-PLC), which hydrolyzes the bond
between the lipid and the phosphatidylinositol moiety. This enzyme has been
used in combination with mass spectrometry in a proteomics approach to iden-
tify GPI-anchored proteins (31).

1.3. Model Glycoproteins

Human body fluids have very complex compositions, and it is not clear how,
e.g., plasma changes with age, gender, health status, genetics, blood type, sample
handling, and so on. To develop and demonstrate the current methodologies, we
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Fig. 2. Deglycosylation schemes. To facilitate the analysis, two different types of
enzymes can be used to reduce glycan heterogeneity. The simplest scheme utilizes
PNGase F to remove the glycan entirely. In this reaction, the asparagine is converted to
aspartic acid with a concomitant mass increase of 1 Dalton. Since deamidation of
asparagine is a common modification, it is recommended to perform the PNGase F
treatment in 18O water to avoid false positives. The second scheme utilizes a mixture of
exoglycosidase D and H and some exoglycosidases to remove the bulk of the glycan
structure, leaving a single N-acetylglucosamine residue attached to the peptide. The
retained glycan can be monitored by, e.g., precursor ion scanning. This method can also
be used for detecting core fucosylation, but, if required, the fucose group may be elim-
inated by using a fucosidase in the enzyme cocktail.



have chosen to work on a small set of four commercially available model proteins
(α-1-acid glycoprotein, fetuin, ovalbumin, and ribonuclease B). We have used
these model proteins for two reasons: first because it is easier to troubleshoot a
simple, well-characterized system and second because, using these readily avail-
able proteins, other researchers hopefully should be able to reproduce the results
presented here. α-1-Acid glycoprotein is a highly glycosylated plasma protein
that contains five N-linked glycosylation sequons within its 183-amino-
acids-long polypeptide chain—the glycans are mainly of the complex type.
Ribonuclease B contains a single N-glycosylation site with mainly high-mannose-
type oligosaccharides attached. Ovalbumin also displays a single N-glycosylation
site but contains both high mannose and hybrid glycans. Fetuin has four O-gly-
cosylation sites and three N-glycosylation sites, with the asparagine-linked
glycans being mainly of the triantennary complex type. It should also be noted
that even though a mixture of well-described glycoproteins is used in this valida-
tion protocol, unexpected proteins and peptides may be identified. This may be
owing to variations in the purity of the commercial preparations of the proteins
(e.g., ovalbumin samples are often contaminated with ovomucoid) and because
proteins degrade over time (nontryptic cleavages, deamidations, and so on) unless
precautions are taken. Table 3 gives an overview of the peptides identified using
the outlined protocols.

1.4. Mass Spectrometry

Two MS-based methods for analysis of deglycosylated peptides are outlined.
Peptide mass fingerprinting with MALDI-MS is well suited for monitoring the
purity of the glycopeptide enrichment and deglycosylation reactions (Fig. 3). For
in-depth analysis and for separation of more complex samples, direct nanoflow
LC-ESI-MS/MS is a very useful tool. By fragmentation of the peptides in MS/MS,
the exact modification site can be determined. The most common method to pro-
duce peptide fragmentation is collision-induced dissociation, whereby the ionized
peptides are accelerated and made to collide with an inert gas; then the mass-to-
charge ratios of the resulting fragment ions are measured.

One problem with glycopeptide conjugates is that the glycan fragments very
easily upon collisional activation compared with the peptide backbone, and
therefore it is often difficult to identify both the glycan and the peptide. Electron
capture dissociation (32,33) or electron transfer dissociation (34) fragment the
glycopeptides with efficient cleavage of the peptide backbone while leaving
the glycan structure intact, but these techniques are not commonplace yet. In
the methods presented here the analytical problems of collision-induced dissocia-
tion are decreased by reducing the size of the glycan to get an efficient cleavage of
the peptide backbone. The complete removal of the glycan using PNGase F leads
to the simplest peptide MS/MS spectra. However, the partial deglycosylation
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strategy using Endo D and Endo H has the benefit that the remaining N-
acetylglucosamine gives rise to a diagnostic oxonium ion at m/z 204.08 in the
tandem mass spectra that can aid interpretation. Another advantage is that it
is, at least in some cases, possible to detect core fucosylation. Examples of
tandem mass spectra of glycopeptides after digestion with Endo D/Endo H
and PNGase F are shown in Figs. 4 and 5, respectively. In an alternative strat-
egy, glycopeptide conjugates with intact glycan structures but only very short
(three to five amino acids) peptide moieties are analyzed by MS/MS. This
method can be used to analyze glycan structures in purified proteins but is not
suitable for analysis of complex mixtures (18).

2. Materials
The equipment listed below merely reflects the current set-up and should not

be taken as an endorsement.
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Fig. 3. MALDI spectra of the HILIC-enriched deglycosylated peptides from the ref-
erence proteins. The upper panel displays the peptides deglycosylated with PNGase F
in 18O water. The lower panel displays the peptides deglycosylated with Endo H/D.
There is a 200-Dalton mass difference per glycosylation site between the two deglyco-
sylation methods. Note that the HILIC enrichment of glycopeptides is very efficient,
and very few nonglycosylated peptides are observed. The sequences corresponding to
the masses can be found in Table 3.
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2.1. Solvents

1. Acetonitrile (ACN), high-performance liquid chromatography (HPLC) grade
(Fisher Scientific, Loughborough, UK).

2. Formic acid (FA), Suprapur (Merck, Darmstadt, Germany).
3. Acetic acid (AcOH), Suprapur, (Merck).
4. Isopropanol (Merck).
5. All aqueous solvents were made with UHQ water purified on a Purelab ultra sys-

tem from ELGA (Stoke, UK).

2.2. Lectin Chromatography

1. Concanavalin A, immobilized on agarose (Vector, Burlingame, CA).
2. Loading buffer: 50 mM HEPES (Sigma-Aldrich) pH 7.4, 1 mM MnCl2, 1 mM

CaCl2, 150 mM NaCl (all Sigma-Aldrich).
3. Elution buffer: 100 mM methyl-α-D-mannopyranoside (Sigma-Aldrich) in 10 mM

HEPES, pH 7.4.

2.3. Reference Proteins

1. α-1-Acid glycoprotein (orosomucoid), human (Sigma, St. Louis, MO).
2. Fetuin, bovine (Roche, Mannheim, Germany).
3. Ovalbumin, chicken (Sigma-Aldrich, St. Louis, MO).
4. Ribonuclease B, bovine (Sigma-Aldrich).
5. Serum albumin, bovine (BSA) (Sigma-Aldrich).

2.4. In-Solution Digestion

1. 8 M Urea (Sigma-Aldrich) in 400 mM NH4HCO3 (Sigma-Aldrich), pH 7.8.
2. 6 M Guanidine hydrochloride (GndHCl; Sigma-Aldrich), 50 mM Tris-HCl (Sigma-

Aldrich), pH 7.8.
3. DL-Dithiothreitol (DTT), (Sigma-Aldrich).
4. Iodoacetamide (Sigma-Aldrich).
5. Trypsin, sequence grade (Promega, Madison, WI).

2.5. HILIC

1. ZIC-HILIC resin (10 μm, Sequant, Umeå, Sweden).
2. GELoader tips (Eppendorf, Hamburg, Germany).
3. Loading solvent: 80% ACN, 1% FA.
4. Elution solvent: 1% FA.

2.6. PNGase F Deglycosylation

1. Peptide N-glycosidase F (Roche, Mannheim, Germany).
2. Pefabloc Sc (AEBSF) (Roche).
3. H2

18O 99% (Icon Isotopes, Summit, NJ).
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2.7. Endoglycosidase Deglycosylation

1. Endoglycosidase D from Streptococcus pneumoniae (ICN Biomedicals,
Aurora, OH).

2. Endoglycosidase H from Streptomyces plicatus (Roche).
3. Neuraminidase from Arthrobacter ureafaciens (Roche).
4. β-galactosidase from Bos taurus testes(ProZyme, San Leandro, CA).
5. N-acetyl-β-D-glucosaminidase from Diplococcus pneumoniae (Roche).
6. 100 mM Ammonium acetate buffer, pH 5.5 (Sigma-Aldrich).
7. Pefabloc Sc (AEBSF) (Roche).

2.8. Microcolumn Sample Preparation

1. POROS R2 20 resin (20 μm, Applied Biosystems, Foster City, CA).
2. GELoader tips (Eppendorf, Hamburg, Germany).
3. Loading solvent, 5% FA.
4. Elution solvent, MALDI-matrix solution.

2.9. MALDI

1. Bruker Ultraflex TOF/TOF mass spectrometer (Bruker Daltonik, Bremen,
Germany).

2. 2,5-Dihydroxybenzoic acid (DHB) (Sigma-Aldrich).
3. α-Cyano-4-hydroxycinnamic acid (CHCA) (Sigma-Aldrich).
4. 2,6-Dihydroxyacetophenone (Sigma-Aldrich).
5. Diammonium hydrogen citrate (Sigma-Aldrich).

2.10. LC-MS Setup

1. In-house reversed-phase columns:

a. Kasil (PQ, Berwyn, PA).
b. Formamide (Sigma-Aldrich).
c. Fused silica (Composite Metal, Ilkley, UK).
d. Ceramic scoring wafer (Restek, Bellefonte, PA).
e. Reprosil-pur C18 reversed-phase material, 3 μm (Dr. Maisch, Ammerbuch-

Entringen, Germany).
f. Pressure bomb, (Proxeon, Odense, Denmark).
g. Magnetic stirrer (Struers, Ballerup, Denmark).
h. Microteflon-coated magnetic bar (Sigma-Aldrich).

2. HPLC equipment: Ultimate nanoflow pump (LC Packings, Amsterdam, Holland)
with a Famos autosampler (LC Packings).

3. Mass spectrometer: QTOF Micro (Waters/Micromass, Manchester, UK).
4. HPLC mobile phase for directly hyphenated LCMS:

a. Solvent A: 0.5% acetic acid.
b. Solvent B: 0.5% acetic acid, 80% acetonitrile.
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3. Methods
3.1. Lectin Chromatography of Glycoproteins

Enrichment of glycoproteins from body fluids is often necessary to reduce
complexity and to remove nonglycosylated species such as serum albumin.
Lectins have been widely applied to human plasma (see, e.g., refs. 16 and 35–37
for more detailed descriptions).

1. 50 μL Concanavalin A agarose beads are placed in an Eppendorf tube and washed
three times with loading buffer.

2. 100 μL human plasma is diluted with 400 μL loading buffer and added to the
ConA beads.

3. The beads are incubated for 30 min at room temperature.
4. The beads are washed three times with loading buffer.
5. The glycoproteins are eluted with two times 50 μL elution buffer.

3.2. In-Solution Digestion of Proteins

The proteins are dissolved under strongly denaturing conditions, the disul-
fide bonds are reduced, and the cysteines are alkylated (see Note 1). The pro-
teins are then digested using trypsin (see Højrups [38] on digestion for a more
complete discussion of conditions for different proteases). For testing and vali-
dation purposes, we use a mixture of four glycoproteins: α-1-acid glycoprotein,
fetuin, ovalbumin, and ribonuclease B. First 100 μg of each protein was mixed
from stock solutions and the mixture was lyophilized.

1. The lyophilized sample is redissolved in 28.5 μL alkylation buffer containing 6 M
guanidine hydrochloride in 50 mM Tris-HCl pH 7.6. (see Note 2).

2. 1.5 μL of 100 mM DTT is added to the solubilized protein and incubated at 50°C
for 15 min.

3. The sample is allowed to cool to room temperature, 3.0 μL of 110 mM iodoacetamide
is added, and the solution is incubated for 15 min at room temperature in the dark.

4. 2.0 μL of 100 mM L-cysteine is added to quench the alkylation (see Note 3).
5. The mixture is diluted by adding 100 μL H2O.
6. 10 μg of sequence grade trypsin dissolved in 20 μL water is added and incubated

at 37°C overnight.
7. The resulting glycopeptide stock solution can be aliquoted and stored in the freezer.

3.3. Glycopeptide Enrichment by HILIC

HILIC has been used successfully for separation of amino acids, peptides,
oligonucleotides, glycans, and various small polar compounds. We have used
HILIC for enrichment of glycosylated peptides prior to mass spectrometric analysis
using HILIC resin microcolumns packed into GELoader tips (Eppendorf). The
use of in-house disposable microcolumns has several advantages (relatively cheap

Mapping N-Glycosylation Sites in Body Fluids 121



and easy to produce, flexible column sizes, avoidance of carryover, small elution
volumes), and for these reasons, the format has been widely used with a number
of different resins (16,39,40).

1. A slurry of HILIC material is prepared by placing a small amount of HILIC resin
in an Eppendorf tube. To remove contaminants, the resin is washed twice in 100%
methanol, twice in 5% FA, twice again in 100% methanol, and then stored in
100% methanol.

2. To retain the beads, the end of a GELoader pipette tip is constricted by squeezing
its narrow end and twisting.

3. The HILIC resin slurry is vortexed, and a small amount is placed in the top of the
GELoader tip. The liquid is then forced through the tip by applying pressure with
a disposable plastic syringe fitted to the GELoader opening by an adapter piece
made by cutting both ends of a 200-μL disposable pipette tip.

4. The length of the column is adjusted depending on the amount of sample, but
usual column lengths are 0.3 to 1 cm.

5. The HILIC column is equilibrated by passing 20 μL loading solvent (80% ACN,
1% FA) through it.

6. The in-solution tryptic digest is dissolved in 10 to 20 μL loading buffer and
applied to the column (see Note 4).

7. The column is washed two times with 10 μL loading solvent.
8. The glycopeptides are eluted in 1 to 5 μL of 1% FA depending on column size and

downstream processing scheme.

3.4. Deglycosylation Using PNGase F

PNGase F is active on most N-linked glycans found in mammals. In the
process, the asparagine to which the glycan is attached is converted into an aspar-
tic acid, leading to a mass increase of 1 Dalton (Fig. 2A). To avoid false positives
from in vivo or in vitro deamidations, which are especially common if the following
residue is glycine, we perform the enzymatic reaction in H2

18O water, leading to
the incorporation of 18O into aspartic acid and a mass increase of 3 Daltons.

1. 1 mU of PNGase F is added to an Eppendorf tube containing 15 μL of 50 mM
Tris-HCl pH 7.8.

2. The enzyme is lyophilized and redissolved in 15 μL of 99% H2
18O.

3. 1.0 μL of 100 mM Pefabloc is added to the sample (see Note 5).
4. The HILIC eluent is lyophilized and redissolved with the 15 μL of 99% H2

18O-
PNGase F solution.

5. The sample is incubated at 37°C overnight.

3.5. Deglycosylation Using Endo-β-N-Acetylglucosaminidases

To target a broad range of N-glycan structures, a mixture of two endo-β-N-
acetylglucosaminidases (Endo H and Endo D) is used. Endo H is active on
high-mannose-type glycosylation, and Endo D is active on complex and
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hybrid-type glycosylation when used together with the set of exoglycosidases
listed below. When applied to analysis of the reference proteins used in this
study, a similar number of glycopeptides was identified using PNGase F and
Endo D/Endo H (Fig. 3 and Table 3).

1. 1.0 μL of 100 mM Pefabloc is added to the HILIC eluent (see Note 6).
2. The sample is lyophilized and redissolved in 30.0 μL of 100 mM ammonium

acetate, pH 5.5.
3. A glycosidase stock solution is prepared with the following activities (see Note 7).

a. 1 mU/μL Endo D.
b. 5 mU/μL Endo H.
c. 0.5 mU/μL Neuraminidase.
d. 1 mU/μL β-galactosidase.
e. 0.5 mU/μL N-acetyl-β-D-glucosaminidase.

4. 1 μL of glycosidase stock mixture is added to the sample and incubated at 37°C
overnight.

3.6. MALDI-MS

MALDI-MS offers an excellent method for making fast assessments of vari-
ous steps of the enrichment strategy. We find that the matrix 2,6-dihydroxyace-
tophenone (DHAP) containing di-ammonium hydrogen citrate (DAHC) (41) (see
Note 8) is a very good supplement to DHB and CHCA. Monitoring the HILIC
process is very convenient with MALDI-MS after deglycosylation, and an exam-
ple is shown in Fig. 3. The spectra were acquired on a Bruker Ultraflex TOF/TOF
mass spectrometer. The monoisotopic molecular mass of the glycopeptides
treated with PNGase F in 18O water and Endo D/H glycosidase differs by 200.09
Daltons per glycosylation site (the mass difference between 18O aspartic acid and
N-acetylglucosamine-asparagine). The spectra are not very complex, and similar
signals are observed in both spectra. The most intense ions can be identified as
glycopeptides, showing that the HILIC enrichment of glycopeptides is efficient.

3.6.1. Preparation of DHAP/DAHC Matrix

1. 10 mg DHAP is dissolved in 1 mL of 1:1 EtOH/ACN.
2. 100 μL of 1 M aqueous DAHC is added.
3. The mixture is vortexed.

3.6.2. Sample Clean-Up and Deposition

1. A POROS R2-20 microcolumn is packed in a GELoader tip, washed with 10 μL
solution containing 70% ACN and 5% FA, and equilibrated with 10 μL of 5% FA.

2. 10 μL of 5% FA is put in the top, a suitable volume (1–10 μL) of sample is added
to the 10 μL of 5% FA, and the mixture is loaded onto the resin.

3. The resin is washed with 10 μL of 5% FA.
4. The sample is eluted directly on the target using 0.5 to 1 μL matrix.
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3.7. LC-MS

For more complex glycopeptide mixtures, it is necessary to separate the pep-
tides prior to analysis, and we have used directly coupled liquid chromatography
(LC) MS/MS. We use a setup with a fairly short (1–1.5 cm) in-house precolumn
packed with C18 reversed-phase material in a 75-μm ID fused silica capillary
with a silicate frit. The sample is loaded onto the precolumn with a flow of 4 μL/min
solvent A. After loading, the peptides are eluted at a flow rate of approximately
100 nL/min through a 7 to 10-cm C18 analytical column packed in a 50-μm ID
fused silica capillary with a silicate frit. The setup used is the current compromise
among chromatographic performance, ruggedness, ease of maintenance, and
cost. The resulting tandem mass spectra can be processed and submitted to a
search engine with glycosylation as a variable modification. Table 3 lists the
peptides identified by LC-MS and the monoisotopic masses. Some of the
expected tryptic glycopeptides from the reference proteins are either too small
(e.g., the glycopeptide NLTK from ribonuclease B with a monoisotopic mass of
474.3 Daltons) or too large to yield informative tandem mass spectra in ESI-MS.
Figures 4 and 5 show examples of the resulting tandem mass spectra of a glyco-
sylated peptide from fetuin. The spectra are fairly similar, but the m/z 204 ion
from the GlcNAc oxonium ion should be noted for the Endo D/H-treated pep-
tides—in many spectra it is more prominent, and often it is the most intense peak.

3.7.1. Preparation of In-House Columns

1. 8 μL of formamide is added to an Eppendorf tube containing 44 μL kasil.
2. The mixture is briefly vortexed, and fused silica capillaries with a suitable inner

diameter and length (approx 20 cm) are quickly dipped into the solution.
3. The capillaries are placed in a 110°C oven for 1 h, and the frit length is adjusted

by cutting with a ceramic scoring wafer.
4. A slurry of reversed-phase material is suspended in isopropanol and placed in a

flat-bottomed vial with a magnetic microstirrer bar.
5. The slurry is placed in the pressure bomb with a magnetic stirrer underneath to pre-

vent the resin from sedimenting. By applying pressure, the liquid is forced through
the capillary, and, when the column has reached a suitable length, the pressure is
gently removed.

6. The columns are tested using an injection of 20 fmol in-solution digestion of BSA.

3.7.2. LC-MS/MS Procedures

1. An aliquot of 8 to 10 μL sample dissolved in solvent A is loaded onto the precol-
umn at a flow rate of approx 4 μL/min.

2. The flow path is then altered, and the primary flow is split before the precolumn
so that a flow of approx 100 nL/min comes through the analytical column.

3. Peptides are eluted with a linear gradient from 0 to 40% solvent B in 35 min directly
into the mass spectrometer followed by a washing and reequilibration step.
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4. The mass spectrometer is operated in data-dependent mode whereby multiply charged
ions trigger the acquisition of tandem mass spectra of the three most abundant ions.

5. The centroided data are searched against a database with modified asparagine as
a variable modification (see Note 9).

4. Notes
1. The addition of L-cysteine can be omitted, but this often results in a substantial num-

ber of peptides having carbamidomethylations of the N-terminal amino group, leading
to a mass increase of 57 Daltons. Obviously, the carbamidomethylation of the N-
terminus can be accounted for during data analysis by specifying a variable modifica-
tion in the database search parameters, but we prefer to diminish this side reaction.

2. Digestions in high concentration of urea can often lead to carbamylations of lysine
and N-terminal amines—elevated temperatures should be avoided to minimize
this side reaction.

3. The addition of cysteine can be skipped, but it tends to reduce the number of pep-
tides that get carbamidomethylated at the N-terminal amine group.

4. When one is redissolving the glycopeptides from a guanidine-HCl in-solution diges-
tion, it is necessary to dilute the chaotrope to concentrations lower than 1 M because
there is a phase separation at higher concentrations with the HILIC loading solvent.

5. Pefabloc is added to avoid back-exchange of 18O by trypsin whereby the C-terminal
carboxylic acid group can incorporate either one or two 18O if there is a slight
carryover of trypsin from the HILIC chromatography.

6. Pefabloc is added to avoid digesting the endoglycosidase stock mixture. The gly-
cosidase mixture is often also contaminated with other stabilizing enzymes—we
have found both BSA and human tropomyosin in large quantities in the Endo D
from ICN. Peptides from these contaminants add unnecessarily to the complexity
and can lead to erroneous identifications—we commonly digest and analyze a
small aliquot of the enzyme to avoid this.

7. The endoglycosidase stock mixture can be stored in the refrigerator for days (and
probably more) and in the freezer for longer periods. Repeated freeze-thaw cycles
should be avoided. The core-linked fucose group can be removed by the addition
of a fucosidase to the glycosidase mixture. This reduces complexity but at the cost
of information on core fucosylation.

8. The DHAP/DHAC matrix is a very cold matrix that reduces in-source fragmenta-
tion and metastable decay. The DHAC also serves to suppress cation adduction to
sialylated glycopeptides.

9. The composite monoisotopic mass for N-linked GlcNAc-asparagine is 317.12
Daltons, for fucosylated N-linked GlcNac-asparagine it is 463.18 Daltons, and for
18O-deamidated asparagine it is 117.03 Daltons.
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Plasma Proteome Database

Malabika Sarker, G. Hanumanthu, and Akhilesh Pandey

Summary
The plasma proteome is one of the most important proteomes from a diagnostic standpoint, as

quantitative changes between normal and diseased states can be used to discover novel biomarkers
for clinical diagnosis and therapeutic monitoring of diseases. HUPO’s Plasma Proteome Project
has involved characterization of the plasma proteome by an international consortium using tech-
nologies ranging from antibody arrays to mass spectrometry and has helped in the construction of
a substantial catalog of plasma proteins. Our group has developed the Plasma Proteome Database
(http://www.plasmaproteomedatabase.org) as a comprehensive resource of annotated data for
posttranslational modifications, single-nucleotide polymorphisms, tissue expression, subcellular
localization, and disease involvement of plasma proteins. This database should serve to facilitate
further research to help understand the plasma proteome in health and disease.

Key Words: Proteomics; annotation; bioinformatics; database; plasma; mass spectrometry.

1. Introduction
Proteins constitute approximately 7% of the human plasma, which is perhaps

the most complex human proteome, as blood circulates to all organs and organ
systems in the body. True plasma proteins can be considered as those proteins
that carry out their function in the circulation, excluding those that leak into the
plasma because of cell or tissue damage (1). Anderson et al. (2) have classified
plasma proteins as follows: proteins secreted by solid tissues, immunoglobulins,
receptor ligands, temporary passengers, tissue leakage products, aberrant secre-
tions, and foreign proteins. The liver secretes most of the classical plasma pro-
teins. Leakage of proteins from tissues can occur as a result of cell death or
damage, as is the case of diagnostic markers such as cardiac troponins, creatine
kinase, and myoglobin. Aberrant secretions involve cancer markers that are
released from tumors and other diseased tissues.
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The number of protein products that can be identified in the plasma proteome
is much higher than the expected number based on the number of genes because
of different sizes (precursor forms, degradation products, and splice variants) and
posttranslational modifications (PTMs) (e.g., glycosylation, proteolytic cleav-
age). The protein profile of plasma is dominated by a subset of abundant proteins
including albumin (35–50 mg/mL) and immunoglobulins (5–18 mg/mL). Low-
abundance proteins such as tissue leakage products (pg/mL to mg/mL concentra-
tion range) and cytokines (pg/mL concentration) are difficult to identify by
proteomic methods without prior depletion or fractionation steps. Changes in
concentration of plasma proteins can provide information about disease
processes. Among the abundant proteins, serum albumin is clinically used as an
indication of severe liver disease or malnutrition. Interleukin-6, on the other hand,
is a low-abundance protein that is a sensitive indicator of inflammation or infec-
tion (2). A recent study showed the feasibility of using quantitative proteomic
approaches for identification of proteins differentially expressed between different
states (i.e., normal vs diseased states) (3).

2. Plasma Proteome in Diagnostics
The human plasma proteome is an excellent body fluid proteome for diagnosis

of diseases as well as for therapeutic monitoring. Other body fluids including cere-
brospinal fluid and synovial fluid share some of the protein repertoire with plasma
but are generally more difficult to obtain and/or process quickly in a clinical set-
ting. Table 1 shows some of the diseases associated with the plasma proteins (data
taken from http://www.plasmaproteomedatabase.org). One major limitation for
having proteomic-based diagnostic tools for regular clinical testing has been the
absence of an informative proteomic map, similar to that of the human genome. In
this regard, Ping et al. (4) described a community effort to annotate a list of pro-
teins identified by the Human Plasma Proteome Project (HPPP) and classified sub-
proteomes in the human plasma with potential relevance to cardiovascular and
liver disease, DNA binding, coagulation, and mononuclear phagocytosis.

3. Plasma Proteome Database as a Web Resource for Plasma Proteins
The Human Plasma Proteome Organization (HUPO; http://www.hupo.org) was

established in 2001 to help in defining and prioritizing objectives to enhance our
understanding of the human proteome and to organize international collaborations
in proteomic research. HUPO’s Plasma Proteome Project involved participation by
a number of laboratories around the world in characterizing the plasma proteome
using technologies ranging from antibody arrays to mass spectrometry (5–6). As
part of this initiative, our group developed the Plasma Proteome Database (PPD;
http://www.plasmaproteomedatabase.org) as a comprehensive web-based resource
of the annotated data including PTMs, protein isoforms, tissue expression, and 
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Table 1
Association of Plasma Proteins With Human Diseases

Protein name Associated inherited diseases

Prion protein Creutzfeldt-Jakob disease; Gerstmann-Straussler
syndrome; fatal familial insomnia

Insulin Hyperproinsulinemia; diabetes mellitus
Proopiomelanocortin Adrenal insufficiency
Protein C Hereditary thrombophilia; venous thrombosis;

arterial thromboembolic disease; protein 
C deficiency

Protein S, α Protein S deficiency
Recombination activating gene 1 Severe combined immunodeficiency; 

Omenn syndrome
Retinoblastoma 1 Retinoblastoma
Retinol-binding protein 4 Retinol-binding protein deficiency
Rhodopsin Retinitis pigmentosa; congenital stationary 

night blindness
Rhodopsin kinase Oguchi disease
Ribonuclease L Prostate cancer
Rod outer segment Retinitis pigmentosa

membrane protein 1
Ryanodine receptor 1 Malignant hyperthermia; central core disease
Ryanodine receptor 2 Arrhythmogenic right ventricular 

cardiomyopathy type 2 (ARVD2); 
polymorphic ventricular tachycardia

Arrestin Oguchi disease
Solute carrier family 6 Long/short promoter polymorphism

(neurotransmitter transporter,
serotonin), member 4

Solute carrier family 5, member 1 Glucose/galactose malabsorption
Sodium channel, neuronal type I, Epilepsy; severe myoclonic epilepsy of infancy

α-subunit (SMEI)
Somatostatin receptor 5 Acromegaly
Spectrin, α-erythrocytic 1 Hereditary elliptocytosis; hereditary 

pyropoikilocytosis; hereditary spherocytosis
Spectrin, β I Hereditary spherocytosis
Matrix metalloproteinase 3 Coronary atherosclerosis
Succinate dehydrogenase complex, Pheochromocytoma; paraganglioma

subunit B, iron sulfur protein
Thyroglobulin Simple goiter
Transforming growth factor-1β Camurati-Engelmann disease
Triosephosphate isomerase 1 Triosephosphate isomerase deficiency
Platelet-derived growth factor-β Meningioma; dermatofibrosarcoma protuberans
CCL5 Human immunodeficiency virus type 1 disease

progression
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disease involvement of plasma proteins (7). Table 2 gives overall statistics of the
protein entries in the PPD. An important aspect of this database is the annotation
of all protein isoforms from the literature and clustering them on the basis of the
gene of origin. The data from the HPPP were deposited into the PRIDE database
(http://www.ebi.ac.uk/pride), which is a central repository for peptide data (8).
Another source of peptide data is the Human Plasma Peptide Atlas from 28 liquid
chromatography-tandem mass spectrometry (LC-MS/MS) experiments that can be
browsed using the EnsEMBL genome browser (9).

Proteins in the PPD can be accessed using the query or browse options. The
query page allows searching based on database accession numbers in addition
to other features of proteins such as size or disease involvement. The browse
page provides access to proteins based on their function, protein domain archi-
tecture, motifs, or PTMs. The entire dataset can be downloaded as an XML file.

4. Annotation of Plasma Proteins in the PPD
The PPD includes proteins identified on the basis of two or more peptides by

the HPPP (4,5) as well as those that have been described in the literature to be
present in plasma (6–7,10–15). One of the most important aspects of the PPD
is the annotation of protein isoforms. We have considered two different classes
of isoforms: those arising from alternative splicing or from sequence changes
(e.g., mutations). One example of a protein isoform is the EYA4 gene (http://
plasmaproteomedatabase.org/protein/HPRD_04648/molecule_page), in which
the deletion of 4846 bp causes the frame shift after 193 amino acids and intro-
duces 29 new residues and a premature stop codon. This particular deletion
causes cardiac myopathy in humans (16). Although we were able to obtain
some isoforms from sequence databases, we had to resort to the primary litera-
ture to reconstruct a total of 107 protein isoforms derived from 60 unique genes.

Table 2
Summary of Entries in the Plasma Proteome Database (PPD)

Entry No.

Unique genes whose products are annotated in PPD 3778
Isoforms 7614
Proteins showing isoform specific localization 100
Proteins with signal sequences 1081
Proteins with isoform-specific expression 222
Posttranslational modifications 5234
Type

Phosphorylation 2429
Glycosylation 1026
Proteolytic cleavage 709
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Fig. 1. Distribution of subcellular localization of plasma proteins in the Plasma
Proteome Database.

Fig. 2. Distribution of posttranslational modifications of plasma proteins in the
Plasma Proteome Database.
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Each isoform was annotated with single-nucleotide polymorphisms (SNPs),
PTMs, and tissue expression data. Subcellular localization, function, and process
were annotated according to gene ontology terms. Figures 1 and 2 show the dis-
tribution of different subcellular localization and PTMs of plasma proteins in the
PPD, respectively. Some of the isoforms of the proteins specifically localize to
particular subcellular organelles. For example, gelsolin protein (http://www.
plasmaproteomedatabase.org/protein/HPRD_00674/molecule_page) has two iso-
forms that differ in their N-termini, having an extra 21 amino acids in the first iso-
form (which codes for a signal peptide and localizes it as an extracellular protein),
whereas the other isoform lacks the signal peptide and remains in the cytoplasm
(Fig. 3). Gelsolin is an actin-binding protein that severs and caps actin filaments
and binds actin monomers to nucleate new filaments in a calcium-dependent
manner. Expression of plasma gelsolin in an intracellular reducing compartment,
such as the cytoplasm, causes the plasma gelsolin to lack the disulfide bond,
which induces a conformation such that the severing rate is several folds slower
than that of oxidized gelsolin (17). Isoform-specific subcellular localization is
annotated for 100 proteins in the PPD. In addition, this database also contains
information on isoform-specific expression for more than 200 proteins.

All PTMs in PPD were annotated from the literature. Protein architecture
was annotated by giving first preference to the literature, and then to SMART
(http://smart.embl-heidelberg.de/) and other prediction tools such as PSORT
II (http://psort.nibb.ac.jp/form2.html) and TMHMM (http://www.cbs.dtu.dk/
services/TMHMM/). Coding SNPs were mapped onto the nucleotide and 
protein sequences.

Overall, we anticipate that the PPD will become a resource for information
about plasma proteins for researchers and clinicians alike.
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2D PAGE Databases for Proteins 
in Human Body Fluids

Christine Hoogland, Khaled Mostaguir, Jean-Charles Sanchez, 
Denis F. Hochstrasser, and Ron D. Appel

Summary
With the development of the Internet, a growing number of proteomics databases have become

available. The web is a powerful tool for data integration because it links the components consti-
tuting these databases, in general gel images and protein information, while offering rapid means
to navigate from one database to another. Unfortunately, with only 15 maps available as electronic
resources, the human body fluids do not really benefit from this development. This chapter sum-
marizes the state of the art of proteomics databases, with an emphasis on human body fluids.
Insights into one of these databases, SWISS-2DPAGE, available for more than 10 yr now, are
given to show current functionalities and usage examples. Some general thoughts are also given
on how to improve sharing and publication of proteomics data through electronic media.

Key Words: Proteomics database; web services; human body fluids.

1. Introduction
In the postgenomic era, there has been increasing interest in human body flu-

ids as outstanding sources of circulating biological markers. In particular, the
identification and characterization of proteins in human body fluids and the
interpretation of their relationships with diseases have promoted proteomics to
the rank of the technology of choice for biomedical applications. Many labora-
tories have identified proteins on 2D electrophoresis (2-DE) maps of human
body fluids, either to build a reference gel or as a source of potential biological
disease markers. The present book is certainly a good proof (see the 16 chapters
of Part II, each dedicated to a specific body fluid). Another example is given by
a simple search in the PubMed resource (1). With appropriate key words, around
50 pertinent articles published during the last 2 yr can be retrieved in which



authors characterize proteomes of various human body fluids, not only to cata-
log proteins but also to compare their expression levels in different diseases.
Unfortunately, very few of these data are available as electronic resources. In
2005, up to 50 2-DE databases were freely accessible on the Internet, for a total
of nearly 300 annotated image maps (see http://www.expasy.org/ch2d/
2d-index.html for an updated list [2]). However, less than 15 annotated image
maps concern human body fluid samples (Table 1), with the most analyzed
being plasma, urine and cerebrospinal fluid.

2. 2-DE Databases as Electronic Resources
The elements constituting a 2-DE database, i.e., gel images and protein

information, can be conveniently integrated into a web database. Thanks to the
active hypertext links, the user has a powerful tool for data integration, in addi-
tion to the opportunity to navigate from one database to another (3). Images are
scanned representations of the gels provided with annotations. These represent
general information about the identified protein (such as protein name, gene
name, taxonomy, references) and experimental data, including the physical
localization on the gel (i.e., isoelectric point and molecular weight) and the pro-
tein identification method. In addition, cross-references to other biological
databases might be offered in some cases. These databases can be accessed in
several ways, including both textual and graphical searches. SWISS-2DPAGE
was the first federated 2-DE database available as an electronic resource (4).

2.1. A Detailed Example: The SWISS-2DPAGE Database

The SWISS-2DPAGE database started in 1993 and is still maintained as a
collaborative work between the Swiss Institute of Bioinformatics and the
Biomedical Proteomics Research Group of Geneva University. The first releases
contained 10 human samples, i.e., plasma and cerebrospinal fluid (the others
being human cells, tissues, or culture cell lines) (4). At that time, the plasma
map totalized 20% of the total accesses to the SWISS-2DPAGE database through
the ExPASy server (5). Ten years later, SWISS-2DPAGE contains 36 reference
maps from various origins (seven species) (6). Nonetheless, the plasma map is
still one of the most accessed, with approximately 30% of the total hits. The
major feature of the SWISS-2DPAGE database, still with no equivalent today, is
the high level of annotations accessible either in the given protein information
(mapping methods, experimental data, and so on) or as supplementary materials
(protocols, release notes with validation criteria and statistical resume, and so on).

2.1.1. Annotation

SWISS-2DPAGE provides many annotations at various levels. The first level
consists of general information about the protein, its name, function, taxonomy

138 Hoogland et al.
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origin, quaternary structure, posttranslational modifications, and so on. The sec-
ond level relates to gel electrophoresis and spot identification. For each protein
that has been experimentally identified in one or many gels, the information gath-
ered includes its physical location on the gel (isoelectric point [pI]/molecular
weight [Mw]), its unique spot serial number, and the identification method (i.e.,
gel matching, amino acid composition, immunoblotting, microsequencing, pep-
tide mass fingerprinting, tandem mass spectrometry, or a combination of these)
together with the experimental data itself (currently the amino acid composition
in percent, the peptide masses that allowed the protein identification, and the pep-
tide sequences identified from tandem mass spectrometry spectra). Annotations
regarding protein expression levels, either normal, pathological, or after a treat-
ment, as well as descriptions of variant polymorphisms, either physiological or
related to disease, are also documented in some cases. A certain degree of data
integration, the third level of annotations available in SWISS-2DPAGE, comes
from database cross-references. Instead of gathering general or specific informa-
tion existing in other resources, a choice has been made to provide pointers to this
information directly in its original database, leading to a better reliability. Currently,
the SWISS-2DPAGE links to about 10 different databases, either sequence
related (i.e., the UniProt Knowledgebase [7]) or other 2-DE collections (COM-
PLUYEAST-2DPAGE, HSC-2DPAGE, LENS-2DPAGE, OGP-WWW, PHCI-
2DPAGE, PMMA-2DPAGE, Siena-2DPAGE, and others). Last but not least,
technical information related to proteomics experiments (protocols, chemicals,
apparatus, identification software, and validation criteria, and so on), to database
structure schema, and to the current content (number of gels, number of identi-
fied spots and proteins, species distribution, and so on) are supported by separate
documents. These can be viewed either in the contextual help accessible when
browsing the data or as full material for a better comprehension of the database
content. Finally, in all cases, relevant literature references are provided, with full
author lists, titles, and citations, accompanied by the PubMed identifier for fur-
ther access to the article abstract.

2.1.2. Availability

Since the beginning, SWISS-2DPAGE was hosted by the ExPASy website
(http://www.expasy.org/ch2d/), and users could explore the data with various
search engines, either by clicking on an image map or by textual queries.
Typical browsing may start in different ways:

1. The simplest approach, well suited for gel exploration, is to navigate on the 
reference map. After choosing the gel of interest (from http://www.expasy.org/
cgi-bin/map1), the user can see an image with identified spots marked by crosses,
which facilitates their localizations. (Alternatively, a raw image is also available.)

140 Hoogland et al.



Moving the mouse over the spots of interest displays a summary of the experimen-
tal information in a floating box. To access the full data content related to a specific
spot, one could just click on it.

2. The second approach toward interaction with the SWISS-2DPAGE database is
through textual queries. Many search engines are provided from the top page
(http://www.expasy.org/ch2d/). If the user is aware of identifiers (either protein
accession number or spot number) for a spot or protein of interest, he/she can go
directly to the corresponding database entry. However, very often, the user has
only very partial knowledge about the protein(s) for which he/she wants to have
details. In this case, the web interface offers searches either by protein description,
gene name, UniProtKB/Swiss-Prot keyword, author name, identification methods,
pI/Mw range, or a combination of all these. In any case, the result consists of a
protein list matching the querying criteria with access to the detailed information
for each protein entry.

3. The third way to browse the SWISS-2DPAGE data is to search out the protein list
for the reference gel of interest (http://www.expasy.org/cgi-bin/get-ch2d-table.pl)
and then to click on the specific protein entry to display the full information.

At the end of all possible ways of querying the database, the user will have
the detailed information for a specific protein (Fig. 1), in a friendly view, with
all the annotations as described in the section above (see Subheading 2.1.1.).
In addition, this view links to all the maps available in the database, on which
the protein has been identified or not. When one clicks on the icons represent-
ing these maps, the entire gel images are displayed in which all the spots iden-
tified for that protein are highlighted. It displays a rectangle showing an
estimated region where the protein is expected to migrate, according to its
amino acid composition. Cross-references to external resources (PubMed, UniProt
Knowledgebase, other 2-DE databases) are provided as hypertext links.

For people interested in having the SWISS-2DPAGE database locally, anno-
tations and image files can be downloaded from the ExPASy FTP server
(ftp://www.expasy.org/ftp/databases/swiss-2dpage/). Either through the website
or as a download, the SWISS-2DPAGE database is free for nonprofit institu-
tions. It has an annual subscription fee for commercial entities (for details,
see http://www.genebio.com/).

2.1.3. Usage

With more than 1800 hits per day, the database is commonly used for prelim-
inary investigations. Usually, users rely on the SWISS-2DPAGE reference maps
annotations to start proteomics studies, ranging from biomarker discovery proj-
ects, to comparative studies, to theoretical analysis. A biomarker discovery 
project or a comparative study typically starts with a 2D gel electrophoresis,
which is then compared with a reference map, established for a similar or related
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sample. When the reference map is well covered, with many identified spots, the
comparative analysis with adequate software (e.g., ImageMaster™ 2D Platinum,
developed by the Swiss Institute of Bioinformatics and commercialized by
GeneBio and GE Healthcare) may reduce the number of spots that need further
analysis. Such image analysis software is also able to highlight spots of interest
that are over- or underexpressed, thanks to appropriate statistical differential
analysis. With nearly 4000 identified spots on the 36 reference maps, SWISS-
2DPAGE is widely used for such purposes.

As an example, Wattiez et al. (8) used the SWISS-2DPAGE human plasma
reference map in a preliminary matching analysis to identify a number of pro-
teins in their bronchoalveolar lavage fluid (BALF) 2-DE gel. They were able to
identify 19 of 69 proteins of interest by matching the plasma and the BALF
samples. The authors restricted the postseparation analysis (in this case microse-
quencing) to the only 50 remaining proteins. It was a first step to a better under-
standing of the normal BALF sample, which then allowed these researchers 
to analyze differential protein expression further between different lung 
pathological samples. In another example, Pietrogrande et al. (9) tested a mathe-
matical method to extract information from 2-DE gels of complex protein mixture.
The authors compared their simulated gels with three human reference maps
from the SWISS-2DPAGE database (PLASMA_HUMAN, HEPG2_ HUMAN,
DLD1_HUMAN) and thus confirmed their model hypothesis. As a third exam-
ple (not from human body fluid samples but easily transferrable), Martens and
co-workers (10) compared their human platelet protein list obtained with nongel
technology with protein lists published earlier using gel technology, including
the SWISS-2DPAGE platelet proteins. The low overlap (40% so far) observed
between both technologies highlighted the advantage of nongel technology to
identify proteins in complex mixtures even with low concentrations.

2.2. Other Useful Resources

Since 1993, a growing number of 2-DE images have been made publicly
available, thanks to the web. Unfortunately, most of them are limited to one
image and a protein list, thus not making the most of the Internet properties
(data integration and navigation). With less than 20 image maps electronically
available, temporarily or not, in the last 12 years, proteomics data from human
body fluids are definitive examples of data regrettably lost or not fully
exploited. Although bioinformatics tools have been developed to help scientists
build their own database servers, it is clear that it is still not easy to do for insti-
tutes with limited access to the necessary infrastructure. These tools have 
similar functionalities. Starting from at least one image map with identified
spots, they provide facilities to build a web server that allow easy browsing and
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searching sets of 2-DE data. Make2D-DB (http://www.expasy.org/ch2d/
make2ddb.html), developed by the Swiss Institute of Bioinformatics, is an inte-
grated tool that allows anyone to get a SWISS-2DPAGE-like database (11).
PROTICdb has been designed especially for plant samples (http://moulon.
inra.fr/~bioinfo/PROTICdb). The French National Institute for Agricultural
Research laboratories use it (12). Both tools are freely available for download
and offer useful features to import new data and to browse the data by keyword
or graphical searches. Public repositories, in which users can upload their own
2-DE data through a web form, are not yet currently used. So far, two such
repositories are available through the Internet, namely, GELBANK (http://
gelbank.anl.gov/) from the Argonne National Lab (13) and GelBank (http://
www.gelscape.ualberta.ca:8080/htm/gdbIndex.html) from the University of
Alberta (14). Both systems are proposed as public archives for 2-DE image
maps and thus are open to host any data. However, the current data available are
still limited to their own local or test samples.

Further measures need to be taken if scientists really want to build a large
proteomics data network, which would be one of the objectives of proteomics.
In this perspective, in late 2005 the Proteome Informatics group at the Swiss
Institute of Bioinformatics started to provide the scientific community with
some bioinformatics services related to proteomics. In particular, the group pro-
poses various solutions to build proteomics electronic databases, ranging from
assistance in the setup to data preparation for further remote installation, up to
full data preparation and website hosting (http://www.expasy.org/ch2d/serv-
ice/). We hope that with this contribution, more and more institutes will be able
to give access to their proteomics data and thus promote this global virtual data-
base that we all have dreamed of.

3. Conclusions
Even though bioinformatics have been developed to help scientists publish

their own proteomics data on the web, giving access to a large proteomics data
network, one must admit that we are still far from this reality. Assistance from
bioinformatics groups should be reinforced to provide scientists with new tools.
Some of the available tools already contain functionalities for better data relia-
bility and consistency, and then integration of different “omics” will be the next
step to a further understanding of systems biology.
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Bioinformatics and Experimental Design 
for Biomarker Discovery
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Summary
Proteomics is supremely well suited to the discovery of biomarkers in human body fluids.

However, the diversity of the human population and the multistep nature of most proteomic tech-
niques require great care to be taken in experimental design and data analysis. This chapter out-
lines strategies for biomarker discovery, using 2D polyacrylamide gel electrophoresis or other
proteomic technologies, and explores issues of analytical and biological variation, data quality,
and statistical analysis. Particular attention is given to the issue of experimental design and how
this can influence the statistical outcomes of biomarker discovery efforts.

Key Words: Proteomics; biomarker; experimental design; bioinformatics; variance; statistics.

1. Introduction
Proteomics is supremely well suited to the analysis of human body fluids.

Proteins in these fluids are typically soluble in nature, making them highly
amenable to analysis using a variety of proteomic techniques. Whereas body fluids
are well suited to analysis using proteomics, the application of mRNA-based
techniques such as polymerase chain reaction or hybridization arrays is largely
irrelevant for the study of such fluids. This is because the cells that produce
proteins in body fluids are either not found in the fluids (e.g., urine) or are
some distance away from where the fluids are usually sampled (e.g., cere-
brospinal fluid). Additionally, proteins in some body fluids (e.g., serum or
plasma) originate from cells that are present in multiple tissues. For these reasons,
there is enormous interest in the use of proteomics for the study of human body
fluids, in an attempt to understand better the normal physiology and pathophysio-
logy of diseases and to discover biomarkers.



A number of proteomic technologies are commonly used for analysis of
human body fluids. Typically, these technologies combine one or more means
of high-resolution protein separation with high-sensitivity detection techniques.
They are often linked with one or more types of mass spectrometer to allow
high-precision protein identification and characterization. The mass spectrom-
eter can also serve as a means of generating semiquantitative data for the meas-
urement of protein abundance. Technologies in widespread use are detailed
below. Some of their key attributes are compared in Table 1.

1.1. 2D Polyacrylamide Gel Electrophoresis (2D-PAGE)

Simultaneously described in 1975 by O’Farrell (1) and Klose (2), this tech-
nique combines a high-resolution separation of proteins on the basis of isoelec-
tric point or pI (isoelectric focusing) with a 2D separation on the basis of
apparent molecular mass (SDS-PAGE). Typically, 2D-PAGE can separate 1000
to 2000 proteins from a sample (3). However, the large-format 2D gels can sep-
arate up to 10,000 proteins from a single sample (4). Biomarker discovery via
2D-PAGE typically relies on the comparison of 2D gel images from normal vs
diseased samples with the assistance of image analysis software. These bio-
markers can then be identified using mass spectrometry (MS) of protein spots
from the 2D gels.

1.2. Multidimensional Liquid Chromatography Coupled 
With Mass Spectrometry

Known as “shotgun proteomics” or multidimensional protein identifica-
tion technology (MudPIT) (5), this approach first digests all proteins in a
sample to peptides, and then uses multidimensional liquid chromatography
(LC) to separate these peptides that are then subjected to fragmentation in 
an online mass spectrometer. The fragmentation data are matched against
sequence databases, typically using the SEQUEST software (6) to map the
peptides to the proteins present in the original sample. The approach
has been applied increasingly to the analysis of human body fluids, and over
800 different gene products have been identified with confidence from
human plasma (7,8). In the analysis of tissue samples, a maximum of approx
5300 proteins from a single sample has been described (9). Shotgun
proteomics, or MudPIT analysis, does not provide a ready means for bio-
marker identification, as 7 to 10 runs are required of each sample to identify
all proteins present (10,11). Qualitative data, over quantitative data, are
typically the results. However, use of techniques such as isotope-coded 
affinity tag (ICAT) (12,13) or 18O labelling (14), which produce heavy 
and light versions of peptides from two samples, allows for the quantitative
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pairwise comparison of complex samples. Biomarkers are beginning to be
discovered using these approaches (15).

1.3. Pattern-Based Discovery Techniques

There has been recent interest in the use of techniques that can produce a fin-
gerprint of a complex protein sample, can screen large numbers of clinical sam-
ples, and can be coupled with statistical or artificial intelligence approaches to
classify samples via the resulting fingerprint data. One particular approach is
known as surface-enhanced laser desorption/ionization (SELDI), whereby sam-
ples are reacted with a chromatographic surface on a metal array. The bound
peptides and proteins are then overlaid with an organic matrix and finally ana-
lyzed using a matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometer (for reviews, see refs. 16 and 17). High-mass
and low-mass ranges can be analyzed, and low- and high-resolution mass spec-
trometers have been used in this approach. The resulting spectra, although not
a representation of the complete proteome, provide a complex signal of 15,000
to 1,000,000 x,y data points that determine patterns or profiles of proteins in the
samples that have been studied. Because the spectra are treated as a complex
signal and identities of the signal peaks are generally not known, the technique
does not precisely yield information on which proteins are biomarkers.
However, certain patterns of peaks, or combinations of spectral peaks, are usu-
ally found to be critical for the classification of samples. Although controversy
has surrounded applications of the technique for the diagnosis of ovarian can-
cer and prostate cancer (18,19), pattern-based technology remains a popular
approach for clinical proteomics.

1.4. Protein-Affinity Arrays

Protein-affinity arrays are different in concept to the approach just men-
tioned. Typically, they do not involve a high-resolution separation of proteins
in the samples or use of a mass spectrometer for protein identification.
Instead, the arrays or microarrays are first generated by the ordered immobi-
lization of different affinity probes (e.g., antibody, DNA aptamer, or lectin)
onto a surface (e.g., coated glass slides). The protein targets of the affinity
probes are usually, but not always, known. The arrays are then incubated with
protein samples under conditions that allow affinity reactions to occur.
Frequently, the protein samples are prelabeled with fluorescent dyes such as
Cy3 or Cy5 (20,21) that allow the presence of certain proteins to be measured
with a high-resolution scanner. Alternatively, labeled secondary antibodies can
provide high-sensitivity detection in the same manner as a sandwich ELISA,
although the requirement of a pair of antibodies per antigen makes this unde-
sirable for high-density arrays.
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There are further iterations of protein-affinity arrays, as reviewed by Liotta
et al. (22) and Haab (23). High-density arrays are beginning to be produced,
either through the use of large number of commercially available antibodies of
known specificity (20), or via the use of libraries of artificially generated antibody
fragments (21). Protein microarrays of body fluids and tissue homogenates, com-
bined with data analysis using appropriate normalization and statistical tech-
niques, are being used increasingly for the discovery of biomarkers (24,25).

2. Types of Protein Biomarkers
Protein biomarkers are proteins that are associated with a phenotype. They

can assist in disease diagnosis, prognosis, and stratification, in the choice of
therapy and in monitoring the efficacy of treatment. Typically, biomarker proteins
are differentially expressed in association with a phenotype. However, there are
other aspects of proteins that can be considered and ultimately developed to be
used as the biomarkers. Consideration of the type of biomarkers that are being
sought can impact on the strategies used in proteomic analysis and data mining.
Three major groups of biomarkers are outlined below, and technologies that are
most suitable for their discovery are given in Table 2. A final consideration is
whether a protein biomarker is primary or secondary in nature.

2.1. Differentially Expressed Proteins

These include proteins that are expressed uniquely in association with a phe-
notype, as well as proteins that show statistically significant over- or underex-
pression in patients’ samples compared with normal controls or other groups of
diseases. The well-known clinical biomarkers are prostate-specific antigen
(PSA; discussed in ref. 26) and the ovarian cancer marker CA125 (discussed in
ref. 27). Interestingly, neither of them has a well-understood function, high-
lighting the fact that elucidation of function is not essential for a molecule to be
used as a biomarker. To date, differentially expressed proteins are the main
focus of most biomarker discovery projects.

2.2. Differentially Posttranslationally Modified Proteins

Proteins that are differentially posttranslationally modified in association
with a phenotype can also serve as biomarkers. The modifications include dif-
ferential glycosylation, phosphorylation, methylation or other modifications
(see ref. 28 for other common posttranslational modifications). For example,
expression of the sialyl Lewis a, sialyl Lewis x, and sialyl Tn antigens, which
are particular types of protein glycosylation found in association with adenocar-
cinoma (for review, see ref. 29), have been the subject of intensive investigation
as diagnostic and prognostic markers (30). The diagnostic utility of abnormal
protein phosphorylation, for example, the phosphorylation of serine 73 of
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cytokeratin 8 in head and neck adenocarcinoma (31) or troponin I phosphory-
lation in myocardial injury (32) has also been discussed. The unusual methyla-
tion of histone H3 in myeloid leukaemia has been proposed as a putative marker
of granulocyte abnormalities (33).

2.3. Isoforms, Splice Variants, and Protein Fragments

Isoforms, splice variants, and fragments of proteins can serve as biomarkers.
Such biomarkers reflect changes in the genes themselves (inherited or sponta-
neous mutations), the mRNA splicing machinery, or the capacity of an individ-
ual’s proteases to process or degrade a protein. For example, apolipoprotein E ε-4
isoform, which can be separated from other isoforms by isoelectric focusing, is
predictive for the risk of Alzheimer’s disease in homozygotes (34). However, the
ε-4 isoform allele in heterozygotes is not predictive of Alzheimer’s (35), high-
lighting the need to understand the dominance of an allele when investigating its
application as a biomarker.

Splice variants, although mostly studied via the analysis of mRNA in
expressed sequence tag (EST) libraries, have been investigated as biomarkers
for cancer (for review, see ref. 36). The differential splicing of the Wilms’ tumor
1 gene is one example (37). Although some technical challenges remain in the
discovery of splice variants via proteomic techniques, it should be kept in mind
that alternatively spliced forms of proteins have the capacity to serve as protein
biomarkers. Protein spots that migrate anomalously on 2D gels should always
be investigated in detail as potential novel splice variants.

Protein fragments also have the capacity to serve as biomarkers. These are
being investigated either through MS-based approaches termed peptidomics
(reviewed in ref. 38) or through the application of SELDI to the analysis of low-
mass-range proteins and peptides. One interesting variation of this is to analyze
the peptides that are found to interact with human serum albumin (39), which
serves as a means of enriching for these low-abundance fragments. It is notable
that protein fragments seen in the mouse proteome have been shown to be her-
itable (40), emphasizing that there is a genetic basis to these fragments.

2.4. Primary and Secondary Biomarkers

Biomarkers can be considered as either primary or secondary. Primary bio-
markers are proteins whose expression levels, modification status, splice vari-
ants, or other isoforms are thought to be responsible for the phenotype under
investigation. Reduced levels of the cystic fibrosis transmembrane conductance
regulator (CFTR) protein in cystic fibrosis patients, although detected only in
tissues, not in body fluids, is an example of the primary one (41). Secondary
biomarkers are those that arise as a consequence of a disease but are not thought to
be the primary trigger for the disease pathogenesis. Examples of the secondary
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biomarkers include CA125 in ovarian cancer and PSA in prostate cancer (26,27).
Note that the utility of a biomarker is not necessarily determined by its primary
or secondary status. Other metrics, including the specificity and sensitivity of a
biomarker when used in clinical diagnostics, are more critical.

3. Bioinformatics for Biomarker Discovery
So far, this review has explored the technologies that are used for the discovery

of biomarkers and the types of biomarkers that can be discovered using pro-
teomics. It is apparent that many different technical approaches and strategies
can be employed. The remainder of this chapter will focus on bioinformatics for
biomarker discovery. In particular, areas such as discovery strategies, data
acquisition and analysis, understanding variation, experimental design, and
statistical analysis for biomarkers will be covered. It should be noted that
biomarker discovery is distinct from biomarker validation, which usually
involves different laboratory methods, data types, and data analysis issues.
Biomarker validation is outside of the scope of this chapter; however, many
aspects of validation are explored in reviews elsewhere (42,43).

3.1. Strategy

In the simplest case, a biomarker discovery strategy will use a proteomic tech-
nology to compare two clinical samples to find proteins that have different
expression levels. These include proteins that are uniquely expressed in one sam-
ple but not in another. Typically, the experiment being undertaken is hypothesis
independent, meaning that the question being asked is general (e.g., what proteins
are changing?) instead of specific (e.g., is the level of pyruvate kinase changing?).
However, it may appear that many of the differentially expressed proteins are ulti-
mately of no interest. There are a number of reasons for this, including:

• The differences may be owing to genetically based variations in protein expression
levels in the population that are not associated with the disease.

• The differences may be owing to environmental factors that affect protein expres-
sion but are not associated with the disease.

• The differences will not be statistically significant when they are evaluated with
appropriate statistical tests.

• The changes in protein expression levels observed are owing to chance alone.
• The changes are owing to analytical variation alone.

To discover biomarkers that will ultimately be useful as clinical tools, a
robust strategy for data generation, manipulation, and analysis is required. This
needs to be executed in the context of an appropriate experimental design. The
discussion below will concentrate on issues that are relevant to the generation
and analysis of data obtained from gel-based proteomics. The relevance of this,
however, will also be explored for other proteomic data types.
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3.2. Experimental Design: Fundamental Principles

The purpose of biomarkers, as discussed earlier, is to assist in patient diagno-
sis, prognosis, and stratification, in the choice of therapy and, in monitoring the
efficacy of treatment. For most of these applications, biomarkers will be used to
classify the patient as a member of a certain population (e.g., disease vs normal).
In a statistical sense, biomarker discovery experiments must analyze a sufficient
number of samples from each population to ascertain that there is a true differ-
ence in the expression of certain proteins. Summary statistics for each popula-
tion, typically the mean, standard deviation, coefficient of variation, or other
measures of variance for the proteins being analyzed will be required. These sta-
tistics will estimate the biological variation (owing to genetic and environmental
effects) in a population and will become more accurate when larger numbers of
samples are analyzed. However, the accuracy of these estimates is also influ-
enced by the quality of proteomic analyses that are used. An understanding of
the analytical variation inherent in any proteomic technology is also essential to
ultimately produce a good experimental design. It will affect, for example, the
number of replicate analyses required per sample.

3.3. Managing Analytical Variation: Issues to Consider

A number of issues can be considered in the management of analytical
variation. These are worked through below.

3.3.1. Randomization to Decrease Bias

Bias can have a profound effect on the validity of biomarker research. Many
types of bias (explored in detail by Ransohoff [44]) may have an impact on pro-
teomic research. These include bias introduced during specimen collection, sam-
ple handling, and storage, the technical analysis itself, and use of data analysis
tools. The complete elimination of bias from an experimental system is almost
impossible. However, an overriding principle is to use uniform collection, han-
dling, and analysis techniques with randomizing the order in which samples are
collected and examined on instrumentation and with randomizing the order in
which data are analyzed (Table 3) (45). Use of blinding will further help in
removing bias in these steps, although this may be impractical during the statisti-
cal testing of certain hypotheses. These principles can be applied to biomarker
research using any of the analytical techniques described in Subheading 1.

3.3.2. Dynamic Range, Linearity, and Detection Limits

Dynamic range, linearity, and detection limits will affect the quality of raw
data; thus the degree of differences can ultimately be found between popula-
tions. The impact of these issues is explored in Table 4.

Bioinformatics for Biomarker Discovery 155



In 2D-PAGE, the dynamic range is affected both by the stain used and by the
scanning technology employed (i.e., CCD camera or laser-based scanner).
Dynamic range can be visualized via a histogram of number of spots against the
optical density of each spot (Fig. 1). Note, however, that this is a different graph
than one that plots a histogram of the numbers of pixels from an image against
the optical density, which better reveals the level of background staining or sig-
nal present. Figure 1 shows (A) an ideal distribution of data; (B) distribution of
data obtained from an under-stained gel; and (C) distribution of data obtained
from a saturated image. These types of graphs can also be generated for quan-
titative data obtained from MS or from protein chips. In a biomarker discovery
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Table 3
How Bias Can Be Addressed in Experimental and Observational Studies

Involving people Involving samples

Design Randomize allocation to Arrange for uniform and,
compared groups if possible, blinded collection,

handling, and analysis of 
samples

Conduct Measure and report baseline Check that uniform handling 
characteristics of groups occurs and whether blinding is 

successful
Interpretation If groups are unequal, discuss If groups are unequal, discuss 

direction, magnitude, and direction, magnitude, and 
potential impact of bias potential impact of bias

From ref. 44.

Table 4
Issues To Be Faced in the Generation of High-Quality Proteomic Dataa

Issue Impact Remedy

Low dynamic Small differences between Use dye, labeling, and detection
range samples may not be detected systems that maximize dynamic

range
Nonlinearity  Unequal loading of samples for Appropriate normalization of data 

of detection analysis will generate different can be applied if the structure 
results of the nonlinearity is known

Poor limit of Low-abundance proteins or Omit these proteins from data 
detection peptides may not be detected analysis, use greater numbers of 

in all analyses replicates, or increase protein 
abundance by enrichment

aThese issues can be applied to techniques that are gel-based as well as those that generate
and analyze mass spectra.
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Fig. 1. Histograms of number of proteins plotted against a range of spot intensity.
(A) An ideal distribution. (B) Data obtained from a gel that may be understained. 
(C) Data obtained from a saturated image.



study, it is of importance that all analyses of all samples show a similar dynamic
range. However, normalization can be employed in some instances, for exam-
ple, in the case of unequal protein loading (see next paragraph).

Linearity of detection is important to allow the mapping of an analytically
detected difference from a true molar or copies-per-cell difference. In 2D-PAGE,
linearity of spot density is influenced by both the dynamic range of the stains
employed and the effectiveness of the 2D image analysis software for spot
boundary detection on a digital 2D image. Fluorescent dyes such as SYPRO
Ruby and Deep Purple, as well as the visible dye colloidal Coomassie Blue, all
show good linearity of their dynamic range with R2 = 0.96 to 0.99 over 3 orders of
magnitude (46). Note that silver staining, however, is not linear in response over
its entire dynamic range (46,47). An equally critical issue is the capacity of 2D
image analysis software to detect protein spot boundaries accurately and there-
fore quantitate the protein spots present accurately. By the generation of artifi-
cial 2D gel images, Raman et al. (48) showed that some commercially available
image analysis packages do not accurately detect protein spot boundaries to
yield linear quantitative data. Rosengren et al. (49) and Hunt et al. (45) also
illustrate similar results using other software packages. Users of image analysis
packages are advised to test the linearity of their software with these artificial
images, which are downloadable from the Internet.

In 2D gels, the detection and quantitation of low-abundance proteins raises
certain challenges. When protein spots are faint, image analysis software will
have difficulty in detecting them over background noise. If protein spots are
also small and are defined by a small number of pixels, the inclusion or exclu-
sion of neighboring pixels will have a profound impact on their quantitation.
For example, the difference between having a spot of 4 pixels and 6 pixels is
likely to be dramatic. The impact of this in large experiments is that the vari-
ance associated with the quantitative measurement of low-abundance proteins
is typically high and increases the difficulty of finding a significant difference
in protein expression between two populations.

3.3.3. Completeness of Analysis

A recently explored issue is that of completeness of analysis. Discussed to
date in the context of MudPIT LC-MS/MS (10,11), it refers to a phenomenon
whereby a technique used for the analysis of a complex protein mixture may
only yield information for a fraction of all proteins in any single analytical run.
For example, it is known that two replicate MudPIT analyses will yield two sets
of protein identifications with approx 65% overlap. Thirty-five percent of the
proteins in the second analysis will be novel compared with the first. A third
MudPIT analysis will yield a set of identifications that has 80% overlap with
those from the first two analyses, but with 20% new identifications (Fig. 2).
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Because of this, between 10 and 12 MudPIT analyses may be necessary before
a near-complete list of protein identities is generated from a single sample
(10,11). This phenomenon has a substantial impact on the use of MudPIT for
biomarker discovery work, as the capacity to compare two samples comprehen-
sively requires very high numbers of replicate analyses per sample.

Slightly different phenomena are faced in 2D-PAGE results including the very
large number of spots visualized on 2D gels, changes in the number of spots
from gel to gel (50), and the difficulty that software has in matching these spots.
It means that the number of spots seen consistently across an experiment is much
smaller than the number seen in any particular gel. Challapalli et al. (51) explain
that the pairwise comparison of any two gels may show about 3500 spots in
common. However, when three gels are matched to create an “average gel,” only
1700 proteins are matched by the software across all gels. Statistically, this pro-
duces a series of missing values in data sets that can hinder analysis, although
values can be imputed to address this issue (52). Fortunately, gel images can be
examined manually for a particular spot of interest if it is required.

3.3.4. Normalization and Transformation of Data

The minimization of variation of protein expression between replicate 2D
gels relies on effective normalization. Typically, the expression level or optical
density of any particular spot on a 2D gel is calculated by summing the value
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Fig. 2. Completeness of analysis in MudPIT. The analytical completeness increases
when the greater numbers of LC-MS/MS runs are performed. Up to 10 runs may be
required per sample to gain a complete understanding of its protein composition, in this
case from rat lung. (From Durr et al. (10); reproduced with permission from Nature
Biotechnology.)



of all pixels within the spot boundary. In any gel, this can be normalized by
expressing the value of any spot as a percent of the total optical density of all
spots on that gel (OD%). When comparing the normalized values from one 2D
gel to another, a number of issues arise. These include:

• Differences in protein loading per gel.
• Different numbers of spots on each gel.
• Large changes in protein expression between gels.
• In larger sets of gels, only a subset of all spots will match across all gels.

Although the comparison of spot OD% from one gel to another is useful,
better normalization can be achieved through (1) establishing which proteins
are found to match across all gels in a gel set; (2) checking that these proteins
are not dramatically over- or underexpressed between gels; and (3) normalizing
the protein levels in each gel by comparison with the sum of the optical density
of these matching proteins from the same gel. The efficiency of normalization
can easily be viewed with box and whisker plots (Fig. 3). Alternatively, non-
parametric models can also be used for normalization (53).

When using Cy dye techniques for differential display (54), more advanced
normalization techniques may be needed. This is particularly true if a pooled
standard, labeled with one of the Cy dyes, is run on all gels (55). Recent work
has illustrated that normalization techniques using rescaling (56) or DNA
microarray normalization methods (57) should be considered in addition to the
methods employed in the DeCyder software (Amersham Biosciences).

When protein expression data are to be analyzed with standard statistical tests
(e.g., Student’s t-test), these tests will assume that the data come from a normal
distribution. Data from 2D gels are typically not from a normal distribution,
instead being highly skewed (Fig. 4). Thus, transformation is required before
data can be used for statistical analysis. Logarithmic transformation is effective
for this (45). However, other transformations, such as an inverse hyperbolic
sine transformation, can be considered (58). Frequency histograms and quantile-
quantile plots are utilized to demonstrate the success of transformation on pro-
tein expression data in Fig. 4. However, be aware that expression data may show
kurtosis (a sharpening or flattening of a normal distribution) (56).

3.3.5. Analytical Reproducibility and Variance

Prior to the statistical analysis of 2D gel expression data for biomarker dis-
covery, it is critical to understand the reproducibility of 2D-PAGE in a labora-
tory. This will have an impact on the appropriate experimental design (see
Subheading 3.4. below) and also allow the evaluation of data in the context of
best practice reported in the literature. Reproducibility of spot position can also
be investigated (59,60) but will not be discussed in detail here.
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Analytical reproducibility, otherwise termed analytical variation, is usually
expressed in terms of Pearson’s correlation coefficient (r and R2) or percent
coefficient of variation (CV%; calculated by dividing the standard deviation by
the mean and multiplying by 100). Table 5 summarizes some R2 and CV% data
from the literature. It can be seen that best practice for reproducibility of
2D-PAGE should yield CV% of 18 to 25 and R2 values of greater than 0.90. The
type of sample being analyzed, particularly the protein solubility, may affect
these values. It is possible to assess variance with other statistical approaches,
which are more sophisticated than R2 and CV% and will better account for the
multivariate nature of the data. To date, these have included random linear
mixed effects models (45) as well as a quadratic variance model (61).
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Fig. 3. Normalization of 2D-PAGE protein expression data, graphed with box and
whisker plots. (A) Data from five gels prior to normalization. (B) The same data post
normalization. (From Hunt et al. (45); reproduced with permission from the Journal of
Proteome Research.)



3.4. Biological Variation, Power Analysis, and Advanced 
Experimental Design

The biological variation inherent in any experiment is a sum of variations
from a number of sources. In human samples, these include genetic variation,
environmental influences, effects of any medication, and disease load, as well
as other factors that may arise in the acquisition, storage, and preparation of
samples. In the sampling of human tissues, heterogeneity of cell type is a further
source of variation. Because how a sample has been acquired and treated can
have a profound influence on the results, particular care is needed to ensure that
these processes are controlled as closely as possible via consistency of methods
and through randomized experimental designs. Interestingly, if the pedigree or
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Fig. 4. (Continued)

genetic background of a cohort of experimental subjects is known, this may
assist us in understanding and controlling biological variation (40). However,
there are relatively few examples, to date, in which genetic data have been
closely combined with proteomic results.

Biological variation can be measured in the same manner as for analytical
variation, most simplistically by using correlation coefficient and percent coef-
ficient of variation. Table 6 summarizes some R2 and CV% data for biological
variation and shows the greater degree of variation in this data set compared
with those corresponding values in the set of analytical variation (Table 5).
Indeed, this is required for the effective discovery of biomarkers (see Fig. 5).

The analytical and biological variation in a data set can be used to design
proteomic experiments through the use of a statistical power analysis (45,50).



This can predict the precise number of samples that should be analyzed in a
pairwise differential display experiment, as well as the numbers of replicate
analyses that are desirable, all in the context of the degree of differential expres-
sion one would like to see. Tools for this purpose have been made freely avail-
able on the Internet (www.emprhon.com) (45). Figure 6 shows a power
analysis curve from the 2D-PAGE analysis of a pilot set of cerebrospinal fluid
samples. For this example, the graph shows that approximately seven clinical
samples from control and experimental groups will be required to find statisti-
cally significant differences of twofold (effect size of 100%). More samples
would need to be analyzed to detect smaller differences significantly. The num-
ber of replicates (one to four gels) will slightly, not dramatically, decrease the
number of clinical samples required, and there will be little benefit from triplicate
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over duplicate sample analysis. It can also be seen that there is an asymptote of
the graph toward approx 40% effect size, indicating that even with access to an
infinite number of samples, it will be impossible to detect differences of below
40% effect size.

3.5. Statistical Analysis for Biomarker Discovery

After the completion of a biomarker discovery experiment, there are a num-
ber of statistical tests that can be used for data analysis. In the broadest sense,
these can be classified as tests that will examine a hypothesis (supervised tests),
those that can explore trends or highlight associations in data without testing
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Fig. 4. Eight samples of human plasma analyzed with 2D-PAGE. (A) Histograms of
protein expression data for each gel, prior to transformation. Note the highly skewed
distribution. (B) The same data after log transformation, which has the data appearing
normally distributed. (C and D) Quantile-quantile plots of the same data. (D) Clearly
shows approximately normal distribution of the log transformed data.



a hypothesis (unsupervised methods), tests that are designed for the analysis of
univariate data, and those that are designed for multivariate data. Both unsuper-
vised methods and supervised tests are useful for biomarker discovery in body
fluids. Table 7 summarizes the common tests in each category. It is outside the
scope of this chapter to review comprehensively the variety of techniques that
can be used for the statistical analysis of data sets; however, a few key points
can be highlighted.

Quantitative proteomic data are inherently multivariate. This is because every
measurement for any particular protein or peptide that is taken from a sample by
2D-PAGE, protein microarray, LC-MS/MS, or SELDI is made in the context of
measurements of other proteins and peptides in the same analysis. The analytical
and normalization approaches used (as discussed in Subheading 3.3.) mean that
the level of a protein measured in one sample can have an effect on the quantita-
tion of other proteins in that same sample. For this reason, it is desirable to use
multivariate techniques for the analysis of proteomic data. This has the advantage
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Table 5
Some Recently Published Data on Replicate Analyses of 2D Gelsa

Experimental replicates CV% R2 Reference

Human plasma, two independent 18, 19 0.97, 0.96 Hunt et al. (45)
experiments

Human cerebrospinal fluid 4–23 0.82 Terry and Desiderio (62)
Human synovial fluid N.R. 0.89–0.95 Yamagiwa et al. (63)
Colon tumor cell line 22.4 0.86 Molloy et al. (50)
Mouse brain cytosol N.R. 0.926 Challapalli et al. (51)
Plant cell wall 16.2 N.R. Asirvatham et al. (64)

N.R., not reported.
aNote that these data consider only analytical variation, not biological variation.

Table 6
Some Recently Published Information on the Biological
Variation Measured via 2D-PAGE Analysis

Biological sample to 
sample variationa CV% R2 Reference

Human plasma N.R. 0.43–0.90 Hunt et al. (45)
Breast tumor cell line 28.4 0.82 Molloy et al. (50)
Colon tumor cell line 23.6 0.74 Molloy et al. (50)
Human synovial fluid N.R. 0.85–0.93 Yamagiwa et al. (63)
Mouse brain cytosol N.R. 0.87 Challapalli et al. (51)

N.R., not reported.
aFrom pairwise comparisons.
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Fig. 5. Biological (between-samples) and analytical (within-sample) variation can be
visualized with box and whisker plots. In this case, data were from two independent exper-
iments in which replicate analyses of plasma samples from patients with ovarian cancer
and control subjects were analyzed (see Hunt et al. [45] for further details). Note that in
both cases, the degree of biological variation is greater than that of the analytical variation.

of being more accurate in the estimation of noise and variance in an experiment
and being able to identify small coordinated changes in the expression of groups
of proteins that by themselves may not appear to be significant. Furthermore, in
the analysis of human body fluids, most clinical samples are provided with a
comprehensive clinical research form. This form contains data for variables of
many types (e.g., age, sex, height, weight, smoking status, alcohol intake, disease
type, disease stage, current medication regime, and so on). These variables can
themselves be used to explore proteomic data further and to ensure that trends
seen in patients reflect the disease status rather than the effect of another variable
(e.g., smoking status).

There is currently no single “best practice” for the analysis of proteomic
expression data for biomarker discovery. In part, this reflects the diversity of tech-
niques that are available to the statistician and some of the different statistical
schools of thought (e.g., Beyesian vs frequentist). The use of Student’s 
t-test, although widespread, ignores the inherent multivariate nature of proteomic
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Fig. 6. Power analysis curve generated from duplicate 2D analysis of three controls
and three diseased samples of human cerebrospinal fluid. The curve was generated by
using power of 0.8 and a p value of 0.05. Tools at www.emphron.com were used for this
analysis.

Table 7
Statistical Test Types and Their Suitability for the Analysis of Univariate 
or Multivariate Data

Unsupervised methods Supervised tests

Univariate Data modality analysisa t-test
Kernel density estimates Z-test 

ANOVA test
Multivariate Hierarchical clustering Discriminant analysis 

K-means Support vector machines 
K-median Survival analysis 
Principal component analysis Gene shaving
Gene shaving

aNote that most unsupervised methods for exploring univariate data are to assist in the evalu-
ation of the variance and modality of the data set. This is different in purpose from the unsuper-
vised methods used in multivariate techniques that can classify groups and reveal trends.



data, and it has been shown to be highly sensitive to different techniques used for
data normalization and missing value substitution (52). In the future, multivariate
techniques are anticipated to be used increasingly. Table 8 provides examples of
a number of statistical techniques used in proteomics from the recent literature.

4. Conclusions
This chapter has discussed some of the technologies that are available for

biomarker discovery, has explored how these technologies can be applied to
the discovery of different types of biomarkers, and, finally, has worked through
many of the basic, but critical, issues associated with the generation and analy-
sis of the proteomic expression data. The chapter has not addressed many of
the more commonly discussed bioinformatics issues concerning protein iden-
tification or explored the body of work that is seeking to provide high confi-
dence in those results. These issues have been explored in detail elsewhere
(71,72). The bioinformatics and biostatistics discussed herein are required to
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Table 8
Some Examples of the Applications of Common Statistical Techniques 
to the Analysis of Proteomic Data

Statistical method Application area Reference

ANOVA Testing capacity of biomarkers Allard et al. (65)
to categorize stroke patients

Partial least squares Discovery of differentially Karp et al. (66)
discriminant expressed proteins in 
analysis schizophrenia patients 

Classification of ovarian Alaiya et al. (67)
cancer tumors

Principal components Identification of the regulatory Marengo et al. (68)
analysis proteins in human pancreatic 

cancers
Classification of ovarian Alaiya et al. (67)

cancer tumors
Hierarchical Discrimination of rheumatoid Dotzlaw et al. (69)

clustering analysis arthritis patients from 
healthy individuals

Student’s t-test Testing of significance of Borozdenkova et al. (70)
cardiac transplant rejection 
marker in ELISA dataa

aThis marker was discovered via 2D-PAGE. Quantitative measurements using an ELISA
assay were performed to determine clinical significance of the obtained data in the same patient
cohort. This was an appropriate use of the t-test, as the data were univariate.



ensure that the data being produced are of high quality, that the experiments
are appropriately designed, and that the results are analyzed appropriately to
identify one or more biomarkers in a biological system. We hope that this will
be useful in assisting the biomarker discovery efforts of current and future pro-
teomics researchers.
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Integrative Omics, Pharmacoproteomics, 
and Human Body Fluids

K. K. Jain

Summary
Proteomics of human body fluids for pharmaceutical applications covers a broad spectrum of

technologies. A major challenge is the integration of data from various omics technologies: pro-
teomics, genomics, and metabolomics. Applications relevant to the pharmaceutical industry include
diagnostics, drug discovery, and drug development. Special features of these applications are that
they are done on a large commercial scale. Currently, sample volumes require large-scale separation
prior to analysis by mass spectrometry. Several new technologies, particularly those on the nanoscale,
are refining this process and reducing the volume of samples required as well as expense.
Refinements of technologies for fluid proteomics, including microfluidics and nanobiotechnology,
for detection of biomarkers have applications in clinical diagnostics as well as drug discovery.
Analysis of body fluids by metabolomic technologies may uncover biomarkers of drug toxicity that
may help in avoiding clinical trials for such drugs, which are then discontinued after considerable
expense. Finally, by facilitating the integration of diagnostics with therapeutics, these technologies
will allow the development of personalized medicine.

Key Words: Pharmacoproteomics; omics; proteomics; metabolomics; metabonomics; drug
discovery; biomarkers; bioinformatics; microfluidics; nanobiotechnology.

1. Introduction
Following the introduction of the terms genomics and transcriptomics (and

later on proteomics), numerous other “omics” have been coined. They fit in with a 
systems biology concept. These terms will be used in the discussion of body fluids
in relation to pharmacoproteomics, which refers to the applications of proteomics
for drug discovery and development. Various omic technologies used for drug dis-
covery have been described elsewhere (1,2). The applications of these technologies
in the pharmaceutical sector will be considered in this chapter, which in a broad
sense includes integration of diagnostics and therapeutics as well as development



of personalized medicine. Detection of biomarkers is a link for various appli-
cations. Chemoproteomics, glycoproteomics, metabonomics, and metabolomics
are described briefly in this section.

1.1. Chemoproteomics

Chemoproteomics (or chemical proteomics) is complementary to chemical
genomics and involves the use of proteomic approaches to study how small
molecules interact with cells. It also deals with the “chemome” which is non-
enzymatic, chemical modifications of biomolecules in the body. Chemical 
proteomics has been applied to target identification and drug discovery (3).
Activity-based proteomics is an important approach for chemical proteomics
and was established in an attempt to focus proteomic efforts on subsets of phys-
iologically important protein targets. This new approach to proteomics is cen-
tered around the use of small molecules termed activity-based probes (ABPs) as
a means to tag, enrich, and isolate distinct sets of proteins based on their enzy-
matic activity (4). Chemical probes can be “tuned” to react with defined enzy-
matic targets through the use of chemically reactive warhead groups and fused
to selective binding elements that control their overall specificity. As a result,
ABPs function as highly specific, mechanism-based reagents that provide a
direct readout of enzymatic activity within complex proteomes. Modification of
protein targets by an ABP facilitates their purification and isolation, thereby
eliminating many of the confounding issues of dynamic range in protein abun-
dance. This technology can be applied to advance the fields of biomarker discovery,
in vivo imaging, and small molecule screening and drug target discovery.

1.2. Glycoproteomics

Glycoproteomics is the study of glycoproteins, which have a predominant
role in cell-cell and cell-substratum recognition events in multicellular organ-
isms. There is increasing recognition of the importance of posttranslational
modifications such as glycosylation as diversifiers of proteins and as potential
modulators of their function in health as well as in disease. The term glycome
is defined, in analogy to the genome and proteome, as a whole set of glycans
produced in a single organism. Modifications of proteomic technologies are
applied for the analysis of glycoproteins. Isolation of glycopeptides followed by
mass spectrometry (MS) analysis was shown to characterize efficiently the
structures of β2-glycoprotein I with four N-glycosylation sites and was applied
to an analysis of total serum glycoproteins (5).

1.3. Metabonomics and Metabolomics

Metabonomics is a systems approach to investigate the metabolic conse-
quences of drug exposure, disease processes, and genetic modification, whereas
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metabolomics is the measurement of metabolite concentrations in cell systems.
The technical advantage of metabolomics is its versatility in analyzing all
bodily fluids such as whole blood, plasma, cerebrospinal fluid, and urine.
Various metabolite-oriented approaches have been described such as metabolite
target analysis, metabolite profiling, and metabolic fingerprinting (6). The capa-
bility of analyzing large arrays of metabolites means that biochemical informa-
tion can be extracted reflecting true functional end points of overt biological
events; other functional genomics technologies such as transcriptomics and
proteomics, although highly valuable, merely indicate the potential cause for
phenotypic response. Therefore, they cannot necessarily predict drug effects,
toxicological response, or disease states at the phenotype level unless functional
validation is added.

Metabolomics bridges this information gap by depicting in particular such
functional information since metabolite differences in biological fluids and tis-
sues provide the closest link to the various phenotypic responses. Such changes
in the biochemical phenotype are of direct interest to the pharmaceutical, biotech-
nology, and health-care industries once the appropriate technology allows the
cost-efficient mining and integration of this information. Phenotype is not neces-
sarily predicted by genotype. In this chain of biomolecules, from the genes to
phenotype, metabolites are the quantifiable molecules with the closest link to the
phenotype. Many phenotypic and genotypic states, such as a toxic response to a
drug or disease prevalence, are predicted by differences in the concentrations of
functionally relevant metabolites within biological fluids and tissues.

2. Omic Technologies for Analysis of Human Body Fluids 
for Drug Discovery

Selected omic technologies for analysis of human body fluids for drug dis-
covery are listed in Table 1. Proteomic technologies for analysis of body fluids
are described in other chapters of this book. The emphasis in this section will
be on other omics, particularly metabonomics.

For the measurement of proteins within the range of 10 to 200 kDa, protocols
using 2D gel electrophoresis are well established. Peptides between 0.5 and 20
kDa in human body fluids can be analyzed by Differential Peptide Display, from
BioVisioN (Hannover, Germany). Proteomics has the potential to identify and
compare complex protein profiles, which can be used to generate sensitive
molecular fingerprints of proteins present in a body fluid at any given time.

A high-throughput MS immunoassay system has been described for the
analysis of proteins directly from plasma (7). A 96-well format robotic work-
station was used to prepare antibody-derivatized affinity pipet tips for subse-
quent use in the extraction of specific proteins from plasma and deposition
onto 96-well format matrix-assisted laser desorption ionization-time of flight
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(MALDI-TOF)-MS targets. This is used to screen samples from multiple indi-
viduals with regard to the plasma protein transthyretin, followed by analysis of
the same plasma samples for the transthyretin-associated transport protein,
retinol-binding protein. The approach represents a rapid and accurate means of
characterizing specific proteins present in large numbers of individuals.

2.1. Technologies for Metabolomics

Metabolomics technologies provide a comprehensive quantitative measurement
of key metabolites, which represent the whole range of pathways of intermediary
metabolism. In a systems biology approach, it provides a functional readout of
changes determined by genetic blueprint, regulation, protein abundance and 
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Table 1
Selected Omic Technologies for Analysis of Human Body Fluids
for Drug Discovery

Proteomic technologies
Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)
Mass spectrometry (MS)
Matrix-assisted laser desorption/ionization (MALDI) MS
Liquid chromatography-tanden MS (LC-MS/MS)
Surface-enhanced laser desorption/ionization (SELDI) MS
Electrospray ionization (ESI)
Peptide mass fingerprinting
Isotope-coded affinity tag peptide labeling (ICAT)

Chemoproteomics technologies
Activity-based proteomics
Peptide probes

Glycoproteomic technologies
HPLC/MS

Metabonomics/metabolomics technologies
Magnetic resonance imaging (MRI)
Nuclear magnetic resonance (NMR) spectroscopy
Mass spectrometry (MS)

Miniaturized technologies
Microfluidics
Nanofluidics
Nanobiotechnology

Bioinformatics
Protein pattern analysis
Biomarker Amplification Filter (BAMF™) Technology
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modification, and environmental influence. The importance of metabolomic
studies is indicated by the finding that a large proportion of the 6000 genes
present in the genome of Saccharomyces cerevisiae, and of those sequenced in
other organisms, encode proteins of unknown function. Many of these genes are
“silent,” i.e. they show no overt phenotype, in terms of growth rate or other
fluxes, when they are deleted from the genome. Quantification of the change in
several metabolite concentrations relative to the concentration change of one
selected metabolite can reveal the site of action, in the metabolic network, of a
silent gene. In the same way, comprehensive analyses of metabolite concentra-
tions in mutants, providing “metabolic snapshots,” can reveal functions when
snapshots from strains deleted for unstudied genes are compared with those
deleted for known genes.

Apart from being an essential component of the drug discovery and develop-
ment process, metabolomics can be used to diagnose or predict disease, to stratify
patient populations by their specific metabolism, or to determine the safety or
efficacy of a therapeutic intervention (8). Specific metabolites are already used
to identify drugs with liver or kidney toxicity. The technical advantages of
metabolomics are the versatility to analyze:

• All bodily fluids such as whole blood, plasma, cerebrospinal fluid, and urine as
well as cultured or isolated cells and biopsy materials.

• Biological samples with high-throughput capability, allowing simultaneous 
monitoring of multiple experimental alterations.

• Multiple pathways and arrays of metabolites simultaneously from microliter 
sample quantities.

• Large metabolite data sets by an observation-driven approach with unprecedented
speed and markedly enhanced cost effectiveness.

Commercial technologies are being introduced for metabolomic studies. An
approach combining proteomics with metabolomics is being pursued by a col-
laboration of the Thermo Electron Corporation and Paradigm Genetics Inc
(Research Triangle Park, NC). The companies will jointly design and develop
the next generation of chromatography/MS systems to create a new platform
for identifying and validating metabolite biomarkers important to the develop-
ment of safe and effective drugs. The unique combination of gene expression
profiling (determining the level of activity of genes in an organism at a specific
time), metabolic profiling (determining the identities and quantities of chemi-
cals in an organism at a specific time), and phenotypic profiling (measuring the
physical and chemical characteristics of an organism at a specific time), with
data from all systems being managed and analyzed in Paradigm Genetics
FunctionFinderTM bioinformatics system, will create a new paradigm for
industrializing functional genomics.

Integrative Omics and Pharmacoproteomics 179



The MS-based technology of Biocrates Life Sciences (Innsbruck, Austria)
quantifies thousands of metabolites simultaneously from microliter quantities of
biological material with high speed, precision, and sensitivity using proprietary
preanalytical steps. Quality-assured data are generated from individual samples in
a matter of minutes and interpreted employing cutting-edge statistical software
tools. Integration of all components into a new technology platform provides the
key for widespread utilization and commercialization of metabolomic information.

Paradigm Genetics is building a reference library of all stable metabolites in
the human body, under its Human Metabolome Project. This reference library
will include biochemical profiling data of human cell lines, tissues, and fluids,
which Paradigm believes will be a valuable tool to complement and enhance
traditional genomic technologies used for drug discovery and development.

2.2. Technologies for Metabonomics

Although a number of spectroscopic methods have been used for metabonomic
studies, nuclear magnetic resonance (NMR) spectroscopy is considered to be one
of the most powerful methods for generating multivariate metabolic data (9). An
NMR-based systems approach is used for drug toxicity screening to aid lead com-
pound selection. Metabolic phenotyping (metabotyping) is also used for investi-
gating the metabolic effects of genetic modification and modeling of human
disease processes. One deliberate gene knockout can produce several metabolic
disturbances. Metabonomics can thus be used as a functional genomics tool with
applications in various stages of drug discovery and development.

Metabometrix (London, UK) has a proprietary platform of metabonomics
technology for generating, classifying, and interpreting metabolic information
obtained from biological fluids and tissues using NMR spectroscopy and
advanced chemometric methods. The applications of this technology include
drug toxicity screening, drug efficacy screening, and clinical diagnostics.

2.3. Miniaturized Technologies
2.3.1. Microfluidic and Nanofluidic Approaches

Microfluidics involves the handling of small quantities (e.g., microliters,
nanoliters, or even picoliters) of fluids flowing in channels the size of a human
hair (approx 50 μm thick) or even narrower. Fluids in this environment show
very different properties than in the macro world. This new field of technology
was allowed by advances in microfabrication—the etching of silicon to create
very small features. Microfluidics is one of the most important innovations of
biochip technology. Typical dimensions of microfluidic with chips are 1 to 50 cm2,
with channels of 5 to 100 μm. Usual volumes are 0.01 to 10 μL but they can be
less. Microfluidics is the link between microarrays and nanoarrays as we reduce
the dimensions and volumes.
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Reduction in size with microfluidics allows a corresponding increase in the
throughput rate of handling, processing, and analyzing the sample. Other
advantages of microfluidics include increased reaction rates, enhanced detection
sensitivity, and control of adverse events. Lab-on-a-chip (Caliper‘s LabChip), a
miniaturized and integrated liquid handling and biochemical-processing device,
is used for computer-aided analytical laboratory procedures that can be per-
formed automatically in seconds. It is used for proteomics as well.

Microfluidic chips can be combined with MS analysis. Electrospray interface
to a mass spectrometer can be integrated with a capillary in microfluidic devices,
providing a convenient platform for automated sample processing in proteomics
applications. The Microfluidic eTag™ Assay System of ACLARA Biosystems
(Mountain View, CA) contains eTag reporters that are fluorescent labels with
unique and well-defined electrophoretic mobilities; each label is coupled to bio-
logical or chemical probes via cleavable linkages. When an eTag reporter-labeled
probe binds to its target, the coupling linkage is cleaved and the eTag is released.
The distinct mobility address of each eTag reporter allows mixtures of these
tags to be rapidly deconvoluted and quantitated by capillary electrophoresis.
ACLARA has synthesized eTag reporter libraries in spectrally distinct colors. It
is possible to use both mobility and color to increase the degree of multiplexing
dramatically. This allows concurrent gene expression, protein expression, and
protein function analyses from the same sample. Multiplexed assays can be con-
figured to monitor various types of molecular recognition events such as protein-
protein interactions and protein-small molecule binding. This technology is suited
for automated, high-throughput application in drug discovery.

2.3.2. Nanofluidics

Nanofluidics implies extreme reduction in the quantity of the fluid analyte in
a microchip to nanoliter levels, and the chips used for this purpose are referred
to as nanochips. Two well-known commercially available techniques are lab-
on-chip, based on nanoliter microfluidics, from Nanolytics (Raleigh, NC) and
NanoChip, based on microelectronics, from Nanogen (San Diego, CA).

In one technique, chemical compounds within individual nanoliter droplets 
of glycerol are microarrayed onto glass slides at 400 spots/cm2 (10). Using
aerosol deposition, subsequent reagents and water are metered into each reaction
center to assemble diverse multicomponent reactions rapidly without cross-
contamination or the need for surface linkage. This proteomics technique allows
the kinetic profiling of protease mixtures, protease-substrate interactions, and
high-throughput screening reactions. The rapid assembly of thousands of nano-
liter reactions per slide using a small biological sample (2 mL) represents a new
functional proteomics format implemented with standard microarraying and
spot-analysis tools.
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The use of liquid chromatography (LC) in analytical chemistry is well estab-
lished, but the relatively low sensitivity associated with conventional LC makes
it unsuitable for the analysis of certain biological samples. Furthermore, the
flow rates at which it is operated are not compatible with the use of specific
detectors, such as electrospray ionization mass spectrometers. Therefore, owing
to the analytical demands of biological samples, miniaturized LC techniques
were developed to allow for the analysis of samples with greater sensitivity than
that afforded by conventional LC. In nanoflow LC (nanoLC) chromatographic
separations are performed using flow rates in the range of low nanoliters per
minute, which result in high analytical sensitivity owing to the large concentra-
tion efficiency afforded by this type of chromatography. NanoLC, in combina-
tion with tandem mass spectrometry (MS/MS), was first used to analyze
peptides and as an alternative to other MS methods to identify gel-separated
proteins. Gel-free analytical approaches based on LC and nanoLC separations
have been developed and are allowing proteomics to be performed in a faster
and more comprehensive manner than by using strategies based on the classical
2D gel electrophoresis approaches (11).

Protein identification using nanoflow LC coupled with MS/MS provides reli-
able sequencing information for the low femtomole level of protein digests.
However, this task is more challenging for subfemtomole peptide levels.

2.3.3. Nanobiotechnology

Nanotechnology is the creation and utilization of materials, devices, and
systems through the control of matter on the nanometer-length scale, i.e., at the
level of atoms, molecules, and supramolecular structures. It is the popular term
for the construction and utilization of functional structures with at least one
characteristic dimension measured in nanometers. (A nanometer is one bil-
lionth of a meter—(10–9 m.) Proteins are 1 to 20 nm in size. The application of
nanotechnology in life sciences is referred to as nanobiotechnology and is
described in detailed in a special report on this topic (12).

Several nanotechnologies have been used for the study of proteomics. Some
of the technologies based on nanoparticles have refined the protein diagnostics
of body fluids. Other nanotechnologies have an impact on the application of pro-
teomics in drug discovery. One example is fluorescence planar wave guide tech-
nology (PWG) technology, which has demonstrated exceptional performance in
terms of sensitivity, making it a viable method for detection in the ZeptoMARK
protein profiling system—a chip-based microarray from Bayer Technology
Services (Leverkusen, Germany).

Thin-film PWGs consist of a 150- to 300-nm-thin film of a material with a
high refractive index, which is deposited on a transparent support with a lower
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refractive index (e.g., glass or polymer). A parallel laser light beam is coupled
to the wave-guiding film by a diffractive grating, which is etched or embossed
into the substrate. The light propagates within this film and creates a strong
evanescent field perpendicular to the direction of propagation into the adjacent
medium. It has been shown that the intensity of this evanescent field can be
enhanced dramatically by increasing the refractive index of the wave-guiding
layer and equally by decreasing the layer thickness. Compared with confocal
excitation, the field intensity close to the surface can be increased by a factor of
up to 100. The field strength decays exponentially with the distance from the
waveguide surface, and its penetration depth is limited to about 400 nm. This
effect can be utilized to excite selectively only fluorophores located at or near
the surface of the wave guide. By taking advantage of the high field intensity
and the confinement of this field to the close proximity of the wave guide, PWG
technology combines highly selective fluorescence detection with the highest
sensitivity. For bioanalytical applications, specific capture probes or recogni-
tion elements for the analyte of interest are immobilized on the wave-guide sur-
face. The presence of the analyte in a sample applied to a PWG chip is detected
using fluorescent reporter molecules attached to the analyte or one of its binding
partners in the assay. Upon fluorescence excitation by the evanescent field,
excitation and detection of fluorophores are restricted to the sensing surface,
whereas signals from unbound molecules in the bulk solution are not detected.
The result is a significant increase in the signal/noise ratio compared with con-
ventional optical detection methods.

A variety of proteins can be immobilized on PWG microarrays as selective
recognition elements for the investigation of specific ligand-protein interactions
such as antigen-antibody, protein-protein, and protein-DNA interactions. Protein
microarrays based on PWG allow the simultaneous, qualitative, and quantita-
tive analysis of protein interactions with high sensitivity in a massively parallel
manner. This method allows cost-effective determination of efficacy of drug
candidates in a vast number of preclinical study samples.

2.4. Role of Bioinformatics for Integration and Analysis 
of Various Omic Technologies

The role of bioinformatics in the analysis of proteomics data is well recognized,
and several tools are available for this purpose. The application of bioinformatics
is particularly important in large-scale analysis of fluids in the pharmaceutical
industrial setting. Bioinformatics is also important for integration of data from 
various omic technologies and applications for various purposes including clinical
diagnostics and drug discovery. A detailed discussion of this topic is beyond the
scope of this chapter, and only one example will be given here.
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Biomarker AMplification Filter (BAMF™), a proprietary technology of
Predictive Diagnostics (Vacaville, CA), is a comprehensive suite of in silico
machine learning technologies and advanced informatics tools that examines
multiple protein biomarkers found in the blood utilizing high-resolution MS data.
The biomarkers, which have been derived from profiling thousands of potential
markers, allow a comprehensive reading of the “fingerprint” left by diseased cells.
Most of the proteomics-based diagnostic tests have focused on single-biomarker
analysis, but the potential for improved test accuracy (sensitivity and specificity)
is greatly increased when the emphasis is on multiple disease biomarkers. BAMF
Technology not only improves diagnostics but also facilitates treatment options
during the earliest stages of disease. BAMF technology has been used to diagnose
accurately cancers such as breast, lung, pancreatic, and prostate, as well as other
disorders such as those of the central nervous system (CNS).

3. Search for Protein Biomarkers in Body Fluids
The first decision to be made in the search for a biomarker is whether to look

in a body fluid or a tissue. Body fluids have the advantage of being more easily
accessible and are more likely to be of clinical use because serum or urine can
be obtained by noninvasive methods routinely.

3.1. Plasma vs Serum for Industrial Scale Proteomic Studies

Plasma, obtained by centrifuging blood to remove red blood cells (RBCs)
and filtering to remove white blood cells (WBCs), contains fibrinogen.
Plasma represents the noncellular components of the blood and is used in
preference to serum by the Plasma Proteome Institute and by the Human
Proteome Organization (HUPO). The HUPO Plasma Proteome Project has
started a pilot phase study focused on key problems essential for standardi-
zation of specimen collection, specimen handling, choice of fractionation
and analysis technologies, and search engines and databases for protein
identifications (13).

Serum is obtained by coagulation of the blood, which traps the RBCs in 
fibrin—a degradation product of fibrinogen. One disadvantage of serum is that
clotting can release proteins and peptides back into the serum. The advantages of
using serum are that it is more stable and can be stored frozen for many years.
Serum and plasma are preferred for large-scale proteomic analysis for the follow-
ing reasons:

• These are already the most frequent fluids examined in clinical laboratories.
• Both potential therapeutic proteins/peptides and biomarkers of disease are present

in plasma/serum.
• They are available in large amounts from patients as well as controls.
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• They can be pooled, whereas pooling of tissues is difficult.
• These fluids are devoid of cells, the protein contents of which complicate a cell-

based approach.

Blood serum is the favored source for investigators interested in large-scale
proteomics, because it has the most proteins. However, so far only about 500 of
the 30,000 proteins in serum have been identified. Removal of albumin and the
other five major proteins allows further study of the proteome.

3.2. Challenges Facing the Use of Biofluid Proteomics 
for Drug Discovery

Many factors make this research challenging, beginning with the lack of
standardization of sample collection and continuing through the entire ana-
lytical process. Identification of rare proteins in blood is often hindered by highly
abundant proteins, such as albumin and immunoglobulin, which obscure less
plentiful molecules. A solution to this problem is an immunoaffinity column, the
Multiple Affinity Removal System from Agilent Technologies (Palo Alto, CA),
which can handle antibodies to the six most abundant proteins found in human
blood. By merely running a sample over the matrix, one can specifically remove
all six proteins at once, unveiling lower abundance species that may represent new
biomarkers for disease diagnosis and therapy. The process removes about 85% of
the total protein mass. The multiple affinity removal system works with blood,
cerebrospinal fluid, and urine, all of which contain the same major proteins. High-
abundant protein removal, combined with 2D differential gel electrophoresis, is a
practical approach for enriching and characterizing lower abundant proteins in
human serum (14). This method offers advances in proteomic characterization
and therefore in the identification of biomarkers from human serum.

Plasma proteins are unstable in postcollection samples. Once the plasma pro-
teins are removed from their protected in vivo environment, ex vivo losses start
immediately and it may be difficult to measure proteins after a few hours or
even a few minutes. BD Diagnostics (Franklin Lakes, NJ) is trying to address
the problem of protein degradation. MS was used to find proteins that are dam-
aged, and quantitative analysis revealed the intensity of peptide changes with
time, suggesting that some plasma proteins are digested over the course of time.
A protein inhibitor cocktail included in blood collection tubes at the time of
blood withdrawal stabilizes the peptide mass spectra over time.

4. Biomarker Discovery by Omic Technologies
Proteomic profiling of serum is an emerging technique to identify new bio-

markers indicative of disease severity and progression. This has clinical diag-
nostic applications, and the biomarkers can also be used for drug discovery.
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4.1. Cancer Biomarkers in Blood

MS analysis of serum proteins has revealed biomarker patterns in a variety
of cancers that provide useful information for drug discovery. Preliminary stud-
ies have shown this to be a promising direction.

4.1.1. Biomarkers of Ovarian Cancer

Serum samples from patients with ovarian cancer, patients with benign tumors,
and healthy donors have been analyzed on strong anion-exchange surfaces of pro-
tein biochips using surface-enhanced laser desorption/ionization (SELDI)-TOF
MS technology (15). Univariate and multivariate statistical analysis was applied
to the protein profiling data obtained. The investigators discovered three ovarian
cancer biomarker protein panels that, when used together, effectively distin-
guished serum samples from healthy controls and patients with either benign or
malignant ovarian neoplasia.

A study from the National Cancer Institute (Bethesda, MD) showed that a
new method of assessing protein patterns in blood samples, using MS, has
100% sensitivity and 95% specificity (16). Although proteomic profiling of
serum initially appeared to be dramatically effective for diagnosis of early-stage
ovarian cancer, these results have proved difficult to reproduce. A later analysis
revealed that the pattern allowing successful classification was biologically
implausible and that the method does not classify the data accurately (17). The
reproducibility of the proteomic profiling approach has yet to be established.

4.1.2. Biomarkers of Breast Cancer

Proteomic approaches such as SELDI MS, in conjunction with bioinformatics
tools, could greatly facilitate the discovery of new and better biomarkers. The
high sensitivity and specificity achieved by the combined use of the selected bio-
markers show great potential for the early detection of breast cancer (18).

Mammary ductal cells are the origin of 70 to 80% of breast cancers. Nipple
aspirate fluid (NAF) contains proteins secreted directly by the ductal and lobular
epithelia in nonlactating women. NAF has been used for many years as a poten-
tially noninvasive method to identify markers for breast cancer risk or early
detection. SELDI-TOF-MS can identify patterns of proteins that might define a
proteomic signature for breast cancer. SELDI analysis of NAF is rapid, repro-
ducible, and capable of identifying protein signatures that appear to differentiate
NAF samples from breast cancer patients and healthy controls.

Proteomic approaches offer a largely unbiased way to evaluate NAF as a
source of biomarkers and are sufficiently sensitive for analysis of small NAF
volumes (10 to 50 μL). In a study at the Pacific Northwest National Laboratory,
this process resulted in a volume of NAF that was suitable for analysis in
approximately 90% of subjects. Proteomic characterization of NAF identified
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64 proteins (19). Although this list primarily includes abundant and moderately
abundant NAF proteins, very few of these proteins have previously been
reported in NAF. At least 15 of the NAF proteins identified have previously
been reported to be altered in serum or tumor tissue from women with breast
cancer, including cathepsin D and osteopontin. This study provides the first
characterization of the NAF proteome and identifies several candidate proteins
for future studies on breast cancer markers in NAF.

Another study has examined proteomic changes in response to paclitaxel
chemotherapy or 5-fluorouracil, doxorubicin, and cyclophosphamide (FAC)
chemotherapy in plasma from patients with stage I to III breast carcinoma (20).
A single chemotherapy-inducible SELDI-MS peak and five other peaks that dis-
tinguished plasma obtained from patients with breast carcinoma from plasma
obtained from normal, healthy women were identified. The proteins represented
by these peaks are candidate markers for micrometastatic disease after surgery.

4.1.3. Biomarkers of Head and Neck Cancer

MS-based techniques have been applied to the study of serum as well as
tissue proteomics for head and neck squamous cell carcinoma (HNSCC). In
addition, the evaluation of salivary fluids provides new sources for HNSCC bio-
markers. A MALDI profiling study of HNSCC and lung cancer serum has also
been reported using SELDI-TOF-MS screening for differentially expressed
proteins in serum from patients with HNSCC and normal controls (21). The
serum samples are processed for SELDI analysis using an automated robotic
sample prior to incubation with copper-coated IMAC3 ProteinChip arrays from
Ciphergen Biosystems (Fremont, CA), which are analyzed using a SELDI PBS-II
instrument (22). The scheme of this procedure is shown in Fig. 1.

MALDI and SELDI protein chip profiling can be used to screen patient
serum to identify protein expression profiles consistent with HNSCC. The
serum profiling approaches that were described for HNSCC serum are based on
a dilution strategy, the premise being that minimizing sample processing would
facilitate assay reproducibility and higher throughput, thus making an eventual
diagnostic test more feasible. A strategy of fractionating serum into multiple
enriched fractions prior to SELDI or MALDI, or removal of major serum pro-
teins such as albumin prior to analysis, remains a viable alternative to this
approach. Another possibility is selectively enriching for major serum carrier
proteins such as albumin, as these could be the primary carriers of the low-mass
peptides evaluated by SELDI/MALDI profiling strategies.

4.1.4. Biomarkers of Lung Cancer

Proteomic technologies have been used to search for lung disease markers in
bronchoalveolar lavage fluid. Epithelial lining fluid is sampled by bronchoalve-
olar lavage during bronchoscopy. The protein contents of lavage fluid are very
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complex, not only because of the wide variety of the proteins but also because
of the great diversity of their cellular origins. Proteomic approaches are helpful
in sorting out the analysis of these complex proteins (23). Results of a study
using the SELDI technique suggest that lavage fluid is a promising resource for
detection of specific lung cancer biomarkers when combined with an artificial
intelligence classification algorithm (24).

4.1.5. Biomarkers of Prostate Cancer

A panel of serum proteins has been identified retrospectively that can discrim-
inate between men with prostate cancer (clinically confined to the organ) and
men with benign prostate disease (25). Serum proteomics mass spectra of these
patients were generated using ProteinChip arrays and a ProteinChip Biomarker
System II SELDI-TOF mass spectrometer from Ciphergen Biosystems. A
combination of bioinformatics tools including ProPeak from 3Z Informatics
(Charleston, SC) was used to reveal the optimal panel of biomarkers for maxi-
mum separation of the prostate cancer and the benign prostate disease cohorts.
The results showed that serum proteomics patterns may potentially aid in the
early detection of prostate cancer.
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4.1.6. Biomarkers of Pancreatic Cancer

Proteins associated with pancreatic cancer identified through proteomic pro-
filing technologies could be useful as biomarkers for early diagnosis, for thera-
peutic targets, and for disease response markers. For the discovery phase, protein
profiling can be used to analyze pancreatic tissue, pancreatic juice, and serum to
identify candidate biomarkers. Candidate biomarkers can be further validated
by immunohistochemistry in large cohorts of patient samples, using as tissue
arrays, and subsequently developed into diagnostic biomarkers in serum or pan-
creatic juice, using enzyme-linked immunosorbent assay (ELISA), protein array,
and/or high-throughput proteome-screening technology (26).

4.2. Biomarkers in Hepatitis

Analysis of the polypeptide profile in tissues, cells, and sera by high-
resolution 2D-polyacrylamide gel electrophoresis (2D-PAGE) offers promise
in the identification of biomarkers that correlate with disease. However, sera
contain many polypeptides bearing N-linked glycosylation that can complicate
interpretation. To simplify serum proteome profiles, polypeptides present in
human serum were left untreated or subjected to de-N-glycosylation by incu-
bation with PNGase F and resolved by high-resolution 2D-PAGE (27). de-N-
glycosylation reduced the number of glycoform variants, enhanced the resolution
of many polypeptides, and allowed other polypeptides to become visible. As
an initial test of concept, clinically relevant serum samples from individuals
with or without hepatocellular carcinoma were compared. Several polypep-
tides, apparent only after de-N-glycosylation, were shown to correlate with
disease. The data suggest that de-N-glycosylation offers a method to enhance
the resolution of serum polypeptide profiles and has value in comparative
proteomic studies.

4.3. Biomarkers in Rheumatoid Arthritis

An objective of current research for developing new management
approaches to rheumatoid arthritis (RA) is the discovery of protein biomarkers
of that can predict which patients will develop erosive, disabling disease. A
two-step proteomic approach was used for biomarker discovery and verifica-
tion: (1) 2D LC-MS/MS was used to generate protein profiles of synovial fluid
from patients with RA; and (2) verification of the selected candidate markers
using quantitative multiple reaction monitoring MS in sera of patients and of
healthy controls (28). Several protein marker candidates have been identified
for prognosis of the erosive form of RA. This study demonstrates the usefulness
of MS for global discovery and verification of clinically relevant sets of disease
biomarkers in synovial fluid and serum.
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4.4. Biomarkers in CNS Disorders

Use of BAMF technology in combination with the BioXPRESSION Biomarker
platform of PerkinElmer (Boston, MA) has led to discovery of biomarkers based
on patterns of proteins and peptides that distinguish Alzheimer‘s disease patients
from those without clinical signs. MALDI-TOF-MS, in combination with serum
proteomic pattern analysis, could be useful in the diagnosis of multiple sclerosis,
and a larger, masked trial to identify proteomic spectral patterns characteristic of
relapsing-remitting, primary progressive, and secondary progressive variants of
this disease is justified (29).

4.5. Applications of Biomarkers in Drug Discovery 
and Development

The advantage of applying biomarkers to early drug development is that they
might aid in preclinical and early clinical decisions such as dose ranging, defi-
nition of treatment regimen, or even a preview of efficacy (30). Later in the
clinic, biomarkers could be used to facilitate patient stratification, selection, and
the description of surrogate end points. Information derived from biomarkers
should result in a better understanding of preclinical and clinical data, which
will ultimately benefit patients and drug developers. If the promise of biomarkers
is realized, they will become a routine component of drug development and
companions to newly discovered therapies.

5. Conclusions
The proteomics of human body fluids for pharmaceutical applications covers

a broad spectrum of technologies. A major challenge is the integration of data
from various omics technologies: proteomics, genomics, and metabolomics.
Applications relevant to the pharmaceutical industry include diagnostics, drug
discovery, and drug development. A special features of these applications is that
they are done on a large commercial scale. Currently, sample volumes require
large-scale separation prior to analysis by MS. Several new technologies, partic-
ularly those on the nanoscale, are refining this process and reducing the volume
of samples required as well as the expense. Refinements of fluid proteomics,
technologies, including microfluidics and nanobiotechnology, for detection of
biomarkers have applications in clinical diagnostics as well as drug discovery.
Analysis of body fluids by metabolomic technologies may reveal biomarkers of
drug toxicity that may help to prevent the discontinuance of clinical trials after
considerable expense has been incurred. Finally, by facilitating the integration of
diagnostics with therapeutics, these technologies will allow the development of
personalized medicine.
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The Human Plasma and Serum Proteome

Gilbert S. Omenn, Rajasree Menon, Marcin Adamski, Thomas Blackwell,
Brian B. Haab, Weimin Gao, and David J. States

Summary
Human plasma and serum are the preferred specimens for noninvasive studies of normal and

disease-associated proteins in the circulation and arising from cells throughout the body. The
attributes of extreme complexity, very wide dynamic range, genetic and physiological variation,
endogenous and ex vivo modifications, and incompleteness of sampling by mass spectrometry all
represent major challenges to reproducible, high-resolution, high-throughput analyses of the
plasma proteome. This chapter summarizes the major reports to date identifying proteins in nor-
mal individuals and identifies paths to increased use of proteomics methods with human speci-
mens for biomarker discovery and application in various diseases.

Key Words: Plasma proteome; complexity; dynamic range; abundance; variation; posttrans-
lational modifications; splice isoforms; ex vivo modification; high-throughput; error estimation.

1. Introduction
Plasma or serum specimens are the most available samples from patients and

from participants in clinical research (Table 1). These specimens offer the best
prospects for minimally invasive sampling of proteins that are discovered and
validated to be biomarkers for physiological and pathological changes and
responses to pharmacologic agents. The proteins of the noncellular fraction
of blood represent a combination of those essential to circulatory functions
(osmotic pressure, coagulation, complement, immunity) and those secreted or
released into the circulation from cells in organs throughout the body both dur-
ing normal cell turnover (1,2) and in diseases with specific injury, such as
myocardial infarction (3). They may also include proteins derived from common
saprophytic microorganisms in our bodies. Both the plasma and various types of
cells contain numerous proteases, so there is an expectation that many proteins
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will be found at lower molecular weight than that of the full-length protein.
Although the gene and protein databases commonly give protein lengths and
molecular weights for the primary gene product, often a precursor protein, that
form of the protein may not be found in the plasma at all, nor is genetic varia-
tion in primary sequence represented in the most widely used protein sequence
databases. The action of proteases and other enzymes that create posttransla-
tional modifications of proteins may continue ex vivo while specimens are col-
lected, processed, stored, thawed, and processed again before analysis.

1.1. Dynamic Range of Concentration or Abundance

The concentrations of proteins in plasma range from the most abundant by far,
albumin at 40 mg/mL, to cytokines and kallikreins (including prostate-specific
antigen [PSA]) at about 1 ng/mL, to proteins of tissue origin down to much
lower concentrations. From 40 mg/mL to 4 pg/mL is 10 orders of magnitude (see
Fig. 1). The most common technology for fractionating and identifying proteins,
2D gel electrophoresis (2DE), has a range of detection of not more than 3 orders
of magnitude. Other methods have similar or slightly larger ranges. Plasma has
a far larger dynamic ranges than tissue or other body-fluid specimens.

Albumin accounts for approx 50% of the total mass of proteins in the plasma.
Another several proteins account for about 40% of total protein mass (2). The
most abundant 22 proteins are estimated to account for 99% of total protein
mass (4). Table 2 lists particularly abundant and readily detected proteins, with
their usual concentrations. Abundance is an extremely important variable, not
only because more abundant proteins are more readily detected, but also
because the peptides and peptide ions from these proteins compete against pep-
tides from other proteins in identification by mass spectrometry (MS). Thus,
several methods have been developed for depletion of highly abundant proteins,
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Table 1
The Plasma Proteome

Advantages
The most available human specimen
The most comprehensive sample of tissue-derived proteins

Specific disadvantages
Extreme complexity/enormous dynamic range
High risk of ex vivo modifications
Lack of highly standardized protocols

General challenges
Inadequate appreciation of incomplete sampling by MS/MS evolving
Annotations and unstable, evolving databases
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Fig. 1. Dynamic range of proteins in plasma. (Adapted from figure kindly provided
by Dr. Denis Hochstrasser.)

Table 2
Most Abundant Plasma Proteins

Plasma level
Protein (mg/mL)

Albumin 35–45 
IgG, IgA, IgM 12–18 
α-2 and β-lipoproteins (LDL) 4–7 
Fibrinogen 2–6 
α1-Antitrypsin 2–5 
α2-Macroglobulin 2–4 
Transferrin 2–3 
α-1-Acid glycoprotein 1 
Hemopexin 1 
α-lipoproteins (HDL) 0.6–1.5 
Haptoglobin 0.3–2 
Prealbumin 0.3–0.4 
Ceruloplasmin 0.3 

Adapted from Chemical Rubber Handbook of Bio-
chemistry, 1970:C-36–39, and current data from GenWay,
at the September 2002 PPP Workshop.



including binding to dye molecules or proteins with affinity for albumin and for
immunoglobulins and binding on immunoaffinity columns to polyclonal anti-
bodies raised against the abundant proteins. One column from Agilent removes
six sets of proteins (albumin, IgG, IgA, α1 antitrypsin, haptoglobin, and trans-
ferrin; a new version also removes fibrinogen). Other columns from GenWay
Biotech remove 6 (albumin, IgG, IgM, IgA, transferrin, and fibrinogen) or 
12 proteins (also α1 antitrypsin, α2 macroglobulin, haptoglobin, apolipoproteins
A-I and A-II, and orosomucoid/α1 acid glycoprotein) (5). A Sigma-Aldrich
product removes 20 plasma proteins.

Concentration is dependent on stability, binding, and clearance of proteins
once in the circulation. Proteins small enough to pass through the glomerular
filter of the kidney will be lost into the urine, unless they are bound to other pro-
teins; such binding occurs commonly (see Subheading 3.4.). Protein-protein
interactions are important to functions of proteins and are often modified under
physiological, pathological, and pharmacological influences (6,7).

1.2. Complexity and Variation

The current estimate of the number of protein-coding genes in the human
genome is about 22,000. The number of corresponding proteins is, however, much
higher. Multiple proteins are generated owing to alternative transcription of genes
(splice-isoforms), single-nucleotide polymorphisms (SNPs) and other mutation-
derived and chromosomal genetic variations, and numerous posttranslational mod-
ifications, starting with processing of precursors. In pathological conditions such
as cancers, derangements in splicing and posttranslational processing mechanisms
may further increase the number of protein products produced. The many iso-
forms, especially of abundant proteins, generate families of protein spots on gels
and in any other method. The number of proteins and their isoforms in normal
plasma is unknown but is presumed to be several hundred thousands, possibly
including some amount of nearly every protein in the body. As we shall document
below, intracellular and intranuclear proteins are readily detected in plasma with
sensitive MS or antibody capture methods. MS methods that have extraordinary
sensitivity to detect a single purified protein or a mixture of small numbers of pro-
teins run up against their limits at much higher concentrations when the specimen
has such complexity. Plasma has far greater complexity than tissue proteomes.
Immunoglobulins represent a particularly diverse set of related proteins.

1.3. The Inherent Incompleteness of Peptide and Protein Identifications
and the Risk of False-Positive Identifications

Because of competition and suppression by peptide ions, as well as vast dif-
ferences in protein concentrations, MS is an inherently incomplete sampling
process (8,9). One may compare this process with placing a fishing rod in a
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fast-moving stream with lots of fish. Furthermore, the automated search
engine algorithms that match spectra and mass/charge ratio peaklists to peptide
sequences have a substantial risk of false-positive identifications (10–13). Even
repeating the same analysis may give a different result owing to nearly identi-
cal mass values for certain expected or modified amino acids and stochastic fea-
tures of the algorithm. When peptides are later matched to protein sequences in
gene or protein databases, multiple high-confidence assignments may occur,
reflecting the high homology of protein sequences, especially for protein fami-
lies and protein isoforms owing to SNPs, or splicing, or other modifications.
The combination of dynamic range and complexity of plasma makes the sam-
pling problem much greater with plasma than with organ/tissue proteomes.

1.4. Ex Vivo Sources of Variation

When blood is collected, many more changes in proteins may occur due to pro-
teolytic enzymes (proteases) and other enzymes that are active in the blood sam-
ple during handling and processing. Proteins from blood’s cellular components
may be released ex vivo, as well. It may be difficult to differentiate in vivo from
ex vivo hemolysis (breakdown of red blood cells with release of hemoglobin and
other proteins), platelet activation (enhanced at 4°C, with release of platelet basic
protein, thymosin-β-4, platelet factor 4, and other platelet markers), or white
blood cell degranulation or breakdown with release of other proteins.

Plasma is converted to serum by permitting or activating clot formation, usu-
ally at room temperature, which involves the very active protease action of
thrombin on fibrinogen and related protein targets and other proteases on other
proteins of the coagulation cascade (14) (see also Subheading 7.). The forming
clot itself provides a physical scaffold for attachment of proteins. Plasma is pro-
tected from clotting by use of one of three different anticoagulants: sodium cit-
rate, K2-EDTA, or lithium heparin. Each has its own characteristics; citrate and
EDTA have desirable features of antiprotease activity. Some investigators add a
protease inhibitor cocktail, often proprietary in composition; generally these
cocktails include both peptide and small molecule inhibitors (15). The peptide(s)
may compete directly with and interfere with the detection of peptides in the
mass spectrometer, whereas such small molecules as ABESF, a sulfonyl fluo-
ride, have been shown to form covalent bonds with proteins and thereby shift
the isoelectric point (pI) of the protein (16).

2. Methods for Detection and Identification of Proteins
2.1. Gel Electrophoresis

The workhorse method remains 2-DE of protein mixtures, followed by
marking of protein spots of interest for physical picking of those spots, which
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are then digested with trypsin and subjected to liquid chromatography-tandem
MS (LC-MS/MS) analysis. The online fractionation of the tryptic peptide digest
greatly reduces the complexity presented to the MS/MS ion trap and enhances
detection of distinctive peptide features in mass spectra. Gel methods are poor
at separating and visualizing hydrophobic proteins, high-molecular-weight
(MW) proteins, very low-MW proteins/peptides, and proteins at the extremes
of pI. According to Anderson et al. (17), 2-DE was able to resolve 40 distinct
plasma proteins in 1976; because of the dynamic range limitations and the
many isoforms, that number was still only 60 in 1992 and remains about the
same today. Multidimensional fractionation has greatly expanded this resolu-
tion, including combinations of depletion of abundant proteins, fractionation of
intact proteins, chromatographic resolution of peptides, and separation of pep-
tide fragments in the mass spectrometer. Variations on this approach include
liquid-phase 2D (pI, MW) and 3D (pI, hydrophobicity, MW) fractionation of
the proteins, often preceded by immunoaffinity depletion of the most abundant
proteins. An example is the intact protein analytical system of Wang et al. (18).

2.2. Quantitation of Proteins

Quantitation is a complex challenge. Differential labeling of two specimens
to be compared (like before and after treatment), using fluorescent Cy dyes, can
yield relative concentration measurements when the two labeled specimens are
pooled and processed together. Mass isotope-coded affinity tag (ICAT) labeling
methods can generate precise ratios of concentrations after analogous labeling
and pooling experiments (19). A recently introduced isobaric tags for relative
and absolute quantitation (iTRAQ) method, using a set of four tags that frag-
ment in the mass spectrometer to release fragments and retain labels of 114,
115, 116, and 117 mass, permits comparing concentrations of four different
specimens simultaneously (20).

A particularly promising approach using “proteotypic peptides” has been
introduced recently to score proteins for identification and for relative or
absolute quantification (21,22). The principle is that peptides are identified
from databases or from large empirical studies, including pooled studies
(www.peptideatlas.com), that have sequences uniquely matching a single protein
and physiochemical properties that favor detectability in MS/MS experiments
(21). Synthesis and isotopic labeling of these peptides then permits their use
through large-scale spiking to generate paired peptide ions and peptide ion
fragments from which the relative concentration can be calculated (23).

2.3. Protein Capture Methods

Enzyme-linked immunosorbent assay (ELISA) is a protein capture method
that has been proved to be of enormous utility. Dependent on the availability of
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high-quality antibodies, ELISA assays can be sensitive, robust, and reliable. A
range of automated, parallel, and multiplexed formats have been developed to
enhance the throughput of ELISA assays. Protein microarrays are well suited to
detection of antigens with antibodies, or of antibodies with antigens (24,25).
The specificity of the antibodies is critical. The choice of concentration at
which to spot them robotically, potentially hundreds or even thousands of anti-
bodies, on glass slides is important to the successful capture of protein antigens
in a specimen with a very wide range of concentrations, like plasma. Antigen-
antibody reactions are highly sensitive to affinity of the antibody and concen-
trations of both proteins. Alternatively, the method can be used to spot antigens
fractionated from cell lysates, for example, and then to test plasma or serum
specimens for autoantibodies against those proteins. If the spotted proteins are
known, then the immunoreactivity can be related to specific proteins. If the
proteins are not known, the initial result of the experiment is a “pattern” of
immunoreactivity, which can be compared for sera from different patients.
Aptamers and other protein capture agents can be used similarly.

2.4. Patterns of Proteins Without Protein Identification

Pattern recognition methods have been used extensively for diagnostic dis-
covery research, including numerous papers describing surface-enhanced laser
desorption/ionization (SELDI) MS (26). Up to 15,000 low molecular m/z peak
“squiggles” may be noted, of which as few as 5 will be sufficient for artificial
intelligence algorithms to use for discriminant analysis between a set of sera
from patients with a particular kind of cancer and a set of sera from normal vol-
unteers. Generally, no proteins are actually identified, just pattern differences
from certain m/z peaks. In a few cases, an abundant protein like haptoglobin has
been found to account for at least one of the m/z peak differences (27). Precise
matching of all specimen collection, handling, and analytical variables for the
controls and patients is essential.

3. How Many Proteins Can Be Detected in Human Plasma or Serum?
There is a rapidly growing literature of results from extensive analyses of

human plasma and serum specimens. Here we summarize certain features of
each published study and then compare each study with the 3020 protein list
recently compiled in the Human Proteome Organization (HUPO) Plasma
Proteome Project (PPP), as described below and shown in Table 3. The num-
bers of proteins depend on many factors, including the extent of fractionation
and number of MS/MS runs with the sample, the number of peptide ions
sequenced in the tandem MS, the stringency of criteria for identification of pep-
tides and minimization of false positives, the restriction to tryptic or semitryptic
peptides, the exclusion or inclusion of immunoglobulins and keratins, and the
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tolerance for multiple ambiguous assignments of the peptides to proteins in
gene or protein databases.

Anderson et al. (17) published a compilation of 1175 nonredundant proteins
reported in at least one of four sources (a literature review plus three recent
experimental data sets [28–30]. Of the 1175, only 195 were reported in any two
of the four input data sets; only 46 proteins were reported in all four sources; 284
reported in the literature were not found in any of the three experimental data
sets; only 3 of the 46 were not already known in the literature. Patterson and col-
leagues (14) have suggested that such discordance reflects high false-positive
rates from reliance on single-peptide hits. The three experimental papers used
immunodepletion/ion exchange/size exclusion multidimensional protein fraction-
ation followed by 2-DE and then MS (28); immunoglobulin depletion followed
by tryptic digestion and then ion-exchange/reversed-phase 2D-LC-MS/MS analysis
of the tryptic digest (29); or molecular mass fractionation followed by multi-
dimensional protein identification technology (MudPIT) 2D-LC-MS/MS of a
tryptic digest of low-MW plasma fractions (30).

The first used serum from two healthy male donors and depleted albumin, hap-
toglobin, transferrin, transthyretin, α1 antitrypsin, α-1-acid glycoprotein, hemo-
pexin, and α2 macroglobulin; LC Q-MS/MS results were searched against the
NCBI database using Sequest. The second used serum from a healthy female
donor, depletion of immunoglobulins with protein A/protein G, analysis with LC-
Q-Deca XP, and Sequest search with the NCBI (May 2002) database. The third
used a standard human serum purchased from the National Institute of Standards
and Technology (NIST), centrifugal filters to capture proteins with a molecular
mass cutoff at 30 kDa, analysis with Ciphergen PBS-II time of flight (TOF)/MS,
and search with Sequest against a human FASTA database that contained 100,000
viral sequences useful for detection of false-positive matches. Any sequences
(fragments, splice variants) that shared a region greater than 15 amino acids with
more than 95% identity were assigned to the same cluster and reported as a sin-
gle entry in the nonredundant set of 1175 proteins, from the total of 1680 initial
human accessions. The largest cluster had 109 immunoglobulins.

Various methods were used to annotate signal sequences, transmembrane
domains, and Gene Ontology-based descriptors of cell localization and biological
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Table 3
Websites With HUPO Plasma Proteome Project Data Sets

Group Website

University of Michigan www.bioinformatics.med.umich.edu/hupo/ppp
European Bioinformatics Institute www.ebi.ac.uk/pride
Institute for Systems Biology www.peptideatlas.org



and molecular functions. The nonproteomic list of proteins historically accrued
in the literature (N = 468) had a predominance of signal sequence-containing
extracellular proteins, whereas the data sets from the three proteomics publica-
tions had a much higher representation of cellular proteins, including many with
nuclear, as well as cytoplasmic, localization. At successively deeper layers of
detection, the distribution of proteins shifted from mostly extracellular to a dis-
tribution more like the primarily cellular total proteome. At least 10 transcription
factors were reported, each by only a single method, and none in the literature
set; in contrast, only 4 of 39 cytokines and growth factors were found in any
experimental set, whereas 37 occurred in the literature. The authors recommend
that multiple analytical methods should be utilized to enhance the depth of iden-
tification of plasma proteins.

Shen et al. (31) used high-efficiency nanoscale reversed-phase liquid chro-
matography (RP-LC) and strong cation exchange LC in conjunction with ion-
trap MS/MS and then applied conservative Sequest peptide identification
criteria (with or without considering chymotryptic or elastic peptides) and pep-
tide LC normalized elution time constraints. Between 800 and 1682 human
proteins were identified, depending on the criteria used for identification (δCn
cutoff of >0.05 or >0.10), from a total of 365 μg (5 μL) of a single human
plasma sample. They deliberately did not deplete albumin or immunoglobulins
owing to variable and selective losses of other proteins in the process. The
sample was diluted for denaturation and reduction, desalting, and then tryptic
digestion, followed by RPLC-MS/MS; 110 proteins were identified from 428
different peptides in the first process, lower than expected, which was attributed
to the interference from peptides from highly abundant proteins.

Shen and Smith (32) have reviewed recent developments in combined sepa-
rations with MS for sensitive and high-throughput proteomic analyses. As illus-
trated above, these developments primarily involve high-efficiency separation
with peak capacities of approximately 103, nanoscale LC with flow rates of
approx 20 nL/min at optimal liquid mobile-phase separation linear velocities
through narrow packed capillaries, and high-sensitivity, high-resolution Fourier
transform-ion cyclotron resonance (FT-ICR)-MS. Such approaches allow analysis
of low-nanogram-level proteomic samples (i.e., nanoscale proteomics) with
individual protein identification sensitivity at the low zeptomole level. The
resultant protein measurement dynamic range can approach 106 for nanogram-
sized proteomic samples, whereas more abundant proteins can be detected from
subpicogram-sized (total) proteome samples.

Chan et al. (33) resolved trypsin-digested protein peptides from a Sigma
pooled standard serum into 20 fractions by ampholyte-free liquid-phase iso-
electric focusing. These 20 peptide fractions were submitted to μRP-LC-MS/MS
to identify 957 unique peptides assigned to 473 proteins. Aliquots of these 
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20 fractions were subjected to strong cation-exchange chromatography, generating
7 × 20 fractions, which were then analyzed by microcapillary RP-LC-MS/MS
with an LC-Q-DecaXP, yielding 2071 peptides and 1143 protein matches.
Dynamic exclusion was utilized to prevent redundant acquisition of the sets of
three peptides previously selected for MS/MS.

In total, they identified 1444 unique proteins from 2646 unique peptides
after searching with Sequest against the Expert Protein Analysis System
(www.expasy.org) database. The filters applied were Xcorr ≥ 1.9, 2.2, 3.5 for fully
tryptic peptides with 1+, 2+, and 3+ charge state, δCn ≥ 0.08, plus slightly higher
Xcorr cutpoints for nontryptic peptides. The number based on single-peptide hits
was not stated; a high percentage in the supplementary table was, indeed, based
on just a single peptide (http://bpp.nci.nih.gov). These authors did not utilize a
depletion step, to avoid the risk of removing nontarget low-abundance proteins.
Proteins from all functional classes, cellular localizations, and abundance levels
were identified, the majority attributed to secretion or shedding of proteins by
cells during signaling, necrosis, apoptosis, and hemolysis. They estimated the
confidence of peptide identifications to be more than 90% based on matching
of spectra to peptides from an Archea database with 12,038 nonhuman protein
sequences. All of the 22 most abundant proteins were identified, along with the
expected coagulation and complement factors, transport and binding proteins,
growth factors, and hormones. Intracellular and membrane-associated proteins
made up 40 and 32% of the identified proteins, respectively. The website (above)
appears still to be limited to this report (as of July 27, 2005).

Zhou et al. (34) identified an aggregate of 210 low-MW proteins or peptides
after multiple immunoprecipitation steps with antibodies against albumin, IgA,
IgG, IgM, transferrin, and apolipoprotein, followed by RP-LC-MS/MS. This
aggregate result comprises nine different experimental methods, based on the
notion that these abundant proteins may act as “protein scaffolds” or “molecu-
lar sponges” for low-MW proteins and peptides, including hormones. Of these
proteins, 73 and 67% were not found by the same lab in previous studies of the
low-MW or whole serum proteome (30,33). Unfortunately, there was no dupli-
cate analysis in any of these three studies to ascertain the percent concordance
with the same method, same sample, and same lab; other evidence suggests that
concordance might be 50% or much less.

The four different albumin removal methods (protein G-coupled anti-HSA
antibody and Millipore Montage Albumin Deplete Kit affinity columns with
three different buffer conditions) led to identification of only 33, 63, 24, and
56 proteins, respectively. There were 38, 19, 38, and 13 proteins identified as
bound with protein G-coupled specific antibody against IgA, IgM, apolipopro-
tein A-I, and transferrin, respectively, and 53 bound to IgG removed with pro-
tein G itself. Presumably, the abundant proteins/peptides were discarded in the
analysis, although no evidence was presented to show that these proteins were
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fully eliminated with use of the YM-30 Centricon ultrafilters with an MW
cutoff at 30 kDa followed by centrifugation at 1000g. In fact, proteins (or
fragments) with nominal MW as high as 565 kDa (ryanodine receptor 2) and
181 kDa (pregnancy plasma protein A) were reported.

From the nine experiments, a total of only 378 unique peptides (not limited to
tryptic peptides) were identified, which matched to 210 proteins. Clearly, many
or most of the protein IDs were based on just one peptide (data not given). The
Sequest filter criteria for peptide identifications were based only on Xcorr values,
with no use of δCn or Rsp filters. Of the 210 proteins, 57 (26%) had been iden-
tified by Tirumalai et al. (30) in a low-MW serum proteome study; 39 of the
210 were hypothetical proteins in the EMBL-nr database utilized. By contrast,
only 1 was identified by Adkins et al. (29) in serum depleted of IgG and then ana-
lyzed by LC-MS/MS; only 4 were identified in plasma by 2-DE followed by MS
(25); and only about 70 of the 1500 claimed by Chan et al. (33) were identified.

Rose et al. (35) reported fractionation with an industrial-scale approach,
starting with 6 L of blood and 2.5 L of plasma from 53 healthy males that were
depleted of albumin and IgG with affinity resin and protein G, respectively, to
yield 53 g total protein. Then smaller proteins (MW < approx 40 kDa) and
polypeptides, after gel filtration (1.5 g), were separated into 12,960 fractions by
chromatographic techniques. Fragments of larger proteins could not be excluded.
Electrospray ionization (ESI)-MS and matrix-assisted laser desorption/ionization
(MALDI)-TOF-MS were performed on the small proteins on MALDI plates, and
then aliquots following tryptic digestion were subjected to LC-ESI-MS/MS
(Bruker Esquire 3000 ion trap instrument). The protocol was driven by the esti-
mate that 100 fmol of a protein is required for successful separation, digestion,
and MS identification of peptides; the corresponding concentration must be at
least 1 nM for a sample size of 100 μL, or 100 fM if 1L of sample is the start-
ing material. Some 8533 of the final fractions had no identifiable protein; 994
had a single protein ID; and the most complex fraction had 21 identifiable
proteins. About 1.5 million MS/MS spectra were analyzed with commercial
algorithms and then a new Olav engine, with six different databases. From thou-
sands of peptide identifications, 502 different proteins and polypeptides were
matched, 405 of which were included in the publication, of which 115 were
based on just a single peptide. When their criteria were applied to the list of 490
proteins created by Adkins et al. (29), only 164 of the more common proteins
were retained. One hundred peptides were identified from areas of the genome
where no proteins had previously been predicted.

3.1. The HUPO Plasma Proteome Project (PPP)

HUPO has initiated several proteome initiatives, including liver, brain,
and plasma proteomes and antibody and protein bioinformatics/standards initia-
tives (36). Here we summarize the PPP pilot phase (Fig. 2). Eighteen of the 
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laboratories participating in the HUPO PPP conducted a wide range of deple-
tion and fractionation protocols combined with tandem MS/MS or FT-ICR-MS
with HUPO PPP reference specimens (1,37). They submitted a total of 42,306
protein identifications using various search engines and databases to handle
spectra and generate peptide sequence lists from the specimens analyzed.
Peptides with six amino acids or more matched to 15,519 nonredundant pro-
teins in the International Protein Index (IPI) of the European Bioinformatics
Institute in Hinxton, UK (38). IPI version 2.21 (July 2003) was chosen as the
standard reference database for this project. We designed an integration algo-
rithm, which selected one representative protein among multiple proteins
(homologs and isoforms) to which the identified peptides gave 100% sequence
matches (39,40). This integration process resulted in 9504 proteins in the IPI
v2.21 database. The PPP database is conservative from this point of view,
counting homologous proteins and all isoforms of particular proteins (and their
corresponding genes) just once, unless the sequences actually could differenti-
ate additional matches.

We included at this stage proteins identified by matches to one or more pep-
tide sequences of “high” or “lower” confidence according to cutpoints utilized
with the various search engines used by different MS/MS instruments. We have
reported (1) details of the cutpoints or filters used by each investigator. All lab-
oratories utilizing Sequest were asked to reanalyze their results using the PPP-
specified filters of Xcorr values ≥ 1.9, 2.2, and 3.75 for singly, doubly, and
triply charged ions, with δCn value ≥ 0.1 and Rsp ≤ 4 for fully tryptic peptides
for “high-confidence” identifications; most did so. No equivalency rules
were applied across all the search algorithms for all the cutpoints. However,
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Fig. 2. Scheme showing aims and linkages of the HUPO Plasma Proteome Project.
(Adapted from ref. 37 with permission.)



Kapp et al. (13) provided such a cross-algorithm analysis for three specified
false-positive rates using one laboratory data set and five search algorithms.

Data management for this project comprised guidance and protocols for data
collection, centralized integration and analysis, and dissemination of findings
worldwide. Key challenges were integration of heterogeneous data sets, reduc-
tion of redundant information, and data set annotation. Multiple factors had to
be balanced, including when to “freeze” on a particular release of the ever-
changing database selected for the PPP. Freezing of the database was essential
to conduct extensive comparisons of complex data sets and annotations of the
data set as a whole. However, freezing complicates the work of linking findings
of the current study to evolving knowledge of the human genome and its anno-
tation. Many of the entries in the IPI protein sequence database(s) available at
the initiation of the project or even the analytical phase were revised, replaced,
or withdrawn over the course of the project. This fact complicates all cross-
study comparisons. Our policies and practices anticipated the guidelines issued
recently by Carr et al. (41), as documented by Adamski et al. (40).

Since the approaches and analytical instruments used by the various labora-
tories were far too diverse to utilize a standardized set of mass spec/search
engine criteria, we created a relatively stringent, defined subset of protein IDs
from the 9504 above by requiring that the same protein be identified with at
least a second peptide. In a peptide chromatography run for MS, not all peaks
are selected for MS/MS analysis, and the identification of peptide fragment ions
is a low-percentage sampling process. Thus, additional analyses in the same lab
and in other labs would be expected to enhance the yield of peptide IDs.
Consequently, MS data from the individual laboratories were combined to
increase the probability of peptide identification and protein assignment. Of the
total of 9504 protein IDs, 6484 were based on one peptide, whereas 3020 were
based on two or more peptides. The list of 3020 proteins (5102 before integra-
tion) has been utilized as the Core Protein Dataset for the HUPO PPP knowl-
edge base. Full details with unique IPI accession numbers for each protein are
accessible for examination and reanalysis at the websites at the University of
Michigan, the European Bioinformatics Institute, and the Institute for Systems
Biology, as listed in Table 3. As a sample of use, during the period 5 to 31
January, 2005, there were 5000 hits and 1000 downloads of PPP data from
PRIDE. The 3020 proteins represent a very broad sampling of the IPI proteins
in terms of characterization by pI and by MW of the transcription product
(often a “precursor” protein).

The publicly available PPP database permits future users to choose their own
cutpoints for subanalyses. For examples, 2857 proteins were identified at least
once with “high-confidence” criteria; 1555 proteins were based on two or 
more peptides, at least one of which was reported as high confidence (from the
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intersection of the 3020 and the 2857); and 1274 protein IDs were based on
matching to three or more peptides. We have subjected the PPP results to further
very logical, stringent analyses, adjusting for protein length and for multiple com-
parisons testing (a Bonferroni correction for potential random matching to the
entire 43,730 proteins in IPI v2.21), yielding a data set of 889 proteins (42). These
adjustments may be overly stringent, since they assume equivalent random
matching to all proteins, whereas proteins occur in various families and have con-
siderable homologies. Two laboratories reported glycoprotein enrichment, one
with hydrazide chemistry and the other with binding to three lectins (43,44).
Together they had 254 protein IDs, of which 164 were reported also by other lab-
oratories, whereas 90 were identified only after glycoprotein enrichment (1).

4. Cross-Study Comparisons With HUPO PPP Core Database
Across studies, as well as across the PPP-participating laboratories, incomplete

sampling of proteins is a dominant feature. A substantial depth of analysis is
achieved with depletion of highly abundant proteins, and fractionation of intact
proteins followed by digestion and two or more MS/MS runs for each fraction
(45). Haab et al. (46) showed that the number of peptides identified for a protein
in this collaborative data set correlates highly with the measured concentration of
the presumed same protein by immunoassays (correlation = 0.90 for 76 proteins
in the 9504 data set and 0.86 for 49 proteins in the 3020 data set) (see Fig. 3).

Table 4 presents the degree of congruence for the five published studies
described in detail above in Subheading 3. in relation to the HUPO PPP find-
ings. Standardized, statistically sound criteria for peptide identification, protein
matching, and estimation of error rates are necessary features for comprehen-
sive profiling studies and especially for cross-study comparisons.

Of the 990 proteins that have IPI v2.21 identifiers in the four studies com-
piled by Anderson et al. (17), 316 are found in the PPP 3020 protein Core
Dataset. When we relaxed the integration requirement (5102 IPI IDs), this fig-
ure rose only to 356 matches. Using the full 9504 data set, the corresponding
matches were 471 with integration and 539 without integration. With the coop-
eration of Shen et al. (31), we reran their raw spectra using HUPO PPP Sequest
parameters (high confidence: Xcorr ≥ 1.9/2.2/3.75 [for charges +1/+2/+3], δCn
≥ 0.1, and RSp ≤ 4; and lower confidence: XCorr ≥ 1.5/2.0/2.5 [for charges
+1/+2/+3], δCn ≥ 0.1) and obtained 1842 IPI protein matches. Of these, 526 and
213 were found in the PPP 9504 and 3020 data sets, respectively. When we
mapped the 1444 proteins reported by Chan et al. (33) against the IPI v2.21
database, there were 1019 distinct proteins. From this set, 402 and 257 proteins
matched with the 9504 and 3020 data sets, respectively. With the Zhou et al.
(34) protein-bound proteins, 148 proteins were mapped with IPI identifiers, of
which 88 and 62 were found in the 9504 and 3020 PPP protein lists, respectively.
Finally, of the 287 low-MW proteins (<40 kDa) from Rose et al. (35) that
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Table 4
Comparison of HUPO Plasma Proteome Project (PPP) Protein
Identification Lists With Published Data Sets for Plasma or Serum

No. of IPI PPP_9504 PPP_3020 
Published data Total IDs proteins Data set Data set

Anderson et al. (17) 1175 990 471 316
Shen et al. (31) 1682 1842 526 213
Chan et al. (33) 1444 1019 402 257
Zhou et al. (34) 210 148 88 62
Rose et al. (35) 405 287 159 142

IPI, International Protein Index.

Fig. 3. Correlation of total number of peptide identifications across the collaboration
for each protein with the immunoassayed concentration of the presumed same protein
in plasma or serum in the HUPO Plasma Proteome Project. The log-log correlation fit
the linear relationship log 10 (N) = 0.365 log 10 (C)−0.711, with r = 0.90 for 76 pro-
teins in the 9504 dataset. Note that the lowest set of matches is for proteins with one
peptide match. (Adapted form 42 with permission and from 46).

mapped to IPI identifiers, 159 and 142 are included in our 9504 and 3020 protein
data sets, respectively.

These data sets vary remarkably in the protocols for depletion and/or 
fractionation, the criteria for protein IDs, and the inclusion or depletion of
immunoglobulins. All claim some relatively low abundant proteins. For example,



the PPP reported 10 proteins, identified from two or more peptides, in the con-
centration range of 200 pg/mL to 16 ng/mL, among 49 identified and meas-
ured with quantitative immunoassays (46): α-fetoprotein, tumor necrosis
factor receptor-8 (TNF-R-8), TNF-ligand-6, platelet-derived growth factor
receptor-α (PDGF-Rα), leukemia inhibitory factor receptor, matrix metallopro-
teinase-2 (MMP-2)/gelatinase, epidermal growth factor receptor (EGFR), tissue
inhibitor of metalloproteinase-1 (TIMP-1), insulin-like growth factor binding
protein-2 (IGFBP-2), and activated leukocyte adhesion molecule. Selectin L, at
17 ng/mL, was identified with 10 peptides across the collaborating laboratories
(1). Nevertheless, abundance remains the single strongest determinant of protein
detectability by MS, and essentially all the proteins detected in common across
multiple studies are present at high concentrations in blood.

Error rate estimation is a nascent aspect of the literature. Methods include use
of statistical criteria, as in PeptideProphet/ProteinProphet (10,11); matching to
nonhuman protein sequence databases (Archea); matching to reversed sequence
(33) or shuffled sequence human databases; Poisson distribution methods (39,
40,42); and modeling of random matches to length of protein sequences (42).

5. Diversity of the Proteins Detected in Individual 
Plasma/Serum Specimens

The Core data set of 3020 proteins was annotated with use of Gene Ontology
(GO) for subcellular localization, molecular processes, and biological functions
(Fig. 4) (1). There is very broad representation of cellular proteins. Subcellular
component classification of the 1276 IPI-3020 proteins included in GO showed
26% of proteins from membrane compartments, 19% from nuclei, 11% from
cytoskeleton, and 23% from other sites, compared with just 14% for the
expected predominance of traditional plasma proteins. GO analyses of molecu-
lar processes showed 39% binding, 28% catalytic, 7% signal transducer, 6%
transporter, 4% transcription regulator, and 3% enzyme regulator. GO biologi-
cal functions included 36% metabolism, 25% cell growth and maintenance, 5%
immune response, 1% blood coagulation, and 1% complement activation.

Examination of specific GO terms against a random sample of 3020 proteins
from the Human Genome showed some proteins more than 3 SD from the
expected line based on the distribution of such classes of proteins in the entire
56,530 human protein IPI v2.21 data set (Fig. 5A). Overrepresented categories
include extracellular, immune response, blood coagulation, complement, lipid
transport, and blood pressure regulation, as might be expected; surprisingly
large numbers of cytoskeletal proteins, receptors, and transporters were also
identified.

InterPro analyses similarly compared the 3020 proteins with the fine-grained
protein families and domains described for the full IPI v2.21 database (Fig. 5B).
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Fig. 4. (Continued)



Domains associated with EGF, intermediate filament protein, sushi, throm-
bospondin, complement C1q, and cysteine protease inhibitor were overrep-
resented (>3 SD) compared with random occurrence, whereas zinc finger
RING protein, tyrosine protein phosphatase, tyrosine and serine/threonine
kinases, helix-turn-helix motif, and IQ calmodulin-binding region were
underrepresented.

Muthusamy et al. (47) subjected protein IDs and Ensembl gene matches to
BLAST queries to identify splice isoforms; they report that 51% of the genes
encoded more than one isoform (a total of 4932 products for the 2446 genes).
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Fig. 4. Gene Ontology annotations for the HUPO PPP reference specimens of plasma
and serum. (A) Analysis with Gene Ontology for cellular components/subcellular localiza-
tion. Of 3020 proteins identified with at least two peptides, 1276 are annotated with 207 dis-
tinct GO cellular component terms, giving 1886 annotations. (B) Analysis with Gene
Ontology for molecular functions. Of 3020 proteins identified with at least two peptides,
1475 are annotated with 678 distinct GO molecular function terms, giving 3470 annota-
tions. (C)Analysis with Gene Ontology for biological processes. Of the 3020 proteins, 1383
are annotated with 668 distinct GO biological process terms, giving 3121 annotations.
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Fig. 5. (Continued)

They mapped 11,381 SNPs involving protein-coding regions onto the protein
sequences. Berhane et al. (48) found 345 proteins in plasma/serum of particular
interest for cardiovascular research among the 3020 proteins. The collaborating
investigators (1) noted that 338 of the 3020 IPI proteins matched Ensembl
genes in the Online Mendelian Inheritance in Man database, including such
interesting disease-associated genes as RAG 2 for severe combined immunod-
eficiency (SCID/Omenn syndrome), polycystin 1 for polycystic kidney disease,
and breast cancer BRCA1 and BRCA2, multicancer p53, and colon cancer APC
for inherited cancer syndromes.

6. Plasma vs Serum as the Sample of Choice
Preanalytical variables are often ignored or reported casually in the pro-

teomic analysis and comparison of samples. These variables will be critically
important in disease marker research. The HUPO PPP Specimens Committee
(16) and the collaborating investigators (1) concluded that plasma is preferable
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Fig. 5. Comparison of PPP 3020 proteins vs full IPI v2.21 protein set. (A) GO term
usage in the PPP 3020 vs human genome. Shown in the figure are the rates of occurrence
of Gene Ontology terms in the HUPO PPP 3020 set relative to the frequency of occur-
rence of the same terms in the human genome. The solid line shows a linear regression
estimate for the frequency that would be expected if the 3020 uniformly sampled the
genome as reflected in the IPI database. The parallel dotted lines show twofold over- and
underrepresentation relative to uniform sampling. The curved dashed lines show over-
and underrepresentation by 3 standard deviations. (B) InterPro domain usage in the PPP
3020 vs human genome. Shown in the figure are the rates of occurrence of InterPro
domains in the HUPO PPP 3020 set relative to the frequency of occurrence of the same
terms in the human genome. The solid line shows a linear regression estimate for the fre-
quency that would be expected if the 3020 uniformly sampled the genome as reflected
in the IPI database. The parallel dotted and dashed lines show twofold, and threefold,
respectively, over- and underrepresentation relative to uniform sampling.



to serum. The reasons are less degradation ex vivo and much less variability than
arises in the protease-rich process of clotting. Tammen et al. (49) reported that
at least 40% of the peptides detected in serum were serum specific. Clotting is
unpredictable, owing to influences of temperature, time, and medications, which
are hard to standardize. They also noted the risk that platelet activation, espe-
cially at 4°C, may release large amounts of platelet proteins not normally pres-
ent in vivo in the plasma. We did not find a striking abundance of platelet
proteins (thymosin-β-4, zyxin, platelet factor 4, and platelet basic protein). We
recommend EDTA or citrate anticoagulated plasma over heparinized plasma.
Heparin acts through activation of antithrombin III, whereas citrate and EDTA
inhibit coagulation and other enzymatic processes by chelate formation with ion-
dependent enzymes. Since citrate introduces a 10 to 15% dilution effect, we rec-
ommend EDTA-plasma as the preferred specimen for future plasma or serum
biomarker research.

We did not, in the end, recommend inclusion of protease inhibitors in the col-
lection tubes or buffers; the peptide inhibitor aprotinin requires μg/mL concen-
trations, which interfere with the analyses, whereas the small molecule inhibitor
ABESF forms covalent bonds with proteins that alter the mobility of the pro-
tein (16), as noted in Subheading 1.4. above. A surprising finding that disease-
related patterns of ex vivo proteolysis in plasma undergoing clotting to form
serum may be clinically useful has recently been reported (50,51). Protease
inhibitors are not used in such experiments.

7. Use of Plasma or Serum for Protein Biomarkers
Biomarkers detected in the circulation that provide indications of disease

processes in particular organs and cell types may arise from any quantitative or
qualitative changes in protein expression in any of at least three sources: (1) the
primary cells for the disease, such as neoplastic cells or endothelial cells; (2)
the microenvironment of the primary cells; and (3) systemic responses to the
altered protein expression, namely, acute-phase reactant proteins (i.e., C-reactive
protein, amyloid A, and haptoglobin) or immunoglobulins (i.e., antibodies),
reflecting immune responses to altered proteins.

The first category may be studied most efficiently by first determining changes
in protein expression in the primary tissue, simultaneously obtaining blood in
experimental and clinical studies, and then examining plasma for corresponding
detectable changes. A valuable resource, developed by Uhlen in Stockholm (52),
is the Human Protein Atlas. The Atlas has immunohistochemistry results for anti-
bodies against 718 proteins for 48 normal human tissues (three individuals each)
and 20 different cancer types by organ of origin (12 patients each; sometimes 4
patients; www.proteinatlas.org). These antibodies can also be utilized as specific
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affinity reagents for functional protein assays and as capture (pull-down) reagents
for purification of specific proteins and their associated complexes for structural
and biochemical analyses. Sometimes, the protein changes correlate with mRNA
changes in gene expression; however, more often the two are uncorrelated or dis-
cordant, reflecting the differential lifetimes of these molecules and the posttransla-
tional modifications of proteins through cleavage, aggregation, side-chain reactions,
and ubiquitination and other processes of elimination and excretion of proteins.
The third category has the special advantage that the immune response provides
a kind of “biological amplification.” We have no in vitro manipulation for proteins
to match the spectacularly successful polymerase chain reaction (PCR) amplifi-
cation for tiny amounts of nucleic acids. However, autoantibodies against tumor
proteins seem to have particular potential (53,54). Autoantibody signatures for
prostate cancers have been reported using a 22-phage-peptide detector panel; at
least four of the phage-protein microarrays were derived from in-frame, identifi-
able protein coding sequences, with initial results appearing far superior to the
widely used PSA test (Fig. 6) (55).

Heterogeneity of disease limits the sensitivity and specificity of tests. Thus,
there is a huge literature about such single protein biomarkers for cancers as PSA
for prostate cancers, CA 125 for ovarian cancers, carcinoembryonic antigen
(CEA) for pancreatic cancers, and CA 19-9 for breast cancers. Unfortunately,
these tests are notoriously poor in sensitivity (hence giving false negatives) and
specificity (hence giving false positives) in the screening situation; they have
more value in monitoring patients for recurrence. Other single protein tests
include C-reactive protein for cardiovascular disease, presumably reflecting an
inflammatory component in atherogenesis; this very old test has been rejuve-
nated and become popular in cardiovascular epidemiology and clinical studies,
although it lacks specificity. The triumvirate of serum amyloid A, haptoglobin,
and trans-thyretin has been called “the stubbed toe syndrome” by Naylor (CHI
PepTalk Conference, January 2005), since these acute-phase proteins seem to
increase, often strikingly, in a host of clinical situations without any apparent
specificity. We have recently shown striking increases in C-reactive protein and
statistically significant increases in amyloid A, MUC1, and α1 antitrypsin in sera
of patients with lung cancer, compared with patients with chronic obstructive
lung disease (COPD) or normals (56).

Sometimes, a particular protein is modified so markedly that it can be a
potential biomarker. In addition, its alteration may be recognized immunologi-
cally, leading to detectable autoantibodies. Such a situation applies to a trun-
cated form of calreticulin in patients with liver cancers (L. Beretta, personal
communication). Autoantibodies against isoforms of calreticulin were reported
in sera of patients with pancreatic cancers (57).

The approach of identifying and validating individual proteins with incom-
plete sensitivity for a particular condition can be expanded combinatorially to
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generate a more sensitive and still specific panel of protein biomarkers. This
approach underlies the work of the NCI Early Detection Research Network and
many individual laboratories and offers the practical avenue of combining labo-
rious discovery and validation research with high-throughput assays once the
combinations of specific protein markers have been identified, selected, and
validated. Those assays are likely most often to be multiplex ELISA, antibody
microarrays, or analogous protein capture methods.

An entirely complementary approach involves “blind” recognition of “pat-
terns of differences” between tissue lysate or plasma proteins from patients vs
normals. This approach has rapidly generated a very large literature with direct
MS/SELDI methods, using Ciphergen protein chips with distinctive surfaces for
quick fractionation of complex protein mixtures. Given the marked heterogene-
ity of all tumor types, many observers have been skeptical that such “pattern
recognition” of perhaps five small m/z peaks chosen by an artificial-intelligence
algorithm and not identified with any particular protein could possibly yield the
claimed nearly perfect sensitivity and specificity (58). Most troubling has been
the lack of evidence for specificity across tumor types and the reliance on train-
ing-and-testing routines on a batch basis with limited reliability across laborato-
ries. Efforts to improve cross-lab concordance have now been reported (27,59),
along with advances in the instruments that will facilitate identification of at
least some of the protein m/z peaks. So far, these seem to be fragments of highly
abundant acute-phase reactants, like the well-known haptoglobin (24,60). It
would also enhance credibility if findings in tissue lysates could be related to
findings in serum (or plasma).

Finally, rapid advances in microarray technologies have been reported.
Hundreds or thousands of fractions of cell lysate antigens or of selected 
antibodies can be spotted robotically and then reacted with corresponding
autoantibodies or circulating antigens. Patterns of immunoreactive spots have
been analyzed for prostate cancer (61), lung cancer (62), and other conditions;
in principle, these reacting fractions can be analyzed by sensitive MS/MS meth-
ods to identify the responsible proteins. Reverse-phase microarrays have been
used to study phosphorylation events in EGFR-mediated signaling pathways
(63). In practice, there are many challenges, including insufficient protein to be
detected and identified; multiple proteins identified, making assignment of the
protein responsible for the immunoreactivity a continuing validation process;
and risk of false-positive identifications, especially at the limit of detectability
with few or single peptides identified.

In general, much progress is needed with highly standardized specimens and
with standard proteins, protein mixtures, and biological specimens as reference
materials (64). Examples of standard mixtures include the CRM 470 of 15 human
plasma proteins, widely used in Europe; the 18-protein nonhuman commercial

218 Omenn et al.



proteins combined into a standard mixture by Keller et al. (65) at the Institute for
Systems Biology; and most recently, over 300 commercially available proteins,
for each of which at least 25 spectra have been generated with MALDI-TOF-TOF
for use as standards in calibrating instruments and spiking samples (66). Such
challenges were the focus of a NIST/NCI Workshop in August 2005 in
Gaithersburg, MD (64). Much more stringent criteria for documentation in pub-
lications will add value and consistency, as well (42,67,68).

8. Goals for Progress on the Plasma Proteome
The Holy Grail for plasma proteomics is high-resolution, high-sensitivity, and

high-throughput analysis. It is likely that most of the protein biomarkers of great-
est interest originating from disease processes in specific tissues will be at quite
low abundance after dilution into 4 L of blood and 17 L of extracellular fluid. To
perform proteomics analyses on dozens, hundreds, or thousands of specimens
from participants in clinical trials or epidemiological studies and to do so with
replicates to assess intraindividual variation, new strategies with high throughput
must complement the presently laborious methods for discovery and even valida-
tion of potential protein biomarkers.

The following options have been suggested, as summarized recently (1,69):

1. LC-MS with highly accurate mass and elution time parameters for identification
of peptides already characterized in an extensive database with adequate sequence
coverage of proteins to differentiate variants owing to splicing (70). Specific
depletion of abundant proteins, tryptic digestion, nanoflow LC for elution time
standardization, and highly accurate MS may make it feasible to base identifica-
tions on such enhanced mass fingerprints.

2. High-accuracy LC-MS/MS/MS has recently been applied to intracellular localiza-
tion and discovery-phase identification of posttranslational modifications (71). Such
findings might then be converted into a protein capture microarray methodology or
multiplex ELISA reactions once the most useful biomarkers for differentiation of
disease from normal or advanced disease from localized disease were validated.

3. Protein affinity microarrays with ligands designed to recognize conserved regions
in each open reading frame, with sensitive readout technologies, could improve
protein identifications over a wide dynamic range (72).

4. Since it is likely that differences between specimens from patients with disease
vs specimens from normals may be quantitative, methods of quantitative pro-
teomics, such as ICAT may be applicable. Aebersold (73) has proposed develop-
ing standard mixtures of chemically synthesized peptides tagged with heavy
isotope for each gene and even each protein isoform needed for high discrimina-
tion as biomarkers. These “proteotypic peptides” would permit spiking of speci-
mens to facilitate identification of mass pairs with the same peptides in the
biological specimen and quantitation of the peptide and its protein (21–23) (see
Subheading 2.2.).
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5. A multiplexed multiple reaction monitoring (MRM) approach with 1D-LC-
MS/MS can be exploited to identify and quantitate high- and medium-abundant
proteins, which may have value as biomarkers. This approach has many potential
variations, including use of sensitive antipeptide antibody-enhanced assays for
lower abundant proteins (74).

In summary, work on all aspects of proteomics has generated renewed confidence
that such approaches will reveal important features of normal biology and physiol-
ogy and also assist in the discovery, validation, and application of protein biomarker
panels for early diagnosis of disease and monitoring responses to therapies.
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Summary
Urine is one of the most interesting and useful human body fluids for clinical proteomics stud-

ies because of its availability in almost all patients and ease of collection without any invasive or
painful procedure. Proteomic analysis of human urine offers invaluable information not only for a
better understanding of the normal renal physiology and pathophysiology of kidney/kidney-related
diseases, but also for biomarker discovery. This chapter provides principles, brief methods, and
applications of various proteomic technologies (i.e., gel-based method, liquid chromatography-
based approach, surface-enhanced laser desorption/ionization time-of-flight mass spectrometry,
capillary electrophoresis coupled to mass spectrometry, and mass spectrometric immunoassay) to
examine the human urine. At the end, perspectives and future directions in the field of urinary 
proteomics are discussed.

Key Words: Urine; kidney; proteome; pathophysiology; biomarker discovery; 2D-PAGE;
liquid chromatography; SELDI; capillary electrophoresis; mass spectrometric immunoassay.

1. Introduction
The urine is derived from the plasma that flows into the kidney (350–400 mL

per 100 g of tissue per min). The glomerulus is a specialized intrarenal
microstructure that can selectively permeabilize some components of the plasma
to pass through as ultrafiltrate (150–180 L per day). Proximal renal tubules then
selectively reabsorb components in the ultrafiltrate until approximately 1% of
ultrafiltrate volume is excreted with waste products as the urine (1). In the normal
state, urinary proteins can originate from any of these mechanisms: plasma ultra-
filtration, tubular secretion, shedding of apical surface of renal tubular epithelial
cells, shedding of whole cells along urinary passage, and exosome secretion. 



In addition, proteins originating from the seminal gland (in males) and those
contaminated by leukorrhea (in females) may be present in the urine and
should be of concern during data interpretation. Recent urinary proteome
analyses have indicated that approximately 30% of proteins in the normal
human urine are plasma proteins, whereas the other 70% are proteins excreted
from mechanisms other than plasma ultrafiltration (2–4). In disease states, the
normal physiology of protein excretion is disrupted, resulting in an altered urinary
proteome profile and/or increased urinary protein excretion. Therefore, proteomic
analysis of human urine should provide important information for a better under-
standing of the normal renal physiology, unraveling the pathophysiology of renal
diseases, and identification of biomarker candidates that can be used as diag-
nostic and/or prognostic markers. Several approaches (i.e., gel based, liquid chrom-
atography [LC] based approach, surface-enhanced laser desorption/ionization
time-of-flight mass spectrometry [SELDI-TOF-MS], capillary electrophoresis
coupled to mass spectrometry [CE-MS], and mass spectrometric immunoassay
[MSIA]) can be employed to examine the urinary proteome. In this chapter, prin-
ciples, brief methods, and applications of these technologies in human urinary
proteomics are summarized, and future directions of proteomic analysis of human
urine are discussed.

2. Analytical Approaches for Urinary Proteomics
Proteomic analyses of human urine and other body fluids can be performed

using different approaches based on the study purposes (Fig. 1). The classical
approach is to examine proteins extensively and systematically for their expres-
sion and function to understand better the normal physiology and pathophysiol-
ogy of diseases (5). The analytical strategies in this approach involve expression
proteomics (using 2D polyacrylamide gel electrophoresis [2D-PAGE] or LC for
protein separation), quantitative analysis, bioinformatics, and functional pro-
teomics. The alternative approach is to examine proteome profiles/patterns to dif-
ferentiate types or groups of biofluids (e.g., normal vs diseases; a specific disease
vs others), rather than focusing on detailed characterizations (identities, posttrans-
lational modifications [PTMs], interactions, and so on] of particular proteins (5).
Common analytical methods used in the latter approach are SELDI-TOF-MS (6),
microarrays (7), and CE-MS (8). The alternative approach is suitable for clinical
diagnostics and biomarker discovery, especially in cases of multifactorial diseases
for which one marker may not be sufficient for effective detection or diagno-
sis. In addition, information about dynamic changes of the proteome profile dur-
ing or after treatment may be useful to predict therapeutic outcome and/or
prognosis of the disease. The alternative approach may be used as a comple-
mentary diagnostic tool for some medical diseases in which clinical diagnosis
relies only on invasive procedures that may be limited on some occasions. For
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example, renal biopsy, which remains the gold standard for the diagnosis of
glomerular diseases, may not be possible in patients whose indications for this
invasive procedure are not fulfilled and those with a bleeding tendency or flank
skin infection; thus diagnosis is delayed. In these cases, identification of urinary
biomarkers via the alternative approach may result in an earlier diagnosis that
ultimately leads to a better therapeutic outcome.

There are two levels of analytical strategies in urinary proteomics. Analysis of
the entire urinary proteome or global analysis, using either the classical or alter-
native approach, is suitable for screening for global changes of urinary proteins
affected by an experimental condition or disease state. The major limitation of
the global analysis is that identification of low-abundance proteins may be
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Fig. 1. Analytical approaches for urinary proteomics. The classical approach is to
examine extensively and systematically urinary proteins for their expression and func-
tion. Analytical strategies in this approach include expression proteomics (using gel-
based or LC-based methods), quantitative analysis, bioinformatics, and functional
proteomics. The alternative approach or proteome profiling, which bypasses compli-
cated analytical procedures in the classical approach, is to examine proteome
profiles/patterns to differentiate types or groups of samples, rather than focusing on
detailed characterizations of particular proteins. Common analytical methods used in the
latter approach are SELDI-TOF-MS, microarrays, and CE-MS. Targeted proteomics is
the highly focused study targeting an interesting set of proteins, which can be selected
using MSIA or other selection strategies. All these approaches are complementary 
and, as a result, lead to achievement of ultimate goals that are designated as numbers:
(1) better understanding of the normal physiology; (2) unraveling the pathophysiology
of diseases; (3) biomarker discovery; and (4) better therapeutic outcome.



obscured by major-abundance components, making the analysis difficult.
Analysis of selected compartment(s) of urinary proteome or targeted proteomics
is suitable for the highly focused study (5). This term may be confused with sub-
proteome analysis that is sometimes used interchangeably. Although the strategy
of subproteome analysis is to examine selectively a particular ultrastructure or
microstructure of cell or organ (9,10), selection strategy of targeted proteomics
has a wider spectrum, e.g., selection of a particular set of renal salt and water
transport proteins (11–14); low-abundance proteins (15); hydrophilic or
hydrophobic proteins (16–18); peptides with specific amino acid (Cys, His, Met,
and so on.) (19–21); N- or C-terminal peptides (22,23); posttranslationally mod-
ified proteins (by glycosylation, phosphorylation, oxidation, nitration, and so
on.) (24); and affinity-purified proteins (lectin affinity, co-immunoprecipitation,
tandem affinity purification, mass spectrometric immunoassay, and so on) (25).
In this chapter, mass spectrometric immunoassay is used as a model for the
discussion of targeted proteomics study of human urine.

3. Gel-Based Urinary Proteomics
3.1. Principles and Methods

To date, 2D-PAGE has been the most commonly used method in proteomic
studies because of its simplicity and availability in most of proteomic laboratories.
In urinary proteomics, this approach is suitable for constructing the reference uri-
nary proteome map for further use, defining differentially expressed proteins in
different sets of samples, and screening for PTMs. Principles and basic method-
ologies of 2D-PAGE can be found elsewhere (26). Separated proteins in a 2D gel
can be visualized by various types of staining (Coomassie Brilliant Blue, silver,
fluorescence, and others). For quantitative intensity analysis in differential proteo-
mics, the stain to be used should have these properties: (1) wide linear dynamic
range of intensity-concentration correlation; (2) high sensitivity to visualize low-
abundance protein spots; and (3) compatibility with subsequent mass spectro-
metric analysis. Silver staining is one of the most sensitive staining methods
employed for visualization (27,28). Although modifications of the conventional
protocol make it more compatible with mass spectrometric analysis (29), silver
stain has a narrow dynamic range of intensity-concentration correlation and should
not be used in quantitative intensity analysis and differential proteomics study (30).
Coomassie Brilliant Blue is less sensitive but more widely employed because of its
simplicity. Fluorescent stains such as SYPRO Ruby (a ruthenium-based com-
pound) and Deep Purple (a compound isolated from the fungus Epicoccum
nigrum) are superior in their ability to quantify proteins across a broad concentra-
tion range and should be used as the standard stains for quantitative intensity
analysis and differential proteomics study (30,31). The recent development of 

228 Thongboonkerd et al.



multiplexed proteomic technologies such as differential gel electrophoresis
(DIGE) using more than one dye to stain differential sets of protein samples in the
same gel has allowed more accurate quantitative intensity analysis (32).

After spot matching and quantitative intensity analysis, the spots of interest
are excised, in-gel digested with proteolytic enzymes (trypsin, chymotrypsin,
Arg-C, Asp-N, Lys-C, PepsinA, V8-E, V8-DE, and so on) and identified, mostly
by matrix-assisted laser desorption ionization (MALDI)-TOF-MS, which provides
a high-throughput manner of protein identification; hundreds of proteins can be
identified within a day (33). In MALDI analysis, proteins or tryptic peptide frag-
ments are mixed with a chemical matrix that has the property of facilitating ion
activation by laser beam. The most commonly used matrix in MALDI is 
α-cyano-4-hydroxycinnamic acid (for peptide analysis) and trans-3,5-dimethoxy-
4-hydroxycinnamic acid or sinapinic acid (for protein analysis) (34). The mix-
ture of analytes and matrix is spotted onto the target plate and allowed to air-dry.
Thereafter, crystals of matrix are formed together with the analytes. The target
plate is then placed into the MS instrumentation, which is equipped with a laser-
beam generator. After laser firing, the matrix adsorbs the energy from laser and
then undergoes rapid solid-to-gas phase transition or the exciting state. The ana-
lytes embedded in the matrix crystals are then ionized by the excited matrix with
a poorly understood process. Most of ions formed in the activated analytes are
single charged (35). These ions are then ejected from the target plate to the mass
analyzer. The most commonly employed mass analyzer in MALDI analysis is
TOF. With a fixed distance of ion passage, the time to the target of the activated
ions is different because of variations in mass and charge of the ionized peptides.
Various peptide fragments can then be distinguished and identified by peptide
mass fingerprinting, based on differential mass per charge (m/z) values.

3.2. Applications to Human Urine

2D-PAGE has been employed to examine human urine since 1979 (36).
Its applications to urinary proteomics are summarized in Table 1. Commonly,
2D-PAGE is applied to global, classical analysis of urinary proteome. However,
it can be applied to targeted urinary proteomics, as demonstrated in highly
focused studies using 2D Western blotting.

4. LC-MS-Based Methods for Urinary Proteomics
2D-PAGE and LC-based methods for proteomic studies are complementary

in nature, and although the abundance of most proteins can in principle be
determined using either method, there are instances in which the choice can
determine which protein classes will be detected (see refs. 73–76 for reviews).
2D-PAGE should be the method of choice for detecting protein isoforms,
because this technique can separate proteins according to molecular mass and
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isoelectric point, two physicochemical properties of proteins that are altered as
a result of PTMs, such as proteolysis or covalent modifications, respectively. In
contrast, LC- and LC-MS-based methods are more effective for high-throughput
analyses and detection of small proteins and peptides, which are a relatively
large proportion of the urinary proteome (77). LC-MS is also more effective
than 2D-PAGE in detecting hydrophobic and membrane proteins (78). Indeed,
the difficulties in resolving most hydrophobic and membrane proteins by 2D-
PAGE have been reviewed (79). Although it can be argued that this limitation
of 2D-PAGE may not matter when one is analyzing water-soluble proteins like
those found in biological fluids, it has been found that urine also contains 
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Table 1
Applications of 2D-PAGE to Human Urinary Proteomics

Global analysis
2D proteomic analysis (2D-PAGE with mass spectrometric analysis)

2D proteome maps of normal human urine (2–4,37–39)
Glomerular diseases (40)
Gammopathy (41)
Bladder cancers (42,43)
Prostate cancer (44)
Lung cancer (45)
Reconstruction of urinary bladder with intestinal transposition (46)
Pilonidal abscess (47)

2D spot profiling (2D-PAGE without mass spectrometric analysis)
Normal human urine (36,48–52)
Asymptomatic proteinuria (53)
Prostate cancer and benign prostatic hyperplasia (54,55)
Leukemia (56)
Multiple myeloma (57,58)
Nephrolithiasis (59,60)
Chronic renal failure (61,62)
Renal transplantation (63,64)
Cadmium toxicity (65)

Highly focused study
2D Western blotting

Malaria—for malarial antigens (66)
Chagas’ disease—for Trypanosoma cruzi antigens (66)
Trophoblastic tumors—for human chorionic gonadotropin (67)
IgD myeloma—for monoclonal δ-chains of immunoglobulin (68)
γ-1-heavy chain disease—for γ-1-heavy chains of immunoglobulin (69)
Dialysis-related amyloidosis—for β2-microglobulin (70,71)
Bladder squamous cell carcinoma—for psoriasin (72)



a membrane fraction consisting of small vesicles or exosomes, which may
prove of value as potential diagnostic markers (80,81). Because of its
hydrophobic nature, the proteome of such urinary vesicles will probably be
more comprehensively analyzed by LC-MS than by 2D-PAGE (81).

The use of 2D-LC-MS/MS as a proteomic tool for the large-scale analysis of
proteins was pioneered by the group of Yates and colleagues (82), who devel-
oped an approach called multidimensional protein identification technology
(MudPIT) to detect more than 1000 proteins in yeast. This approach involves
proteolytic digestion of the total protein mixture to obtain a set of protein-
derived peptides that are then separated by strong cation exchange chromato-
graphy (SCX). Peptides present in fractions from this SCX step are separated
further by reversed-phase (RP) LC and then sequenced by MS/MS. Several
thousand peptides can be sequenced in this way in a relatively short time. For
analysis of the urinary proteome, Pang and co-workers (47) described the use
of 2D-LC-MS/MS to detect changes in urinary proteins in the setting of inflam-
mation. Spahr et al. (83) used LC-MS/MS to detect more than 100 proteins in
commercial lyophilized urine that was free of proteins below 10 kDa. This
number of identifications is quite remarkable, since their study involved only a
single RP separation (i.e., without a prior SCX step) before MS/MS.

An alternative (although related) approach to MudPIT (in which the protein
mixture is digested before two orthogonal modes of HPLC separation) for LC-
MS-based proteomics is to separate the undigested protein mixture by high-
performance liquid chromatography (HPLC) and then analyze the proteins
present in each chromatographic fraction by MS and LC-MS (84,85). Proteins
and peptides in these fractions can then be analyzed using modern biological
MS. Proteins can be digested after HPLC separation and prior to LC-MS/MS
analysis, a requirement for peptide sequence determination by MS/MS.
Moreover, peptides and proteins can also be analyzed by MALDI-TOF MS for
measuring intact molecular mass. This approach has been used to identify pep-
tides and proteins in the urine of renal Fanconi patients (86,87). In this study,
proteins and peptides were separated into fractions by SCX and then sequenced
by LC-MS/MS. In addition to the common and known urinary proteins, renal
Fanconi urine contained several cytokines, chemokines, and other bioactive
peptides with molecular mass of less than 15 kDa. (The smallest was bradykinin,
with a molecular mass of 1 kDa.)

In an independent investigation (77), urinary proteins from normal donors and
renal Fanconi patients were separated by RP-HPLC, and the peptides and pro-
teins present in these fractions were analyzed by MALDI-TOF MS before and
by LC-MS/MS after digestion with proteolytic enzymes. This study was aimed
to address a puzzling issue raised by the Comper’s group (88), which had pro-
posed that albumin and other plasma proteins are processed mainly by renal
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proximal tubules in such a way that they are degraded into peptides, which are
then reexcreted into the urine. Norden et al. (77) found that there are indeed
many different peptides below 10 kDa in the urine. Additional findings observed
by Cutillas and Unwin (unpublished data) showed that more than 100 different
molecular species could be detected in the normal urine within the 1- to 10-kDa
molecular mass range. However, the largest UV absorbance of an undigested
RP-HPLC separation corresponded to the fraction in which full-length albumin
eluted. Intact molecular mass determination by MALDI-TOF MS and sequenc-
ing of proteolytic peptides by LC-MS/MS confirmed that full-length albumin
was the predominant protein in this fraction. Thus, this study led to the conclu-
sion that although normal urine contains a large number of peptides and protein
fragments below 10 kDa, full-length proteins of plasma and renal origins are
quantitatively the major components of the normal human urinary proteome
(77). Nevertheless, a question that has not yet been fully addressed is the role, if
any, these small peptides may have in regulating renal function. It is well known
that proteolytic processing of protein precursors can lead to the formation of
active peptides with potential effects on renal tubular cell function. Some of
these peptides, such as epidermal growth factor and bradykinin, are found in the
normal urine (89,90) and could have a role in controlling nephron function by
acting via luminal membrane receptors of tubular epithelial cells. The issues that
remain to be investigated are: (1) which of the many small urinary peptides are
bioactive; (2) what their actions on the renal tubules might be; and (3) whether
they are merely inactive byproducts of renal protease activity.

The complementary nature of 2D-PAGE- and LC-MS-based methods for
proteomic analysis of the human urine was also illustrated in a study on the uri-
nary proteome of Dent’s disease (91), a genetic form of the renal Fanconi syn-
drome. This condition results from mutations of the chloride ion channel ClC-5,
which is involved in megalin-mediated endocytosis along renal proximal
tubules (92). Mutations in CLCN5, the gene that encodes this channel protein,
cause impaired endocytosis of filtered proteins by human and murine renal
proximal tubular cells in vivo and in vitro (93,94). Therefore, it is likely that the
protein composition of the Dent’s urine is close to that of the glomerular ultra-
filtrate (95,96). Using 2D-PAGE and LC-MS approaches, more than 100 proteins
could be detected and quantified in control and Dent’s urine samples (91). The
results obtained using these two methods were found to be highly consistent;
however, certain protein classes such as small cytokines and chemokines were
detected only by the LC-MS method. In general, it was found that some pro-
teins of plasma origin like cytokines and vitamin-binding proteins were present
in Dent’s urine in relatively higher amounts than other plasma proteins like
albumin or immunoglobulins. These findings indicate that the endocytic appa-
ratus responsible for the reabsorption of filtered proteins, which is present at the
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apical membrane of renal tubular cells and is defective in Dent’s patients, has a
greater affinity for cytokines and vitamin-binding proteins than for other pro-
tein classes (e.g., albumin and immunoglobulins). This study is an example of
how urinary proteomics of well-defined genetic models of human renal patho-
physiology can provide valuable information on normal renal physiology. From
the methodological standpoint, this study demonstrated that several comple-
mentary proteomic approaches are necessary to make a comprehensive compar-
ative analysis of proteomes, even when these contain a relatively small number
of components, as in the urinary proteome.

5. SELDI-TOF-MS for Urinary Proteomics
5.1. Description of the Method: Advantages and Limitations

SELDI-TOF-MS combines MALDI-TOF-MS with surface retentate chro-
matography. Specifically, a sample is applied to a chip surface carrying a 
functional group (e.g., normal phase, hydrophobic, cation- or anion-exchange).
After incubation, proteins that do not bind to the surface are removed by a 
simple wash step, and bound peptides/proteins are analyzed by TOF-MS (Fig. 2).
This approach reduces the complexity of the sample being analyzed by select-
ing only a subset of the total proteins. However, a significant fraction of the
more abundant proteins can be analyzed by varying the chip surfaces and the
binding conditions. SELDI-TOF-MS offers some advantages for protein analysis
in the urine. First, only 5 to 10 μL of sample is needed for one analysis. Second,
this method can be readily automated, making it particularly useful for the high-
throughput analysis. Third, the reproducibility is high regarding the detection of
proteins when standardized protocols are used (97).
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Fig. 2. Description of SELDI-TOF-MS technology. Sample analysis with SELDI-
TOF-MS involves three steps: (1) the sample is applied to the chip covered with a chro-
matographic surface (i.e., ProteinChip); (2) a subset of proteins binds to the surface
while all others are removed by a wash step; and (3) bound proteins are analyzed by
TOF-MS.



For comparative analysis of urine samples, it is important to know the factors
that can influence the composition and relative abundance of urinary proteins
but may not be related to the process/disease investigated. The urine can have
changing physicochemical properties (e.g., pH, dilution, and activity of pro-
teases) and a variable amount of cellular components (e.g., erythrocytes, leuko-
cytes, and epithelial cells), which can affect the protein content and its detection
by SELDI-TOF-MS. In an analysis of various intrinsic factors (e.g., blood in
urine, urine dilution, and first-void vs midstream urine) and extrinsic factors
(e.g., urine storage and freeze-thaw cycles) concerning their impact on urinary
proteome profiles acquired by SELDI-TOF-MS, it was found that (1) up to five
freeze-thaw cycles had minimal impact on the proteome profiles, (2) midstream
urine samples did not undergo changes when stored for 3 d at 4°C, (3) signifi-
cant hematuria confounded the detection of normal urinary proteins either
because of hemolysis or addition of plasma proteins, (4) urine output above 2
to 3 L per day resulted in protein concentrations that led to a loss of detectable
urinary proteins, and (5) female first-void urine had a different population of
proteins compared with the midstream urine (97). Furthermore, recent studies
highlight that urinary proteins are present not only as intact proteins but also as
smaller cleaved fragments. These are derived from proteolytic degradation in
tubular epithelial cell lysosomes with subsequent regurgitation into the urine
(98,99) or from intraluminal cleavage of urinary proteins by secreted/released
proteases (e.g., from tubular epithelial cells or inflammatory cells) (100). This
highlights the fact that standardization of sample collection and handling is
essential, and both intrinsic and extrinsic factors must be taken into account for
accurate data interpretation.

An important issue for any proteomic platform is to determine the detection
threshold, which allows one to estimate the visible part of the analyzed pro-
teome (101). The detection of a protein by SELDI-TOF-MS is critically deter-
mined by its concentration in the sample, its binding to the chromatographic
surface, and its ionization process within the mass spectrometer. The sensitivity
of a mass spectrometer can be determined by analyzing single proteins. The
detection threshold ranges from 100 ng/L to 1 mg/L and is higher with increas-
ing molecular mass. The higher detection threshold for large molecular mass
proteins is well known and is thought to be related to their inferior ionization.
When a known quantity of a protein is added to the complex protein mixture of
urine, the detection threshold increases by roughly 10- to 100-fold compared
with the detection threshold for the pure form of the protein (Fig. 3). This
decrease in the sensitivity is mainly caused by binding site competition on the
chip and competition for ionization (i.e., ion suppression). Whereas the former
is unique to the SELDI-TOF-MS platform, the latter is a common problem for
all mass spectrometers. By changing the conditions for protein binding to
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different chromatographic surfaces, some proteins may be selected and enriched,
whereas others may be excluded, allowing the detection threshold to approxi-
mate that of the pure form of the single protein.

5.2. Applications to Human Urine

To date, SELDI-TOF-MS has been used mainly as a platform for differential
urinary proteome profiling. Rogers et al. (102) and Zhang et al. (103) found uri-
nary proteome patterns that were more than 80% sensitive and specific for renal
cell carcinoma or bladder transitional cell carcinoma, respectively. Both groups
used bioinformatic algorithms to define a classifier comprised of a group of 
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Fig. 3. Detection threshold of SELDI-TOF-MS (ProteinChip Reader II). The detec-
tion threshold for single proteins was determined by applying proteins with molecular
masses from 2 to 67 kDa in increasing dilutions to Gold-chips (i.e., MALDI applica-
tion). The detection threshold for single proteins in the urine was determined by adding
proteins with molecular masses from 2 to 67 kDa in increasing dilutions to the urine
from a healthy individual with a protein concentration of 110 mg/L and subsequent
analysis on chips covered with a hydrophobic surface (i.e., H4-ProteinChips). For sin-
gle proteins, the detection threshold increases from 100 ng/L (equals 0.05–0.1 fmol on
the ProteinChip spot) for proteins with molecular masses from 2–6 kDa to 1 mg/L
(equals 5 fmol on the ProteinChip spot) for a protein with a molecular mass of 67 kDa.
The same correlation exists for single proteins added to the urine; however, the detec-
tion threshold is 10 to 100 times higher than for single proteins alone.



protein peaks in a training set and subsequently validated their classifier in a
smaller but blinded group. Interestingly, Rogers et al. (102) performed another
validation of their classifier on a different set of blinded samples 10 mo later and
found a marked decline in sensitivity and specificity, ranging from 41 to 76%.
This illustrates that the robustness of this diagnostic approach needs to be sub-
stantially improved before it can be applied to a clinical setting and likely
requires large data sets to ensure that the range of biological variation, which
exists for a given condition, is appropriately represented in the training set (101).

Recently, three research groups have published their experiences using
SELDI-TOF-MS to define urinary proteins/peptides associated with acute renal
allograft rejection (104–106). Interestingly, each group found different urinary
proteome patterns associated with the rejection response. To understand these
apparent discrepancies, one must first consider that disease definition, sample
collection, sample handling, protocol for protein separation/visualization, and
data analysis were not identical in individual studies. Indeed, the three studies
had major differences in (1) the definition of rejection and control groups, (2)
the selection of chromatographic chip surfaces, and (3) the analysis of the gen-
erated spectra. Because of the power of the SELDI-TOF-MS technique to
detect different populations of proteins depending on the chip surface used, it is
not surprising on the basis of this fact alone that the patterns do not match. In
an attempt to ensure reproducibility and accuracy, the report by Schaub et al.
(105) defined all groups based on allograft function, clinical course and histo-
logy, included sequential urine analysis to enhance specificity, showed all
individual spectra, and separated the groups based on the visual presence or
absence of protein peaks.

Although some propose to use sophisticated bioinformatic analysis of the pro-
teome profiles generated by SELDI-TOF-MS as a diagnostic tool, we see the
application of SELDI-TOF-MS primarily as a high-throughput biomarker dis-
covery platform, which implies subsequent protein identification as the logical
next step. To date, protein identification strategy is based on complete in-solution
purification (ion-exchange beads and RP-HPLC) and digestion with subsequent
analysis of the peptides by RP-HPLC-MALDI-MS(/MS). This method allows
one to follow the target protein(s) by SELDI-TOF-MS during all steps and to
acquire very detailed information regarding the protein sequence (100). Sub-
sequently, this information can be used to develop quantitative, high-throughput
assays (i.e., enzyme-linked immunosorbent assay [ELISA]) for the potential pro-
tein biomarker. Nevertheless, it is clear at this point that irrespective of the
approach (protein pattern diagnostics or protein identification/ELISA assay
development), the results of all studies, to date, require validation in an inde-
pendent sample set. Ultimately, the success of any unbiased proteomic approach
will depend on the quality of the patient cohorts used for the comparative
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analysis. A rather rare but useful application of SELDI-TOF-MS is the detection
of microheterogeneities of urinary proteins (100,107). Up to a molecular mass of
15 kDa, changes in the sequence of the whole protein down to the amino acid
level can be detected and studied.

6. CE-MS for Urinary Proteomics
6.1. Technical Aspects of CE-MS Coupling

High resolution in polypeptide separation can be accomplished by either LC-
based methods (HPLC or 2D-LC) or CE. However, CE appears to offer several
advantages over LC: (1) it is fairly robust and uses inexpensive capillaries and
(2) it is compatible with essentially all buffers and analytes. Given these advan-
tages, it appears surprising that CE has not been used more widely. A possible
explanation might be the relatively small sample volume that can be loaded
onto the CE, accentuating a problem of sensitive detection (108). In contrast,
LC allows the analysis of rather large sample volume and hence is less demand-
ing on sensitivity. With improving methods of ionization, the development of
micro- and nanoflow ionsprays, and improvement of the detection limits of
mass spectrometers, sensitivity has become less of an issue. Owing to the
advantages of CE compared with LC, efforts have been made to achieve stable
CE-MS coupling (109–112). The different methods of coupling have recently
been reviewed in detail by Kolch et al. (113). In contrast to LC, CE generally
has no flow rate but requires a closed electric circuit. Sheath-flow coupling is
the most widely used approach, whereby the sheath liquid closes the electrical
circuit and provides a constant flow rate. This form of ionization is essentially
comparable to the micro- or nanoflow ionspray (depending on the liquid flow
rate). The sample is diluted by the use of sheath liquid but, to a lesser extent
than expected, probably owing to incomplete mixing in the Taylor cone (112).

The sensitivity is generally superior with sheathless interfaces, but these
appear to be less stable, mostly owing to deposits on the metal or graphite coat-
ing used. The enhanced stability of sheath-flow coupling is an enormous benefit
and outweighs its lower sensitivity. Even with sheath-flow coupling, detection
limits in the high attomole range can be achieved, particularly when flow rates
of the sheath flow are reduced (114,115). Another important consideration is
coating of capillaries, which has also been reviewed by Kolch et al. (113).
Generally, the analytes in the sample interact with the inner wall of the capil-
laries. This results in peak broadening or even deposits of analytes. As a solu-
tion, several types of coating and different coating protocols for the capillaries
have been described; many of them are quite tedious and time consuming
(116,117). Experience with different types of coating is yet not fully satisfac-
tory (115); consequently the ideal approach appears to be the use of uncoated
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capillaries. Currently, the best results can be obtained at low pH in the presence
of acetonitrile. However, a new coating protocol that has recently been
described by Ullsten et al. (118) appears to be quite stable and applicable to
even crude samples.

In contrast to direct CE-MS coupling using electrospray, coupling of CE to
MALDI-MS by deposition of the analytes onto different targets has also been
reported. Musyimi et al. (119) recently described a rotating ball interface, which
allows an online coupling of CE to MALDI-MS. The main advantages of
MALDI appear to be the enhanced stability and an easier handling in compari-
son with electrospray ionization (ESI). In addition, once the analytes are
deposited on the target, they can be reanalyzed several times without the need of
a new CE run. Moreover, the deposited analytes can be subsequently manipu-
lated. This has recently been described by Zuberovic et al. (120): the authors
spotted a CE run onto a MALDI target and were able to digest the deposited
sample. Such an approach holds promise that even higher molecular mass
polypeptides and proteins in clinical samples can be identified. The disadvan-
tages of MALDI are certainly the decreased dynamic range in comparison with
ESI and the higher sensitivity toward signal suppression. This leads to the detec-
tion of far fewer polypeptides in a complex sample. Whereas approximately
1500 polypeptides can generally be detected in a CE-ESI-MS run, the number
of detectable different polypeptides drops to 300 when the same sample is spotted
onto a MALDI target (Wittke et al., manuscript in preparation).

Taking all these technical problems into account, CE using uncoated fused
silica capillaries and coupling via a sheath-liquid interface to the mass spectro-
meter appears to be a suitable tool for the analysis of a large number of complex
biological samples. Although the CE-MS analysis itself is not demanding, sev-
eral challenges become obvious when hundreds of samples need to be analyzed:
(1) sample preparation must be highly reproducible (irrespective of the protein
content); (2) overloading of any system used must be omitted; (3) larger
polypeptides and proteins are frequently denatured and precipitated at low pH
condition in the CE capillaries; and (4) the software solutions provided by man-
ufacturers of mass spectrometers are inadequate to analyze the pattern of numer-
ous complex samples for clinical use. A thorough evaluation of one single
CE-MS run, which results in over 1000 consecutive individual MS spectra,
would require several days. For the detection of the narrow CE-separated ana-
lyte zones, a fast and sensitive mass spectrometer is required. Thus, both ion trap
and TOF systems appear to be adequate. Although ion trap MS acquires data
over a suitable mass range at the rate of several spectra per second, the resolu-
tion is generally too low to resolve the single isotope peaks of more than three-
fold charged molecules. Consequently, assignment of charge to these peaks is
hampered. Modern ESI-TOF instruments record up to 20 spectra per second and
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provide resolution (M/dM) of more than 10,000 and a mass accuracy better than
5 ppm. Thus, the most suitable instrument for this type of analysis is currently
ESI-TOF-MS.

6.2. Sample Preparation

When one is analyzing complex biological samples, major concerns are
losses of polypeptides and information as well as reproducibility. Consequently,
a crude and unprocessed sample should be the ideal specimen. However, as all
body fluids contain interfering components like different ions, lipids, carbo-
hydrates, and so on, these samples cannot be analyzed in the native as is form
in a mass spectrometer. Furthermore, separation is a prerequisite in order to
cope with the complexity and dynamic range. CE is quite insensitive to inter-
fering substances. This allows the injection even of crude urine samples.
However, high salt content of the crude urine sample interferes with separation
and seems to stress the glass capillary, causing it to break after a few runs.
Consequently, it is advantageous to remove salts and other low-molecular-mass
compounds. Nevertheless, the results on crude urine samples allow one to judge
all sample manipulation with respect to recovery based on polypeptides
detectable in these samples. An efficient method to remove unwanted sub-
stances in the samples initially appears to be the use of anion-exchange (121)
or RP materials (122). Since larger polypeptides do not elute efficiently for RP-
C-18 columns, it is advantageous to use RP-C-2 columns. Both RP-C-2 and
anion-exchange give satisfactory results, but the reproducibility of the analyses
using RP columns is higher (118).

6.3. Software and Data Analysis

One of the main obstacles using high-resolution separation in combination
with mass spectrometry is the lack of suitable software. Each individual CE-MS
run consists of about 1200 spectra. A typical contour plot (graphical depiction of
the raw data file) of a urine sample from a healthy volunteer is shown in Fig. 4.
A magnification of a small area reveals the enormous amounts of information
contained in these spectra. The essential information that needs to be extracted
from an entire CE-MS run is the identity and quantity of detected polypeptides.
Consequently, MosaiquesVisu has been developed as one approach toward
extracting information from these highly complex spectra (123).

This software package performs a stepwise examination of CE (or LC) MS
spectra. In the first step, signals are collected by fitting the criteria of a certain
signal-to-noise level and presented as several consecutive spectra. Next, the col-
lected MS peaks are charge-deconvoluted based on isotopically resolved peaks.
In the last step, the MS peaks are examined for conjugated peaks up to a charge
of 50. This is especially important for nonresolved MS peaks. The conjugated
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Fig. 4. CE-MS analysis of the urine from a healthy volunteer. (A) A graphical illus-
tration of the raw data is shown: mass per charge on the y-axis (in Daltons/z) against the
CE migration time (in min) on the x-axis. (B) Eight consecutive individual spectra
(from 18.98 to 19.34 min) from (A) are shown. As evident, each single spectrum gener-
ally holds information on more than 50 different analytes. The high resolution is further
illustrated by the magnification (X5) of one of the lower abundant polypeptide signals
shown in the left upper trace.

peaks (and their amplitudes) are combined into a single peak, which is charac-
terized by mass and migration time, as well as the combined amplitude of the
conjugated peaks. Based on the mass deviation of the conjugated peaks and
the match of isotopic distribution, the software also gives the probability that
the peptide, which is evaluated based on calculated charge, really exists. The
evaluation of an entire CE-MS run, comprising 1000 to 1500 individual spec-
tra, is accomplished within 5 min with an error rate below 2% as judged by the
200 most abundant polypeptides. Hence, this software allows the timely evalu-
ation of highly complex spectra. Migration time and mass are used to assess the
identity of a peptide. Since migration time varies depending on the ion load in
the sample and signal intensity varies depending on the efficiency of ionization
as well as the detector gain, the polypeptide list is normalized with respect to
migration time and signal intensity utilizing a set of 200 internal standard
polypeptides, which are found with high frequency in the urine (8).



241

F
ig

. 4
.(

O
pp

os
it

e 
Pa

ge
)



6.4. Applications to Human Urine

The development of CE-MS in combination with efficient sample preparation
and software establishment has suggested that this proteomic technology can be
applied to examine human urine for clinical diagnostics. Using CE-MS,
Weissinger et al. (8) have initially shown that typical housekeeping urinary
polypeptides, which can be found in almost all human urine samples, do in fact
exist. Not surprisingly, polypeptides in the urine show significant inter- and
intraindividual variabilities, as well as changes during the day. This can be attrib-
uted, at least in part, to physical activity, diet, smoking, and so on (8). The data
on comparability also underscore the fact that single biomarkers are always sub-
jected to variability. The results further indicate that a common biomarker that
should display unique characteristics (presence/absence of signal intensity) in
each sample from patients with a defined disease does not exist. Hence, the clin-
ical utility of a single biomarker measurement may be limited in some instances,
even if test accuracy and reproducibility are optimal. In these cases, proteome
profiling will make the diagnosis more robust and specific, since changes in indi-
vidual analytes do not result in gross change of the proteome pattern.

The highest reproducibility of individual polypeptides can be found when
urine samples from infants are evaluated. Generally, the reproducibility decreases
when the age increases even in apparently healthy individuals. Recently,
Decramer et al. have shown that CE-MS examination of urinary polypeptides
can predict the clinical outcome of uteropelvic junction obstruction with high
accuracy (ms. submitted). The data also revealed that each of more than 500
individual polypeptides was present in more than 90% of all urine samples
examined. This is the highest reproducibility ever observed in a proteomics
study using patient samples. Additionally, Mischak and colleagues (8,123–125)
have established characteristic urinary polypeptide patterns for various renal
diseases, e.g., minimal change disease, focal-segmental glomerulosclerosis,
membranous glomerulopathy, IgA nephropathy, and diabetic nephropathy.
These patterns can be used for differential diagnosis, since each renal disease
results in a specific and typical urinary polypeptide pattern (Fig. 5). The dis-
crimination between different primary renal diseases can be done with high sen-
sitivity and specificity (generally above 90%). Prospective studies to underline
these results are on the way.

The large number of biomarkers characteristic for a specific disease also sug-
gests that this approach may allow evaluation of disease progression and therapy.
The latter has recently been shown in patients with diabetic nephropathy, whose
treatment with an angiotensin II receptor antagonist significantly changed the
urinary polypeptide excretion (126). The recently published data on patients
with type 2 diabetes with and without nephropathy indicate that more than one
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clinical condition can be examined simultaneously and independently using CE-
MS analysis (124). This is further underlined in another report by Gwinner et al.
(ms. submitted) in which numerous biomarkers have been defined to recognize
the transplanted kidney as an allograft and to distinguish among stable trans-
plants, urinary tract infection, and allograft rejection. As also illustrated in Fig. 5,
the data from one CE-MS analysis can display multiple diseases. These promis-
ing results suggest that CE-MS analysis of urinary polypeptides can be widely
applied to detect pathological changes in the kidney.

Certainly, the clinical use of biomarkers requires knowledge of their identity.
Because of the complexity of biological samples, it may be difficult to purify a
single polypeptide of interest for further examination using conventional tech-
niques. Consequently, polypeptides of interest must initially be uniquely
defined by highly accurate mass and, if possible, additional identifying para-
meters (e.g., migration time) to allow sequencing by MS/MS. CE can be
directly interfaced with an MS/MS instrument for sequencing, and the entire
CE run can also be spotted onto a MALDI target plate; subsequent polypeptides
of interest can then be analyzed (119,124). With the latter approach, once the
entire CE-MS run is immobilized, single fractions (spots) can be analyzed
repeatedly without the need for a new CE run. In addition, MALDI-TOF/TOF
spectra can easily be generated using state-of-the-art MS systems. The major
limitation of this or similar approaches is that polypeptides above 3 kDa gener-
ally provide unsatisfactory data. This problem can be solved by either digesting
the sample on the target as described (120) or using Fourier transform ion
cyclotron resonance (FT-ICR) instruments, which allow the identification of
urinary polypeptides below 10 kDa (Chalmers et al., ms. submitted).

A large number of polypeptides that were identified in the urine are derived
from highly abundant proteins like albumin, β2-microglobulin, and others. These
peptides, which are most likely the results of proteolytic cleavage, appear to
carry more information than would held in a mere reflection of the abundance of
the parental proteins. At first sight, an array of different fragments of these pro-
teins (which would cover most of the sequence, favoring peptides that would be
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Fig. 5. (Opposite page) CE-MS analysis of the urine from patients with various
renal diseases. (A) The compiled contour plots of urinary polypeptides from normal
controls (NC), IgA nephropathy (IgAN), active vasculitis (Vasc), and minimal change
disease (MCD) that allow the tentative identification of discriminatory polypeptides.
Although the general appearance of these patterns is quite similar owing to the high
reproducibility, an array of disease-specific polypeptides can be pinpointed upon closer
examination of the data. (B) Magnification of the contour plots in the area of 2.1 to 2.85
kDa and 21 to 28 min shows differences in urinary polypeptide patterns among groups.
Mass (in kDa on a logarithmic scale) is indicated on the y-axis, whereas normalized
migration time (in minutes) is labeled on the x-axis.



subjected to proteolysis) is expected. It appears that this is not the case, and dis-
tinct peptides present at high abundance in certain renal diseases can be found.
The data available to date suggest that each disease results in different proteo-
lytic fragments. Although most chronic renal diseases result in increased albu-
min secretion into the urine, apparently disease-specific albumin peptides can
also be found. It is tempting to speculate that this might represent variable activity
of distinct proteases in different disease processes. Consequently, it is important
to know exact sequences of these peptides. Furthermore, the nature of the proteo-
lytic cleavage sites might enable one to pinpoint the underlying proteases,
thereby allowing a better understanding of the disease pathophysiology.

7. Mass Spectrometric Immunoassay for Urinary Proteomics
7.1. Background and Technical Aspects

In the last decade, the scientific community has realized the potential and
usefulness of MALDI-TOF MS in protein structural investigations (127,128).
Consequently, MALDI-TOF MS has become an integral part of today’s modus
operandi in proteome analysis, often used in combination with in situ enzymatic
digestion of proteins separated by 2D-PAGE for putative gene product identi-
fication via database searches (129). However, there is substantially more to
proteome analysis than the initial identification step. The complexity of the
proteome (stemming from the 3D protein structure, protein–protein interactions,
PTMs, point mutations, splice variants, and so on) necessitates the assaying of
individual proteins from their native environment with as much information con-
tent as possible—preferably in their full-length intactness subsequently followed
by increasingly more detailed fragment analyses. Thus, such top-down MALDI-
TOF MS characterization (as opposed to bottom-up analysis of a priori frag-
mented gene products) of proteins present in complex biological mixtures
becomes a fairly difficult proposition. These difficulties arise in part because the
targeted analytes are present at less than optimal concentrations while in the
presence of a huge abundance of other proteins and biomolecules. Additionally,
biofluids (especially urine) are of general high-salt content, which gives rise to
suppression effects and matrix neutralization during the MALDI process. It is
therefore clearly necessary to fractionate target proteins from biofluids prior to
top-down MALDI-TOF MS characterization; in the event that the target proteins
are known, affinity isolation is the preferred means of fractionation.

Over the last 10 yr, Nelson and colleagues (130–143) have demonstrated that
immunoassays, in which the captured antigen is detected qualitatively and quan-
titatively using MALDI-TOF MS, have the potential to greatly extend the range,
utility, and speed of biological research and clinical assays. The approach is
termed mass spectrometric immunoassay (MSIA) (Fig. 6) and is, in essence, the
rational combination of microscale affinity capture techniques with quantitative
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MALDI-TOF MS (144). In the initial stage of development, agarose beads
(derivatized with an affinity ligand) were used to create a microliter-volume col-
umn inside a micropipetor tip (thus creating an affinity pipet) (130,132). More
recently, tailored, high-flow-rate, high-binding-capacity affinity micropipetes
have been manufactured and used in combination with robotic platforms for the
preparation of up to 96 samples in parallel (134,138,142). Using this approach,
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Fig. 6. Illustration of the MSIA approach. Analytes are selectively retrieved from
solution by repetitive flow through a receptor-derivatized porous frit at the entrance of a
wide-bore P-200 pipetor tip (MSIA-Tip). Once washed off nonspecifically bound com-
pounds, the retained species are eluted onto a mass spectrometer target using a MALDI
matrix. MALDI-TOF MS then follows, with analytes detected at precise m/z values. The
MSIA analyses are qualitative by nature but can be made quantitative by incorporating
mass-shifted variants of the analyte into the procedure for use as internal standards.



target proteins are selectively retained and concentrated by repeatedly causing a
biofluid to flowthrough the affinity pipet. After washing to remove unspecified
compounds, retained species are eluted onto a mass spectrometer target, gener-
ally using a solution of the MALDI matrix. The eluted species are then mass 
analyzed, and the analytes and their variants can be detected at characteristic m/z
values. For quantification, a known variant of the analyte (chemically modified
to shift the molecular mass without significantly altering the affinity for the
immobilized ligand) is introduced into the biofluid at a constant concentration,
ultimately to be retained, eluted, and analyzed simultaneously with the target
protein. The target protein is quantified by normalizing the signal of the analyte
to that of the internal reference and (after proper calibration) equating the nor-
malized signal intensity with analyte concentration.

Overall, the specificity of MSIA is two-dimensional: the first is implied
during the affinity capture step (through selective interaction) and the second
during the mass spectrometric detection (determination of species at defined
m/z values). Thus analyte detection comes with a high degree of precision and
accuracy—all but eliminating false positives during screening—and can also
rapidly evaluate proteins for PTMs, point mutations, splice variants, protein
degradation, and interacting partners. Also, because analytes are detected at
unique m/z values, MSIA can be used to detect and identify multiple analytes
simultaneously, i.e., multiplexing for unrelated species using multiple affinity
ligands. By incorporating quantitative methods into the analysis, the assay is
expanded to allow MSIA to be used relatively in screening biological fluids for
biomarker discovery and in more directed applications (highly focused studies)
in which well-characterized proteins indicative of disease state are rigorously
quantified. Given these qualities and the fact that MSIA analyses require as little
as 1 min per analysis when applied in the high-throughput manner, it stands to
reason that the approach will find use in the proteomics and clinical analysis of
urinary proteins. Nelson and colleagues have previously reported on the devel-
opment of MSIA for the targeted analysis of a number of urinary proteins
(133,137,139,140). Selected examples are given here illustrating the use of
MSIA in such targeted urinary proteomics studies.

7.2. Applications to Human Urine

7.2.1. Example 1: Quantification of Urinary β2-Microglobulin

β2-microglobulin (β2m) is a low-molecular-mass protein identified as the light
chain of the class I major histocompatibility complex synthesized in all nucle-
ated cells. Upon activation of the immune system, both B- and T-lymphocytes
actively release β2m into the circulation from where it is later eliminated via
glomerular filtration and tubular reabsorption. Serum levels of β2m have been
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measured and nominally correlated to a number of ailments. On the other hand,
β2m levels in urine are indicators of glomerular filtration rate and tubular reab-
sorption (145). Conventionally, β2m levels are monitored using a variety of
immunological assays, including ELISA, radioimmunoassay, and particle-
enhanced turbidimetry assay. The quantitative dynamic range (spanning β2m
concentrations of approx 0.2–20 mg/L) and the accuracy (1–10%) of these
assays are sufficient to cover the normal and elevated levels of β2m in a variety
of biological fluids.

Previously, Tubbs et al. (133) have reported on the development of a urine-
based MSIA assay targeting β2m. Figure 7 shows spectra resulting from the
MSIA analysis of a human urine sample. For comparison, a MALDI-TOF
mass spectrum of whole unfractionated human urine is shown. The MALDI-
TOF spectrum of the whole urine shows a number of signals in the peptide
region and an absence of signals for β2m. On the other hand, the results
obtained during MSIA are dominated by signals from the β2m, with few addi-
tional signals from nonspecified compounds and of suitable quality to develop
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Fig. 7. β2m MSIA screening of a human urine sample. Upper trace: direct MALDI-
TOF mass spectrum of diluted, unfractionated human urine sample. Bottom trace: mass
spectrum of the human urine sample following the MSIA screen.



a fully quantitative assay. For the quantification of β2m in human urine, internal
standards need to be incorporated into the MSIA protocol. Equine β2m (eβ2m)
was chosen as an internal reference for quantification because of its high degree
of similarity to human β2m (hβ2m) (approx 75% sequence homology), resolv-
able mass difference from hβ2m (Mr (eβ2m) = 11,396.6; Mr (hβ2m) = 11,729.7) and
its availability. Briefly:

1. Fresh horse urine was collected (at a local stable) and treated immediately with a
protease inhibitor cocktail.

2. Low solubility compounds were removed from the urine by overnight refrigera-
tion (at 4°C) followed by centrifugation at 5000g for 5 min.

3. The urine was then concentrated 20-fold over a 10-kDa molecular mass cutoff filter
with repetitive rinses with HEPES-buffered saline (HBS) and water and several
filter exchanges (4 filters/200 mL urine).

4. Treatment of 200 mL fresh urine resulted in 10 mL of β2m-enriched horse urine,
which served as the stock internal reference solution for approx 100 analyses.

5. Standards were prepared by stepwise dilution (i.e., X 0.8, 0.6, 0.4, 0.2, and
0.1, in HBS) of a 1.0 mg/L hβ2m stock solution to a concentration of 0.1 mg/L;
the 0.1 mg/L solution served as stock for an identical stepwise dilution covering
the second decade in concentration (0.01–0.1 mg/L).

6. A blank solution containing no hβ2m was also prepared.
7. The samples for MSIA were prepared by mixing 100 μL of each of the hβ2m stan-

dards with 100 μL of stock horse urine and 200 μL of HBS buffer.
8. MSIA was performed on each sample as described above, resulting in the simul-

taneous extraction of both eβ2m and hβ2m.
9. Ten 65-laser-shot MALDI-TOF spectra were taken from each sample, with each

spectrum taken from a different location on the target.
10. Care was taken during data acquisition to maintain the ion signals in the

upper 50 to 80% of the y-axis range and to avoid driving individual laser shots into
saturation.

11. Spectra were normalized to the eβ2m signal through baseline integration, and the
integral hβ2m peak was determined.

12. Integrals from the 10 spectra taken for each calibration standard were averaged,
and the standard deviation was calculated.

13. A calibration curve was constructed by plotting the average of the normalized integrals
for each standard vs the hβ2m concentration.

14. Figure 8A shows spectra representing MSIA analyses of hβ2m standards in a con-
centration range of 0.01 to 1.0 mg/L.

15. Each spectrum, normalized to the eβ2m signal, is one of 10 65-laser-shot spectra
taken for each calibration point.

16. The calibration curve is shown in Fig. 8B. Linear regression fitting of the data
yields Inthβ2m/Inteβ2m = 4.09 (hβ2m in mg/L) + 0.021 (R2 = 0.983), with a working

LOD (limit of detection) of 0.0025 mg/L (210 pM) and a LOQ (limit of quantitation)
of 0.01 mg/L (850 pM).
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Fig. 8. Quantitative β2m-MSIA: working curve. (A) Representative spectra of data used
to generate the working curve. Human β2m concentrations of 0.01 to 1.0 mg/L were investi-
gated. Equine β2m (Mr = 11,396.6) was used as an internal standard. (B) The working
curve was generated using the data represented in (A). The two-decade range was spanned
with good linearity (R2 = 0.983) and low standard error (approx 5%). Error bars reflect the
standard deviation of 10 repetitive 65-laser-shot spectra taken from each sample.



For the quantitative MSIA screens:

1. Ten samples were collected from four individuals:
a. Female, 31 yr old, pregnant; 1 sample (F31).
b. Male, 30 yr old; four samples over 2 d (M30).
c. Male, 36 yr old; two samples over 2 d (M36).
d. Male, 44 yr old; three samples over 2 d (M44).

All the individuals were healthy when the samples were collected.

2. In preparation for MSIA, 100 μL of each urine sample was mixed with 100 μL of
stock horse urine and 200 μL of HBS.

3. Results from the MSIA of the 10 urine samples are shown in Fig. 9. The bars
depict the β2m concentration determined for each sample.

4. The data for the 10 samples show remarkable consistency, with an average β2m
concentration of 0.100 ± 0.021 mg/L (high = 0.127 mg/L; low = 0.058 mg/L).

5. An additional analysis was performed on a urine sample obtained from an 86-yr-old
woman (F86) who had recently suffered a renal infection. Because of the 
significantly higher level of β2m found in this sample, it was necessary to dilute
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Fig. 9. Quantitative β2m-MSIA: screening. Human urine samples from five individ-
uals were screened over a period of 2 days. The average value determined for healthy
individuals (10 samples from four individuals [three males and one female]; ages 30–44 yr)
was 0.100 ± 0.021 mg/L. The level determined for an 86-yr-old woman with a
recent urinary tract infection indicated a significant increase in β2m concentration 
(3.23 ± 0.072 mg/L).
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the urine quantitatively by a factor of 10 to keep the β2m signal inside the dynamic
range of the working curve and accurately establish the β2m concentration in F86
(at 3.23 ± 0.02 mg/L).

7.2.2. Example 2: Qualitative Comparison of Urinary 
Proteins among Individuals

This second example is focused on applying urinary MSIA assays to urine
samples of two different individuals collected throughout the course of a single
day. Of particular note is the ability to view differences between individuals, as
well as the ability to screen for intraindividual variability during the day.
Because urine expulsion from humans can be viewed as in a constant state of
flux, such real-time analyses have the potential to define the range of normal
protein predispositions in individuals more accurately—basal information of
great value when compared against disease states. Briefly:

1. Urine samples from two individuals were collected from the first four voids of the
day (over approx 8 h).

2. Eight MSIA assays (β2m, cystatin C [cysC], transthyretin [TTR], urinary protein 1
[UP1], retinol binding protein [RBP], IgG light-chain λ [IgGLCL], albumin [Alb],
and transferrin [TRFE]) were performed by addressing the samples in parallel
using a repeating octapette.

3. The samples were assayed between voids (i.e., void1, assay1; void2, assay2;
void3, assay3; and void4, assay4), requiring a total analysis time (void-to-data) of
approximately 1 h for the eight assays.

4. Figure 10 shows the results of the exercise. Overall, the assays show good repro-
ducibility as applied to the individuals throughout the day.

5. It is worth noting that, collectively, 64 assays were performed by hand, in (near)
real time over the course of approximately 8 h. This rate is not limited by any fore-
seeable obstacles (ironically, in this example, it was the nature of the experi-
ment—the time needed between voids—that was the rate-limiting step) and can
certainly be increased given the addition of even more samples, assays, and the
incorporation of parallel robotic preparation.

6. Importantly, an outcome of the screening was the observance of differences in the
target proteins at both the intra- and inter-individual levels.

7. Figure 11 shows differences in the RBP assay of Individual1 observed between
void1 and subsequent voids (void3 is shown). In the first void of the day (i.e., approx
6 h after the last void of the previous day), the relative contribution of the lowest
molecular mass breakdown product of RBP (RBP-[C-terminal]—RNLL) is observed
to increase. Similar results were not observed for the second individual however.

8. Figure 12 shows the results of the cysC MSIA of Individual1, void3. Overall, high-
quality spectra were obtained with good signal-to-noise ratio and generally free of
nonspecified proteins. Inspection of the singly charged region revealed the presence
of wild-type cysC (m/z = 13,343 Daltons) and an oxidized version (dm = +16
Daltons) that has been noted previously in the literature (oxidation of proline at
residue 3 [146]). Two other species were also observed, one at m/z = 13,256
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Daltons (still sharing the oxidation) and the second at m/z = 13,072 Daltons. These
signals were most likely owing to truncation of the N-terminal Ser and Ser-Ser-Pro,
respectively (measured molecular masses within 1.5 Daltons of calculated) and
were consistently observed in both individuals for all voids. However, the two other
variants, owing to loss of four or eight residues from the N-terminus, were observed
in only the third void of Individual1.

9. Figure 13 shows three TTR MSIA spectra, two from Individual2 (void1 and
void3) and one from Individual1 (void3). The dominant signal in all three is owing
to the cysteinylated version of TTR (119 Daltons higher in molecular mass than
the wild type). Individual2 shows an approx +30-Dalton split, indicative of point
mutation (upper and middle spectra) relative to homozygous wild type (lower
spectrum). Also observed in Individual2 on the first void of the day is a great deal
of heterogeneity in the signal surrounding the wild-type molecular mass, making
an accurate molecular mass determination difficult. Analysis of later voids
improves the quality of the spectrum, making accurate molecular mass determina-
tion of the intact species possible. Using mass mapping and reflectron DE-
MALDI-TOF MS, this particular approx +30 Da variant was subsequently
measured as a mass shift of Δm = 29.988 Daltons in tryptic fragment 104–127,
which identified the point mutation as Thr119Met (Δm = 29.992 Daltons).
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Fig. 11. MSIA RBP spectra obtained from the urine of Individual1, void1 (upper trace)
and Individual1, void3 (lower trace). A slight change in the relative contribution of the trun-
cated variants—from left (C-term), des-RNLL, des-LL, des-L, and intact—is observed.



These examples demonstrate the use of MSIA in two urinary-based applica-
tions: the rigorous quantification of a urinary protein and the qualitative relative
profiling of multiple urine proteins/samples. Regarding protein quantification, it
is accurate from a general analytical biochemistry point of view to state that
there has always been a pressing need for new analytical techniques able to
determine protein concentrations in biofluids accurately. This statement is essen-
tially meant to transcend the boundaries of proteomics and to point out bluntly
that there are altogether too few quantitative approaches in use today that are
able to live up to the complications and challenges derived from the concerted
analysis of biological systems. Even so, and learning from the examples given
above, it is often an error to presume the exact nature of a protein when one is
using quantitative approaches that are not able to discern microheterogeneity
present in a given protein. At the very least, MSIA can be used to define multi-
ple, related species qualitatively such that this knowledge may be used in con-
cert with assays that yield only a single quantitative value. However, given the
appropriate experimentally design, which includes mass selective detection,
MSIA can be used to determine proteins levels in a manner that is largely free
of such complicating artifacts. Viewed differently, these artifacts (in the form of
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Fig. 12. Cystatin C MSIA obtained from the urine of Individual1, void3. Two variants
(N-term), des-S and des-SSP, are observed in all voids from both individuals, two variants,
des-SSPG and des-SSPGKPPR, are observed unique to this void in this individual.



point mutations, PTMs, protein truncations, and so on) yield a wealth of
information on the true nature of a protein in its natural environment, as well as
on the individual in whom the proteins reside. Notably, when all data given
above are considered, 19 variants (collectively for the eight targeted proteins)
were observed in just the small longitudinal study between the two individuals.

Clearly, more information is contained in the detailed analysis of these
species than would be produced using approaches that are limited by an a
priori assumption of a protein qualitative makeup. This ability to view changes
in protein structure, both in a single individual with time and between individ-
uals (and with time) with great speed, sensitivity, and accuracy results in a
promising approach not only to identify putative biomarkers but also to form
the basis of studies geared to a more fundamental understanding of protein
behavior in human biofluids. Obviously, additional studies involving the assay-
ing of a greater number of proteins in larger populations are needed to define
more precisely such qualitative and quantitative modulations expected in both
healthy and diseased individuals. Given such pursuits, MSIA has great poten-
tial for characterizing urinary proteins and upon further development will find
significant use in biomarker discovery/identification/validation and subsequent
quantitative clinical and diagnostic applications.
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Fig. 13. TTR variants observed during the MSIA analysis of Individual2, void1
(upper trace) and void3 (middle trace) and Individual1, void3 (lower trace).



8. Perspectives and Future Directions
Most urinary proteomics studies to date have utilized a single approach in

each individual study. Each approach has different advantages, disadvantages,
and limitations, as pointed out in individual sections above. Therefore, it is
unlikely that complete information on proteins in the urine or other body fluids
will be obtained using only one analytical approach. The complexity of protein
expression and function in these biofluids requires integration of several
approaches to fulfill the dynamic image of the physiology and pathophysiology
of such body fluids, as well as their related organs. Because alterations in protein
expression levels and microheterogeneities can cause diseases, an ideal approach
should have the capability of both quantification and qualitative analysis.

Because the urine is one of the most interesting and useful human body fluids
for clinical proteomics studies applied to biomarker discovery, experimental
design has become a crucial issue. To define any urinary protein(s) as biomarker
candidate(s) of a medical disease, one must be aware of the pathophysiology of
how excretion of such protein(s) is altered during the disease state; otherwise the
data can be misleading. For a renal disease, in addition to normal healthy individ-
uals, the controls must include patients who have renal disorders that result in a
clinical syndrome similar to the disease of interest. For example, the control
groups for diabetic nephropathy must include other glomerular disorders; the
controls for acute renal allograft rejection must include acute tubular necrosis and
urinary tract infection. For a disease in which the primary affected organ is not
the kidney, a remote kidney effects that can cause changes in urinary composition
that are not specific to such a disease/disorder, must be of serious concern. An
excellent example is paraneoplastic syndrome in various types of cancers, which
has systemic effects, leading to alterations in general metabolic and biochemical
profiles. Urinary protein composition in this condition can be changed (either up-
or downregulated or involving changes that are present or absent) but may not be
specific for a particular type of cancer. When the investigators wish to define uri-
nary biomarker(s) for a particular type of cancer, the control groups to be evalu-
ated must include other types of cancers that can cause the paraneoplastic
syndrome in addition to the healthy controls. The proteomics investigators must
work closely together with health-care professionals to define groups of patients
to be examined. After the biomarker candidates are identified, they need to be
examined in a larger number of patients to evaluate sensitivity and specificity
before they can be used in clinical practice. To date, no urinary biomarker has
been identified by proteomic analysis that has been validated and can be used in
clinical diagnostics. Hopefully, with the integration of different approaches and
improved quantitative and qualitative techniques, identification of validated uri-
nary biomarkers for medical diseases will be more feasible.
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Proteomics of Human Cerebrospinal Fluid

Margareta Ramström and Jonas Bergquist

Summary
Examination of human cerebrospinal fluid (CSF) has been performed for over 100 years.

Since CSF is in direct contact with the extracellular surface of the brain, the biochemical compo-
sition of this fluid is altered in disorders related to the central nervous system. Hence, it is of great
interest to investigate thoroughly the human CSF proteome, to identify proteins, and to examine
possible biomarkers of, for example, neurodegenerative disorders. This chapter will provide a
short introduction to proteins found in CSF and describe designs and applications of proteomics
methods used for the analysis of CSF.

Key Words: Cerebrospinal fluid; 2D-PAGE; LC-MS; neurodegenerative disorders; central
nervous system.

1. Introduction
Cerebrospinal fluid (CSF) is a colorless body fluid surrounding the brain and

the spinal chord in vertebrates. Its main functions are mechanical protection of
the brain and transportation of metabolically active substances and waste prod-
ucts. Owing to its close contact with the brain, CSF is often investigated when
one is examining disorders related to the central nervous system (CNS). Analysis
of CSF has been performed for diagnostic purposes for over 100 yr (1). The body
fluid is secreted at a rate of 0.35 mL/min, mainly from the choroid plexus in the
brain. The total volume of CSF is around 100 to 150 mL in adults, which means
that the fluid is replaced three to four times every day (2).

Most of the chemical compounds found in CSF originate from the blood.
The levels of electrolytes, e.g., Na+ and Cl−, are approximately the same in both
body fluids. Water, gases, and lipid-soluble compounds move freely from the
blood into CSF; glucose, amino acids, and cations are transported by carrier-
mediated processes. The protein content in CSF is typically 350 mg/L, which is



approximately 200 times lower than in plasma. Around 20% of the proteins in
CSF are brain derived, and the remaining part is derived from blood via the
blood-CSF barrier. Hence, the protein repertoire resembles that of plasma, but
there are significant divergences, and it is not accurate to describe CSF solely as
being an ultrafiltrate of plasma. This is evident, for example, when one compares
the rank order of the most abundant proteins in the two body fluids (3) (Table
1). Three of the eight most abundant proteins in CSF (prostaglandin D-synthase,
transthyretin, and cystatin C) are brain derived and therefore not found at high
proportions in plasma. Proteins referred to as brain derived are formed at differ-
ent sites; prostaglandin D-synthase and cystatin C are released from lep-
tomeninges, whereas other proteins, e.g., tau protein and S-100, originate from
neurons and glial cells. Transthyretin in CSF is mainly formed in the brain, but
a nonnegligible part also originates from the blood (4). Therefore, the expression
of transthyretin in CSF is more complex to study, and mathematical corrections
are necessary, e.g., when comparing the levels of brain-derived transthyretin in
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Table 1 
The Most Abundant Proteins in CSF and Plasmaa

Protein Concentration (mg/L)

CSF
Albumin 200
Prostaglandin D-synthase 26
IgG 22
Transthyretin 17
Transferrin 14
α1-antitrypsin 8
Apo-lipoprotein A 6
Cystatin C 6

Plasma
Albumin 45,000
IgG 9900
α-Lipoprotein 3000
Fibrinogen 3000
Transferrin 2300
β-Lipoprotein 2000
α2-macroglobulin 2000
α1-antitrypsin 1400
aProstaglandin D-synthase, transthyretin, and cystatin C are exam-

ples of brain-derived proteins that are present in high relative concen-
trations in CSF. Molecules of larger sizes, such as α- and β-lipoprotein
and α2-macroglobulin, do not enter the blood-CSF barrier readily and
are hence present in lower proportions in CSF than in plasma.



different compartments of the CNS (4). The relative amounts of blood-derived
proteins in CSF do not truly correlate to the relative concentrations in plasma.
For example, the molecular weight of high-abundant proteins in CSF is typically
lower. It has been demonstrated that smaller proteins generally enter the CSF
more readily from blood than larger ones and that protein charge also influences
the ability of proteins to cross the blood-CSF barrier (3).

The CSF proteome is a unique biochemical environment and a rich source of
potential biomarkers for various conditions. This chapter will describe and dis-
cuss proteomic approaches applied in the analysis of CSF. Although proteomics
can be divided into several subdisciplines (5), this chapter will focus on expres-
sion proteomics, including qualitative, quantitative, and comparative studies
that have been presented in the literature.

2. Methods
2.1. Sample Collection

2.1.1. Lumbar Puncture

The most common way to obtain CSF is via lumbar puncture, which can be
performed at the lateral decubitus position at the L3-L4, L4-L5, or L5-S1 ver-
tebral interspaces (6). Routinely, 12 mL CSF is collected for analysis from
adults. It is important to mix the samples gently after collection to avoid gradi-
ent effects. The choice of tubes and storage conditions also influences the
results and should be optimized prior to analysis. It is vital to avoid contamina-
tion from blood during collection. Owing to the large difference in protein con-
centrations of the two body fluids, a minor contamination of blood will alter the
protein content of CSF dramatically. To check for possible contaminations, cell
counts and total protein analysis should be performed.

2.1.2. Ventricular CSF

Analysis of ventricular CSF is less frequently performed. It should be noted
that the protein concentration in ventricular and lumbar CSF differ. The protein
concentrations given in Table 1 refer to lumbar CSF. The total protein concen-
tration is lower, but proteins released from brain cells are more abundant in ven-
tricular CSF (4).

2.2. CSF Proteomics Using 2D-PAGE

The dominating approach for expression proteomics studies of CSF is 2D
polyacrylamide gel electrophoresis (2D-PAGE). An overview of a standard
experimental procedure is given in Fig. 1. As mentioned earlier, the protein
concentration in CSF is rather low, whereas the salt concentration is high 
(>150 mM) (7). Sample preparation prior to 2D-PAGE involving a desalting
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step is necessary in order to avoid negative effects on the electrophoretic sepa-
ration. Several different methods have been used for this purpose, including
ultrafiltration (8), dialysis (9), and protein precipitation using cold acetone (10)
or trichloroacetic acid/acetone (11,12). When one is choosing a method for
desalting, it is important to estimate the protein recovery and the reproducibil-
ity of the method. Yuan and Desiderio (7,11) compared the recoveries and per-
formances of different methods for desalting. Their studies report on the highest
recovery for acetone precipitation and an alternative method for salt removal,
based on spin columns.

After removal of salts, the protein pellet is resolved in an appropriate buffer
and, typically, sample volumes corresponding to 100 to 350 μL of native CSF
are loaded on gel prior to separation. An example of a 2D gel of CSF is shown
in Fig. 2. The most intense spots correspond to the dominating proteins given
in Table 1. Human serum albumin (HSA) is by far the dominating protein,
which is also seen on gel. From the spots, 20 to 30 different proteins can typi-
cally be identified (8,10,12), and the standard approach for identification
involves tryptic digestion of each protein spot prior to matrix-assisted laser des-
orption/ionization (MALDI) mass spectrometry (MS) (10,11).
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Fig. 1. Experimental procedure for CSF analysis by 2D-PAGE. Typically, 100 to
350 μL of CSF are desalted prior to sample loading on-gel. Different approaches for sam-
ple fractionation and removal of high-abundant proteins can also be applied to reduce
sample complexity.



The concentration range of proteins in CSF is very wide; a few highly abun-
dant proteins limit the amount of total proteins that can be loaded on gel, and thus
the possibility of detecting lower abundant components is limited. Therefore, dif-
ferent approaches have been developed to fractionate CSF or to remove high-
abundant proteins prior to analysis using 2D-PAGE. Davidsson and colleagues
(13,14) reported on a prefractionation method relying on liquid-phase isoelectric
focusing. After fractionation with respect to isoelectric points, selected fractions
were pooled, and each pool was then applied individually on separate 2D gels. It
was reported that, generally, more protein spots of larger sizes could be found on
2D gels of fractionated samples, and additional proteins could be identified in
these analyses. The sample consumption for one experiment was 3 mL native
CSF, which is a clinically available volume, but approximately 10 times higher
than in ordinary 2D-PAGE studies. An alternative approach for sample prefrac-
tionation was presented by Yuan and Desiderio (15). They applied reversed-phase
(RP) solid-phase extraction, whereby the proteins are separated with respect to
hydrophobicity. One milliliter of CSF was loaded on the RP column, and three
fractions were collected from the sample. The fractions were loaded on separate
2D gels; in total, 42 different proteins could be identified using MALDI-time-of-
flight (TOF) analysis of tryptic digested protein spots.
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Fig. 2. A representative 2D gel of human CSF as presented by Yuan et al. (11).
(Reproduced with permission from WILEY-VCH Verlag GmbH.)



More specific removal of selected proteins can be achieved by applying var-
ious approaches. The most commonly used strategies are based on Cibachon
Blue-Sepharose media (16) or monoclonal antibodies (17–19). In expression
proteomics studies of CSF, variants of both these approaches have been applied
prior to 2D gel electrophoresis (12,20). Signals from lower abundant proteins
were enhanced, but some spots corresponding to nonabundant proteins were
also removed in the initial studies (12).

In conclusion, a removal or fractionation step is often advantageous when
one is studying lower abundant proteins in CSF. However, the risk of, at the
same time, removing low-abundant proteins via binding to the target proteins or
the affinity column should be estimated and investigated. Also, the sample con-
sumption and the analysis time need to be taken into account when one is intro-
ducing an extra step for sample preparation.

2.3. CSF Proteomics Using Online Liquid Separation 
and High-Resolution Mass Spectrometry

As alternatives to gel-based proteomics, methods relying on liquid separa-
tions and mass spectrometry have been applied in CSF analysis (Fig. 3). These
approaches are often faster to perform, easier to automate, and require smaller
sample volumes. In standard strategies, the proteins in CSF are enzymatically
digested, all at the same time, and the peptides are then separated in one or sev-
eral dimensions. After this, the fragments are electrosprayed into a mass spec-
trometer using online electrospray ionization.

Our group has reported on strategies for CSF proteomics based on Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS) (21–25). The
FT-ICR mass spectrometer provides mass accuracy on the ppm level, ultrahigh
resolution, and high sensitivity. Therefore, it is a powerful instrument to be
applied for the identification of components of various concentrations in complex
samples. In the approaches described, the proteins were first globally digested
using trypsin. After desalting, the tryptic peptides were either analyzed by direct
infusion electrospray ionization (ESI)-FTICR MS (21) or separated using packed
capillary liquid chromatography (LC) (22–24) or capillary electrophoresis (CE)
(25) prior to MS detection. The subsequent protein identification procedure relied
on the high mass measurement accuracy of the mass spectrometer. Packed capil-
lary LC was performed on a standard high-performance liquid chromatography
(HPLC) system; the separation took place on in-house packed RP columns of 
200-μm inner diameter. CE experiments were conducted on an in-house-designed
CE instrument. Pressurized injection of tryptic digested CSF sample was applied,
and the separation took place in 100-cm-long fused silica capillaries (inner
diameter 25 μm). The electrospray emitters used in all three experimental cate-
gories were Black Dust (polyimide-graphite) sheathless emitters (26). In direct
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infusion experiments, flow rates of 60 nL/min were chosen; the flow rates in the
LC and CE experiments were adjusted to conditions appropriate for the separation.

A comparison of CSF analysis by the three approaches is shown in Table 2.
In all cases, the sample consumption was minor compared with 2D-PAGE.
Using CE, only 16 nL were consumed in one experiment. However, usually a
larger volume is required for sample preparation and sample infusion. As
expected, more peptides were detected and more proteins could be identified
applying a separation step prior to FT-ICR MS. A typical mass chromatogram
from an LC-FT-ICR experiment of CSF is shown in Fig. 4. Each spot in this fig-
ure corresponds to a detected tryptic peptide. The number of identified proteins
in the LC and CE experiments was quite comparable to the results from 
2D-PAGE analysis. The advantage of the direct infusion experiment is its sim-
plicity and ease of use. Informative results can also be generated very fast.
Frequently, data collection during 1 to 5 min is sufficient to get an overview of
a complex sample, whereas longer analysis times permit increased signal-to-
noise ratios of components in the mass spectra.

Also, when one is applying LC-MS-based proteomics, it is advantageous to
include a removal step for HSA and other high-abundant proteins. In a recent
study, we investigated the effects of two commercially available depletion kits
combined with the LC-FT-ICR MS approach (24). It was shown that the num-
ber of identified proteins in CSF increased dramatically, when an antibody-based
method, developed for the removal of HSA and IgG, was used (Fig. 5). The
study also demonstrated that methods initially created for depletion of proteins
from plasma or serum were compatible with other body fluids, such as CSF. A
trend in this field is to develop antibody-based methods that specifically remove
many of the high-abundant proteins. However, for this purpose, it would be
advantageous to construct CSF-specific columns, since the high-abundant brain-
derived proteins would otherwise limit the sensitivity of the method.
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Table 2
A Comparison of Three Methods for Sample Introduction Into an FT-ICR 
Mass Spectrometera

Direct Capillary Liquid 
infusion electrophoresis (CE) chromatography (LC)

Sample consumption (μL) 7.8 0.016 32
Experimental time (min) 40 15 60
No. of detected peptides <1000 1500 6600
No. of identified proteins 13 30 39

aThe LC approach is the most powerful one in terms of the number of detected fragments and
the number of identified proteins. However, the CE method is attractive, since it is a faster
approach and consumes less amount of sample.
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In so-called shotgun proteomics, tandem mass spectrometry is performed to
fragment the peptides, and protein identification is then based on sequence-tag
information of the tryptic peptides. Shotgun proteomics has been applied in
analysis of the lumbar (27) and ventricular CSF proteome (28). In the study of
lumbar CSF, gradual precipitation with acetonitrile was performed to separate
albumin from lower abundant proteins. The tryptic peptides were then separated
in a 2D microcapillary column LC system, consisting of a strong cation-
exchange column and two alternating RP capillary columns. Tandem mass
spectrometry was performed using an ion trap. The authors report on the iden-
tification of 165 proteins from the CSF proteome (27). A similar experimental
setup was applied for separation and identification of tryptic peptides from the
ventricular CSF proteome (28). In this study, HSA and IgG were removed using
an in-house constructed antibody-based resin. Identification of 249 unique pro-
teins was reported. However, only 6% of these proteins were common to all 10
subjects under the study, and the identification of 67% of all proteins was based
on the sequential information from one single peptide.

3. Findings and Applications
The ultimate goal of many proteomic studies is to identify possible biomarkers

for certain conditions. Traditionally, up- and downregulation of candidate bio-
markers has been investigated using methods for quantification of preselected
proteins one at a time. Immunoassays, such as enzyme-linked immunosorbent
assay (ELISA) and radioimmunoassay (RIA), are some of the most commonly
applied strategies. Analyses by standard immunoassay techniques have revealed
alterations in CSF proteins correlated with injuries and disorders of the CNS
(29–35). A few examples are the increase in tau protein and decrease in Aβ1–42
in Alzheimer’s disease (AD) (35) and the elevation of neurofilament protein
(NFL) levels in amyotrophic lateral sclerosis, AD, and miscellaneous neurode-
generative disorders (34).

Many of the alterations found in CSF are not specific to a certain disorder but
rather general for similar conditions. An optimal biomarker should be disorder
specific and selective. Such findings would allow for the development of diag-
nostic tools based on biochemical analysis and would provide a deeper under-
standing of the etiology of the specific disorder rather than the process of, e.g.,
neurodegeneration in general. As the biochemical environment in a body fluid
should be expected to change in many correlated ways during a certain condi-
tion, it is advantageous to achieve a more global view of the proteins in the sam-
ples. Comparative proteomics is indeed a more discovery-oriented approach to
the problem and, therefore, has been applied to study various conditions.

Most commonly, 2D-PAGE-based proteomics has been applied to compare
CSF proteomes. A list of potential biomarkers for several disorders related to the
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CNS identified using this approach is given in a recent review (7). For example,
protein alterations correlated with AD have been investigated in several pro-
teomic studies (36–38). In the reports, a few proteins including apolipoproteins
have been suggested to be affected in AD. The level of apolipoprotein E (ApoE)
has been demonstrated to be significantly altered in several studies (37,38), con-
sistent with the data obtained from ELISA-based studies (39). The concentration
of ApoE was also reported to be reduced, but to a lesser degree, in frontotempo-
ral dementia (40). Choe et al. (36) demonstrated that the proteins significantly
altered in CSF of AD patients compared with controls varied for the same data
set depending on the choice of statistical method for comparison of 2D gels. This
illustrates one of the greatest challenges associated with proteomics and the
comparison of complex samples. The comparison of 2D gels is not straightfor-
ward and powerful, and accurate tools are required for statistical analysis.

Gel-free methods have also been applied to solve similar problems. Recently,
a study was conducted in order to search for possible biomarkers of amyotrophic
lateral sclerosis (23) using the previously described LC-FT-ICR MS approach.
Mass chromatograms of CSF from 12 patients and 10 controls were collected.
Significant differences in protein expression could be observed when the pat-
terns were compared, and the differentially expressed peptide masses were
extracted. Unfortunately, the identities of the characteristic peptides could not be
revealed by the technique applied. When one is trying to classify samples as
unknown, 80% of these samples were sorted into the correct group. Hence, the
study is very promising, but more samples need to be analyzed before any con-
clusion can be drawn. In order to assign the characteristic peptides, experiments
applying complementary MS/MS techniques have also been initiated.

An LC-MS/MS study was performed to compare protein levels in CSF from
elderly and younger patients. A strategy for relative quantification called
isotope-coded affinity tags (ICAT) was used for this purpose. It was shown that
the relative concentration of 30 proteins were changed by more than 20%
between the group of younger persons (aged 22–36 yr) and older subjects (aged
66–85 yr) (27). This study demonstrates the importance of choosing age-
matched control samples when screening CSF for possible biomarkers.

4. Perspectives and Future Directions
The biochemistry of CSF reflects the status of the brain and the CNS. The

protein content in CSF is low and contains both brain- and plasma-derived com-
ponents. Recently, proteomics has evolved to become a useful tool for identifi-
cation of proteins in complex samples and also for the comparison of protein
expression patterns. Interest in biomarkers for various pathologies is presently
enormous, and the need for new technologies in screening and discovery is
obvious. Today’s approaches to CSF proteomics will most probably not end up
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as routine analytical tools in the clinical arena or as point-of-care screening
devices. However, we see great potential to our approach in the discovery phase
of biomarker research: new markers can be identified in a nonbiased way.
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Proteomics of Pleural Effusion

Joost Hegmans, Annabrita Hemmes, and Bart Lambrecht

Summary
A pleural effusion is the abnormal accumulation of fluid between the two layers of pleura that

line the chest cavity and surround the lung. Pleural effusion can be the result of several causes.
Proteomic analysis may be useful in indicating the pathogenic mechanisms involved in pleural
fluid accumulation and might pinpoint specific diagnosis. Differential gel electrophoresis (DIGE)
has been employed to compare directly the proteome profile of serum and pleural effusion of
mesothelioma patients to identify unique proteins by observing concentration changes and modi-
fications on the single protein level. This technique involves the preelectrophoretic labeling of
complex protein samples using different cyanine-based fluorescent tags prior to carrying out sep-
aration by 2D polyacrylamide gel electrophoresis. Several proteins have been found to be differ-
entially or uniquely expressed in the serum or pleural effusion of patients.

Key Words: 2D-DIGE; apolipoprotein A1; CyDyes; DeCyder; mesothelioma; pleural effusion;
quantitative proteomics.

1. Introduction
1.1. Pleural Effusion

The human lung is surrounded by an outer parietal layer and inner visceral
layer of pleura (Fig. 1A). In the pleural cavity, which is the space between these
two layers, a small amount of fluid is present under normal physiological condi-
tions consisting of a few milliliters (approx 0.3 mL per kg body mass). The
forces operating on the pleura with respect to movement of liquid are: (1) the
oncotic pressure exerted by the blood in the pleural capillaries and by the liquid
in the pleural space; and (2) the hydrostatic pressure within pleural capillaries
and in the pleural space. The fluid is produced continuously and reabsorbed
mainly through the lymphatic system (1,2). Its function is to reduce friction of
the lungs during respiratory movements. In abnormal conditions, the pleural
space can be filled with air, blood, plasma, serum, lymph, or pus. This expansion



of the pleural space can compress the underlying tissue and causes partial col-
lapse of the lung. There are two main types of pleural effusions: transudates and
exudates. Pleural transudates pass membranes or squeeze through tissue into the
extracellular space when imbalances in hydrostatic or oncotic pressures occur. In
contrast, pleural exudates are slowly discharged from blood vessels as a result of
an alteration in vascular permeability. Pleural effusions can be from several
causes, such as congestive cardiac failure and low protein content in the blood,
as in liver diseases, severe malnutrition, and certain kidney disorders. Physical
trauma, infection, blockage of blood supply to the lung, and cancer can also
result in accumulation of fluid in the pleural space (Fig. 1B).

1.2. Diagnosing Pleural Effusions

Pleural effusions can usually be seen in an X-ray image of the chest (Fig. 1C).
For diagnostic purposes, the fluid is removed with fine needle aspiration inserted
in the pleural cavity. Numerous biochemical criteria with different cutoff values
have been used to separate pleural transudates from exudates, but most clinicians
use the three criteria proposed by Light et al. (3) to determine whether a pleural
fluid is an exudate. These criteria include: (1) a pleural fluid-to-serum protein
ratio more than 0.5; (2) a pleural fluid-to-serum lactate dehydrogenase (LDH)
ratio more than 0.6; and (3) pleural fluid LDH concentration more than 200 IU/I.
Most transudates result from congestive heart failure, with the next most com-
mon cause being hepatic hydrothorax. Defining an effusion as a transudate nar-
rows the differential diagnosis to a small number of disorders. It also ends the
need for further diagnostic evaluation of the pleural effusion itself (4). Exudates
have a much larger differential diagnosis of over 50 causes, predominantly
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Fig. 1. (A) Human lung under normal conditions. (B) With the accumulation of pleural
fluid between the two layers that line the lungs and chest cavity. (C) Chest radiography
shows the presence of pleural effusion.



caused by infectious conditions, lymphatic abnormalities, inflammatory
processes, and malignant conditions.

The most frequent etiology of malignant pleural effusion is bronchogenic
carcinoma, which causes over one-third of all such cases. Other frequent causes
of malignant pleural effusion include metastatic breast cancer, lymphoma,
mesothelioma, gastric or esophageal cancer, and ovarian carcinoma. The diag-
nosis of a malignant pleural effusion is established by demonstrating malignant
cells in the pleural fluid or in the pleura itself. Numerous papers have recom-
mended various diagnostic tests, such as cytological and chromosomal analysis
of pleural cells, measurement of pH, glucose, amylase, or measurement of pro-
teins as carcinoembryonic antigen (CEA) or LDH in the effusions to discrimi-
nate malignant from nonmalignant pleural exudates. However, the diagnosis of
disease based on a pleural effusion is often difficult, and to confirm the cause,
or to rule out other possible causes, proteomics may be useful in indicating the
pathogenic mechanism involved in the production of the effusion.

1.3. Complexity of Proteomic Studies

Proteins that are overexpressed and shed into pleural effusions have been
studied for many decades for diagnosing the specific cause of their formation.
We utilized proteomics to analyze pleural effusions in order to discover changes
in expression of pleural proteins and to elucidate the basic molecular mecha-
nisms that either cause, or result from, malignant mesothelioma. Malignant
mesothelioma is a tumor of mesodermally derived tissue lining the coelomic
cavities accompanied by diagnostic problems and for which no satisfactory cur-
ative treatment is available (5). Mesothelioma cells release proteins into the
pleural effusion that may have diagnostic value as biomarkers on their own and
will provide further insights into pathological processes. Ultimately, these pro-
teins could be valuable in cancer research, e.g., as targets for the design of drug
treatments. However, tumor-associated proteins are of low abundance and
therefore difficult to detect. A low total-protein concentration, a high amount of
albumin and immunoglobulins (IgG), and a wide dynamic range (several orders
of magnitude) of protein concentration cause several difficulties in the identifi-
cation of tumor-associated proteins. It is also apparent that, in most diseases,
proteins are subjected to numerous changes including posttranslational modifi-
cations (PTMs) and/or proteolytic cleavage.

Proteins present in effusions are produced and secreted by many different
types of human cells (e.g., inflammatory cells, tumor cells), each of which con-
tains at least 2000 to 6000 different primary proteins (6,7). PTMs such as gly-
cosylation, phosphorylation, acetylation, nitration, and ubiquitation multiply
this number (8–11). Therefore, it is not surprising that no approaches currently
come close in detecting all proteins present in complex biological systems.
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Often the highly expressed proteins (“housekeeping proteins”) are detected, but
the expression and modification changes of less abundant proteins may be most
interesting. Therefore, the development of quantitative proteomics such as dif-
ferential gel electrophoresis has widened the applicability for detecting proteins
that undergo modifications in order to produce a phenotypic change.

1.4. Differential Gel Electrophoresis

A powerful quantitative technique currently available is differential gel elec-
trophoresis (DIGE) (12–16). This technology is commercially available (GE
Healthcare, formerly Amersham Biosciences). It has the potential to overcome
many of the limitations of proteomic studies by allowing the direct comparison in
a proteome profile of different samples at a particular time, under a particular set
of conditions (Table 1) (17). DIGE encompasses a simple strategy involving three
molecular weight- and charge-matched cyanine dyes (Cy2, Cy3, and Cy5) pos-
sessing unique absorption and emission spectra. The dyes are used to label fluo-
rescently up to three different protein samples prior to mixing them together and
running them simultaneously on the same 2D gel (18,19). The fluorescent dyes
bind to the terminal amino group of lysine side chains in proteins with no change
in protein charge and add only 0.5 kDa to the mass of the protein, thereby mini-
mizing dye-induced shifting during electrophoresis. Because of a minimal label-
ing (only 2–5% of the total number of lysine residues are labeled), binding of the
dye to the protein appears to have no effect on mass spectrometry analyses.

Two different samples are labeled with Cy3 and Cy5, and a third sample,
labeled with Cy2, is introduced as an internal control for each gel. The internal
control is often a pooled sample comprising equal amounts of each of the sam-
ples within the study. This allows normalization and both inter- and intragel
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Table 1
Characteristics of Differential Gel Electrophoresis (DIGE)

Advantages
Application of up to three samples on one 2D gel
Four orders of magnitude dynamic range and good correlation between spot density

and protein content
Internal standard allows for quantitative comparison of multiple gels
Compatible with mass spectrometry

Disadvantages
Mass shift of approx 500 Daltons, impractical for subsequent MS 

(poststaining required especially for low-molecular-weight proteins)
Labeling dependent on lysine content
Gel spots only visible under fluorescent light, equipment required for visualization 

and spot excision



matching of proteins and is imperative for accurate protein quantification. Once
labeled, samples are mixed and isoelectrically focused on an immobilized pH
gradient (IPG) strip and coelectrophoresed on a 2D polyacrylamide gel under
denaturing conditions. Each dye is then scanned using different emission filters,
and images are analyzed with DeCyder Differential In-gel Analysis software.
This software allows accurate protein alignment and quantification between
scanned images. Spots may be directly picked through an automated system.
When DIGE is combined with mass spectrometry, proteins undergoing relevant
changes in the context of development, pathology, and experimental manipula-
tion can be detected and identified.

2. Methods
2.1. Sample Collection and Preparation

1. Serum and pleural effusion samples are collected from patients who present 
with large pleural effusions. Removal of effusion is performed to treat a patient’s
shortness of breath. Prior to the pleural fluid removal procedure, patients are given
a local anesthetic (lidocaine 1%).

2. After a metallic needle is introduced into the pleural cavity, fluid is gently aspi-
rated and collected in sterile tubes without anticoagulant or other additives.

3. Because many components of biological samples may interfere with analysis, they
are removed before storage. Insoluble substances are removed by centrifugation at
400g and 4°C for 10 min.

4. The supernatant is then subjected to a second centrifugation at 3000g and 4°C
for 20 min, and the resulting supernatant is stored in aliquots at −80°C until fur-
ther analysis.

5. Abundant proteins, such as albumin and IgG, are removed by using the ProteoPrep
Blue Albumin Depletion Kit (Sigma-Aldrich, St. Louis, MO), according to the
manufacturer’s instructions. In this procedure, the samples are applied on a highly
specific albumin and IgG binding medium in small spin columns.

6. After incubation, nonbinding proteins are washed off in a small volume of wash-
ing buffer.

7. Samples are further purified by removal of salts, lipids, and other interfering sub-
stances and concentrated by using the 2D clean-up kit (GE Healthcare, Fairfield, CT).

8. Before applying samples to 2D electrophoresis, the protein concentration is deter-
mined using the 2D Quant kit (GE Healthcare).

a. First, proteins are precipitated and then resuspended in a copper-containing
solution.

b. Unbound copper is visualized with a colorimetric agent, and the color density
is measured on a spectrophotometer at wavelength 480 nm. The color density
is thus inversely related to the protein concentration.

c. This assay has the advantage that it is compatible with samples containing
reagents that are often used in protein sample preparation, like detergents,
reductants, chaotropes, and carrier ampholytes.
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2.2. 2D Polyacrylamide Gel Electrophoresis (2D-PAGE)

2D-PAGE can be used to separate proteins in the samples in two ways,
according to their isoelectric point or pI (first dimension) and to their molecular
mass (second dimension).

1. For the first dimension, the samples are dissolved, after precipitation, in a rehydra-
tion buffer containing 8 M urea, 2% (w/v) 3-[(3-cholamidopropyl)dimethylamonio]-
1-propanesulfonate (CHAPS), 0.5% (v/v) IPG buffer (pH 4–7) containing carrier
ampholytes (GE Healthcare), and 2.8 mg/mL dithiothreitol (DTT).

2. Samples are applied onto 18-cm Immobiline Drystrips pH 4–7 (GE Healthcare)
and focused using an IPGphor isoelectric focusing unit (GE Healthcare). This
flatbed system uses thermally conductive ceramic stripholders with built-in plat-
inum electrodes as focusing and rehydration chambers.

3. After rehydration of the strips for 12 h at 30 V, a program is run with these param-
eters: 500 V for 1 h; 1000 V for 1 h; slowly ramped up to 8000 V for 3 h; and then
maintained at 8000 V for an additional 2 h to achieve more than 35,000 V/h.

4. Following focusing, the strips are incubated for 15 min in an equilibration buffer
containing 6 M urea, 50 mM Tris-HCl, pH 8.8, 20% (v/v) glycerol, and 2% (w/v)
sodium dodecyl sulfate (SDS), and 10 mg/mL DTT.

5. A second incubation of 15 min is performed in the same solution, but replacing
DTT by 25 mg/mL iodoacetamide. This step alkylates the proteins, preventing
reoxidation during electrophoresis.

6. After equilibration, the strips are transferred onto 12% uniform SDS polyacry-
lamide gels for resolution in the second dimension.

7. Gels are poured between low-fluorescent glass plates; the inner side of one plate
is treated with Bind-Silane (GE Healthcare) so that the gel remains attached to this
plate after electrophoresis and disassembly of the gel sandwich. This minimizes
gel distortion and simplifies handling during subsequent fixing, staining, imaging,
and automatic spot picking steps.

8. Gels are run on the Ettan Dalt system (GE Healthcare) at a constant power of 180 W
at room temperature (RT) until the dye front reaches the bottom of the gel.

2.3. Gel Staining and Visualization

1. For visualization of the separated proteins, gels are stained using SYPRO Ruby
protein gel stain (Molecular Probes, Leiden, The Netherlands) according to the
manufacturer’s instructions.

2. Gels are scanned on the Typhoon 9410 laser-scanner (GE Healthcare) using
457 nm as the excitation wavelength and 610 nm, band pass (BP) 30 nm, as the
emission filter.

2.4. 2D-DIGE

2D-DIGE allows detection and quantitation of differences in protein abun-
dances between different samples using cyanine dye labeling with spectrally
resolvable CyDye DIGE Fluor minimal dyes (GE Healthcare). This technique
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has been used to detect differences in protein profiles of serum and pleural fluid
of mesothelioma patients. For this procedure, samples are prepared and protein
concentration is determined as described in Subheading 2.1.

1. Typically, 50 μg of sample is minimally labeled with 400 pmol of either Cy3 or
Cy5 freshly dissolved in anhydrous dimethyl formamide.

2. Labeling reactions are performed on ice in the dark for 30 min and then quenched
with an excess of free lysine (1 μL of 10 mM L-lysine solution [Sigma-Aldrich])
for 10 min on ice.

3. A pool of all samples is also prepared and labeled with Cy2 to be used as a stan-
dard on all gels to aid image matching and cross-gel statistical analysis.

4. Differentially labeled samples, which will be run on one 2D gel, are mixed, and
50 μg of Cy2-labeled pooled samples is added to 50 μg of Cy3-labeled sample and
50 μg of Cy5-labeled sample.

5. In preparative gels, 350 μg of pooled unlabeled proteins are additionally loaded.
6. The final volume is adjusted to 350 μL rehydration buffer, the volume needed for

loading of an 18-cm IPG strip.
7. Isoelectric focusing and second-dimension gel electrophoresis are performed as

described in Subheading 2.2.
8. Gels are scanned on a Typhoon 9410 laser scanner for visualization. The scanning

settings used are: 100 μm resolution, PMT values between 500 and 520. The laser
settings for the CyDyes (laser [nm], emission filter [nm]) are: Cy2 (488, 520BP40),
Cy3 (532, 580BP30), and Cy5 (633, 670BP30).

9. After scanning, one glass plate is removed, and the gel is fixed in 10% (v/v)
methanol, 7.5% (v/v) acetic acid overnight.

10. A poststaining is performed with SYPRO Ruby dye for 4 h at RT, and the gel is
scanned at 457 nm with emission filter 610 nm with a band pass of 30 nm.

11. Gel analysis is performed using DeCyder DIA V5.02 for intragel comparison; for
intergel matching, the DeCyder BVA V5.02 software (GE Healthcare) is used.

2.5. Automatic Spot Picking

Fluorescently stained protein spots of interest are excised from 2D gels using
an automated Ettan spot picker (GE Healthcare) (Fig. 2) following the manu-
facturer’s instructions. This robotic system automatically picks selected protein
spots from gels, using a pick list from the image analysis, and transfers them
onto 96-well low-protein-binding microplates (Nunc, Roskilde, Denmark).

2.6. In-Gel Tryptic Digestion

1. The excised plugs are washed with milli-Q water for 5 min.
2. Then gel plugs are alternately treated twice for 5 min each with Milli-Q water and

acetonitrile.
3. Gel plugs are dried in a rotary evaporator (Savant, Farmingdale, NY) for 30 min.
4. Proteins are digested overnight at RT in 4 μL of 100 μg/mL sequencing grade

modified trypsin (Promega, Madison, WI).
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Fig. 2. Flowchart of DIGE analysis of serum and malignant pleural fluid derived
from a patient suffering from malignant mesothelioma. Samples to be compared are
labeled with either Cy3 or Cy5, whereas Cy2 is employed to label a pooled sample
comprising equal amounts of serum and effusion within the study. The labeled sam-
ples are combined and then run on a single 2D gel. Proteins are detected using a dual
laser-scanning device equipped with different excitation/emission filters in order to
generate three separate images. The images are matched by a computer-assisted overlay
method, signals are normalized using the corresponding Cy2 spot intensities, and spots
of interest are excised and analyzed by mass spectrometry. Differentially expressed
proteins in pleural effusions can be useful in diagnosis or for the detection of biomarkers
in cancer.



2.7. Matrix-Assisted Laser Desorption/Ionization Time-of-Flight 
Mass Spectrometry (MALDI-TOF MS)

1. After digestion, 7 μL of 0.7% trifluoroacetic acid in 30% acetonitrile is added to
the gel plugs.

2. Then 1 μL of this mixture is then added to 2 μL of 2 mg/mL ionization enhancing
material, α-cyano-4-hydroxy-trans-cinnamic acid (Bruker Daltonics, Billerica,
MA), in acetonitrile.

3. Of the sample-matrix mixture, 1 μL is applied onto a 600 μm 384-spot metal
anchor chip plate and crystallized in air.

4. Peptide mass spectra are acquired on a MALDI-TOF mass spectrometer equipped
with a 337-nm nitrogen laser (ULTRAFLEX, Bruker Daltonics).

5. The instrument is calibrated with a peptide calibration standard (Bruker Daltonics).

2.8. Database Search

1. Peptide mass fingerprinting is based on mass measurement of peptide fragments
derived from a single protein, digested with trypsin.

2. The anticipated mass values of peptides in virtual digests of all proteins are calcu-
lated and listed in the MSDB database of the National Center for Biotechnology
Information (NCBI).

3. A mass list of peptides, from each sample analyzed on the MALDI-TOF MS, is
generated in the Flexanalysis software (Bruker Daltonics). Peaks obtained from
autolytic fragments of trypsin are omitted from the spectra.

4. The mass lists are submitted to the Mascot software (Matrix Science, UK) to iden-
tify the proteins in the MSDB database.

5. The criteria used for the search are as follows: (1) maximum allowed peptide 
mass error of 200 ppm; (2) at least five matching peptide masses; (3) molecular
weight of identified protein should match estimated values by comparing with
marker proteins; and (4) top-scores given by software should be higher than 61 
(p < 0.05).

2.9. Western Blotting

1. For detection of apolipoprotein spots in the 2D-PAGE, proteins are electroblotted
onto Immobilon-P membranes (Millipore, Billerica, MA) with the Criterion
Blotter (Bio-Rad, Hemel Hempstead, UK).

2. To saturate nonspecific protein binding sites, the membranes are incubated for 1 h
with blocking buffer (TTBS containing 5% [w/v] low fat milk powder) and then
incubated overnight with 1:10,000 diluted rabbit antihuman apolipoprotein A1
(Calbiochem, San Diego, CA) in blocking buffer.

3. Blots are washed and incubated with 1:1000 diluted horseradish peroxidase-
conjugated swine antirabbit antibody (DAKO, Glostrup, Denmark) and visualized
by the SuperSignal West Pico chemiluminescent substrate (Pierce Perbio,
Rockford, IL) according to the manufacturer’s instructions.
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3. Findings and Applications
Evaluation of pleural effusion is useful for improving the diagnosis and

research of several inflammatory diseases and malignancies. This section
describes a strategy for the comparative analysis of serum proteome and pleural
effusion proteome to elucidate the basic molecular mechanisms that either cause,
or result from, cancerous disorders. Pleural effusion and serum obtained from the
same patients with malignant mesothelioma have been analyzed using a strategy
that combined analytical techniques in electrophoresis, mass spectrometry, and
Western blotting (Fig. 3). The resulting data provide fundamental information on
the composition and difference of protein contents in these body fluids.

Serum and pleural effusions were collected according to special procedures
for a reliable and consistent sample collection. Note that many factors (such as
time of collection, containers used, preservatives and other additives, transport
to the laboratory, and storage) affect the quality of the samples, and the stabil-
ity of the proteins of interest must be considered at the initial collection stage.
For comparative studies between patients, it is crucial that body fluids be
handled and stored consistently throughout the study. Pleural effusions were
separated by 2D-PAGE using isoelectric focusing (IEF) as the first-dimensional
separation followed by SDS-PAGE for the second dimension. Because most

294 Hegmans, Hemmes, and Lambrecht

Fig. 3. The automated Ettan spot picker instrument (GE Healthcare) with the picker
head enlarged (right).



proteins focus within the pH 4 to 7 range, narrow-range IPG strips were used.
Figure 4A demonstrates a typical 2D proteome profile of pleural effusion visu-
alized by SYPRO Ruby staining.

More than 300 individual protein spots have been detected in the molecular
mass range of 20 to 200 kDa. The albumin smear at around 67 kDa and IgG frag-
ments are the major protein components of pleural effusions, representing 50 to
70% and 10 to 20% of the total protein in pleural effusions, respectively (mg/mL
range). Together with transferrin, fibrinogen, complement components, and a few
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Fig. 4. Human pleural effusion was processed with the ProteoPrep albumin/IgG
removal kit, and proteins from the unbound fractions were collected. Pleural proteins
(50 μg) from a cancer patient were resolved by 2DE using a pH 4 to 7 gradient IPG strip
in the first dimension and a 4 to 12% gradient polyacrylamide SDS gel in the second
dimension. Gels were stained with SYPRO Ruby and imaged using a Typhoon 9410.
2D map using equal protein amounts for crude human pleural effusion (A) and after
depletion of albumin and IgG (B) were obtained. Numbers correspond to the excised
protein spot and were analyzed by mass spectrometry (see Table 2).



other proteins, the top 20 proteins are responsible for approximately 99% of the
total protein mass. Pleural effusions contain comparatively small quantities of
cytokines detected by cytokine arrays and enzyme-linked immunosorbent assay
(ELISA). These include transforming growth factor-β (TGF-β), interleukins (IL-1,
IL-6, IL-8, and IL-10), and vascular endothelial growth factor (VEGF), which are
in the ng/mL to pg/mL range, a difference of 9 orders of magnitude or more.
Therefore, removal of abundantly expressed proteins is a key element of pro-
teome research to allow the visualization of comigrating proteins on 1D and 2D
gels and to allow a higher sample load for improved visualization of lower copy
number proteins. A convenient approach to remove high-abundance proteins from
body fluids is affinity chromatography with resins carrying highly efficient and
specific ligands for these proteins. Removal of albumin and IgG using the com-
mercially available ProteoPrep kit (Sigma-Aldrich) clearly improves resolution
and increases spot count in depleted samples (Fig. 4B).

Mass spectrometry can be used to identify proteins in a sample by providing
the molecular mass to electric charge (m/z ratio) of peptides in the femtomole to
attomole range with an accuracy of less than 10 ppm. With the completion of
the Human Genome Project (20), it is now possible to identify proteins by using
search algorithms that interrogate protein sequence databases in an automated
fashion. A panel of 15 spots (labeled in Fig. 4B) has been selected as an exam-
ple and subjected to protein identification by trypsin digestion, MS analysis,
and database search (Table 2). All these proteins have been described to be
present in pleural fluid and are likely to originate from serum (21–27). The
large number of spots in a 2D gel is partly owing to posttranslational and
proteolytic modifications of proteins; one protein may, therefore, be present
in several locations in the gel (Fig. 4B).

This approach has recently been published for a composite pleural effusion
sample from seven lung adenocarcinoma patients. This study has revealed at
least 472 silver-stained protein spots to be present in a 2D map, half of which
could be identified by liquid chromatography-tandem MS (21). Although the
results of these studies provide information for a basic understanding of the pro-
tein composition of pleural effusions, the value for clinical medicine is limited.
The approach is time consuming, and the interpretation of results is hampered
by additional factors introduced by variables in experimental parameters. For
example, difficulties in the detection of low-abundance proteins due to limita-
tions in dynamic range, diversity within a complex biological sample, and the
typical changes associated with different causes of effusion as well as timing
are variables that impede the interpretation.

Many of the proteins present in pleural fluid are likely to originate from
serum. Of interest are the proteins that have not previously been reported in the
literature to be present in serum. These proteins can originate from infiltrating
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cells or from the parenchymal interstitial linings of the lung. They also repre-
sent potential candidates for useful biomarkers that are concentrated or only
measurable in pleural effusions. To discover the proteins of interest, we have
employed a strategy of comparative analysis of serum proteome and pleural
effusion proteome from the same mesothelioma patient using the DIGE tech-
nology (Fig. 3). Comparing body fluids of the same patient gives less individ-
ual variation, as the genetic component is no longer a variable, and samples are
completely matched for age, sex, ethnic origin, and other parameters (smoking,
alcohol consumption, medication, and many others). The spectrally distinct
dyes allow coseparation of different CyDye DIGE fluorescence-labeled sam-
ples in the same gel and ensure that all samples will be subjected to exactly the
same electrophoretic running conditions. This limits the experimental variation
and thus ensures accuracy within gel matching.

Samples were differentially labeled with spectrally different fluorescent
dyes: serum was labeled with the cyanine dye Cy3 and pleural fluid with cya-
nine dye Cy5. A Cy2-labeled pool of samples was used as the standard with all
Cy3- and Cy5-labeled sample pairs to facilitate cross-gel quantitative analysis.
Once labeled, all samples (Cy2, Cy3, and Cy5) were mixed. For mass spec-
trometry, a preparative gel was run. Therefore, 350 μg unlabeled pooled sample
was added to the CyDye-labeled mixture. The protein mixture was isoelectrically
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Table 2
Identified Proteins From the Human Pleural Effusion Proteome

Accession Nominal Coverage 
No. Protein no. mass (kDa) (%) Scorea

1 Complement factor H NBHUH 139.034 13 95
2 Complement factor B BBHU 86.847 27 152
3 Transferrin TFHUP 77.000 36 182
4 Fibrinogen precursor FGHUA 69.756 40 111
5 Hemopexin CAA26382 51.643 18 93
6 α-1B glycoprotein OMHU1B 52.479 38 100
7 Fc-α receptor I MGC27165 53.358 17 104
8 α1-antitrypsin 1THU 46.707 56 209
9 Vitamin D-binding protein AAA61704 54.513 60 228
10 Antithrombin 1AZXI 47.656 35 85
11 Apolipoprotein A4 Q13784 28.141 38 68
12 Chain of fibrinogen 1FZAB 36.331 81 267
13 Haptoglobin HPHU1 38.941 36 133
14 Apolipoprotein A1 CAA00975 28.061 69 192
15 Transthyretin 2ROXA 12.996 86 124

aScores higher than 61 are significant (p < 0.05).



focused on an IPG strip and coelectrophoresed on a 2D polyacrylamide gel.
Each dye was then scanned using a Typhoon gel scanner equipped with differ-
ent emission filters, and quantitation of differential protein expression was ana-
lyzed with DeCyder DIGE Analysis software (Fig. 5).

In DeCyder analysis, the Cy2, Cy3, and Cy5 images were merged for each
gel, and spot boundaries were detected for the calculation of normalized spot
volumes or protein abundances. At this stage, dust particles, scratches, and
other features resulting from nonprotein sources were filtered out. The analysis
was performed to calculate abundance differences rapidly between serum and
effusion run in the same gel. The 2D-DIGE map is shown in Fig. 5, and 1436
spots of various intensities have been detected by the software in this map.
Statistical analysis was performed on each protein spot with a twofold-change
criterion of significant difference. Most of the spots (1304 spots, 90.8% of total)
showed small changes between effusion and serum. The normalized volumes
of 76 spots (5.3%) were decreased, whereas 56 spots (3.9%) had volumes
increased by more than twofold, i.e., the change in protein level in pleural effu-
sion compared with serum proteins (Fig. 6). To ensure consistency in the
observed DIGE profile, the whole experiment was repeated a second time to
eliminate confounding factors that may arise during the practical procedure.
Although the total amount of spots detected differed, there was no substantial
variation in the profile of the protein spots when the whole experiment was
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Fig. 5. Images from a pH 4 to 7 2D-DIGE gel of two protein samples labeled with
minimal CyDye DIGE fluors. (A) The Cy3 image corresponds to serum. (B) The Cy5
image corresponds to pleural effusion.



repeated using the same samples on a different day. Expression differences
identified by 2D DIGE can therefore be confidently assigned to biological dif-
ferences and are not caused by system variability. Serum and pleural effusion
from other mesothelioma patients were analyzed to confirm consistency and
relevancy of the differentially expressed proteins in serum and pleural effusion
using Cy2-labeled pooled sample as a cross-gel standard. Every difference has
been confirmed by a confidence value. The DeCyder BVA software allows pro-
tein alignment and quantification between scanned images.

Overexpression of proteins by mesothelioma cells can result from their shed-
ding into the pleural effusion and will lead to enhanced-intensity spots compared
with serum of the same patient. Absence of proteins in the effusion may be
caused by specific proteolysis or by specific absorption from the circulation by
tumor cells. A protein spot with the approximate molecular mass of 30 kDa and
a pI of 5.5, significantly expressed in the serum but not in the effusion, was
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Fig. 6. DeCyder software statistical output of twofold changed protein spots. Dots
on the left were decreased in pleural effusion, whereas dots on the right were increased
in effusion compared with serum of the same patient. Spots could be highlighted indi-
vidually for detailed information display, e.g., 3D intensity view and table view of
quantitative data.



selected for identification and further analyses (Fig. 7, protein X). Selection of
proteins for excision requires poststaining of gels with SYPRO Ruby because
most of the protein will not exactly comigrate with the CyDye-labeled protein.
(Dyes add approx 0.5 kDa to the total molecular mass.) Thus, the SYPRO Ruby-
stained proteins of interest, rather than the CyDye-labeled protein spots, were
excised from the gel through an automated system using a pick list (Fig. 8).
When DIGE is combined with mass spectrometry, proteins undergoing relevant
changes in the context of development, pathology, and experimental manipula-
tion can be detected and identified.

The resultant mass fingerprinting spectra of the tryptic digest were used 
for protein search against the MSDB database of the NCBI. Nineteen matched
peptides with a total coverage of 75% were the bases of the identification of the
decreased spot in effusions as apolipoprotein A1 (accession number
CAA00975; with a molecular mass of 28.061 Da and a pI of 5.27). This spot
(isoform I) migrated differently from the major apolipoprotein A1 spots (indi-
cated by arrows in Fig. 9) and represented a small fraction of the total serum
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Fig. 7. DeCyder software output for a 3D fluorescence intensity profile of the cir-
cled spots in the magnified gel image with Cy3-labeled serum and Cy5-labeled pleural
effusion. 3D simulation of the protein spots allows an objective view for the compari-
son of spot intensity between the two images. Protein X was decreased, whereas pro-
tein Y was increased in pleural effusion compared with serum from the same patient.



apolipoprotein A1 but was absent in pleural effusion. This directly illustrates
the advantage of 2D gel-based approaches in visualizing changes in the molec-
ular weight and pI of a protein. The different pI and slightly different molecu-
lar mass reflect biological significant processing and charge-altered PTMs,
possibly owing to phosphorylation, sulfation, or (de)acetylation. Thus, compar-
ison of the protein spots from serum and effusion by 2D-DIGE provides a strik-
ing quantitative picture of proteins absorbed or shed into body fluids.

The identity of apolipoprotein A1 has been further confirmed by 2D
Western blot analysis using a rabbit antihuman apolipoprotein A1 (Fig. 9). The
smaller isoform (isoform II) was not detected by Western blot analysis.
However, this isoform was identified by MS with a total of 13 matched pep-
tides that covered 57% of full-length, unprocessed apolipoprotein A1, as
shown in Fig. 10. The matched peptides were clustered at the C-terminal
region of the protein. A cleavage site before amino acid 27 could produce a
protein with a smaller molecular weight, consistent with the different migra-
tion in the 2D gel. The absence of the smaller isoform II in Western blotting
was probably caused by the N-terminal binding of the antibody to apolipopro-
tein A1. This truncation product has not been reported previously, and it is not
known whether the fragmentation was owing to in vivo biological processing
or protease activity. It may be the product of cleavage by one or more pro-
teases, including kallikrein or matrix metalloproteases. These results highlight
one of the advantages of 2D-DIGE, as the proteins are separated according to
their pI and molecular masses.
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Fig. 8. 3D intensity plot of a protein selected for MS identification showing the area
used in the analysis (white line) and the selected area for automated spot picking (cir-
cular volume).



With regard to the apolipoprotein A1 isoform I identified in this study, it is dif-
ficult to speculate on the physiological meaning of the change in their relative
abundance between the serum and pleural effusion of the same patient. Reduction
in the serum levels of apolipoprotein A1 has been correlated with hepatitis B
virus-induced diseases (28–30). An isoform of apolipoprotein A1 has been
detected by 2D-PAGE of serum obtained from individuals with high risk for the
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Fig. 9. A magnified gel image showing Cy3-labeled serum and Cy5-labeled pleural
effusion. Isoform I represented only a small fraction of the total serum apolipoprotein
A1 (arrowheads, upper left) but was not detectable in pleural effusion. This was con-
firmed by 2D Western blot analysis. DyCyder BVA output illustrates graphs of stan-
dardized log abundances (y-axis) for the isoforms (I and II) and protein V in sera (group 2;
squares) and pleural effusions (group 1; dots) after intra- and intergel matching.



development of or who were diagnosed with hepatocellular carcinoma (31).
Apolipoprotein A1 is a potential marker of the aggression in colonic adenocarci-
noma (32) and is upregulated in primary carcinoma tissue of the vagina (33).
However, a downregulation of apolipoprotein A1 in serum is described in early-
stage ovarian cancer (34,35). The isoform described in this study could be
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Fig. 10. Identification of apolipoprotein A1 by MS. The amino acid sequences of
apolipoprotein A1 isoforms are shown. Peptides derived from isoforms I and II were
matched by peptide mass fingerprinting, printed in bold and underlined. The peptides
DEPPQSPWDR (with m/z 1226.579) and DLATVYVDVLK (with m/z 1235.717),
which were identified in isoform I, were not detected in isoform II (bold in the spectral
illustration and sequence alignment for isoform I, but italicized in the sequence align-
ment for isoform II).



induced by PTMs, but experiments using both biochemical and biological
approaches are necessary to assess further the role of apolipoprotein A1. PTMs
(e.g., phosphorylation, glycosylation) play a crucial role in cell signaling and pro-
tein function (8), and more than 200 different protein modifications have already
been described (10,11). We are currently trying to identify the additional proteins
whose expression is significantly altered, as revealed by DeCyder analysis.

4. Perspectives and Future Directions
Novel proteomic methods have the advantage that the results are less biased by

the theories or beliefs of the investigators. The proteomic technologies are only
limited by the sensitivity of the methods; they can give rise to new discoveries and
can generate new hypotheses. These are contrary to the traditional reductionist,
one-stimulus, one-protein investigations, e.g., an ELISA or Western blotting, in
which the researchers have to decide beforehand on which antibodies to be used.
2D-DIGE technology is gaining acceptance in the field of proteomics and has
enabled the detection of more subtle changes in protein expression than the con-
ventional 2D-PAGE (36). Quantitative comparison by 2D-DIGE and proteome
profiling techniques allow the rapid comparison of different complex samples,
making a study of specific diseases or biological processes under clinically rele-
vant conditions possible. Recent DIGE studies comparing the difference between
normal and cancerous tissue have been successful for demonstrating changes in
protein expression levels (37–39).

We have provided a brief example of comparing serum and pleural effusion of
the same mesothelioma patient to identify unique proteins by observing concen-
tration changes and modifications on a single protein level. Several proteins have
been found to be differentially or uniquely expressed in the serum or pleural effu-
sion. In our study, the number of patients is too small to permit conclusive asso-
ciations between disease biomarkers and the unique mode of biosynthesis as well
as processing of, e.g., isoform I of apolipoprotein A1. Nonetheless, the results are
provocative, and further work into the function and expression of this protein and
other differentially expressed proteins (either up- or downregulated) is thus sug-
gested. New possibilities with the DIGE technology can range from single vari-
able comparisons to complex multivariable comparisons and/or time-course
studies (e.g., transudates vs exudates, mesothelioma effusions vs effusions of
other origins).

In conclusion, we show that 2D-DIGE with DeCyder analysis is a sensitive,
MS-compatible technique for identifying statistically significant differences in
protein expression profiles of multiple samples. The ongoing rapid develop-
ment in separation techniques, quantitative analysis, mass spectrometry, and
bioinformatics will continue to stimulate the investigation of pleural effusions
and will lead to new insights into the mechanisms of disease in the near future.
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The area of clinical proteomics and the study of the disease mechanism will
have a major impact on the way diseases are diagnosed and treated.

References
1. Noppen M, De Waele M, Li R, et al. Volume and cellular content of normal pleu-

ral fluid in humans examined by pleural lavage. Am J Respir Crit Care Med 2000;
162:1023–1026.

2. Miserocchi G. Physiology and pathophysiology of pleural fluid turnover. Eur
Respir J 1997;10:219–225.

3. Light RW, Macgregor MI, Luchsinger PC, Ball WC Jr. Pleural effusions: the 
diagnostic separation of transudates and exudates. Ann Intern Med 1972;77:
507–513.

4. Bartter T, Santarelli R, Akers SM, Pratter MR. The evaluation of pleural effusion.
Chest 1994;106:1209–1214.

5. Hoogsteden HC, Langerak AW, van der Kwast TH, Versnel MA, van Gelder T.
Malignant pleural mesothelioma. Crit Rev Oncol Hematol 1997;25:97–126.

6. Celis JE, Ostergaard M, Jensen NA, Gromova I, Rasmussen HH, Gromov P.
Human and mouse proteomic databases: novel resources in the protein universe.
FEBS Lett 1998;430:64–72.

7. Duncan R, McConkey EH. How many proteins are there in a typical mammalian
cell? Clin Chem 1982;28:749–755.

8. Mann M, Jensen ON. Proteomic analysis of post-translational modifications. Nat
Biotechnol 2003;21:255–261.

9. Miklos GL, Maleszka R. Protein functions and biological contexts. Proteomics
2001;1:169–178.

10. Wold F. In vivo chemical modification of proteins (post-translational modifica-
tion). Annu Rev Biochem 1981;50:783–814.

11. Wold F, Moldave K. A short stroll through the posttranslational zoo. Methods
Enzymol 1984;107:xiii–xvi.

12. Tonge R, Shaw J, Middleton B, et al. Validation and development of fluorescence
two-dimensional differential gel electrophoresis proteomics technology. Proteomics
2001;1:377–396.

13. Von Eggeling F, Gawriljuk A, Fiedler W, et al. Fluorescent dual colour 2D-protein
gel electrophoresis for rapid detection of differences in protein pattern with
standard image analysis software. Int J Mol Med 2001;8:373–377.

14. Yan JX, Devenish AT, Wait R, Stone T, Lewis S, Fowler S. Fluorescence two-
dimensional difference gel electrophoresis and mass spectrometry based pro-
teomic analysis of Escherichia coli. Proteomics 2002;2:1682–1698.

15. Nordvarg H, Flensburg J, Ronn O, et al. A proteomics approach to the study of
absorption, distribution, metabolism, excretion, and toxicity. J Biomol Tech 2004;
15:265–275.

16. Alban A, David SO, Bjorkesten L, et al. A novel experimental design for compara-
tive two-dimensional gel analysis: two-dimensional difference gel electrophoresis
incorporating a pooled internal standard. Proteomics 2003;3:36–44.

Proteomics of Pleural Effusion 305



17. Unlu M, Morgan ME, Minden JS. Difference gel electrophoresis: a single gel
method for detecting changes in protein extracts. Electrophoresis 1997;18:
2071–2077.

18. Patton WF. Detection technologies in proteome analysis. J Chromatogr B Analyt
Technol Biomed Life Sci 2002;771:3–31.

19. Lilley KS, Friedman DB. All about DIGE: quantification technology for differential-
display 2D-gel proteomics. Expert Rev Proteomics 2004;1:401–409.

20. Venter JC, Adams MD, Myers EW, et al. The sequence of the human genome.
Science 2001;291:1304–1351.

21. Tyan YC, Wu HY, Su WC, Chen PW, Liao PC. Proteomic analysis of human pleu-
ral effusion. Proteomics 2005;5:1062–1074.

22. Pieper R, Gatlin CL, Makusky AJ, et al. The human serum proteome: display of
nearly 3700 chromatographically separated protein spots on two-dimensional
electrophoresis gels and identification of 325 distinct proteins. Proteomics 2003;
3:1345–1364.

23. Sloane AJ, Duff JL, Wilson NL, et al. High throughput peptide mass fingerprint-
ing and protein macroarray analysis using chemical printing strategies. Mol Cell
Proteomics 2002;1:490–499.

24. Wu SL, Amato H, Biringer R, Choudhary G, Shieh P, Hancock WS. Targeted pro-
teomics of low-level proteins in human plasma by LC/MSn: using human growth
hormone as a model system. J Proteome Res 2002;1:459–465.

25. Choudhary G, Wu SL, Shieh P, Hancock WS. Multiple enzymatic digestion for
enhanced sequence coverage of proteins in complex proteomic mixtures using
capillary LC with ion trap MS/MS. J Proteome Res 2003;2:59–67.

26. Sanchez JC, Appel RD, Golaz O, et al. Inside SWISS-2DPAGE database.
Electrophoresis 1995;16:1131–1151.

27. Adkins JN, Varnum SM, Auberry KJ, et al. Toward a human blood serum pro-
teome: analysis by multidimensional separation coupled with mass spectrometry.
Mol Cell Proteomics 2002;1:947–955.

28. Nayak SS, Kamath SS, Kundaje GN, Aroor AR. Diagnostic significance of 
estimation of serum apolipoprotein A along with alpha-fetoprotein in alcoholic
cirrhosis and hepatocellular carcinoma patients. Clin Chim Acta 1988;173:
157–164.

29. Matsuura T, Koga S, Ibayashi H. Increased proportion of proapolipoprotein A-I
in HDL from patients with liver cirrhosis and hepatitis. Gastroenterol Jpn
1988;23:394–400.

30. Fujii S, Koga S, Shono T, Yamamoto K, Ibayashi H. Serum apoprotein A-I and 
A-II levels in liver diseases and cholestasis. Clin Chim Acta 1981;115:321–331.

31. Steel LF, Shumpert D, Trotter M, et al. A strategy for the comparative analysis of
serum proteomes for the discovery of biomarkers for hepatocellular carcinoma.
Proteomics 2003;3:601–609.

32. Tachibana M, Ohkura Y, Kobayashi Y, et al. Expression of apolipoprotein A1 in
colonic adenocarcinoma. Anticancer Res 2003;23:4161–4167.

306 Hegmans, Hemmes, and Lambrecht



33. Hellman K, Alaiya AA, Schedvins K, Steinberg W, Hellstrom AC, Auer G.
Protein expression patterns in primary carcinoma of the vagina. Br J Cancer
2004;91:319–326.

34. Zhang Z, Bast RC Jr, Yu Y, et al. Three biomarkers identified from serum pro-
teomic analysis for the detection of early stage ovarian cancer. Cancer Res 2004;
64:5882–5890.

35. Kuesel AC, Kroft T, Prefontaine M, Smith IC. Lipoprotein(a) and CA125 levels
in the plasma of patients with benign and malignant ovarian disease. Int J Cancer
1992;52:341–346.

36. Gade D, Thiermann J, Markowsky D, Rabus R. Evaluation of two-dimensional
difference gel electrophoresis for protein profiling. Soluble proteins of the marine
bacterium Pirellula sp. strain 1. J Mol Microbiol Biotechnol 2003;5:240–251.

37. Zhou G, Li H, DeCamp D, et al. 2D differential in-gel electrophoresis for the
identification of esophageal scans cell cancer-specific protein markers. Mol Cell
Proteomics 2002;1:117–124.

38. Gharbi S, Gaffney P, Yang A, et al. Evaluation of two-dimensional differential gel
electrophoresis for proteomic expression analysis of a model breast cancer cell
system. Mol Cell Proteomics 2002;1:91–98.

39. Friedman DB, Hill S, Keller JW, et al. Proteome analysis of human colon cancer by
two-dimensional difference gel electrophoresis and mass spectrometry. Proteomics
2004;4:793–811.

Proteomics of Pleural Effusion 307



309

From: Proteomics of Human Body Fluids: Principles, Methods, and Applications
Edited by: V. Thongboonkerd © Humana Press Inc., Totowa, NJ

14

Proteomics of Bronchoalveolar Lavage Fluid 
and Sputum

Ruddy Wattiez, Olivier Michel, and Paul Falmagne

Summary
Bronchoalveolar lavage fluid (BALF) and sputum, obtained through more or less noninvasive

techniques, contain cells and many soluble compounds from respiratory tract secretions and are,
therefore, important sources for the study of the lung and its pathologies. The protein composi-
tion of these physiological fluids faithfully reflects cellular and molecular changes induced by
lung disorders and are, to date, best investigated by proteome analysis. This powerful experimen-
tal approach using differential-display proteomics allows not only the molecular characterization
of the BALF and sputum proteomes, but also definition of changes in the proteomes correlated
specifically to different pathophysiological states. They have been successfully applied to the
study of interstitial lung diseases and allergic asthma. The increasing success of BALF and spu-
tum proteome analysis is essentially owing to recent progress in sample preparation and the fast
development of leading-edge and high-throughput biotechnologies like 2D gel electrophoresis,
multidimensional liquid chromatography, and biochips coupled to mass spectrometry. They offer
the unique opportunity to explore the molecular mechanisms of lung diseases and to define new
specific biomarkers for early diagnosis, prevention, and optimal therapy of lung injury.

Key Words: Bronchoalveolar lavage fluid; sputum; lung; proteome; interstitial lung diseases;
biomarker.

1. Introduction
The cellular interface between the lung and the environment is composed of

heterologous epithelia including pseudostratified epithelium in the proximal
airways, cuboidal epithelium in the distal airways, and very thin epithelium in
the alveoli; the latter represents more than 95% of the lung surface. It produces
secretions such as mucus, host-defence proteins and surfactants (1–4). The air-
ways, particularly the alveoli, are covered with a thin layer of epithelial lining
fluid, which is a rich source of many different soluble components of the lung



(proteins, lipids, and so on) that play important roles in airway integrity and
pulmonary defense. The protein composition of this fluid most faithfully
reflects the state of the lung and effects of external factors that influence the
lung, and is of primary importance in early diagnosis, assessment, and charac-
terization of lung disorders as well as in the search for disease markers (5).

Diverse techniques are currently used for sampling the distal airways.
Induction of sputum with hypertonic saline and bronchoalveolar lavage with iso-
tonic saline during fiberoptic bronchoscopy is a more or less noninvasive tech-
nique that opens the way to a small part of the lung proteome (6–10). If the main
constituents of the bronchoalveolar lavage fluid (BALF) originate from the
alveoli, sputum is thus a source of secretions closer to the tracheobronchial tree.
Expectorated sputum is a sign of disease and indicates the excessive production
and retention that occur in patients with respiratory infection, bronchitis,
asthma, and cystic fibrosis. BALF and sputum contain cells (lymphocytes,
neutrophils, eosinophils, and so on) and a wide variety of soluble compounds
(proteins, lipids, and so on) originating from respiratory tract secretions (11–14).
Therefore, BALF and sputum are important diagnostic sources to investigate
cellular and molecular changes during the course of lung disorders. During the
last 10 yr, proteomic research of BALF and sputum has been boosted by recent
advances in leading-edge technologies, especially mass spectrometry, and
numerous studies have shown the outstanding interest for more accurate diag-
nosis, follow-up, prognosis, and treatment of all lung disorders. Moreover, the
pattern of proteins in BALF and sputum from patients at different stages of
respiratory disorders may also provide deeper insights into the molecular mech-
anisms of the diseases.

2. Methods
2.1. BALF and Sputum Sampling

Bronchoalveolar lavage is considered a safe procedure (with no lethal com-
plication reported) compared with more invasive techniques such as trans-
bronchial lung biopsy. The most recent publications describe a standardized
washing procedure of the right middle or lower lobe of the lung with 5X 20 mL
of sterile 0.9% (w/v) NaCl (normal saline solution) during fiberoptic bron-
choscopy to obtain BALF (6). Induction of sputum offers the potential of a
rapid, direct, noninvasive, and inexpensive alternative way of collecting multi-
ple samples of airway secretions. It involves inhalation of sterile hypertonic
saline aerosol to induce expectoration (15). Two different techniques have been
used for processing the sputum sample once obtained. One technique culls out
all viscid or dense portions of the sample to separate airway fluid from saliva
(16). In the other technique, saliva can be separated from sputum at the time of
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collection, and the resulting sample may be processed in its entirety (17). Both
sputum processing techniques are reproducible and valid in their ability to pro-
vide differential cell counts and measurements of soluble compounds. For pro-
teomic research, sputum may be processed with dithiothreitol (DTT) to
enhance cell dispersal from the surrounding mucus. Briefly, using the protocol
described by Fahy et al. (18).

1. The subjects are nebulized with sterile hypertonic saline (3%) solution for 12 min
using an Ultra-Neb 99 ultrasonic nebulizer (DeVilbiss, Somerset, PA). This nebu-
lizer generates particles with a mean mass diameter of 4.5 μm and has an output
of 2.4 mL/min.

2. After expelling saliva, the subjects are encouraged to cough at 2-min intervals.
3. The sputum is collected, and viscid plugs are selected to minimize saliva contam-

ination.
4. The volume of sputum collected is measured and an equal volume of 0.1% DTT

is added.
5. The homogenized sputum is then centrifuged at 16,000g rpm for 5 min. 
6. The supernatant is collected and frozen at −70°C for further analysis.

2.2. Methods for Proteomic Analysis of BALF and Sputum

The 2D gel electrophoresis (2-DGE) method is presently the most widely
used protein separation technique. It has the power to separate thousands of pro-
teins simultaneously and to visualize them with a level of sensitivity that makes
computer analysis feasible (19). A number of methodological improvements
have been made since the introduction of 2-DGE technology by O’Farrell in
1975 (20). The development of immobilized pH gradients of different ranges has
made the technique more reproducible (21). 2-DGE has been used in several
studies to analyze the protein content of BALF (22–28). It has been shown that
profiling of low-abundance BALF proteins is limited because of the higher abun-
dance albumin, immunoglobulins, and mucopolysaccharides. However, analysis
of these samples by gel systems coupled to desalting and concentration steps
could significantly improve the detection of less abundant proteins.

Mass spectrometry (MS)-based techniques play important roles in the pro-
teomic era and are most commonly used to identify proteins separated and
visualized on 2-DGE gels. The MS techniques include matrix-assisted laser
desorption/ionization time-of-flight MS (MALDI-TOF-MS), electrospray 
ionization-MS (ESI-MS), ESI tandem-MS (ESI-MS/MS), ESI-quadrupole-TOF-
MS (ESI-Q-TOF-MS), reversed-phase high-performance liquid chromatography-
ESI-MS (RP-HPLC-ESI-MS), and the recently developed Fourier-transform 
MS (FT-MS) (29). The recent development of MS coupled to multidimensional
liquid chromatography (multi-LC-MS or multi-LC-MS/MS) or to Biochips 
(i.e., surface-enhanced laser desorption/ionization, SELDI-MS) allows the
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analysis of biofluids like BALF. The use of Biochips or LC systems coupled to
MS provides the advantage of reducing the complexity of the BALF protein
mixture, with the consequence that greater numbers of low-abundance proteins
and peptides can be detected (30). Recent progress in SELDI allows the collec-
tion of protein profiles of different biological samples, especially physiological
fluids. Protein profiling is the rapid screening of samples by MS with limited or
no sample preparation. The resulting profiles of m/z ratio peaks of different
samples can then be compared, and differences in the relative abundance of pro-
teins can be evaluated. Another progress in SELDI techniques is the integration
of on-chip capture, purification, and quantitative detection of targeted proteins
on a single platform (31). These techniques provide a complementary method
to 2-DGE for protein visualization. Recently, Nelsestuen and colleagues (32)
used MALDI-TOF profiling approach to analyze BALF samples. Clearly, this
technology has the advantage of improving the differential display of peptides
and smaller proteins (molecular mass <20 kDa), which are underdetected or
undetectable in 2-DGE.

2.2.1. Sample Preparation for Gel-Based Analysis

Two major problems associated with 2-DGE of BALF proteins are the low
protein concentration of BALF and its high salt content, which comes from the
phosphate-buffered saline used for the lavage procedure. A high level of salts
interferes with the isoelectric focusing (IEF) of proteins. Therefore, it is neces-
sary to remove salts from a BALF sample and preferentially to enrich proteins
in the sample prior to 2-DGE (33). Four different desalting and concentration
methods have been reported: protein precipitation, ultrafiltration, microdialysis,
and the Bio-Spin® column.

2.2.1.1. PROTEIN PRECIPITATION

Desalting by precipitation of proteins using trichloroacetic acid (TCA), cold
acetone, TCA combined with acetone, or a two-step combination of precipitant
and coprecipitant such as the PlusOne 2-D Clean-Up kit (Amersham Biosciences,
Uppsala, Sweden) are the most common sample preparation methodologies for
protein analyses (26,33). Briefly:

1. BALF or sputum samples are incubated with ice-cold acetone or TCA.
2. Precipitated proteins are pelleted by centrifugation and then further washed to

remove nonprotein contaminants.
3. Finally, pellets are solubilized in the appropriate sample buffer for the IEF. 

Protein precipitation leads to a relatively low protein recovery (24–85%)
owing to protein losses and difficulties in solubilization of precipitated proteins.
Moreover, horizontal/vertical streaks are observed on the 2-DGE gel, causing 
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a high level of background. Actually, protein precipitation is not the most
appropriate methodology for comparative BALF and sputum proteomics.

2.2.1.2. ULTRAFILTRATION

Ultrafiltration can be performed using different commercial systems, i.e., the
Ultrafree-4 Centrifugal Filter Unit. Desalting by ultramembrane centrifugation
is a highly effective technique for salt removal, resulting in minimal sample loss
compared with protein precipitation. Protein adsorption onto the filtering mem-
brane can be avoided by repeated washing steps with sample solution after cen-
trifugation, as shown by Plymoth and colleagues (33).

2.2.1.3. MICRODIALYSIS

Overnight dialysis is performed using a membrane with a molecular mass
cutoff at 3.5 kDa in a volatile buffer such as 12 mM NH4HCO3-HCl buffer
(pH 7.0). BALF and sputum samples are then volume-reduced by SpeedVac
centrifugation (26,34). Desalting by dialysis is a method equivalent to ultra-
membrane centrifugation with regard to protein yield, but it requires a further
concentration step.

2.2.1.4. BIO-SPIN COLUMN

BALF and sputum samples are loaded onto a polyacrylamide microcolumn
(molecular mass cutoff at 6 kDa). After centrifugation at 1000g for 4 min, salts
and other impurities are bound to the column. Peptides and proteins can then be
purified. Clearly, salt removal with Bio-Spin columns is preferred because of
the high levels of protein recovery and improved gel resolution (35).

2.2.2. Sample Preparation for Gel-Free Analysis

MALDI-TOF protein profiling, without prior 2-DGE separation, has been
used by Nelsestuen and colleagues (32) to analyze BALF samples. In this
approach, BALF samples for MS analysis are diluted if needed, acidified with
0.5 μL of 10% TFA per 20 μL of sample, and subjected to ZipTip (C18) process-
ing according to standard procedures. After elution, the peptides/proteins are
spotted onto the MALDI target plate. In SELDI, proteins are differentially
adsorbed on a ProteinChip array composed of various chromatographic surfaces
that allow target proteins to be fractionated or enriched in combination with a
selected wash conditions and subsequently detected by TOF-MS. The prepara-
tion of the BALF samples depends on the nature of the chromatographic sur-
faces. For the hydrophobic ProteinChip, the BALF samples are spotted directly
onto the surface, dried, and washed with water. For the anionic or cationic sur-
faces, the BALF samples are processed in Bio-Spin columns before transfer into
the appropriate buffers.
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2.2.3. Strategies to Enrich Low-Abundance Proteins 
in BALF and Sputum Samples

An important drawback is the impaired detection and identification of low-
abundance proteins in BALF and sputum hindered by major-abundance pro-
teins like albumin (50%), immunoglobulins (30%), transferrin (5–6%), and
α1-antitrypsin (3–5%) (13). Strategies for separation and detection of low-abun-
dance proteins in BALF and sputum samples are identical to those applied to
other physiological fluids such as plasma. In this context, different methods
have been developed based on sample prefractionation.

2.2.3.1. 2-DGE IN NARROW PH RANGES

To detect proteins of low abundance, it is crucial to simplify the profiling of
such proteins so that individual spots can be visualized. Additional improve-
ments of the 2-DGE protein maps of human BALF samples can be obtained by
using narrow-range IPG strips for the first dimensional separation. With the use
of narrow-range immobilized pH gradient (IPG) strips covering the pH interval
4.5 to 6.7 in combination with the “paper bridge” method, greater numbers of
low-abundance proteins in BALF can be detected (27). Whereas 409 spots have
been detected with a pH 4.5 to 5.5 strip, and 425 have been visualized using a
pH 5.5 to 6.7 strip, only 678 spots can be detected using a 3 to 7 pH gradient.
Splitting a pI range into multiple narrower pI ranges using equal strip lengths
produces a proportionally broader reconstituted 2-DGE map. Accordingly, the
use of these narrow-range IPG strips for IEF improves the overall quality of
BALF 2-DGE proteome maps by increasing the resolution, since proteins with
very closed pI, which cannot be separated with a wide-range gradient, can then
be resolved. Therefore, using narrow-range gradient gels is similar to prefrac-
tionation. Since more protein extract can be loaded on the narrow-range IPG
strips, as a consequence, the probability of detecting scarce proteins will be
higher. Using this approach, Sabounchi-Schutt and colleagues (27) have identi-
fied 49 proteins in the narrow pH range of 4.5 to 5.2 from an individual healthy
BALF sample. Among these proteins, 17 have not been detected in plasma, and
12 have not previously been described in the BALF 2D proteome map.

2.2.3.2. AFFINITY CHROMATOGRAPHY

The depletion of albumin and IgG from biological fluids can be obtained by
adsorption on affinity resins such as a Cibacron Blue-based matrix. However,
removing the albumin fraction by binding to Affi-Gel Blue gives quite unsatis-
factory results because other proteins are also lost. In an effort to remove albu-
min from BALF, Plymoth and colleagues (33) have examined an antihuman
serum albumin column. Clearly, removing the albumin using this approach
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improves the pattern of BALF proteins resolved on 2D gels and makes possible
the mapping of some minor protein spots. Nevertheless, this study has shown
that a few protein spots, especially proteins interacting with human serum
albumin, are also lost in the preparation process. Hence, reactive dyes or
immunoglobulins in affinity-based depletion methods for the removal of high-
abundance proteins should be used with caution. However, under optimized con-
ditions, these approaches can be useful to deplete high-abundant proteins from
BALF and sputum samples, as shown by numerous studies on plasma samples.

3. Findings and Applications
3.1. Proteome Description of BALF and Sputum

BALF and sputum proteomics, defined as the study of all the proteins present
in these biological fluids, involves the comprehensive description of all protein
species as well as the set of protein isoforms and posttranslational modifications.
The development of leading-edge technologies like MS and recent progress in
sample preparation methods for biological fluids have boosted BALF and spu-
tum proteome research, which is now in an exponential growth phase (29).
Proteome analysis of BALF was performed for the first time in 1979 by Bell 
et al. (36). The emergence of high-throughput technologies associated with protein
identification from gels has led to a tremendous increase in the number of iden-
tified proteins from BALF. Classically, master gels of BALF proteins comprise
more than 1200 protein spots visualized by silver staining. Among these protein
spots, 150 unique proteins have been identified corresponding to 800 protein
spots (including immunoglobulin isoforms). The major investigators of the BALF
proteome are the groups of Lindahl (23–25), Wattiez (26,35,37), Magi (28,34),
and Sabounchi-Schutt (27,38). The best characterizations of the BALF proteome
show the presence of numerous different classes of proteins that reflect the great
diversity of their cellular origins and functions. Proteins in BALF may originate
from a broad range of sources, such as diffusion from serum across the air-blood
barrier (i.e., albumin), secretion by different lung cell types, or release from cell-
ular debris. A comparison between BALF and plasma proteomes reveals that a
certain number of proteins are characterized by higher levels in BALF than in
plasma, suggesting that they are specifically produced in the airways (Fig. 1).
These proteins are good candidates for becoming lung-specific biomarkers.
Recently, the same observations have been shown for the sputum proteome.

3.2. BALF and Sputum Differential-Display Proteomics

One of the major interests of the proteome approach is the association 
of changes in the proteome with different pathophysiological states using 
differential-display proteomics, i.e., computer-assisted comparisons between
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2D proteome maps. The aim of this investigation is to define proteins or group
of proteins significantly associated with a specific disease. Thus, differential-
display proteomics offers the opportunity to understand disease mechanisms
and to develop new biomarkers for early diagnosis/disease prediction.
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Fig. 1. Comparison between bronchoalveolar lavage fluid (BALF) and plasma pro-
teomes. Several proteins are present in BALF but not in plasma, suggesting that they
are specifically produced in the airways. These proteins are, therefore, good candidates
for lung-specific biomarkers. Lung-specific proteins, such as surfactant protein A (SP-A)
and Clara cell protein 16 (CC16), are elevated in BALF proteome. Concentrations of
both proteins are indicated in different physiological fluids. ELF, epithelial lining fluid.
(From Wattiez et al. [35], reproduced with permission from Elsevier.)



3.2.1. Mechanisms of Lung Pathologies

With the goal of gaining a better understanding of lung disease mechanisms,
during these last 10 yr many BALF proteome analyses have been dedicated to
different lung pathologies such as cystic fibrosis (39), alveolar proteinosis (40),
chronic eosinophilic pneumonia (37), hypersensitivity pneumonitis (37), Wegener’s
granulomatosis (37), lupus erythematosis (37), bacterial pneumonia (26),
sarcoidosis (28,34,37,38), chronic lung allograft rejection (32), and, recently,
pulmonary fibrosis associated with systemic sclerosis (SSc) as well as idiopathic
pulmonary fibrosis (IPF) (34).

3.2.1.1. INTERSTITIAL LUNG DISEASES

Among all lung pathologies, fibrosing interstitial lung diseases like sarcoido-
sis, IPF, and pulmonary fibrosis associated with SSc have been most studied by
a differential-display proteomics approach (28,34,37,38). The studies of diffuse
interstitial lung diseases are a challenge owing to the complexity and hetero-
geneity of various underlying pathogenic mechanisms. Although fibrosis is
a common feature, the pathogenesis, prognosis, and degree of fibrosis vary
between the different types. Fibrosis is generally considered the final event of
complex immunoinflammatory reactions.

To obtain a more comprehensive picture of these complex pathogenic mech-
anisms at the alveolar level, BALF protein compositions have been analyzed by
2-DGE coupled to MS. These studies have shown that there are statistically
quantitative and qualitative differences between the three diseases (28,34,37,38);
the major differences have been observed between sarcoidosis and IPF
(Fig. 2). Researches have observed that many plasma proteins (such as albu-
min, immunoglobulins, α1-antitrypsin, α1-antichymotrypsin, haptoglobin β, α1-
antiplasmin, ceruloplasmin, α1-B-glycoprotein, and others were more abundant
in BALF from sarcoidosis than that from IPF patients, possibly owing to altered
alveolar membrane integrity during alveolitis in the course of sarcoidosis.
However, some plasma proteins (such as α2-macroglobulin, a major antipro-
tease) were more abundant in IPF compared with sarcoidosis. In contrast, many
of the low-molecular-weight proteins produced locally were more abundant in
IPF compared with sarcoidosis. Clearly, if some of them are products of cell
damage, which is severe in IPF, others are produced by active secretion and
have various functions, e.g., proteins involved in inflammatory processes (like
calgranulin A, calgranulin B, and macrophage migration inhibitory factor [MIF])
and antioxidant proteins (like thioredoxin, peroxisomal antioxidant enzyme
[AOPP], and thioredoxin peroxidase 2).

Recently, Rottoli and colleagues (34) have performed a complete proteome
analysis combined with a cytokine profile study of BALFs from patients with 
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sarcoidosis, IPF, and pulmonary fibrosis associated with SSc. The results showed
that pulmonary fibrosis associated with SSc had an intermediate protein profile
between IPF and sarcoidosis, with the following peculiarity, however. Among the
low-molecular-weight proteins, which are more abundant in IPF than in sarcoido-
sis, the investigators showed that six of them (cyclophilin A, calgranulin B, trans-
lationally controlled tumor proteins [TCTPs], MIF, galectin 1, and ubiquitin)
were also significantly increased with respect to SSc, whereas the other five
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Fig. 2. Silver-stained 2D gels of human BALF from patients with sarcoidosis (A),
patients with idiopathic pulmonary fibrosis (B), and healthy subjects (C). Twenty-five
micrograms of sample was dissolved in 9 M urea, 0.5% (v/v) Triton X-100, 2% (v/v)
ampholytes 3 to 10, 65 mM DTT, and 8 mM phenylmethylsulfonyl fluoride (PMSF),
and loaded on pH 3 to 10, nonlinear IPG strips for isoelectric focusing. In the second
dimension, proteins were separated on ExcelGel XL 12 to 14% and visualized by silver
staining. #172, fatty acid binding protein, epidermal; #174, cathepsin D light chain;
#179, intestinal trefoil factor; #183, fatty acid binding protein, adipocyte; #201, 202,
and 206, calgranulin A; #207, saposin D light chain; #210, ubiquitin like; #212, calcy-
clin; #216, calvasculin. (From Wattiez et al. [26], reproduced with permission from
WILEY-VCH Verlag GmbH.)



(thioredoxin, AOPP, calgranulin A, L-fatty acid binding protein, and thioredoxin
peroxidase 2) were increased in SSc compared with sarcoidosis. These findings
are in agreement with the different pathogenesis of these diseases: IPF is consid-
ered a prevalently fibrotic disorder limited to the lung with intense local produc-
tion of functionally different proteins, whereas sarcoidosis and SSc are systemic
immunoinflammatory diseases. These different studies based on comparison of
the proteome profiles have led to a better understanding of the mechanisms of
interstitial lung diseases. Moreover, the proteomic differences found between
these pathologies strongly suggest that, in the near future, a group of proteins can
be used as the indicators of progression toward lung fibrosis.

3.2.1.2. ALLERGIC ASTHMA

Allergic asthma is a chronic inflammatory disease involving a multitude of
cell types. In asthma, reversible airway obstruction is characterized by airway
inflammation and hyperresponsiveness, bronchoconstriction, increased mucus
secretion, and increased permeability of lung vessels (41,42). Despite the great
research efforts made, the underlying mechanisms for the development of
severe symptoms remain poorly defined. The first report on the asthmatic state
of human BALF and nasal lavage fluid proteomes has been given by Lindhal et al.
(25). These investigators have shown that levels of lipocalin-1, cystatin S, IgBF,
and transthyretin were changed in patients who suffer from asthma.

Recent studies have investigated the modifications of proteome profile that
occur in lung tissues and airspaces following challenges using animal models.
In this context, Signor et al. (43) have evaluated the BALF proteome of rats
treated with an allergen (ovalbumin [OVA]) or endotoxin (lipopolysaccharide
[LPS]). Their study showed that some proteins produced locally were signifi-
cantly increased (calgranulin A) or decreased (Clara cell 16-kDa secretory pro-
tein, pulmonary surfactant protein B) in both treatments compared with controls.
In contrast, pulmonary surfactant-associated protein A was decreased in the
OVA treatment and was not significantly affected in the LPS challenge.
Moreover, some proteins derived from plasma were also different after expo-
sure. Clearly, these results obtained from animal models are essential for the
identification of potential biomarkers for inflammation. In this context, our
group has analyzed the sputum proteome to evaluate the inflammatory response
to inhaled LPS in healthy volunteers. As observed in the animal studies, our
preliminary results have shown an increase in some proteins, such as calgranulin
A, that is produced locally and is involved in the inflammatory process, 7 and
24 h following LPS inhalation (Fig. 3). These preliminary results have demon-
strated the potential of the proteome analysis of sputum induced with hyper-
tonic saline to study inflammatory lung diseases.
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3.2.2. Biomarker Research

The analysis of BALF proteome profiles may be helpful to quantify the over-
all molecular changes associated with lung injuries and also offers the possibil-
ity to search for biomarkers of a specific lung pathology. A good example of
this approach has been demonstrated by Nelsestuen et al. (32) with the applica-
tion to chronic lung allograft rejection.

3.2.2.1. CHRONIC LUNG ALLOGRAFT REJECTION

Chronic allograft rejection remains a leading cause of morbidity and mortal-
ity in lung transplant recipients. Currently, diagnosis is based on lung biopsies or
the presence of bronchiolitis obliterans syndrome (BOS). To search for biomark-
ers of chronic rejection, Nelsestuen et al. (32) performed a global study of the
proteins in BALFs from lung transplant recipients using gel-free technology
based on MALDI-TOF protein profiling (Fig. 4). A total of 126 BALF samples
from 57 individuals was tested. MS analysis revealed abundant changes in many
components in most patients who experienced BOS, but three peaks at m/z =
3373, 3444, and 3488 were unusually intense. These were identified as human
neutrophil peptides (HNPs) 1 to 3. HNPs belong to a family of antimicrobial pep-
tides referred to as defensins. Quantification of these peptides by enzyme-linked
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Fig. 3. Silver-stained 2D gels of human sputum from healthy subjects before (A) and
after (B) 24 h of LPS inhalation. Twenty-five micrograms of sample was dissolved in 
9 M urea, 0.5% (v/v) Triton X-100, 2% (v/v) ampholytes 3 to 10, 65 mM DTT, and 8 mM
phenylmethylsulfonyl fluoride (PMSF) and loaded on pH 3 to 10 nonlinear IPG strips
for isoelectric focusing. In the second dimension, proteins were separated on ExcelGel
XL 12 to 14% and detected by silver staining.



immunosorbent assay corroborated the extraordinary levels of HNPs detected by
MS. To quantify HNPs via MS, the investigators introduced known amounts of
commercial HNP1 and -2 into BALF samples. Clearly, they found an elevated
HNP level (>0.3 ng/μg protein) in 89% of patients who developed BOS2-3
within 15 mo. In control patients, 35% demonstrated a slightly elevated HNP
level that declined in all who had subsequent BALF available for testing. HNP
levels did not correlate with episodes of acute rejection, cytomegalovirus, or
fungal infection. The investigators concluded that elevated HNP levels are asso-
ciated with the onset of BOS and can predict the clinical onset of disease up to
15 mo. This work showed the high potential of the MS approach applied to
BALF analysis to search for new biomarkers of lung injuries.
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Fig. 4. MALDI-TOF profiles. MALDI-TOF spectra are shown for the m/z 3000 to
6000 (A and C) and m/z 6000 to 16,000 (B and D) regions of BALF from a control sub-
ject who did not develop BOS (A and B; 2.48 μg total protein) and another one at 
5 mo before the diagnosis of BOS2 (C and D; 2.76 μg total protein). The MALDI-TOF
spectra were split into two parts to illustrate the different intensities better (e.g., range
2000 for A, 1200 for B, 1600 for C, and 500 for D). (C, inset) A portion of the spectra
after addition of 5 ng of HNP1 to the sample before extraction and analysis. (From
Nelsestuen et al. (32), reproduced with permission from WILEY-VCH Verlag GmbH.)



4. Perspectives and Future Directions
Numerous studies during the last 5 yr have demonstrated the fundamental

and clinical potentials of the proteome analysis of BALF and sputum samples,
despite their complexity and wide dynamic ranges. These advances have
reflected the considerable progress made in sample preparation and MS tech-
nologies. The rapid evolution in MS, especially that associated with LC, and the
development of novel methods for comparison and quantification, such as pro-
tein profiling techniques and the isotope-coded affinity tag (ICAT) method,
have boosted the proteome analysis of biological fluids such as BALF and spu-
tum. Clearly, these advances offer a more complete image of the proteomes of
BALF and sputum and of the function of their different constituents. Recent
studies of BALF samples have already shown that proteome analysis is relevant
in the detection of biomarkers for lung alterations and in a better understanding
of the molecular mechanisms involved in the pathogenesis of lung diseases.
Nevertheless, bronchoscopy is an invasive procedure that cannot be performed
in all patients to obtain BALF. The advantages of inducing sputum with hyper-
tonic saline are that the samples are readily accessible and that this technique
can be applied to children or adult patients with asthma. To date, there is no pro-
teomics study on induced sputum samples, partly because of the presence of
high concentrations of salts and contaminants. However, recent developments
in some important sample preparation steps associated with BALF might soon
lead to further breakthroughs in the proteome analysis of induced sputum, as
shown in our preliminary studies.

One difficulty in the interpretation of the data obtained from differential-
display proteome studies of BALF and induced sputum is the great diversity of
cellular origins of different proteins identified in these fluids. Moreover, it is
clear that the level of one protein represents the integration of a multitude of dif-
ferent mechanisms involved in its synthesis, release, and/or clearance. Therefore,
analysis of the proteomes of different cell types such as alveolar macrophages
and neutrophils present in these fluids is required to understand better the roles
of altered proteins in the BALF or induced sputum that are associated with lung
pathologies. In this context, recent work has already focused on proteome analy-
sis of the alveolar macrophages in patients’ BALF samples (44,45). Clearly, the
integration of these proteome analyses of different cell types in the same fluid
will give a better picture of the complex mechanisms of lung pathologies.

Finally, to be most efficient, proteome research on BALF and induced spu-
tum definitely needs better rationales for the sample preparation (especially for
the induced sputum samples) and the patient selection criteria (age, sex, smok-
ing or not smoking, and so on.). Moreover, the application of leading-edge
novel technologies, like ICAT and proteome profiling methods, opens new per-
spectives for research on BALF and induced sputum.
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Proteomics of Sinusitis Nasal Lavage Fluid

Begona Casado, Simona Viglio, and James N. Baraniuk

Summary
This chapter provides a brief survey of the two principal techniques applied in the study of the

nasal lavage fluid (NLF) proteome. Lindahl et al. (11) used 2D gel electrophoresis (2-DE) to ana-
lyze the proteome of NLFs from subjects exposed to methyltetrahydrophthalic anhydride
(MHHPA) or dimethylbenzylamine (DMBA) and from healthy nonsmokers and smokers. Casado
et al. (2) used liquid chromatography coupled to electrospray ionization-tandem mass spectrom-
etry (LC-ESI-MS/MS) to study the NLF proteome in normal subjects and individuals affected by
sinusitis before and after pharmacological treatment. New proteins involved in the acquired and
innate immune response in the nose against microbial infections were identified with both tech-
niques. A comparison between the normal and sinusitis NLF proteome facilitates understanding
of changes in the protective mechanisms of the nasal mucosa against pathogens and pollutants.
Acute sinusitis was associated with a large increase in plasma, glandular, and cellular compo-
nents. Treatment successfully reduced the complexity of the nasal proteome. Finally, the presence
of carbohydrate sulfotransferase is an indication of the acidic mucin synthesis.

Key Words: Sinus; sinusitis; rhinitis; nasal lavage fluid; glandular; mucus; proteome.

1. Introduction
Nasal secretions humidify, heat, cool, and clean inhaled air. Proteins of the

innate and acquired immune systems are secreted from glandular mucous and
serous cells and leukocytes, as well as by plasma extravasation. Distinct 
patterns of secretion are seen during allergen exposure (allergic rhinitis), in rhi-
novirus, adenovirus, influenza, and bacterial rhinosinusitis, in cystic fibrosis,
and in occupational exposures. The last is the most common problem at work.
In acute sinusitis, an inflammation of the paranasal cavities within the facial
bones generally follows an acute or chronic nasal inflammatory process such as
a common cold viral infection or allergic rhinitis. About 0.5% of viral rhinitis
is complicated by acute bacterial rhinosinusitis with mucopurulent discharges.



Chronic sinusitis subjects may develop either nasal and sinus polyps or glandu-
lar hyperplasia. These distinct pathophysiological processes lead to differences
in the properties of mucus and its protein constituents (the proteome). The iden-
tification of specific profiles of mucous proteins may thus give important
insights into the innate and acquired immune defense mechanisms involved in
each disease.

Nasal lavage is a simple method for collecting samples from the upper airways.
Determination of the “normal” profile of mucous proteins of human nasal lavage
fluid (NLF) is vital. The functions of normal nasal mucus can be determined and
disease-specific changes can be identified. Proteomic analysis of human NLF
profiles the mucosal secretions and alterations in innate and acquired immune
defense mechanisms. Different approaches have been used for analyzing the NLF
proteome, including (1) capillary liquid chromatography (CapLC) with electro-
spray ionization (ESI) tandem mass spectrometry (MS/MS) to assess the NLF of
normal and acute sinusitis patients before and after pharmacological treatment;
and (2) 2D electrophoresis (2-DE) with matrix-assisted laser desorption/ioniza-
tion (MALDI) MS to analyze the effects of methyltetrahydrophthalic anhydride
(MHHPA) and dimethylbenzylamine (DMBA) on the NLF proteomes of healthy
nonsmokers and smokers. The two approaches gave complementary information
about the proteins involved in host protection and defence against microorgan-
isms and occupational exposure. Many proteins of clinical interest have been
identified, including the PLUNC (palate-lung-nasal epithelium clone) family of
proteins, Ig binding factor, and cystatin S. Future studies of the mucosal secretory
responses to microorganisms and chemicals are anticipated to define specific pat-
terns of biomarkers (biosignatures) that can be used for advanced diagnosis and
as the targets for novel rhinitis therapies.

2. Methods
2.1. LC-ESI-MS/MS

Casado et al. analyzed the NLF proteome in normal subjects (1) and in indi-
viduals affected by sinusitis before and after pharmacological treatment (2).
Four “series” of NLFs were collected from subjects affected by sinusitis. The
procedure employed was as follows.

2.1.1. Nasal Washing, Lavage and Hypertonic Saline Provocation

1. On d1, normal saline solution (1X NSS) was sprayed into the nostrils of normal
subjects as an initial washing, and the lavage fluid was discarded.

2. Then preexisting secretions were removed from subjects’ nostrils by spraying
0.9% NaCl (1X NSS) into each nostril using a Beconase AQ pump aspirator spray
device (first “series” collection) (3,4). This provided the proteins indicative of the
basal state of the nasal mucosa.
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3. After a 5-min interval, the same subjects received provocations with 100 μL of
hypertonic NaCl (21.6%; 24 times the tonicity of normal saline; 24X NSS).
Previous studies have established that this provocation stimulates pain-carrying
nonmyelinated nerves and local mucosal neural axon responses that cause glandular
secretion without vascular permeability (5,6).

4. A second “series” collection of NLF was then performed.

2.1.2. Acute Rhinosinusitis

Acute rhinosinusitis (sinusitis) is an infection of the paranasal cavities within
the facial bone (6,7). The diagnosis was made clinically using contemporary
criteria (6).

1. Subjects underwent baseline (1X NSS) and hypertonic saline (24X NSS) provoca-
tions in the same fashion as the normal subjects.

2. Sinusitis subjects were then treated for 6 d with amoxicillin-clavulanic acid (antibi-
otic), fluticasone proprionate nasal spray (steroid), oxymetazoline nasal spray (α2-
adrenergic receptor agonist, vasoconstrictor), and saline nasal sprays (0.9% NaCl).

3. The third and fourth “series” of NLFs were finally collected before and after the
subjects had received the nasal provocations described above.

4. All samples collected were stored at –20°C until analysis (2).

2.1.3. NLF Preparation Prior to MS Analysis

1. The total protein concentration was measured by the Lowry method (8).
2. Proteins were precipitated with an equal volume of 50% ethanol, 50% acetic acid

containing 0.02% sodium bisulfite.
3. Peptides, lipids, salts, and other low-molecular-weight materials were extracted

into the supernatant; proteins larger than 10 to 15 kDa were precipitated. This step
was essential to prevent lipid blockage of the CapLC process.

4. Precipitation was performed overnight at –20°C.
5. The protein pellet was resuspended in 10 μL of 0.1 M ammonium bicarbonate buffer,

pH 7.8, and digested with trypsin overnight at 37°C (20:1 protein/trypsin ratio) (1,2).

2.1.4. CapLC-Q-TOF Analysis

1. Tryptic peptides were desalted and concentrated in a Bio-Basic C18 precolumn
(35 × 0.32 mm) and then separated using a reversed-phase ZorbaxC18 column
(100 mm × 150 μm ID).

2. Elution was perfomed using a gradient of 95% solvent A (H2O with 0.2% formic
acid) to 95% solvent B (acetonitrile with 0.2% formic acid) at a flow rate of 
1 μL/min by CapLC operating with Masslynx, Version 3.5 software.

3. Proteins were identified using the Mascot search engine.
4. Manual data interpretation and identification of proteins were performed using the

Peptide Match program in the NREF database of PIR. Proteins identified were
compared on the basis of their origin and functions (1,2).
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2.2. Two-Dimensional Electrophoresis

Lindahl et al. analyzed NLF after chemical exposure to MHHPA (11–13) and
DMBA (9,14), as well as in healthy nonsmokers vs smokers (10,15).

2.2.1. Nasal Provocation and NLF Preparation Prior to 2-DE

1. NLF was obtained using a modified “nasal pool” device (16).
2. Samples were desalted in a PD-10 gel filtration column and lyophilized

(9–11,13–15).
3. Protein concentrations were measured by the Bradford method (17).
4. Proteins were resuspended in a denaturing buffer containing 9 M urea, 65 mM

dithiothreitol (DTT), 2% v/v ampholytes (3–10), 0.5% v/v Triton X-100, and
0.004% w/v bromophenol blue and then centrifuged (9–11,13–15,18).

2.2.2. 2-DE Procedures

1. Horizontal 2-DE was performed as described by Görg et al. (18).
2. Immobilized pH gradient (IPG) strips (0.50 × 3 × 180 mm) containing

Immobilines NL 3-10 were rehydrated with 8 M urea, 0.5% v/v Triton X-100,
0.5% ampholytes (3–10), 13 mM DTT, and 0.2 mg/mL Orange G (9,11,13–15).

3. In analytical gels, samples were applied on the anodic side, and proteins were
allowed to enter into IPG strips applying a low-voltage gradient, and then run
overnight at approximately 2500 V to get a final focusing of 45,000 V/h.

4. In preparative gels used for mass spectrometric analysis, samples were applied 
by in-gel rehydration for 6 h using low voltage (30 V) in pH 4 to 7 or 3 to 10 NL
IPGs.

5. The proteins were then focused for 55,000 to 60,000 V/h at a maximum voltage of
8000 (9–11,14).

6. The second dimension analysis (sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis; SDS-PAGE) was performed in various gel formats running at 20 to
40 mA for 4 h (9–11,13–15,18).

7. Protein spots were detected by silver staining (9–11,13–15,19).

2.2.3. Protein Spot Identification

1. Specific proteins were identified by combinations of Western blotting, comparison
of 2-DE images, and MS in different experiments.

2. The proteome profiles of silver-stained analytical gels were analyzed as digitized
images using a CCD camera (1024 × 1024 pixels) combined with a computerized
imaging system (Visage 4.6).

3. Proteins were identified by comparison with 2-DE plasma gels in SWISS-
2DPAGE (ExPASy server) or with their own 2-DE NLF reference gels.

4. Protein spot concentrations were determined as background-corrected optical 
density.

5. Wilcoxon’s rank sum test was used to calculate the significant differences (9,11,
13–15).
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6. Western blotting was performed using different methods (9,13–15,20).
7. The protein spots were cut for N-terminal sequence analysis with the Edman tech-

nique (10,14,21).
8. For MS analysis, gels were stained with 0.1% Coomassie Brilliant Blue R-250 for

1 h or SYPRO Ruby fluorescent staining and visualized/analyzed using a CCD
camera (1340 × 1340 pixels).

9. In-gel digestion was performed using trypsin.
10. Peptides from gel pieces were recovered and dried.
11. Samples were resuspended in 10 μL of 10% acetonitrile and purified by Zip-Tip.
12. The matrix (saturated solution of α-cyano-4-hydroxycinnamic acid) and extracted

peptides were mixed on the target plate using the thin-layer method for MALDI-
TOF analysis (9,10,22).

13. The peptide mass list generated from the major peaks of the spectra was submit-
ted to a database search (NCBI or Swiss-Prot) using PeptIdent, MS-Fit, and
Mascot search engines.

14. The mass of PSD composite spectrum was submitted to the MS-Tag search engine.
15. The N-terminal amino acid sequences were analyzed with BLAST (9,10).

3. Findings and Applications
In the study reported here and described by Casado et al. (1,2), the proteome

profiles of the NLF collected from healthy controls and subjects with sinusitis
(before and after stimulating glandular secretion as well as after 6 d of pharma-
cological treatment) have been compared. The proteome profile obtained is
shown in Table 1. A scheme summarizing the sources of secretions from nasal
mucosa is reported in Fig. 1.

3.1. Anatomy of Human Nasal Mucosa and Origins 
of Nasal and Sinus Secretions

The nose is a complex structural barrier designed to protect the upper and
lower airways against dehydration, extremes of inhaled air temperature,
viruses, bacteria, fungi, irritants, chemicals, pollutants, and fine particulate
materials (23–25). The mucosa is specifically designed to regulate nasal airflow
and permit exudation of interstitial fluid to provide water for humidification and
the sol phase for ciliary action. The glands contain serous and mucous cells.
Between the glands and the periostium are the erectile venous sinusoids that
regulate thickness of the nasal mucosa and nasal airflow resistance. The nasal
mucosa is the virtual prototype for bronchial, gastrointestinal, and other
mucosal surfaces, with the exception that erectile vessels replace smooth mus-
cle to regulate lumen diameter. The major protein classes detected in published
proteomic studies are cytoskeletal proteins (33%), innate (27%) and acquired
immunity (21%) system proteins, and other cellular proteins (20%) (Table 1).
The cytoskeletal proteins may have been derived from the turnover of epithelial
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Table 1
Qualitative Detection of Proteins in Nasal and Sinusitis Mucus Proteomes

CapLC-Q-TOF

Normal Sinusitis

Day 1 Day 1 Day 6

2-DE 1X 24X 1X 24X 1X 24X
Protein name HCa–c SMb Exp1c Exp2d NSS NSS NSS NSS NSS NSS

ACTB protein •
(actin)

Actin mutant • •
β-actin

Actin prepeptide • • •
Actin α2 • •
Actin β •
Actin γ1 • •

propeptide
Actin γ2 • •

propeptide
α-1B-adrenergic •

receptor
Albumin • • • • • • • • • •
Aldehyde • •

dehydrogenase
Amyloid P • •
Annexin A2 •
α1-Antichymotrypsin • • • •
Antithrombin III • • •
α1-Antitrypsin • • • • • • • •
Apolipoprotein D • • •
Apolipoprotein J • • •

(clusterin)
Apolipoprotein-AI • • • • • • • •
Pro-apolipoprotein-AI • • • •
Apoptosis-inducing •

factor
Calgranulin B • • • •
Calgranulin C •
Carbohydrate •

sulfotransferase
Carbonic anhydrase •
Ceruloplasmin • •

(Continued)
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Chymotrypsin •
inhibitor

Clara cell • • • •
protein 16

C3 • • • • • • •
C4 • • • • •
Cystatin S • • • •
Cystatin SN • • •
Cystatin C • •
DMBT1 • •
DNA • •

methyltransferase
2f

Fibrinogen β-chain • • • • • •
Fibrinogen γ-chain • • • •
Gelsolin •
Gene OXA1 •

protein
Glial fibrillary • •

acidic protein
α2-HS-glycoprotein • • •
α2-glycoprotein 1, •

zinc
α1-B-glycoprotein • • •
Zinc-α-2-glycoprotein • • • • • •
Haptoglobin • • •
Haptoglobin Hp2 • •
Haptoglobin α- • • • • •

chain
Haptoglobin α1- •

chain
Haptoglobin α2- •

chain
Haptoglobin β- • • •

chain
Hemoglobin α2 • •

Table 1 (Continued)

CapLC-Q-TOF

Normal Sinusitis

Day 1 Day 1 Day 6

2-DE 1X 24X 1X 24X 1X 24X 
Protein name HCa–c SMb Exp1c Exp2d NSS NSS NSS NSS NSS NSS

(Continued)
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Hemoglobin α • •
Hemoglobin β • • • • • •
Hemopexin • • •
Histon H2A • • •
Histon H2B • • •
Histon H4 • • • •
Ig-α • • • • •
Ig-α1 • • • • • • • • • •
Ig-α2 • • • • • • •
Ig binding factor • • • • • • • •
Ig-γ • • • • • •
Ig-γ1 • •
Ig-γ2 • •
Ig-κ • • • • • •
Ig light chain • • • •
Ig-λ • • • • •
Ig-J • • • •
Ig-μ • • • • •
IL-1 receptor •

antagonist
IL-16 •
IL-17E • •
Keratin 1 • • • • •
Keratin 2a • •
Keratin 3 •
Keratin 4 • •
Keratin 5 • • •
Keratin 6a • • • •
Keratin 6b • •
Keratin 6F • • •
Keratin 6L • •
Keratin 7 • •
Keratin 8 • •
Keratin 9 • •
Keratin 10 • •

Table 1 (Continued)

CapLC-Q-TOF

Normal Sinusitis

Day 1 Day 1 Day 6

2-DE 1X 24X 1X 24X 1X 24X 
Protein name HCa–c SMb Exp1c Exp2d NSS NSS NSS NSS NSS NSS

(Continued)



Keratin 12 • •
Keratin 13 • •
Keratin 14 • •
Keratin 16 • •
Keratin 19 • •
Keratin 25D • •
Lacrimal • • •

proline-rich
Lacrimal • •

proline-rich4
(NCAPR4)

Lacritin precursor •
Lactoferrin • • • • • • • • • •
Lipocalin-1 • • • • • • • •
Lipocortin I • • • • •

(annexin-1)
5-Lipoxygenase •
Lsm1 protein • • • •
LUNX protein • • •
Lysozyme • • • • • • • • •
α2-macroglobulin • • • •
Mammaglobin • • •
Matrix •

metalloprotease 27
α1-microglobulin • •
β2-microglobulin • • • •
Mucin 5 • •
Mucin 5AC • •
Mucin 5B • •
Myeloperoxidase •
Nesprin-1 • •
NGAL • • •
Orosomucoid • • • •
Plasminogen • • • •
Short-PLUNC1 • • • • •

(PLUNC)
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Table 1 (Continued)

CapLC-Q-TOF

Normal Sinusitis

Day 1 Day 1 Day 6

2-DE 1X 24X 1X 24X 1X 24X 
Protein name HCa–c SMb Exp1c Exp2d NSS NSS NSS NSS NSS NSS

(Continued)



Long-PLUNC1 • • •
(VEMSGP)

Long-PLUNC2 • •
(BPI)

Poly-Ig receptor • • • •
Prolactin-induced • • • • •

protein
Prothrombin • •
RBBP8 • •
Serine proteinase •

inhibitor
Similar to • •

cytoplasmic
β-actin

Similar to CSP • • •
SCCA • •
Statherin •
τ-tubulin kinase •
TCN1 •
TGF-β receptor II •
TSAP • •
Transferrin • • • • • •
Transthyretin • • • •

Abbreviations: HC, healthy nonsmoker subjects; SM, Smoker subjects; Exp1, dimethylben-
zylamine (DMBA); Exp2, methyltetrahydrophthalic anhydride (MHHPA); NGAL, neutrophil
gelatinase-associated protein; SCCA, squamous cell carcinoma antigen; CSP, common salivary
protein; TSAP, thiol-specific antioxidant protein; NCAPR4, nasopharyngeal carcinoma-associated
proline rich 4; DMBT1, deleted in malignant brain tumors 1; PLUNC, palate-lung-nasal epithe-
lium clone; BPI, bactericidal/permeability-increasing protein-like 1; VEMSGP, Von Ebner minor
salivary gland protein; IL, interlukin; TCN 1, Transcobalamin I; TEF-β, transforming growth fac-
tor-β; RBBP8, Retinoblastoma binding protein 8; 2-DE, 2D electrophoresis; CapLC-Q-TOF, cap-
illary liquid chromatography quantitative time of flight; NSS, normal saline solution.

aRef. 15.
bRef. 10.
cRef. 9.
dRef. 11.
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Table 1 (Continued)

CapLC-Q-TOF

Normal Sinusitis

Day 1 Day 1 Day 6

2-DE 1X 24X 1X 24X 1X 24X 
Protein name HCa–c SMb Exp1c Exp2d NSS NSS NSS NSS NSS NSS



goblet and ciliated cells, granule exocytosis from glands, and neutrophils that
normally patrol the nasal cavity (1). Quantitative assays divide the proteins into
three roughly equal sources: exocytosis from glandular serous and mucous cells
and plasma exudation.

3.1.1. Serous Cells

Serous cells are factories for the synthesis of antimicrobial proteins and 
produce about one-third of the nasal protein mass. Lysozyme cleaves bacterial

Sinusitis Proteome 337

Fig. 1. Sources of secretions from nasal mucosa. The mucosa contains glands (left)
and superficial postcapillary venules (right). Plasma exudation from the venules and
fenestrated capillaries (not shown) form the interstitial fluid. This fluid is drawn
between the ciliated (crenulated) and goblet (gray) epithelial cells into the liquid sol
phase. Serous cells of the mucous glands (dotted) also contribute antimicrobial proteins
to the sol phase. IgA produced by periglandular plasma cells (center) binds to serous
cell polymeric immunoglobulin receptors and transports across the serous cells into the
glandular mucus. Epithelial goblet and glandular mucous cells secrete mucin proteins
(Muc5A/C and Muc5B, respectively) into the gel phase that floats above the sol phase.
Keratins are supplied by the various types of epithelial cells. Neutrophils are present in
normal and bacterial sinusitis nasal lavage fluids (far right). Stimulation of nociceptive
nerves can cause substance P release and exocytosis from glands (far left). Sinus
mucosa is thinner and lacks glands. Deep, erectile venous sinusoids are not shown.



peptidoglycans. Sir Stanford Fleming was actually studying lacrimal lysozyme
when he serendipitously noted the effects of Penicillium. Lysozyme accounts for
approx 15% of the total NLF protein. Lactoferrin binds free iron so this essential
growth factor is unavailable for bacterial growth. Lactoferrin accounts for about
2 to 4% of total protein but was detected in 11/15 of our normal nasal samples.

3.1.2. IgA

Serous cells also participate in adaptive immunity by transporting locally syn-
thesized immunoglobulin A (IgA). IgA-producing plasma cells are clustered
around serous cells. Mucosal plasma cells secrete IgA as a dimer linked by the
joining chain (IgJ). The dimer binds to the polymeric immunoglobulin receptor
(PIgR; secretory component) on the exterior membrane of serous cells. The
PIgR(IgA)2IgJ complex (secretory IgA, sIgA) is endocytosed and transported
through the serous cells to be exocytosed into the gland duct mucus with the other
serous cell granule proteins. sIgA accounts for about 15% of the total nasal pro-
tein. PIgR was detected in 7/15 normal nasal lavage samples.

3.1.3. Lipocalin Proteins

The lipocalin superfamily of proteins is an important product of serous and
other cells. Lipocalin-1 is the prototypic protein. It forms an eight-sheet β-bar-
rel that curves to contain a hydrophobic inner space. Different bacterial
lipopolysaccharides, lipotechoic acids, β-glucans, and other lipids are selec-
tively bound within these β-barrel proteins. Several members of the PLUNC
family were detected. Short-PLUNC-1 (SPLUNC1) has been studied as the
prototypic PLUNC. It forms a single β-barrel. SPLUNC1 is expressed in sub-
mucosal glands of the upper airway, nose, and sinuses (26). In contrast, mRNA
for SPLUNC1, -2, and -3 has been previously described for human nasal mucosa
(27). However, we have not detected SPLUNC2 and SPLUNC3, possibly
because of low concentrations, ineffective trypsin digestion, or other problems
in MS/MS detection.

The long-PLUNC proteins have a “lid” that may be a ligand for poorly char-
acterized cellular receptors that phagocytose these proteins and their microbial
lipids. LPLUNC1 (von Ebner minor salivary gland protein) and LPLUNC2
(bacterial permeability inducer [BPI]) have been detected (28). Apolipoprotein
D belongs to this family. Neutrophil granules contain lipocalin-2, also known
as neutrophil gelatinase-associated lipocalin (NGAL) (1). Lipocalin-2 helps
in packaging metalloproteases in neutrophil granules. When secreted, it acts as
an antimicrobial protein. Interestingly, its production is induced by the same
growth factors (insulin-like growth factor I and transforming growth factor-α)
that also stimulate mucosal tissue regeneration and repair of the physical bar-
rier against microorganisms (29). Lipocalin-2 may be a marker for dysregulated
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keratinocyte differentiation in human skin (30) and potentially may be released
from epithelia as well as neutrophils and macrophages.

3.1.4. Exocytosis

Evidence of exocytosis was provided by the presence of common salivary
protein 1 (CSP1). Also known as zymogen granule membrane protein and GP-2,
this protein binds to the exterior of intracellular secretory granules so they can
fuse to the cell membrane, become hydrated, and extrude their contents like
toothpaste being squeezed out of a tube.

3.1.5. Mucous Cells

Mucous cells and epithelial goblet cells secrete acidic, sulfated, sialic acid-
rich mucin proteins (muc5A/C from goblet cells and muc5B from mucous
cells). These proteins have low densities because they are densely covered by
serine or threonine O-linked carbohydrate side chains. Their cysteine-rich N-
and C-terminal regions form intricately disulfide-bonded, cross-linking mucin
rafts that float above the aqueous sol phase. Mucins are estimated to account for
approx 28% of total protein.

3.1.6. Plasma Exudation

Plasma extravasation from the superficial fenestrated capillaries and postcap-
illary venous flow provides the interstitial fluid that exudes across the epithe-
lium. This process contributes the albumin (approx 15% of all protein), IgG
subclasses (approx 2% of all protein), IgM, α1-antitrypsin, α2-macroglobulin,
Zn2+-α2-glycoprotein, apolipoprotein-A1, and other plasma proteins present in
NLF. IgG is commonly detected by proteomic methods. This is likely because of
its ubiquitous presence in NLF, its large size, and its many tryptic digestion sites.
As a result, IgG peptides, especially those from Igγ1, have been readily
detectable in our proteomic analysis. The other immunoglobulin heavy chains,
Igγ2, Igγ3, Igγ4, and Igμ, and light chains (Igκ > Igλ) were detected in frequen-
cies roughly the same as their plasma concentrations. Epithelial ion and water
transport systems regulate the composition of the sol phase in health and disease.

3.1.7. Cytokeratins and Nasal Mucosa Epithelium

Cytokeratins (CK) polypeptides form intermediate filaments (IF) of the
epithelial cell cytoskeleton. The patterns of cytoskeletal proteins can help us to
understand and predict the turnover and status of the ciliated, transitional, and
squamous respiratory epithelium in rhinosinusitis. At least 49 human keratin
genes can be divided into five categories. The predominant categories in the
human nasal mucosa are type I (9, 10, 10c1, 14, 16, and 19c1) and type II 
(1, 1c10, 2, 2A, 2c8, 2c6e, 2c1, 4, 6B, and 7) keratins (31). Keratin filaments
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are composed of a type I protein and a type II protein. Specific keratin pairs
are expressed in distinct epithelial cell types (32). K1, K10, and K9 are present
in the epidermis of anterior nares. K4, K6, and K16 are present in other squamous
cells. Nonkeratinized squamous cells of the transitional cutaneous-mucosal
boundary express K5, K14, and K19. Transitional cuboidal and pseudostrati-
fied respiratory epithelial cells express K7, K8, K18, and K19, whereas basal
cells are characterized by K5 and K14. K19 is also a marker of epithelial
inflammation (33).

Actin filaments are composed of two strands of polymerized actin protein.
These cytoskeletal elements are localized to the cellular periphery under the
plasma membranes, where they maintain and support the cellular surface struc-
tures. The presence of actin, intermediate filament, and microtubule proteins
demonstrates that these intracellular filamentous structures can be readily
released through exocytosis or epithelial cell turnover or may be derived from
nasal neutrophils and other inflammatory cells.

3.2. Nasal Provocations and Toxic Exposure

Lindahl et al. (14,15) have identified different patterns of expression of IgA,
SPLUNC1, calgranulin B, statherin, and others. It is possible that exposures to
toxic agents cause alterations in innate immune system, mucosal defense, and
protein patterns or concentrations that place workers at risk for subsequent
development of virus-induced upper or lower respiratory tract infections, sinusi-
tis, or asthma.

3.2.1. Hypertonic Saline

Hypertonic saline stimulates type C neurons, which mediate centrally appre-
ciated burning pain and local mucosal-neural axon responses. The neurotrans-
mitter substance P (as well as others) is released locally and may act via
substance P receptors on the glands to generate glandular exocytosis. Although
quantitative studies have demonstrated an increase in glandular secretion with no
change in vascular permeability (5,6), our proteomic studies have not demon-
strated any qualitative changes in the detectable proteins.

3.2.2. Dimethylbenzylamine (DMBA)

Two hours of exposure to DMBA caused several significant changes in NLF
protein spot intensities when assessed by 2-DE. In healthy controls not previously
exposed to DMBA, IgA was increased, whereas SPLUNC1 and Clara cell-16
(uteroglobin) were decreased. In contrast, epoxy workers previously exposed to
occupational DMBA demonstrated increased spot intensities for SPLUNC1,
ceruloplasmin, α2-macroglobulin, and Zn2+-α2-glycoprotein. Spot intensity of the
cytoskeletal protein statherin was also significantly decreased (9,12). Lindahl et al.
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(12) suggested that SPLUNC1 may serve as a potential irritant biomarker under
these circumstances.

3.2.3. Methyltetrahydrophthalic Anhydride (MHHPA)

Subjects exposed to MHHPA showed increased IgA and cystatin S spot
intensity with a decrease in lactoferrin. The mechanisms are unclear since these
are all serous cell products.

3.2.4. Cigarette Smoking

NLFs from smokers showed decreases in Clara cell protein (uteroglobin), a
truncated variant of lipocortin-1- (annexin-1), and three acidic forms of α1-
antitrypsin. One phosphorylated isoform of cystatin S was increased (10).

3.3. Sinusitis

The nasal sinuses are aerated cavities within the bones of the face and skull.
They are connected to the nasal cavity through 1- to 3-mm-diameter ostia. The
combination of obstruction of these openings and viral or bacterial infection can
lead to a transient sterile sinusitis (postrhinovirus) or purulent rhinosinusitis (34).

3.3.1. Acute Sinusitis

The mucus collected from acute sinusitis subjects, including those with acute
exacerbations of chronic sinusitis, had some similarities with normal nasal secre-
tions but also had a substantial number of lower abundance proteins. Albumin
and Igγ1, Igλ, and Igκ were prominent. The presence of acute-phase antiprotease
reactants including α1-antitrypsin, α1-antichymotrypsin, α2-Zn2+-glycoprotein,
and α2-sulfated-glycoprotein suggested that inhibition of bacterial proteases is
an important host defense mechanism. Again, iron sequestration was evident
from the detection of both haptoglobin and transferrin. Of interest was the pres-
ence of β- and γ-fibrinogens. These coagulants combined with cross-linked
mucins, albumin, and neutrophilic DNA would form the tenacious mucus that is
characteristic of acute sinusitis. The presence of DNA was suggested by detec-
tion of DNA methyltransferase 2f and histones H2A, H2B, and H4 (2).

3.3.2. Acute Sinusitis Inflammation

The presence of neutrophils is also supported by identification of myeloper-
oxidase, the enzyme that gives the greenish tinge to mucopurulent secretions. 
5-Lipoxygenase, which is present only on myeloid series cells, has also been
detected, indicating the probable production of leukotriene B4 and possibly cys-
teinyl leukotrienes. Chemoattractants and inflammatory cell activators including
calgranulins B and C, interleukin-16 (IL-16) and IL-17E were also found.
Complement factor C3 was identified. Its proteolytic fragment, C3b, is a major
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neutrophil chemoattractant. The detection of actin and the actin-binding proteins
ACTB-β, -γ1, and -γ2 and gelsolin suggests chemotactically active cells.
Transforming growth factor-β receptor II may play a role in epithelial or fibroblast
repair processes or antiinflammatory effects. IL-1 receptor antagonist (IL-1-RA)
may play a similar counterregulatory role (2).

3.3.3. Acute Sinusitis Glandular Secretion

During infection, the anticipated serous cell proteins lactoferrin, lysozyme,
LPLUNC1, lipocalin-1, and common salivary protein 1 are augmented by
lacrimal proline-rich protein, lacritin, LUNX (lung, upper airways, nasal clone),
and a serine/cysteine protease inhibitor (likely cystatin C). LUNX is probably an
isoform of SPLUNC1 since they differ by only one amino acid. The putative ser-
ine/cysteine protease inhibitor may play a role in the inhibition of apoptosis (cap-
sases) or bacterial cysteine proteases (2).

3.3.4. Acute Sinusitis Keratins and Cell Types

A less extensive set of keratins (1, 5, 6A, 6F, 10, and 13) is expressed more
predominantly in the sinusitis mucus than in normal NLF. These are generally
related to squamous epithelia. This is compatible with the progressive changes
in epithelial phenotype as chronic sinusitis worsens (33). Normally, ciliated cells
predominate. As the inflammation of rhinosinusitis begins, ciliated cells are
replaced by goblet cells. This leads to reduced mucociliary transport and
mucostasis. As the disease worsens, the microvillous cells become prominent. In
pansinusitis and nasal-sinus polyposis, squamous metaplasia occurs. Scanning
electron microscopy indicates that the epithelium is breached, with patches of
naked basement membranes and erythrocytes on the mucosal surface that indi-
cate bleeding (2).

3.4. Sinusitis Mucus After Six Days of Treatment

The total protein collected and number of proteins detected were signifi-
cantly reduced by the antibiotic, nasal steroid, decongestant, and saline lavage
therapy. Expected proteins were albumin, IgG, IgA, lysozyme, lactoferrin,
common salivary protein 1, and keratins 1 and 6A. Novel proteins included
hemoglobins α2 and β. These indicated that bleeding was present either because
of the rhinosinusitis or as a side effect of the topical nasal steroid sprays (35). An
important novel protein induced by therapy was carbohydrate sulfotransferase.
This is the enzyme responsible for adding sulfate (sulfuric acid) to the sialated
carbohydrate side chains of muc5A/C and muc5B. The acid mucins have an iso-
electric point in the range of 2 to 2.5. This may increase their antimicrobial
activity. However, detrimental effects would increase the tenacity that may lead
to the formation of sequestered mucoclots that could become the sanctuaries for
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biofilm-forming bacteria. These acid mucins are also very irritating and induce
nausea when swallowed. Hypertonic saline had little effect on glandular secre-
tion or vascular permeability in acute sinusitis (6) or after therapy.

4. Perspectives and Future Directions
The glandular and epithelial secretion of innate immune system antimicro-

bial proteins and highly adherent mucins form a strong barrier to protect the air-
ways. These defenses are augmented by neutrophilic and acquired immune
mechanisms (immunoglobulin production and cellular immune mechanisms).
Toxic inhalants and acute sinusitis cause marked changes in the nasal proteome
that provide insights into the host defense mechanisms. Serial assessments after
provocations may identify the chronology of changes during viral, allergic, or
toxic exposures. The results can be readily adapted to the bronchial, salivary,
and gastrointestinal systems since the epithelial, glandular, and vascular archi-
tecture are quite similar to the nasal mucosa (26).

The nasal mucus proteome is a challenge to analyze. It contains lipids that can
interfere with LC methods. The mucous globules are very tightly bound, espe-
cially given the additional adherent proteins found in sinusitis. The expression of
protein families requires conservative bioinformatics analysis so that quite sim-
ilar isoforms such as LUNX and SPLUNC1 can be properly identified. The
diversity of immunoglobulin variable regions creates a large number of unique
peptides that may interfere with separation or MS/MS detection methods after
tryptic digestion. The high concentrations of albumin and IgG in NLF, and the
large number of high-concentration tryptic peptides may limit the number of
lower abundance peptides to be sequenced and identified. Future studies will
require removal of these high-abundance proteins for optimal CapLC-MS/MS
and 2-DE identification of significant, disease-specific low-abundance proteins.

The search for disease biomarkers seems to be more efficient with 2-DE at 
the present time. However, its limitations are that replicate runs and pool samples 
to detect low-abundance proteins as well as multiple proteins that may be hidden
behind single spots or albumin and immunoglobulin smears are required.
Continued analysis and comparison of results obtained by complementary meth-
ods will lead to advances in our understanding of the innate immune responses 
to toxic and other exposures, as well as the development of sets of diagnostic 
biomarkers for rhinosinusitis diseases (27). These studies will surely be extended
to examination of the olfactory mucosa (28).
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Summary
The salivary proteome is a complex protein mixture resulting from the activity of salivary

glands with the contribution of other components that form the oral environment such as oral tis-
sues and microorganisms. Knowledge of the salivary proteome will bring not only improvement
in the comprehension and diagnosis of oral pathologies but also the evaluation of systemic sta-
tus. In fact, for diagnosis purposes, saliva collection has the great advantage of being an easy and
noninvasive technique. This chapter gives an overview of the most frequently used proteomics
methodologies for the isolation and identification of salivary proteins and peptides, such as the
separation techniques (2D polyacrylamide gel electrophoresis, high-performance liquid chro-
matography, and 2D liquid chromatography) in conjunction with mass spectrometry. Currently,
more than 300 salivary proteins have been identified. It is expected that this number will quickly
increase in the near future, particularly when the actual major limitations of protein identification
in saliva, such as the high content of mucins, debris, and bacteria, as well as its high proteolytic
activity, are overcome.

Key Words: Saliva; salivary glands; oral cavity; proteins; peptides; mass spectrometry; 
proteome; proteomics.

1. Introduction
Compared with other human body fluids, saliva has been less studied and

used in analytical and clinical applications because of its high mucin content,
which confers particular physicochemical properties, and an apparent complex
circadian rhythm. However, the interest in saliva is increasing. Efforts have been
made during the past few years to determine salivary proteins and their physio-
logical roles. Although progress has been made, this adventure is in an initial
phase compared with the study of other human body fluids. In human health,
development of new analytical methods for the analysis of saliva will bring not



only improvement in the comprehension and diagnosis of oral pathologies but
also in the evaluation of systemic status. Additionally, saliva collection has the
great advantage of being an easy and noninvasive technique.

Saliva is produced and secreted into the oral cavity by salivary glands, both
major and minor, which together produce an impressive amount of 1000 to 2000
mL/d (1–3). The major salivary glands include parotid, submandibular, and sub-
lingual glands. Minor salivary glands are situated on the tongue, palate, and buc-
cal and labial mucosa. They are small mucosal glands with primarily mucous
secretion (4). The working part of salivary glands consists of the secretory end
pieces (acini) and the branched ductal system. The fluid first passes through
intercalated ducts, which have a low cuboidal epithelium and narrow lumen. The
secretion then enters the striated ducts, which are lined with more columnar cells
rich in mitochondria. Finally, the saliva passes through the excretory ducts,
where the cell type is cuboidal with stratified squamous epithelium (5). The aci-
nar cells first secrete isotonic primary saliva and then the striated duct cells
actively extract ions to render the saliva progressively more hypotonic as it
passes down the ducts toward the mouth (2,6,7).

Numerous physiological studies have concluded that salivary acinar cells
release the primary components of saliva (2,8,9). Acinar cells comprise almost
90% of salivary glands and synthesize and secrete nearly all the salivary pro-
teins, using a complex array of ion pumps and channels at the cell surface to
drive the transepithelial transport of interstitial fluid in order to provide water
and electrolyte components of the secretion (10,11). Parotid acinar cells produce
mainly a group of enzymes (amylase, peroxidase, and others) and elongate
polypeptides (proline-rich proteins [PRPs], histatins, and others), being in this
way considered amicrobial (12). Sublingual acinar cells produce mainly mucins,
whereas submandibular cells produce mucins, enzymes, and elongate polypep-
tides similar to those produced by both sublingual and parotid glands (2).

The release of salivary components by acinar cells is regulated by neuronal
stimuli. Acinar cells are richly innervated by both sympathetic and parasympa-
thetic nerve fibers, which have the classic neurotransmitters and selected bioac-
tive peptides (such as substance P) as the main stimuli of secretion (2). These
two types of stimuli have significantly different effects on the composition of
salivary output. Parasympathetic stimulation evokes output of saliva that has a
large volume and low protein concentration, whereas sympathetic stimulation
has the opposite effect, causing release of saliva that has a relatively small vol-
ume and high protein concentration (2,13).

The principal pathway by which salivary proteins are released from acinar
cells is exocytosis of secretory granules. Within the cytoplasm of acinar cells,
most of the membrane-bound organelles are part of the intracellular transport or
secretory pathway. This pathway has the classic orientation toward the apical
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secretory surface, at which the extensive endoplasmic reticulum and nucleus fill
the basal cytoplasm beneath a central Golgi complex and an overlying accumu-
lation of secretory granules. In both resting and stimulated cells, almost all
newly synthesized proteins (85%) follow this secretory pathway, whereas the
remaining 15% of secretory proteins release without storage. These proteins
enter the endoplasmic reticulum during translation; most are transported to the
Golgi complex, where posttranslational modifications (PTMs) are largely com-
pleted, and then they are routed into forming granules, where they are con-
densed for storage at concentrations that exceed 300 mg/mL (2,8,13).

Salivary secretion is mainly controlled by the autonomic nervous system. The
normal daily imbalance of the cholinergic and adrenergic systems or exogenous
stimulatory conditions, such as medication, radiation, and food ingestion, can
produce changes in salivary flow and/or composition (14). All salivary functions
are based on a wide spectrum of multifarious components. These components
not only contribute to oral cavity homeostasis but also provide clues for systemic
diseases. Human saliva is an attractive diagnostic fluid because its collection is
noninvasive and simple, as opposed to blood collection for serum/plasma analy-
ses. Blood concentrations of many components are reflected in saliva. In addi-
tion, the cost for sample handling is low. Moreover, since it is a noninvasive
collection technique, it can dramatically reduce anxiety and discomfort in
patients, simplifying collection of serial samples for monitoring general health
and disease states over time (see reviews by Kaufman and Lamster [13],
Lawrence [15], and Dodds et al. [16]). Efforts have been made recently to find a
correlation between salivary proteins and different systemic diseases; salivary
biomarkers may potentially be used for monitoring general health and for early
diagnosis of disease (15,17,18).

2. Brief Overview of Salivary Proteomics
2.1. Methodology

Proteomics has emerged in the past decade as a multidisciplinary and
technology-driven science focusing on analysis of the proteome, including the
complex of proteins expressed in a biological system at a given moment, as well as
their structures, interactions, and PTMs (19). In saliva, most proteins originate from
salivary glands. However, blood (20), oral tissues (21,22), and microorganisms,
particularly bacteria (23), can also be other important sources of proteins. Thus, all
extrinsic and intrinsic salivary proteins should be included as parts of the salivary
proteome. Recent advances in mass spectrometry (MS) with different separation
techniques, such as 2D polyacrylamide gel electrophoresis (2D-PAGE), high-
performance liquid chromatography (HPLC), and 2D liquid chromatography (2D-LC),
have allowed the development and exponential growth of proteomics, which has
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attained the status of one of the most commonly used techniques for protein
analysis (24). All these techniques have already been applied to the study of sali-
vary proteins. The result is the identification of more than 300 proteins in saliva.
This number will quickly increase in the near future, particularly when the actual
major limitations of protein identification in saliva (such as the high content of
mucins, debris, and bacteria, as well as its high proteolytic activity) are over-
come (25–30). Figure 1 gives an overview of the state of the art of proteomic
methodologies applied to salivary protein characterization. The different experi-
mental steps will be discussed below.

2.2. Sample Collection

The first step in analyzing human saliva is its collection and preservation.
Factors that may affect the compositions of saliva include circadian rhythm
(31,32), different gland contributions (33–36), stimulations (35,36), health sta-
tus, physical exercise, medications, food intake, gender, and age (37–39). The
volume that is required for a proteomics study varies from few (40) to several
milliliters (41). Methods for human saliva collection at resting state or under
stimulating conditions include intraoral duct cannulation (42) and Lashley cups
(and their modifications) (43) as well as Schneyer’s device (44). The subjects are
usually required to cease eating, drinking, or using oral hygiene products for at
least 1 h prior to saliva collection. Collection of nonstimulated whole saliva is
based on draining (into a reservoir), aspiration, or using an absorbent material
that is chewed or placed somewhere in the mouth (45,46). Stimulated saliva
(whole saliva, saliva from parotid or submandibular glands) can be obtained
under conditions of gustatory stimulation, such as sour candies (31), lemon juice
or citric acid (approximately 2% w/v) (18,47,48), and chewing paraffin wax
(49). Parotid secretion is relatively easy to collect with a Carlson-Crittenden
device or a Lashley cup (50). For submandibular/sublingual secretion, several
devices can be employed including custom-made field-collecting devices
(placed at the opening aperture of the Wharton’s/Bartholin’s ducts) (9,44),
Lashley cups (45), gentle suction (51), or polyethylmethacrylate devices (52). In
all collection methods, the reservoirs for saliva samples are kept on ice during
the collection and immediately frozen in liquid nitrogen thereafter.

3. Analyses of Salivary Proteins
Saliva contains a wide spectrum of proteins, namely, amylase, carbonic

anhydrase VI, lysozyme, lactoferrin, lactoperoxidase, immunoglobulins, agglu-
tinin, mucins, and others, which have biological functions of particular impor-
tance to oral health (12,13,16). The major salivary proteins, which account for
approximately 50% of total salivary protein, are amylase, immunoglobulins,
mucins, and PRPs. The salivary immunoglobulins are mainly IgA (85%) and,
in a much smaller proportion, IgG. Together, they make up about 5 to 15% of
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total salivary protein. Mucins constitute another important class of salivary
glycoproteins. In unstimulated whole saliva, they are the major components,
making up 20 to 30% of the total protein. The low-abundant salivary proteins
are metabolic enzymes with antimicrobial activity, such as lactoperoxidase and
lysozyme (12). In addition, saliva contains several low-molecular-weight (MW)
components with important bactericidal activity and remineralizing property.
These include histatins, defensins, PRPs, and cystatins.

To analyze a complex organic fluid like saliva and to evaluate its protein
composition, several separation techniques have been used. Both proteomic
methodologies and traditional analytical techniques, such as sodium dodecyl
sulfate (SDS) PAGE and isoelectric focusing (IEF), have been widely employed
in separation, characterization, and identification of salivary proteins.
Moreover, other methods involving various chromatographic techniques (size
exclusion, ion exchange, affinity chromatography, and others) and methodolo-
gies incorporating chemically modified solid surfaces for protein analysis have
also been applied by different researchers (34,53,54).

Prior to protein separation, sample treatment depends on the technique to be
used. The first step is to centrifuge the sample to remove insoluble materials
(10,000–14,000g, 10–25 min) (25–27,55–57); the supernatant is then saved at 
−20°C to −80°C until analysis. Although centrifugation is considered a critical
step in sample preparation for removing bacteria, cellular debris, and glycopro-
tein aggregates, concomitantly several proteins such as cystatins, amylase, PRPs,
and statherin are coprecipitated (50). This step may be avoided in the case of
clean samples, such as those obtained by cannulation. Long storage time as well
as freeze-thaw cycles can induce protein precipitation, in particular of low-MW
components (58,59). Some investigators thus use liquid nitrogen for snap-freez-
ing the sample for its homogeneity.

In cases of electrophoretic techniques, such as IEF and 2D-PAGE, special
care should be taken in sample treatment because these methods are salt sensi-
tive. To remove salts, dialysis of the samples is usually performed overnight
against 12 mM ammonium bicarbonate or deionized water (60) using a 10,000-kDa
molecular mass cutoff dialysis membrane (28). If necessary, proteins can be
concentrated by acid precipitation, e.g., with 10% trichloroacetic acid (TCA)/
0.1% dithiothreitol (DTT) (26) or 10% TCA/90% acetone/20 mM DTT (29).
After the centrifugation step, the protein pellet can be resuspended in a rehydra-
tion buffer and quantified by conventional methodologies, e.g., Lowry (61),
bicinchoninic acid (BCA) (62), or Biuret (63).

3.1. 1D Polyacrylamide Gel Electrophoresis (1D PAGE)

SDS-PAGE or 1D PAGE is an easy-to-use separation procedure and has the
advantage of having a low sensitivity to salivary salt concentration. It has been
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employed in the study of the protein composition of whole saliva and specific-
gland saliva (parotid, submandibular, or sublingual), with or without stimulation.
More than 30 protein bands can be resolved from whole saliva (36,64). SDS-
PAGE analysis has also been used in the characterization of salivary proteins that
interact with the tooth surface, forming the acquired enamel pellicle (65,66). To
expand the range of observed salivary proteins, both anionic and cationic gels
may be used to obtain well-resolved bands. Using this technique, several inves-
tigators have achieved a fine separation of histatins, cystatins, and PRPs (67,68).
To maximize the MW range separation (from 5 to 300 kDa), Francis et al. (50)
and Bardow et al. (69) have used gradient gels, ranging from 5 to 20%.

An interesting approach to the study of salivary complexes has been used by
Oho et al. (70) and by Iontcheva et al. (71) using SDS-PAGE of salivary proteins
under native and denaturating conditions. These electrophoretic fractionation
studies have allowed the verification of the existence of complexes of mucin
MUC5B (MG1) with other salivary proteins like histatins, PRPs, amylase, and
statherins and have also demonstrated that agglutinin is comprised of a high-
molecular-mass glycoprotein (later confirmed as the glycoprotein GP340) (72)
attached to secretory immunoglobulin A (sIgA) components (70). The recent
work of Soares and co-workers is another reference to the study of salivary com-
plexes (73,74). These authors have used SDS-PAGE and blotting techniques to
show the existence, in vivo and in vitro, of complexes of the mucin MG2 with
several other proteins like lactoferrin, amylase, PRPs, and lysozyme.

IEF using carrier ampholytes (without 2D separation) has also been applied
to salivary protein analysis during the last decade. With this approach, based on
the isoelectric point (pI) of each protein, more than 20 bands can be visualized
with Coomassie Blue stain, including basic PRPs that are difficult to separate
by SDS-PAGE because of their basic pI (>8) (56). A weakness of IEF using car-
rier ampholytes is related to the need for a prior desalting step, which is time
consuming and can lead to protein loss.

3.2. 2D Polyacrylamide Gel Electrophoresis (2D-PAGE)

Using 2D-PAGE, more than 600 protein spots per gel can be visualized in a
saliva sample (75). Nowadays, owing to its extraordinary resolution, availability,
and abundantly accumulated knowledge, 2D-PAGE is widely used for separa-
tion of protein mixture (76). Moreover, 2D-PAGE allows the separation of
different protein isoforms that are likely generated by PTMs (glycosylation,
phosphorylation, or proteolytic processing). Typically, the two dimensions cor-
respond to the use of IEF in the first dimension to separate proteins according
to their pI, followed by SDS-PAGE in the second dimension to resolve proteins
according to their molecular size (Mr). Since the immobilized pH gradient
(IPG) technique was introduced and better reproducibility was combined with
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the higher protein load capacity (77), 2D-PAGE has been used more widely, and
increasing information has been obtained.

2D-PAGE was first applied to saliva samples by Beeley et al. (56). Initially,
only a few major components of saliva such as amylase and immunoglobulins
were identified. With the introduction of the IPG technique (56), substantial res-
olution can be achieved allowing the detection of more than 50 spots visualized
with Coomassie Blue and more than 100 spots using silver stain (56). Some of
these spots (from parotid secretion) have been identified as lactoferrin, secre-
tory component, amylase, PRPs, Ig heavy chain, and albumin. Improvement of
protein solubilization using a high concentration of urea results in better reso-
lution of a 2D-PAGE map in the pH 4 to 7 range, allowing the detection of more
than 200 spots visualized with a fluorescent dye (SYPRO Ruby) (25,26). The
combination of a high concentration of urea and thiourea (78) further results in
better resolution, which allows the separation of more than 200 spots within the
pH range 3 to 10.

Although it is one of the most powerful protein separation techniques, 2D-
PAGE has some drawbacks that must be highlighted. In fact, high-MW salivary
proteins, glycoproteins (e.g., mucins), and low-MW proteins/peptides are out of
range of the separation capability of common 2D-PAGE techniques (typically
resolved proteins with molecular masses between 10 and 120 kDa). Moreover,
in spite of the use of robots and precast gels, this technique is still laborious and
time consuming. Even though reproducible spot patterns are usually achieved in
the same laboratory, data comparison between different laboratories is often dif-
ficult because gel reproducibility is highly dependent on experimental conditions
and procedures. On the other hand, although not identical, similar results can be
observed when one compares the results obtained by different groups (20,27,29).

3.2.1. 2D-PAGE Procedures

1. Whole saliva is centrifuged at 12,000 rpm and 4°C for 20 min to remove cell
debris and particulate matter. To minimize degradation of proteins, protease
inhibitor cocktail and phenylmethylsulfonyl fluoride (PMFS) may be added to the
supernatant.

2. Protein content can be concentrated by adding 10% TCA/0.1% DTT (20) or 10%
TCA/90% acetone/20 mM DTT (29).

3. The supernatant is discarded and the pellet is then washed with cold 20 mM
DTT/acetone (or 10 mM phosphate buffer) and resuspended with a rehydration
buffer containing 8 M urea, 2 M thiourea, 2% 3-[(3-cholamidopropyl)dimethyla-
monio]-1-propanesulfonate (CHAPS), 0.1% ampholytes (pH 3–10 or 4–7), 2 mM
DTT, and a trace of bromophenol blue.

4. Samples can be analyzed immediately or stored at −20°C to −80°C until analysis.
5. The addition of thiourea increases protein solubility and improves resolution on

the 2D gel map (78). Moreover, the increment of protein solubility by thiourea
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diminishes the interference of mucins and other high-MW glycoproteins present
in saliva that can block the current passage (20,27,29).

6. In case of high salt content, improvement of the IEF can be made by introducing
a small voltage step (e.g., 100 V, 2 h for 7-cm-long IPG strips and 3.5 h for 
13-cm-long IPG strips).

7. Details of 2D-PAGE procedures can be found elsewhere or in the manufacturers’
manuals. (Note that the initial centrifugation step can be skipped in the case of
parotid or submandibular saliva).

3.3. Detection or Visualization of Protein Bands/Spots

Experimental protocols used for staining salivary proteins are different from
those applied to other samples. The most commonly used stains are Coomassie
Blue, silver, and fluorescent dyes. Coomassie dyes are moderately sensitive and
have a linear dynamic range, making them suitable for quantitative analysis,
which is essential for proteomic analysis. Silver staining is more sensitive than
Coomassie Blue but has some limitations including the narrow dynamic range
and the tendency of the dye to stain differently, based on amino acid composition
and PTMs (79–81). Fluorescent dyes have recently been developed with the
advantage of linear dynamic range. Both silver and fluorescent stains have led to
substantial improvement in the sensitivity of protein detection/visualization (82).
Nevertheless, PRPs, especially the acidic ones, are difficult to stain with silver,
most likely because of their insufficiency in basic sulfur-containing amino acids
thought to be responsible for binding to silver ions (80).

Once proteins are separated by SDS-PAGE or 2D-PAGE, they are visualized
and the protein spot profiles are analyzed using image analysis software in
order to determine qualitative and quantitative changes in protein expression.
The type of staining procedure (organic dyes, metal ion reducing, fluorescence,
or radioactive isotopes) provides different sensitivity on protein spot detection.
Consequently, the amounts of proteins to be loaded differ (Table 1). For exam-
ple, detection by Coomassie Blue R-250 needs greater amounts of protein com-
pared with silver staining, SYPRO Ruby (25,26), or radioactive methods.

In addition to sensitivity, linear dynamic range, and reproducibility, visuali-
zation methods should be fully capable of interfacing with modern proteomic
tools. For protein identification, proteins of interest are selected, excised from
the gel, and subjected to enzymatic digestion. For the acquisition of good mass
spectra from low-abundance proteins, it is imperative that the dye does not
interfere with MS analysis. Interfering dyes can cause ion suppression, result-
ing in fewer peptides obtained and a reduction in signal intensity (79,81).

As noted before, high mucin content may block the current passage in the
first-dimensional separation, interfering with the IEF of salivary proteins. To
avoid this problem, one can load smaller amount of proteins in combination with
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more sensitive stains (e.g., silver, fluorescence, or Coomassie Blue G-250, which
is 10 times more sensitive than R-250) (82). Silver staining, in particular
reversible silver stain according to Yan et al. (83), may be used as a routine detec-
tion method. This method has some advantages over conventional silver staining
because it is less prone to spot saturation and thus has a higher dynamic range
and is compatible with MS analysis.

For acidic PRPs, important salivary proteins that are hardly detected with sil-
ver stain (80), visualization may be achieved with Coomassie staining, which
provides pink-violet colorization after destaining without organic solvents. This
effect is owing to a metachromatic effect and allows the precise identification
of these proteins (84,85).

3.3.1. Methods for PRPs Detection

1. Prepare Coomassie Blue solution (0.25% w/v Coomassie Blue R-250 in 10%
acetic acid) and remove insoluble materials with filtration.

2. Stain the gel for 30 min.
3. Destain the gel using several changes of 10% glacial acetic acid.

For mucins and other glycoproteins, Alcian Blue and periodic acid Schiff
(PAS) are typically used (86). Because both have several limitations in terms of
concentration and sensitivity, Jay et al. (87) have demonstrated that the visual-
ization of mucins and other salivary glycoproteins can be enhanced by subse-
quent silver staining.

3.4. Identification of Salivary Proteins

Saliva is a complex mixture of proteins mainly composed of amylase, PRPs,
immunoglobulins, albumin, and cystatins. Nevertheless, this fluid comprises
many other types of proteins recently identified by proteome analysis including
PLUNC (palate-lung-nasal-epithelial clone), cystatin A and B (27), interleukin
(26), anti-TNF-α antibody light-chain Fab, anti-HBs antibody light-chain Fab,
and lipocortin (29). It must be considered that immunoblotting and amino acid
sequencing were the unquestionable methods used to identify salivary proteins
prior to MS (65,66,69).
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Table 1
Comparisons Among Different Staining Methods

Method Sensitivity MS Cost View

CBB R-250 50–100 ng Yes Low Visible
Silver 1 ng ± Low Visible
SYPRO Ruby 1 ng Yes Medium Fluorescence
DIGE 1 ng Yes High Fluorescence
Radioactivity 1–10 pg ± Low Film/phosphoimager



3.4.1. Immunoblotting

Immunoblotting provides information on the presence, MW, and/or quantity
of an antigen by combining protein separation via gel electrophoresis with spe-
cific recognition of antigens by antibodies. This system, in combination with
the resolving power of 2D-PAGE, provides a quick and sensitive way to moni-
tor a single protein with known characteristics and to compare major differ-
ences in paired samples. Moreover, several protein isoforms can be identified.
As referred to above, Beeley et al. (56) initially identified salivary proteins on
a 2D gel map using this approach. Immunoblotting is still used as a routine pro-
cedure on saliva protein characterization (18,88). Only a relatively small amount
of protein is required to obtain a positive identification.

3.4.2. Mass Spectrometry

During the past decade, a rapid revolution has occurred in the field of pro-
tein identification. The knowledge obtained from the genome projects of sev-
eral species has made the construction of protein databases possible. With
advanced MS techniques (which require small amount of materials, in the fem-
tomole to attomole range) and bioinformatic tools, these databanks have given
us a quick and easy way to identify proteins. The combination of MS with dif-
ferent separation techniques such as 2D-PAGE, HPLC, or 2D-LC has already
been introduced to saliva analysis, making the study (separation, identification,
and/or quantitation) of a wide variety of salivary proteins feasible (24,89).

3.4.2.1. 2D-PAGE FOLLOWED BY MS

2D-PAGE followed by mass spectrometric protein identification is the typical
approach for salivary proteome analysis. After protein separation by 2D-PAGE,
each spot of interest is excised and digested with a protease (usually trypsin),
which cleaves proteins at specific amino acid residues (C-terminal lysine and
arginine for trypsin). The peptide fragments obtained from digestion can be ana-
lyzed using MS and proteins are identified by peptide mass fingerprinting, by
which the molecular mass of each peptide is compared with those obtained from
theoretical digestion on available genome and protein databases. A confirmation
of identification can be obtained using the sequence information obtained by tan-
dem mass spectrometry (MS/MS), in which the peptide of interest is selected
and fragmented within the mass spectrometer and, again, protein databases are
used to search for an identical tryptic peptide sequence. In case of a negative
identification, de novo sequencing can be performed, and the amino acid
sequence can be interpreted on nucleotide probes using BLAST analysis (90).
Salivary protein identification based on peptide mass fingerprinting and MS/MS
analyses of SDS-PAGE bands or 2D protein spots have been performed on saliva
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samples by several groups (20,25–27,29). Moreover, the identification of several
spots corresponding to the same protein shows the ability of 2D-PAGE to detect
PTMs such as glycosylation, truncation, and phosphorylation.

3.4.2.2. METHODS FOR 2D-PAGE FOLLOWED BY MS ANALYSIS (27)

1. After 2D-PAGE, resolved protein spots are visualized with various stains and ana-
lyzed, typically with 2D image analysis software.

2. Protein spots of interest are then excised from the gel manually using a small knife
or a pipet tip or automatically using a spot-excision robot.

3. The gel pieces are washed twice with 25 mM ammonium bicarbonate/50% 
acetonitrile (ACN) and dried.

4. These 25 μL of 10 μg/mL trypsin in 50 mM ammonium bicarbonate is added to
the dried residues, and the samples are incubated overnight at 37°C.

5. Tryptic peptides are then lyophilized and resuspended in 10 μL of 50% ACN/0.1%
formic acid.

6. The samples are mixed (1:1) with a matrix solution containing α-cyano-4-hydrox-
ycinnamic acid prepared in 50% ACN/0.1% formic acid. Aliquots of samples
(0.35 μL) are then spotted onto the MALDI (matrix-assisted laser desorption/ion-
ization) sample target plate.

7. Peptide mass spectra are obtained from a MALDI-TOF (time-of-flight) or
MALDI-TOF/TOF mass spectrometer in the positive ion reflector mode. Trypsin
autolytic peaks are used for internal calibration of the mass spectra, allowing a
mass accuracy of better than 25 ppm.

8. Further analysis in respect to peptide sequence is achieved by performing MS/MS
experiments. In the case of MALDI-TOF/TOF, both MS spectra and MS/MS spec-
tra can be obtained. MS/MS data can also be obtained by nano-LC (PepMap C18
column, 75 μm × 150 mm; particle size 5 μm) electrospray ionization (ESI)-MS.
Peptides are separated using a linear gradient from 5% of the solution containing
95% ACN/5% H2O/0.1% formic acid/0.01% trifluoroacetic acid (TFA) to 60% in
70 min and to 95% in 15 min.

9. The MS and MS/MS data obtained are searched against the human NCBI non-
redundant protein database using the Mascot search tool (www.matrixscience;
Matrix Science, UK). Other software such as ProteinProspector (http://prospector.
ucsf.edu; UCSF Mass Spectrometry Facility, San Francisco, CA) and PROWL
(www.prowl.rockfeller.edu; ProteoMetrics, New York) can also be used for protein
identification.

3.4.2.3. LC COUPLED TO MS (LC-MS)

Although 2D-PAGE is currently the most common method used for protein
separation, there are problems associated with this technique, including poor
recovery of hydrophobic proteins and limited resolving power for proteins with
extremely low or high Mr and those with basic pI (91). A new approach made
possible by recent advances in LC coupled to ESI-MS instrumentation allows
greater protein identification from the complex mixture of proteins (92–94).
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This advance in the 2D-LC-MS technique is often referred to as MudPIT 
(multidimensional protein identification technology). The application of cation
exchange and a reversed-phase column in sequence allows one to separate 
complex peptide mixture such as protein digest. Recently, Wilmarth et al. (28)
identified 102 proteins using this approach toward whole saliva. Hu et al. (29)
have identified 309 proteins using a similar method.

Salivary protein identification by 2D-LC covers a wider range of pI and Mr
than 2D-PAGE-MS, making possible the identification of high-MW proteins
(e.g., mucin 5B, with a molecular mass of 590 kDa) and extremely basic proteins
(e.g., salivary proline-rich glycoprotein PRB2, with a pI of 12.03). Proteins with
low molecular mass (<10 kDa), such as PRPs, statherin, histatins, and defensins,
have also been identified by 2D-LC proteomics (28,29). According to Hu et al.
(29), from the 64 proteins identified by 2D-LC-MS, only 21 have been identified
by both methods. 2D-PAGE-MS and 2D-LC-MS should be considered comple-
mentary techniques at the moment.

3.4.2.4. METHODS FOR LC-MS (28,29)

1. A portion of whole saliva supernatant is dissolved in a solution containing 8 M
urea, 0.4 M ammonium bicarbonate, and 80 mM methylamine.

2. Sample reduction is performed by adding 10 mM DTT and subsequent alkylation
by adding iodoacetamide.

3. Ammonium bicarbonate and sequencing-grade modified trypsin (ProMega, cat.
no. V5113) with a ratio of 1:20 of protein are added, and the mixture is incubated
at 37°C overnight.

4. Two approaches can be used for tryptic peptide analysis:

a. Peptides can be purified by application of each fraction to a Sep-Pak Light
solid-phase extraction cartridge (Waters, Milford, MA, cat. no. WAT051910)
as described by Wilmarth et al. (28).
i. The combined digest is injected into a 100 × 2.1-mm polysulfoethyl A

cation exchange column at 200 μL/min using a linear gradient of 0 to
50% of 10 mM sodium phosphate (pH 3.0)/25% ACN/350 mM KCl) over
40 min, followed by a linear gradient of 50 to 100% of the same solution
over 20 min.

ii. Collected fractions are dried, redissolved in 5% formic acid, and analyzed
with an LC-MS system (3.0 cm × 180-μm trap cartridge containing 5-μm
particle size C18 switched online to a 10 cm × 180 μm) using a standard
electrospray source.

iii. Peptides are then eluted using a gradient 0 to 10% of the solution contain-
ing 0.2% acetic acid/75% ACN/0.2% acetic acid over 5 min, 10 to 40%
over 60 min, and then 40 to 100% over 25 min.

b. In the case of the procedure used by Hu et al. (29):
i. After digestion, samples are dried and first loaded into a C18 precolumn 

(300 × 1 mm; particle size 5 μm) and washed for 5 min with the loading
solvent (3% ACN/97% H2O/0.1% formic acid/0.01% TFA).
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ii. The samples are then injected into an LC PepMap C18 column (75 μm ×
150 mm; particle size 5 μm) for nano-LC separation at a flow rate of 
180 nL/min.

iii. Peptides are separated using a linear gradient from 5% of the solution
containing 95% ACN/5% H2O/0.1% formic acid/0.01% TFA to 60% in
55 min and ramped to 95% in 0.1 min.

5. Peptides are identified by comparing the observed MS/MS spectra with theoreti-
cal fragmented spectra of peptides generated utilizing the Mascot database search
engine (Matrix Science).

4. Analyses of Salivary Peptides
One of the disadvantages in the use of polyacrylamide gels is its inability to

resolve and detect the low-MW proteome (<15 kDa). The Tris-Tricine gels are
useful in the separation of small proteins and peptides, but this technique is not
adequate for displaying the whole low-MW proteome (95). HPLC is particu-
larly suitable for separating peptides and small-MW components with good res-
olution and with a relatively short separation time. Multidimensional LC
techniques employing ion exchange combined with reversed-phase LC have
considerably improved the resolving power of LC, as described in several
papers (96–98). The absence of technically induced modifications of protein
residues (such as those observed on cysteine in polyacrylamide gel) is another
important attribute of HPLC.

Several authors have used C8 and C18 reversed-phase HPLC columns for the
separation of major salivary peptides with similar linear gradients, from 0 to
55% of ACN/water in TFA (40,99) or acetic acid (100), with comparable
results. The use of HPLC has allowed the separation of intact or fragmented
peptides. For instance, Perinpanayagam et al. (101) have used laborious solvent
extraction procedures, HPLC, and Edman sequencing to identify several his-
tatins, statherin, and basic PRPs fragments. Moreno et al. (102) have applied
hydrophobic-interaction HPLC columns to the analysis of different classes of
PRPs. Hydrophobic chromatography has been also useful for the separation of
amylase isoenzymes (103). Hay et al. (104) have employed anion-exchange
HPLC for characterization of PRPs, showing the presence of polymorphisms
with different PRPs phenotypes. A similar approach, using cation-exchange
HPLC, has allowed Ayad et al. (105) to detect 19 different peptide species,
which are considered proteolytic products from basic PRPs.

Salivary small protein/peptide characterization has been achieved using con-
ventional purification approaches that include separation of peptides by exclu-
sion chromatography on Sephadex columns followed by ion exchange or HPLC.
After collecting the sample peaks, peptides are subjected to Edman sequencing
(106–110). During the past two decades, several authors have performed peptide
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characterization using this methodology (106–110). HPLC-MS has been used by
Vitorino et al. (40) for the identification of different salivary peptides and by
Castagnola and co-workers (32,111–113) for characterization of the acidic solu-
ble peptide fraction. HPLC-MS/MS has been used to sequence histatin frag-
ments and to identify low-MW salivary peptides.

4.1. Characterization of Human Salivary Peptides

Based on the results of earlier work, the salivary peptides are usually classi-
fied into five different main classes according to their intrinsic properties:
PRPs, histatins, cystatins, statherin, and defensins (12). PRPs are named
according to their high content of proline residues and are characterized in three
different forms: acidic, basic, and glycosylated (75). Basic PRPs have been
characterized by Kauffman et al. (110) and classified as IB-1, IB-4, IB-5, IB-6,
IB-7, IB-8a, IB-8b, IB-8c, IB-9, and II-2. IB-1 and II-2 contain a phosphoryla-
tion site at the C-terminus that has the ability to inhibit hydroxyapatite forma-
tion in vitro (110). So far, it is not possible to determine a specific role for basic
PRPs in the oral cavity. However, their ability to bind tannins can contribute as
a protective factor in the oral cavity (114). Recently, it has been shown that an
unidentified basic PRP seems to inhibit HIV-1 infection (115). Our group has
found an increase in the relative abundances of II-2 and IB-1 in caries-free sub-
jects (116). Acidic PRPs take part, together with statherin (104,107), IB-1, and
II-2, in the chemical balance of calcium phosphate on teeth surfaces and are
components of the enamel pellicle. There are six principal acidic PRPs iso-
forms, including PRP-1, PRP-2, PRP-3, PRP-4, PIF-s, and PIF-f (106). PRP-2
and PRP-4 differ from PRP-1 and PRP-3 by the substitution of an Asp residue
by an Asn at position 50. PRP-3 and PRP-4 are derived from PRP-1 and from
PRP-2, respectively, by cleavage at position 150. PIF-s differs from PRP-1 by
the substitution of an Asn residue by an Asp at the position 4 (117).

Another group of low-MW salivary peptides are histatins, characterized by
high histidine content (118). Histatins show strong antifungal activities, and
histatin 1 seems to participate actively in teeth remineralization processes (119).
Troxler et al. (120) have reviewed the current peptide chemical information and
nomenclature for histatins. Briefly, histatin 2 contains the last 26 C-terminal
residues of histatin 1 (composed of 38 amino acids, phosphorylated at Ser-2),
and nine peptides, all related to the sequence of histatin 3, are named histatins
4 to 12. With the exception of histatin 2, the other minor histatins probably orig-
inated from proteolytic cleavage of histatin 3. Compared with the other minor
histatins, histatin 5 has the greater amount in saliva (121).

The cystatin class contains five major isoforms (S, C, D, SA, and SN). They
are powerful inhibitors of cysteine peptidases such as cathepsins B, C, H, and
L and have strong bactericidal and virucidal properties (122,123). There is an
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association between increased levels of cystatin C and periodontal inflamma-
tory diseases (124).

By combining HPLC with MS, it is possible to separate and characterize sev-
eral salivary peptides in the same run. For basic PRPs, IB-8b, IB-5, IB-9, IB-8c,
IB-4, IB-6, II-2, IB-1, glycosylated IB-8a, IB-7, and D1A have been identified by
this method (40,111,112). For acidic PRPs, PRP-1 and PRP-3 have been detected
as the predominant isoforms (116). Other isoforms have been also found with
lower amounts including triphosphorylated derivatives of PRP-1/PRP-2/PIF-s
and DB-s with an additional phosphate group at Ser-17; monophosphorylated
forms of PRP-1/PRP-2/PIF-s, PRP-3/PRP-4/PIF-f, and DB-s/f; and a nonphos-
phorylated form of PRP-3/PRP-4/PIF-f (113,125). In the case of histatins, iso-
forms corresponding to histatins 5 to 12 have been identified. In addition, 13 new
fragments corresponding to 1-11, 1-12, 1-13, 5-13, 6-11, 6-13, 7-11, 7-12, 7-13,
14-24, 14-25, 15-25, and 28-32 residues of histatin-3 have been detected (121).
All these fragments show a complex proteolytic pathway involving histatin 3. The
absence of proteolytic activity on histatin 1 can be attributed to the lack of an
amino acid equivalent to the Arg-25 residue of histatin 3, which seems to repre-
sent the first crucial cleavage site for this peptide (121).

Statherin, a multifunctional molecule that possesses a high affinity for cal-
cium phosphate minerals such as hydroxyapatite, contributes to maintenance of
the appropriate mineral solution dynamics of enamel. Jensen et al. (126) have
characterized three isoforms of statherin: SV1 (lacks of one phenylalanine
residue at the C-terminus), SV2 (lacks residues 6–15), and SV3 (SV2 that lacks
a phenylalanine residue at the C-terminus). The existence of an additional
statherin isoform corresponding to the loss of one aspartic acid residue on the
N-terminal has been recently suggested (67). The defensin family, detected in
plasma, wound fluid, intestine, and skin of humans, is generally recognized by
its antibiotic, antifungal, and antiviral properties (100). Salivary defensins have
been identified by HPLC-MS with previous treatment on SPE cartridges (100)
or after passing through membranes with a molecular mass cutoff 30 kDa (40).
Morevover, HPLC-MS allows the detection of histatins, statherin, and basic
PRP fragments derived from proteolytic activity.

4.2. Methods for Analyzing Salivary Peptides Using HPLC-MS

1. Sample treatment is different depending on the type of analysis. To analyze sali-
vary peptides, which are the free form in saliva, the sample treatment should be
(a) or (b), as described below. To analyze salivary peptides involving in salivary
complexes, the sample treatment should be (a) and (c).

a. Centrifuge whole saliva as described previously. PMSF or antiprotease cock-
tail can be added to avoid proteolysis. Pass the supernatant through a defined
membrane filter (10, 30, or 50 kDa cutoff) to prefractionate salivary peptides.
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b. Add 0.2% TFA to saliva in the proportion 1:1 (v/v), and centrifuge at 9100g
(to induce the precipitation of high-MW salivary complexes, mucins, amylase,
and IgAs and to decrease sample viscosity with the inhibition of intrinsic pro-
tease activity). Pass it through a defined membrane filter (10, 30, or 50 kDa
cutoff) to prefractionate salivary peptides.

c. Add 300 μL of 6 M guanidine (a denaturating agent) to 1 mL of saliva for a
final concentration of more than 1.5 M (which promotes salivary complex dis-
ruption, permitting analysis of the majority of low-MW salivary components).
Incubate at 37°C with continuous stirring for 2 h. PMSF or antiprotease cock-
tail can be added to avoid proteolytic activity. Pass it through a defined mem-
brane filter (10, 30, or 50 kDa cutoff) to prefractionate salivary peptides.

2. Peptide separation is performed using a C18 column (20 × 1.5 mm, 5-μm particle
size) at a flow rate of 15 μL/min, compatible with the used column and the ESI
ion source or a C8 column (150 × 2.1 mm, 5-μm particle size). Peptides are eluted
with a gradient from eluent A (water/0.05% TFA) to eluent B (ACN/0.05% TFA).

3. Usually, the identification of salivary peptides is based on theoretical MWs 
available from Swiss-Prot and NCBI databases. Monoisotopic experimental val-
ues are obtained after deconvolution using appropriate software. Detection 
of PTMs is based on comparison between experimental molecular mass and infor-
mation available in the database referred to above in addition to the values for
these modifications found in the ExPASy-FindMod tool (http://us.expasy.
org/tools/findmod/findmod_masses.html). Further confirmation of the salivary
peptides evolves peak collection, direct spotting on MALDI-TOF plates, or tryptic
digestion of each fractionated analysis by MS.

a. Lyophilized powders are dissolved with 140 μL of 0.1 M ammonium bicarbonate
(pH 8.0) and incubated with 20 μL trypsin at 37°C for 5 h.

b. Analysis of tryptic digest is performed using MALDI-TOF, or the mixture is
loaded again on an LC-ESI-MS system as described above.

4. Note: In the case of parotid or submandibular saliva, skip the centrifugation step.

5. Analyses of High-MW Components
Mucins constitute an important class of salivary glycoproteins. There are two

types of mucins, MUC7 (also called MG2) and MUC5B (also called MG1),
present in glandular secretions (12). They are characterized as multimerizing
macromolecules with an extensive O-linked glycosylation and about 60% (for
MG2) and 80% (for MG1) carbohydrate content (127). Salivary mucins are
major constituents of the viscous layer coating hard and soft tissues in the oral
cavity and serve as a lubricant and permselective barrier, which protects under-
lying oral surfaces from a potentially harmful external environment (128,129).
Several publications (130–132) report interactions among mucins, carbohydrate
side chains, and salivary proteins, as well as oral bacteria (133). Such interac-
tions can be involved in the formation of stable covalently heterotypic com-
plexes, which contribute to homeostasis and to maintenance of the integrity of
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the oral cavity (131). Another high-MW glycoprotein is agglutinin, which forms
a complex with secretory immunoglobulin A (sIgA) and plays an important role
in the interaction between the agglutinin and PAc of Streptococcus mutans, as
suggested by Oho et al. (70). The binding between bacteria and sIgA appears to
be mediated by a relatively short peptide stretch in the scavenger receptor
domains (134). Analysis of these molecules and their related heterotypic com-
plexes may be performed under nondenaturing and denaturing conditions.

5.1. Separation of High-MW Components 
Under Nondenaturing Conditions

Various methodologies have been described for mucin analysis. However, a
consensus is clear in respect to application of cesium density-gradient centrifu-
gation for isolation of MG1.

5.1.1. Method Described by Raynal et al. (135)
1. Fresh saliva is gently stirred overnight at 4°C with an equal volume of 0.2 M NaCl

and centrifuged at 4400g at 4°C for 30 min.
2. The supernatant is fractionated by equilibrium density-gradient centrifugation

(starting density of 1.45 mg/mL) in CsCl/0.1 M NaCl (pH 6.5) with a Beckman
Ti45 rotor at 65,000g at 15°C for 65 h.

3. The high-density fractions containing MG1 are pooled, dialyzed against 0.1 M
NaCl (pH 6.5), and stored at 4°C after the addition of 0.05% (w/v) sodium azide.

4. A fraction of this preparation is chromatographed on a size exclusion column
(1000 × 52 mm, Sepharose CL-2B) eluted with 0.1 M NaCl/10 mM EGTA (pH 8.0)
at a flow rate of 24 mL/h. MG1 fractions, in the void volume of the column, are
pooled and dialyzed against 0.1 M NaCl (pH 6.5).

5.1.2. Method Described by Iontecheva et al. (130)
1. Saliva supernatant (after centrifugation at 10,000g for 10 min) is loaded onto a

Sepharose CL-2B column (5 cm × 42 cm), and pools are collected, dialyzed
against water, and concentrated by ultrafiltration on an XM 300 membrane.

2. This sample is then adjusted to a density of 1.4 g/cm3 by the addition of solid CsCl
and centrifuged with a Ti70.1 rotor at 70,000g and 15°C for 72 h.

3. Separation of MG2 can be achieved using an approach similar to that applied to
MG1 with the exception of the application of ultrafiltration through a YM30 mem-
brane (Amicon) (136). The retentate is centrifuged at 10,000g at 4°C for 15 min,
chromatographed with 15-mL aliquots in a Sephadex G-200 column (2.5 × 50 cm),
equilibrated, and developed with a buffer containing 50 mM Tris-HCl (pH 7.5),
5 mM EDTA, and 0.02% sodium azide (buffer A).

5.1.3. Method for Analysis of Agglutinin According to Ligtenberg et al.
(137) and Yamaguchi et al. (138)

1. Incubate clarified saliva at 4°C (which results in the formation of precipitates).
2. Centrifuge at 5000g at 4°C for 15 min, and resuspend the pellet in 0.1 vol of PBS

supplemented with 10 mM EDTA.
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3. Load onto a Sephacryl S-400 (Amersham Biosciences) gel filtration column (15 ×
490 mm) and run with PBS.

4. The eluate is subsequently filtered (0.2-μm pore size), dialyzed against an aggre-
gation buffer containing 0.02% NaN3, and subjected to gel filtration chromatog-
raphy on Superdex 200 HR (Pharmacia, Uppsala, Sweden) equilibrated with
aggregation buffer. The eluate at the void volume is collected and used as sali-
vary agglutinin.

Native-PAGE is performed using 3 to 15% gradient polyacrylamide slab gels
according to the method described by Davis (139) or 7% polyacrylamide slab
gels. These allow the visualization of high-MW components.

5.2. Separation of High-MW Components 
Under Denaturing Conditions

Denaturing conditions are characterized by the addition of denaturing agents
to the samples. The most commonly used denaturing agent for the analysis of
high-MW components of saliva is guanidine. To promote denaturation of the
salivary complex, a solution of 4 to 8 M guanidine (130,131,134–136) is added
to saliva supernatant (at 4400g at 4°C for 30 min), and samples are incubated
from 2 h to overnight under continuous stirring. After this step, samples are
loaded onto described molecular exclusion columns and/or CsCl gradient cen-
trifugation (as mentioned in Subheading 5.1.2.) (140).

Isolated components from nondenaturing conditions can be analyzed under
denaturing conditions by addition of mercaptoethanol and 2% SDS and boiled
for 5 min. SDS-PAGE is performed with 7.5 and 12.5% separating polyacry-
lamide gels (135). Since these components contain a high carbohydrate content,
specific staining methods such as PAS can be used for protein characterization.

In all these cases, proteins in eluted fractions can be identified by enzyme-
linked immunosorbant assay (ELISA) using antibodies against MG1, MG2,
sIgA, and agglutinin or analysis of tryptic digest by MS (135).

6. Clinical Applications

Salivary peptides participate in several functions contributing to homeostasis
of the oral cavity. For some, like the basic PRPs, a specific role has not yet been
defined. However, the ability of these proteins to bind tannins (141) can con-
tribute as a protective factor in the oral cavity. Recently, it has been shown that
an unidentified basic PRP seems to inhibit HIV-1 infectivity (142). Moreover,
it has also been reported that IB-1 and II-2 contain a phosphorylation site at the
C-terminus, which has the ability to inhibit hydroxyapatite formation in vitro
(110). Acidic PRPs take part, together with statherin (143,144), IB-1, and II-2,
in the chemical balance of calcium phosphate on teeth surfaces and are compo-
nents of the enamel pellicle. An increase in the relative abundances of acidic
PRPs, statherin, II-2, and IB-1 have been found in caries-free subjects in a study
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related to dental caries (145). An extensive proteolytic fragmentation has also
been observed in caries-susceptible subjects (145). Since dental caries is per-
haps the most widespread disease in humans, the huge number of papers
describing a possible relationship between saliva and dental caries is not sur-
prising. For instance, Tabak and co-workers have suggested that there is an
inverse relationship between the levels of cystatins (potent inhibitors of cysteine
peptidases with strong bactericidal and virucidal properties [41,146]) in resting
whole saliva of children and their past and present caries experience. Recently,
Banderas-Tarabay et al. (64) found a higher content of MG1 and PRPs in
caries-free subjects.

Other oral pathologies like periondotitis, Sjögren’s syndrome, diabetes mel-
litus, xerostemia, and oral cancer have been largely studied. Baron et al. (147)
and Henskens et al. (148) have found increased levels of cystatin C and cystatin S
in association with periondotitis. Patients with colon cancer have high levels of
cystatin B and cystatin C in serum and show a significantly higher risk of death
than those with low levels of inhibitors, suggesting a potential role of cystatin
C in the progression of cancer (149).

Recently, Contucci et al. (150) have found a sensible reduction in statherin
levels in the saliva of patients with precancerous and cancerous lesions of the
oral cavity compared with healthy subjects. Other proteins, detectable in 2D-
PAGE maps, can be correlated with cancer and other pathologies. For example,
an increase in blood calgranulin concentration has been reported in patients
with rheumatoid arthritis, colorectal carcinoma, cystic fibrosis, and HIV infec-
tion (151). Salivary calgranulin levels are also found to be elevated in subjects
with candidiasis and Sjögren’s syndrome, meaning that calgranulin production,
or release, may be increased in patients with these pathologies (152,153). Short
PLUNC (SPLUNC1) protein has been found in the entire respiratory tract, and
its overexpression is related to primary pulmonary neoplasm, mostly adenocar-
cinoma and metastasis (154). Since PLUNC protein has also been detected in
whole saliva (27–29), it may be possible to explore a clinical application.

7. Perspectives
Although much progress has been made, we are just beginning to discern

protein salivary composition at the molecular level and its importance in the
oral environment. The information obtained from the methodologies described
for analysis of salivary proteins/peptides and the promise of rapid improve-
ments of new methods will make salivary proteomics more relevant to clinical
applications in the near future.
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Proteomics of Human Pancreatic Juice

Mads Grønborg, Anirban Maitra, and Akhilesh Pandey

Summary
Pancreatic juice has recently been characterized in detail using proteomic methods. The cata-

loging of proteins from healthy individuals and those diagnosed with pancreatic cancer has
revealed the presence of a number of proteins in pancreatic juice that could serve as potential 
biomarkers for cancer. Because obtaining pancreatic juice is not trivial, it is possible that these
biomarkers can be detected in serum using more sensitive methods like ELISA. Here, we discuss
the protein constituents of pancreatic juice with special reference to cancer biomarkers.

Key Words: Pancreatic juice; LC-MS/MS; quantitative proteomics; biomarker discovery;
mass spectrometry.

1. Introduction
Proteomic analyses of various body fluids have recently been reported. The

pancreas is involved in secretion of different digestive enzymes, which facilitate
the breakdown of carbohydrates, fats, and proteins in the duodenum. In addition,
hormones are secreted by the pancreas (e.g., insulin and glucagon), which
directly regulate the blood sugar level. This chapter describes the constituents of
pancreatic juice and the regulation of their secretion. The hormones secreted by
the endocrine tissue are also enumerated. In addition, a summary of key quanti-
tative and nonquantitative proteomic studies of pancreatic juice that have led to
identification of potential biomarkers for pancreatic cancer are presented.

2. The Pancreas and Pancreatic Juice
The pancreas is an elongated tapered organ, which is divided into five different

parts (uncinate process, head, neck, body, and tail) and consists of two different
types of tissue (exocrine and endocrine) (Fig. 1). The exocrine part accounts 
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Fig. 1. The schema of human pancreas. The pancreas consists of five different
regions including tail, body, neck, head, and the uncinate process. It contains both
exocrine and endocrine tissues. The exocrine tissue contains two major cell types (aci-
nar cells and ductal cells), which secrete digestive enzymes and water/bicarbonate,
respectively. The endocrine tissue, which consists of approximately 1 million small
clusters (named islets of Langerhans), secretes several hormones including insulin,
glucagon, and somatostatin.
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for approx 80% of glandular volume and contains at least two functional units:
(1) acinar cells, which secrete digestive enzymes that facilitate the breakdown of
carbohydrates, fats, proteins, and acids in the duodenum; and (2) ductal cells,
which secrete fluids and electrolytes (e.g., water and bicarbonate). The endocrine
cells, which consist of approximately 1 million small clusters (called islets of
Langerhans), are embedded in the exocrine tissue and secrete hormones (e.g.,
insulin and glucagon) directly into the bloodstream (Fig. 1).

2.1. Exocrine Secretion From the Pancreas

The acinar cells have membrane-bound secretory granules, which contain
digestive enzymes that are exocytosed into the lumen of the acinus. The secreted
enzymes are ultimately collected by the main pancreatic duct, which drains
directly into the duodenum. Three main classes of enzymes, which are critical
for proper digestion (proteases, lipases, and amylases), are secreted by the aci-
nar cells. The two major pancreatic proteases are trypsin and chymotrypsin. Both
enzymes are synthesized as proenzymes (inactive) and released into the lumen
of the small intestine, where trypsin is first activated (cleaved) by enterokinase,
another protease embedded in the intestinal mucosa. Trypsin in its active form
subsequently activates chymotrypsin and other trypsin precursor molecules,
resulting in a dramatic increase in active proteases in the small intestine. Other
proteolytic enzymes include carboxypeptidase A and B and elastase.

Triglycerides, the major component of dietary fat, cannot be absorbed
directly across the intestinal mucosa. Pancreatic lipase, a major component of
pancreatic juice, catalyzes or hydrolyzes the triglycerides into monoglycerides
and free fatty acids. In addition, bile salts (produced by the liver) must be pres-
ent in sufficient quantities in the intestinal lumen to ensure efficient digestion
of triglycerides. The bile salts facilitate emulsification of fat droplets, which
enhance lipase activity. In contrast to the proteolytic enzymes (e.g., trypsin and
chymotrypsin), the lipolytic enzymes are secreted as active forms. Amylase is
also secreted from the acinar cells to the lumen and facilitates the hydrolysis of
starch to maltose (a glucose disaccharide), maltotriose, and dextrin (small poly-
saccharides). The major source of amylase is pancreatic secretion, although it
is also a component of saliva.

As mentioned previously, the exocrine part contains two different functional
units including the acinar cells, which secrete digestive enzymes, and the duc-
tal cells, which are the primary source of bicarbonate and water. Bicarbonate
(HCO3

–) is produced from water (H2O) and carbon dioxide (CO2) by the
enzyme carbonic anhydrase in the ductal cells and is subsequently secreted into
the lumen of the pancreatic duct to maintain the pH level of pancreatic juice
(normally 8.0–8.5). Approximately 1500 to 3000 mL of pancreatic juice is
secreted daily by the pancreas.



2.2. Regulation of Exocrine Secretion

Exocrine secretion from the pancreas is subjected to neural and endocrine reg-
ulation. However, the most important stimulus for pancreatic secretion comes
from three well-studied hormones, cholecystokinin, gastrin, and secretin, which
are produced within the enteric endocrine system (endocrine cells within the 
gastrointestinal tract) and subsequently secreted into the bloodstream.
Cholecystokinin is synthesized in the duodenum, and its secretion is stimulated
by the presence of partially digested proteins and fat in the small intestine.
Cholecystokinin is released into the bloodstream as chyme floods into the small
intestine, where it binds to receptors on the pancreatic acinar cells, leading to
secretion of digestive enzymes. Gastrin, a hormone similar to cholecystokinin, is
secreted in large amounts by the stomach in response to gastric distension and
irritation and stimulates the secretion of acid by gastric parietal cells and of diges-
tive enzymes by pancreatic acinar calls. Secretin is secreted by the endocrinocytes
located in the epithelium of the small intestine in response to acid in the duode-
num. Secretin stimulates exocrine ductal cells to secrete water and bicarbonate,
which flush the digestive enzymes from the pancreatic acinar cells into the lumen.

2.3. Endocrine Secretion From the Pancreas

As mentioned above, the human pancreas contains approximately 1 million
small clusters called islets of Langerhans. These islets are the endocrine part of
the pancreas and correspond to 1 to 2% of the total pancreatic tissue. Owing to
a high degree of vascularization, the islets receive 10 to 15% of the pancreatic
blood flow, which ensures the secreted hormones ready access to be circulated.
In addition, the islets are innervated by different types of neurons that facilitate
the initial stimulus for secretion of hormones. Three major cell types (α-, β- and
δ-cells), each of which secretes specific hormones, are present in the islets
(Fig. 1). β-Cells are the most abundant and occupy the central portion of the
islets. Insulin is synthesized and secreted from the β-cells and controls many
biological processes, including glucose uptake from the blood. The β-cells are
surrounded by a ring of α- and δ-cells, which secrete glucagon and somato-
statin, respectively. Glucagon is secreted when the level of glucose in the blood
is low. Insulin and glucagon exert opposite effects to maintain blood glucose at
a constant level. Somatostatin is secreted by a broad range of tissues including
the δ-cells in the pancreas. Two active forms of somatostatin are synthesized—
a long and a short form, namely, SS-28 and SS-14, respectively. SS-28 is pre-
dominantly produced in the nervous system and pancreas, whereas SS-14 is
secreted mostly by the intestine. Somatostatin’s primary effect in the pancreas
is to inhibit the secretion of insulin and glucagon from β- and α-cells, respec-
tively. In addition, it also plays a role in suppressing pancreatic exocrine secre-
tion by inhibiting cholecystokinin and secretin.
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3. Proteomic Analysis of Pancreatic Juice
The availability and complexity of different body fluids for proteomic studies

vary greatly. Serum is an example of a body fluid that is easy to obtain and 
contains thousands of different proteins (1,2). One drawback of serum is that it
contains a small number of proteins in very high abundance, which makes it difficult
to identify the low-abundant proteins. The high-abundant proteins (e.g., albumin,
transferrin, and immunoglobulins) represent as much as 80% of the total protein
content in serum. For example, serum albumin is present at 35 to 55 mg/mL in
serum, whereas cytokines are present at the low pg/mL level (3). Several methods
including ultracentrifugation (4), immunodepletion, solvent precipitation, and size
exclusion (5) have been used to reduce the complexity of serum prior to mass spec-
trometric analysis. One potential caveat of depletion strategies is that one might
lose proteins that are bound to the depleted proteins. Even though the total num-
ber of proteins identified in serum is in the thousands (2), it still represents only a
fraction of the total estimated number of serum proteins.

Pancreatic juice is one example of a body fluid that is not easily obtained
because it involves an invasive surgical procedure. It is usually collected from
patients undergoing pancreatectomy or endoscopic retrograde cholangiopancre-
atography (ERCP) because of suspected pancreatic diseases such as cancer or
pancreatitis. Pancreatic juice from healthy individuals (controls) is, therefore,
even harder to obtain. Because of this, proteomic studies of pancreatic juice are
limited, and knowledge about the actual constituents of human pancreatic juice is
still inadequate. Early study to characterize pancreatic juice used a combination
of 2D electrophoresis (2-DE) and silver staining to visualize the resolved proteins
obtained from juice from normal and cancer patients (6). Only three proteins 
(α1-antitrypsin, transferrin, and albumin) were identified as overexpressed
proteins in pancreatic juice in cancer patients. The proteins were quantified by den-
sitometry and subsequently identified by Western blotting. Subsequent study used
reversed-phase high-performance liquid chromatography (RP-HPLC) for initial
fractionation and sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) for obtaining molecular weight information about the resolved pro-
teins (7). Again, only a few enzymatic proteins were identified in this study.

We recently reported a comprehensive analysis of pancreatic juice from pan-
creatic cancer patients by first fractionating the sample using 1D electrophoresis
(1-DE), followed by liquid chromatography coupled to tandem mass spectrome-
try (LC-MS/MS) (8). A total of 170 unique proteins were identified, including
proteins known to be constituents of normal pancreatic juice (e.g., pancreatic
lipase, pancreatic carboxypeptidase, pancreatic amylase, and trypsinogens; see
Table 1 for a partial list of the proteins identified in this study) and proteins pre-
viously shown to be elevated in pancreatic cancer (e.g., annexin I, carcinoembry-
onic antigen-related cell adhesion molecule 5 [CEACAM5], clusterin, deleted in
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malignant brain tumor 1 [DMBT1], lipocalin [oncogene 24p3], Mac-2 bind-
ing protein, and members of the S100 family of Ca+-binding proteins; see
Table 2). In addition, a functional annotation (including information on the
biological process, molecular function, and cellular localization) of 170 iden-
tified proteins was carried out. As expected, enzymes (in particular, serine
proteases) turned out to be the major subgroup (37%) of the identified pro-
teins. Proteins involved in transport activity (13%), structure (10%), and com-
plement components (6%) were also identified. Information about the cellular
localization revealed that 62% of the identified proteins were extracellular or
membrane bound.

Alternatively, pancreatic juice can be analyzed by the surface-enhanced laser
desorption/ionization (SELDI) technique. SELDI generates a mass-to-charge
(m/z) peak pattern or “signature,” which can be used to compare individual sam-
ples. One drawback of SELDI is that the protein or peptide corresponding to the
characteristic peak pattern is not identified in the experiment. Therefore, one
has to carry out additional experiments to identify the protein/peptide giving
rise to a specific m/z ratio. In a recent study, SELDI was used to evaluate pan-
creatic juice obtained from patients diagnosed with pancreatic cancer (9). One
peak was identified to be present in 67% of the pancreatic cancer samples and
was subsequently identified as hepatocarcinoma intestine pancreas/pancreatitis-
associated protein I (HIP/PAP). In addition, HIP/PAP was subsequently quanti-
fied by enzyme-linked immunosorbent assay (ELISA) in 43 patients (28 with
pancreatic cancer and 15 controls).

The isotope-coded affinity tagging (ICAT) method has been used to identify
and quantify differentially expressed proteins in cancer, chronic pancreatitis,
and normal pancreatic juice (10). A total of 78 and 61 proteins were identified
in pancreatic juice from cancer and normal patients, respectively. When proteins
in cancer were compared with normal samples, 30 proteins were identified to be
differentially expressed (>twofold) in cancer (24 proteins upregulated and 
6 proteins downregulated).

4. Identification of Biomarkers for Pancreatic Cancer
Pancreatic cancer is the fourth leading cause of cancer, and approx 30,000 new

patients are diagnosed each year in the United States (11,12). Most patients diag-
nosed with pancreatic cancer die from their disease within months, and only 4%
are alive 5 yr after diagnosis. At present, a cure for pancreatic cancer is only pos-
sible with surgical resection; however, more than 80% of the patients present with
locally advanced disease or distant metastases rendering the tumor inoperable (13).
Unfortunately, the clinical pancreatic tumor markers that are available today lack
the sensitivity and specificity to diagnose potentially curable, small lesions (9).
One biomarker widely used to diagnose pancreatic cancer is CA-19-9. However,

386 Grønborg, Maitra, and Pandey



387

Ta
bl

e 
2

A
 P

ar
ti

al
 L

is
t 

of
 P

ro
te

in
s 

Id
en

ti
fie

d 
in

 P
an

cr
ea

ti
c 

Ju
ic

e 
W

ho
se

 E
xp

re
ss

io
n 

H
as

 P
re

vi
ou

sl
y 

B
ee

n 
A

ss
oc

ia
te

d 
W

it
h 

Pa
nc

re
at

ic
an

d 
O

th
er

 C
an

ce
rs

Pr
ot

ei
n 

na
m

e
C

an
ce

r
R

ef
.

A
nn

ex
in

 5
Pa

nc
re

as
,p

itu
ita

ry
43

A
nn

ex
in

 1
Pa

nc
re

as
,e

so
ph

ag
us

,p
itu

ita
ry

,l
un

g
41

,4
3–

46
C

ar
ci

no
em

br
yo

ni
c 

an
tig

en
-r

el
at

ed
 c

el
l a

dh
es

io
n 

m
ol

ec
ul

e 
1 

(C
E

A
C

A
M

1)
Pa

nc
re

as
,l

un
g,

ga
st

ro
in

te
st

in
al

,c
ol

or
ec

ta
l

47
–4

9
C

ar
ci

no
em

br
yo

ni
c 

an
tig

en
-r

el
at

ed
 c

el
l a

dh
es

io
n 

m
ol

ec
ul

e 
5 

(C
E

A
C

A
M

 5
)

Pa
nc

re
as

,l
un

g,
ga

st
ro

in
te

st
in

al
,c

ol
or

ec
ta

l
47

,4
8

C
ar

ci
no

em
br

yo
ni

c 
an

tig
en

-r
el

at
ed

 c
el

l a
dh

es
io

n 
m

ol
ec

ul
e 

6 
(C

E
A

C
A

M
6)

Pa
nc

re
as

,l
un

g,
ga

st
ro

in
te

st
in

al
,c

ol
or

ec
ta

l
47

,4
8,

50
,5

1
C

ys
ta

tin
 C

Pa
nc

re
as

52
D

el
et

ed
 in

 m
al

ig
na

nt
 b

ra
in

 tu
m

or
s 

1 
(D

M
B

T
 1

)
Pa

nc
re

as
,b

ra
in

,l
un

g,
co

lo
n,

ga
st

ri
c

53
–5

5
Fi

br
on

ec
tin

 1
Pa

nc
re

as
41

G
al

ec
tin

 3
 b

in
di

ng
 p

ro
te

in
 (

M
ac

-2
 b

in
di

ng
 p

ro
te

in
)

Pa
nc

re
as

,b
re

as
t,

co
lo

n
56

–5
9

H
ep

at
oc

ar
ci

no
m

a-
in

te
st

in
e-

pa
nc

re
as

/p
an

cr
ea

tit
is

-a
ss

oc
ia

te
d 

pr
ot

ei
n 

Pa
nc

re
as

,l
iv

er
,c

ho
la

ng
io

ca
rc

in
om

a 
ce

lls
60

–6
2

pr
ec

ur
so

r 
I 

(H
IP

/P
A

P 
I)

In
su

lin
-l

ik
e 

gr
ow

th
 f

ac
to

r 
bi

nd
in

g 
pr

ot
ei

n 
2 

(I
G

FB
P-

2)
Pa

nc
re

as
,C

SF
,s

er
um

,p
ro

st
at

e 
gl

an
d,

liv
er

52
,6

3–
66

L
ip

oc
al

in
 2

 (
on

co
ge

ne
 2

4p
3)

 
Pa

nc
re

as
52

Ly
so

so
m

al
-a

ss
oc

ia
te

d 
m

em
br

an
e 

pr
ot

ei
n 

2 
(C

D
10

7b
)

Pa
nc

re
as

67
L

um
ic

an
Pa

nc
re

as
68

M
el

an
om

a 
in

hi
bi

to
ry

 a
ct

iv
ity

 (
M

IA
)

Pa
nc

re
as

40
,5

2
Pe

ps
in

og
en

 C
Pa

nc
re

as
,b

re
as

t,
pr

os
ta

te
52

,6
9,

70
Pr

of
ili

n 
1

Pa
nc

re
as

52
Pr

os
ta

si
n

Pr
os

ta
te

,b
re

as
t,

ov
ar

ia
n

71
–7

3
S1

00
 c

al
ci

um
 b

in
di

ng
 p

ro
te

in
 P

Pa
nc

re
as

40
,5

2



several problems are associated with the use of CA-19-9 including its elevation
in benign conditions such as acute and chronic pancreatitis and inflammatory
diseases of liver and biliary tree. Furthermore, the sensitivity and specificity of
CA-19-9 is only approx 80%, which diminish its use for screening purposes (14).
The poor prognosis and late presentation of pancreatic cancer emphasize the
importance of an early detection strategy, especially for patients at high risk of
developing pancreatic cancer. It is clear that changes in protein expression,
aberrant localization, or differential protein modification can be observed during
transformation of a healthy cell into a neoplastic cell (15–19). Proteomic profiling
of cancer involves cataloging these changes, which can help one to understand the
underlying mechanisms involved in cancer.

4.1. Pancreatic Juice as a Source of Biomarker Discovery 
for Pancreatic Cancer

Pancreatic juice is an excellent clinical specimen for identification of novel
biomarkers for pancreatic cancer for several reasons. The relatively low com-
plexity of pancreatic juice compared with other body fluids (e.g., serum) makes
it easier to identify low-abundant proteins, which are potentially elevated in
cancer patients compared with controls. The fact that most of the proteins
secreted from the exocrine tissue of the pancreas are found in the pancreatic
juice makes it more likely that one can identify changes in protein expression
owing to the transformed cancer cells. It is likely that many of these proteins
cannot be identified easily by proteomic profiling of bulk tissue.

In order to use pancreatic juice as a source for biomarker discovery, one has
to compare the protein expression profile of juice obtained from control sub-
jects against cancer patients. However, one problem is the high degree of het-
erogeneity among the different samples that is obvious even when juice is
fractionated by 1-DE (Fig. 2). It is clear that the protein expression profiles are
very different even when juice samples from multiple controls are compared.
(The same is true when samples from different cancer patients are compared.)
This problem is clearly pointed out in a recent proteomics study in which pan-
creatic juice from three individual patients diagnosed with pancreatic cancer
was analyzed by a combination of 1-DE and LC-MS/MS. Out of 170 proteins
identified, only 23 were found to be common to all three samples (8). The same
observation was seen in a new quantitative ICAT analysis in which pancreatic
juice from normal, chronic pancreatitis and cancer subjects were compared
(10). When normal was compared with normal, 15 proteins (25%) showed
greater than twofold difference in expression between the two specimens. The
high degree of biologic variation in pancreatic juice should, therefore, be taken
into consideration for biomarker assessment. Further validation of potential
biomarkers identified from pancreatic juice by proteomic profiling is therefore
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needed. Validation can be conducted by immunohistochemistry (IHC) on tissue
microarray (TMA) or by ELISA of serum.

4.2. Quantitative Proteomics for Identification 
of Pancreatic Cancer Biomarkers

During the last several years, the proteomic community has focused on devel-
oping quantitative strategies and platforms needed to visualize/detect differences
in normal tissue vs cancer. 2-DE is a widely used method to study differentially
expressed proteins owing to its robustness and ability to detect thousands of pro-
teins in one gel (20–22). 2-DE has several advantages including the capability to
separate closely related isoforms of a particular protein species and the ability to
differentiate posttranslationally modified proteins (e.g., different phosphorylation
and glycosylation patterns) (23,24). The drawbacks of 2-DE are that it does not
work well with small proteins, very basic, and/or hydrophobic proteins. Several
recent studies have used 2-DE to identify proteins differentially expressed in nor-
mal pancreas vs pancreatic cancer tissue (25,26). Owing to the high degree of het-
erogeneity in the tumor tissue (i.e., mixture of normal and cancer cells), laser
capture microdissection (LCM) can be performed prior to 2-DE (27). One draw-
back of LCM is that only very small amounts of sample can be generated (micro-
gram amounts), which makes enrichment (e.g., with antibodies) or fractionation
prior to 2-DE difficult, as only the most abundant proteins will be identified.

Proteomics of Human Pancreatic Juice 389

Fig. 2. Gel electrophoresis of pancreatic juice samples. One problem associated with
proteomic analysis of pancreatic juice is the high degree of heterogeneity of samples.
For illustration, approximately 10 μg of pancreatic juice obtained from controls
(chronic pancreatitis, left panel) and pancreatic cancer patients (right panel) was loaded
on the gel and stained with silver. The variation in expression profiles among different
individuals is clearly seen in both controls and cancer patients.



Alternatively, differential gel electrophoresis (DIGE) can be used to identify
differentially expressed proteins in pancreatic tissue or pancreatic juice (28).
Proteins from normal and cancer samples are labeled with different fluorescent
dyes (e.g., Cy3 and Cy5) and subsequently separated by 2-DE. The two images
are then superimposed, enabling one to pinpoint the proteins, which are up- or
downregulated in cancer vs normal samples (Fig. 3). In recent years, mass spec-
trometry-based approaches such as SELDI-time of flight (TOF)-MS have been
applied for the identification of biomarkers in body fluids from diseased individ-
uals compared with controls (9,29,30). As mentioned previously, SELDI-TOF
MS uses differences in peak pattern of the mass spectra to distinguish normal
and disease samples. Although characteristic patterns of peptide peaks that dif-
ferentiate normal from diseased individuals can be obtained easily by SELDI-
TOF-MS, the identification of specific proteins corresponding to those specific
protein peaks is still a difficult task. A combination of gel-based purification
methods and LC-MS/MS analysis provides a way to generate comprehensive
catalogs of the physiological proteome of the analyzed sample/fluid (8,31–33).
Such catalogs can serve as a starting point for further testing and validation of
potential biomarker candidates.

390 Grønborg, Maitra, and Pandey

Fig. 3. Identification of differentially expressed proteins by DIGE. For identification
of differentially expressed proteins in pancreatic juice from control patients (chronic
pancreatitis) vs cancer patients, the pancreatic juice can be analyzed by difference gel
electrophoresis (DIGE). Proteins from the control sample are labeled with Cy3 dye,
whereas proteins from the cancer sample are labeled with a different dye, Cy5. The two
images are then superimposed to determine proteins that are upregulated in cancer (red
spots), unchanged (yellow spots), or downregulated in cancer (green).



The use of mass tagging (e.g., ICAT) has proved to be a powerful technique
to obtain relative quantitation data on a large set of proteins (34,35). Protein
expression profiles from cancer and normal tissues or fluids can then be com-
pared, allowing one to identify specific proteins that are elevated in cancer com-
pared with normal tissue (10,36,37). Alternatively, stable isotope labeling (e.g.,
stable isotope labeling with amino acids in cell culture [SILAC]) can be used to
identify proteins that are differentially expressed in normal vs cancer tissue.
SILAC has recently been used for relative quantitation of lysates from two
prostate cancer cell lines with different metastatic potential (38). Over 400 pro-
teins were identified and quantified in this study, out of which 60 were elevated
in the highly metastatic cell line. We have recently used SILAC to compare the
pancreatic secretome (secreted proteins only) of a normal human pancreatic
ductal epithelium (HPDE) cell line with its neoplastic counterpart (Panc1) (39).
Quantitative data were obtained from almost 200 proteins, in which 39 proteins
were found to be elevated (>threefold) in cancer compared with normal cells.
In addition, several novel proteins not previously known to be upregulated were
identified and subsequently validated in pancreatic tissue by IHC on TMAs.
The use of quantitative proteomics as an initial screening tool for identification
of differentially expressed proteins has been shown to be a very important tool
for the discovery of potential novel biomarkers. Promising candidates can then
be tested in large-scale quantitative studies for further clinical use.

5. Methods
5.1. Sample Collection

1. Human pancreatic juice can be collected during surgery from the pancreatic 
duct of patients undergoing pancreatectomy or during an ERCP procedure.
Approximately 20 to 500 μL is generally collected and should be stored immedi-
ately at –80°C with or without protease inhibitors.

2. The pancreatic juice should be kept on ice (4°C) at all times when not stored 
at –80°C.

3. Small debris can be present in the collected juice requiring centrifugation of the
sample.

4. The protein concentration should be determined using a protein assay kit (e.g.,
Modified Lowry or Bradford). The protein concentration in pancreatic juice
ranges from 2 to 15 mg/mL depending on the specific sample.

5.2. Fractionation and In-Gel Digestion

The complexity of human pancreatic juice is still not fully elucidated, but stud-
ies using gene expression array (40–42) and proteomics studies (8,10,39) indicate
that hundreds of proteins should be present in pancreatic juice. It is, therefore,
recommended to fractionate proteins by 1-DE or 2-DE prior to LC-MS/MS
analysis to reduce the complexity of the sample. Alternatively, in-solution digest
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in combination with 2D LC-MS/MS can be performed. For 1-DE combined with
tryptic digestion and LC-MS/MS, it is recommended that approximately 20 to
30 μg of protein be used as starting material. The proteins can be resolved by 10%
homogeneous gel or 4 to 12% gradient gel. The proteins can be visualized by
either silver staining or colloidal Coomassie staining and digested by trypsin as
previously described (8).

5.3. LC-MS/MS Analysis

Depending on the available hardware (liquid chromatography systems and
mass spectrometers), different LC-MS/MS setups can be used. One setup utilizes
a precolumn and an analytical column in tandem, whereas a different one uses a
single analytical column. If the sample to be analyzed needs extensive desalting
or if a large volume (10–40 μL) is required for loading, then a tandem column
setup is preferred. The tandem column is very robust and can be used for most of
the samples. A drawback is that one might lose sensitivity owing to broader chro-
matographic peaks. Several column materials can be used for precolumns (e.g.,
YMC ODS-A, 5–15-μm beads; Kanematsu USA, New York, NY) and analytical
columns (e.g., Vydac MS218, 5-μm beads; Vydac, Columbia, MD). The perform-
ance (i.e., separation and resolution) of the LC system is dependent on the type
of reversed-phase material, and it is strongly suggested that several trial runs
including different reversed-phase materials should be tested for optimal results.
In the following section, the conditions for a single column are outlined.

1. After tryptic digestion, the peptides are dried down in a vacuum centrifuge and
redissolved in 10 μL of 5% formic acid.

2. The redissolved peptides are automatically loaded during 6 to 8 min onto the
reversed-phase column by the autosampler in the HPLC system using a linear
gradient of 5 to 10% mobile phase B (90% acetonitrile, 0.4% acetic acid, 0.005%
heptafluorobutyric acid in water).

3. After loading, the peptides are subsequently separated and eluted from the column
by 10 to 45% mobile phase B (35–40-min gradient), followed by 45 to 90% mobile
phase B for 3 min.

4. The column is finally rinsed with 90% mobile phase B for 1 to 2 min and equili-
brated in 5% mobile phase B for 3 min.

5. The flow rate delivered from the pumps to the column during loading is 1 to
1.5 μL/min, and during peptide separation/elution the flow rate is decreased to
250 to 300 nL/min.

6. Perspectives and Future Directions
Proteomic analysis of human pancreatic juice is still at an early stage, and only

limited studies have been carried out thus far. Only recently, more comprehensive
studied have been initiated and have provided valuable insights into the 
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physiological proteome of human pancreatic juice (8,10). Quantitative proteomics
can be used to identify proteins that are differentially expressed in juice obtained
from normal and cancer patients. Proteins found to be elevated in cancer can be
used as potential biomarkers for early detection. However, one obstacle in identi-
fying differentially expressed proteins is the high degree of heterogeneity among
the samples. This makes it difficult to pinpoint the exact changes caused by cancer
as opposed to biological variation between samples. Control experiments using
large sample sizes are, therefore, very important to confirm the results obtained
(e.g., ELISA). The results from small-scale quantitative proteomics studies will
help in initiating additional studies, which should lead to the discovery of novel
biomarkers for the early detection of pancreatic cancer.

Acknowledgments
Anirban Maitra is supported by an AACR-PanCAN Career Development

Award, a grant from the Lustgarten Foundation for Pancreatic Cancer Research,
NCI 1R01CA113669, and the Michael Rolfe Foundation. Akhilesh Pandey is
supported by a pilot project award from the Sol Goldman Trust and a grant
(U54 RR020839) from the National Institutes of Health.

References
1. Anderson NL, Polanski M, Pieper R, et al. The human plasma proteome: a

nonredundant list developed by combination of four separate sources. Mol Cell
Proteomics 2004;3:311–326.

2. Muthusamy B, Hanumanthu G, Suresh S, et al. Plasma Proteome Database as a
resource for proteomics research. Proteomics 2005;5:3531–3536.

3. Anderson NL, Anderson NG. The human plasma proteome: history, character,
and diagnostic prospects. Mol Cell Proteomics 2002;1:845–867.

4. Tirumalai RS, Chan KC, Prieto DA, Issaq HJ, Conrads TP, Veenstra TD.
Characterization of the low molecular weight human serum proteome. Mol Cell
Proteomics 2003;2:1096–1103.

5. Pieper R, Gatlin CL, Makusky AJ, et al. The human serum proteome: display of
nearly 3700 chromatographically separated protein spots on two-dimensional
electrophoresis gels and identification of 325 distinct proteins. Proteomics 2003;
3:1345–1364.

6. Satoh J, Darley-Usmar VM, Kashimura H, Fukutomi H, Anan K, Ohsuga T.
Analysis of pure pancreatic juice proteins by two-dimensional gel electrophore-
sis in cases of pancreatic cancer. Gastroenterol Jpn 1986;21:623–629.

7. Goke B, Keim V, Dagorn JC, Arnold R, Adler G. Resolution of human exocrine
pancreatic juice proteins by reversed-phase high performance liquid chromatog-
raphy (HPLC). Pancreas 1990;5:261–266.

8. Gronborg M, Bunkenborg J, Kristiansen TZ, et al. Comprehensive proteomic
analysis of human pancreatic juice. J Proteome Res 2004;3:1042–1055.

Proteomics of Human Pancreatic Juice 393



9. Rosty C, Goggins M. Early detection of pancreatic carcinoma. Hematol Oncol
Clin North Am 2002;16:37–52.

10. Chen R, Pan S, Brentnall TA, Aebersold R. Proteomic profiling of pancreatic can-
cer for biomarker discovery. Mol Cell Proteomics 2005;4:523–533.

11. Greenlee RT, Hill-Harmon MB, Murray T, Thun M. Cancer statistics, 2001. CA
Cancer J Clin 2001;51:15–36.

12. Jemal A, Thomas A, Murray T, Thun M. Cancer statistics, 2002. CA Cancer J
Clin 2002;52:23–47.

13. Yeo TP, Hruban RH, Leach SD, et al. Pancreatic cancer. Curr Probl Cancer
2002;26:176–275.

14. Steinberg W. The clinical utility of the CA 19-9 tumor-associated antigen. Am J
Gastroenterol 1990;85:350–355.

15. Hanash S. Mining the cancer proteome. Proteomics 2001;1:1189–1190.
16. Petricoin EF, Ardekani AM, Hitt BA, et al. Use of proteomic patterns in serum to

identify ovarian cancer. Lancet 2002;359:572–577.
17. Srinivas PR, Srivastava S, Hanash S, Wright GL Jr. Proteomics in early detection

of cancer. Clin Chem 2001;47:1901–1911.
18. Srivastava S, Verma M, Henson DE. Biomarkers for early detection of colon can-

cer. Clin Cancer Res 2001;7:1118–1126.
19. Verma M, Srivastava S. Epigenetics in cancer: implications for early detection

and prevention. Lancet Oncol 2002;3:755–763.
20. Shevchenko A, Jensen ON, Podtelejnikov AV, et al. Linking genome and pro-

teome by mass spectrometry: large-scale identification of yeast proteins from two
dimensional gels. Proc Natl Acad Sci U S A 1996;93:14,440–14,445.

21. Gygi SP, Corthals GL, Zhang Y, Rochon Y, Aebersold R. Evaluation of two-
dimensional gel electrophoresis-based proteome analysis technology. Proc Natl
Acad Sci U S A 2000;97:9390–9395.

22. Rabilloud T. Two-dimensional gel electrophoresis in proteomics: old, old fash-
ioned, but it still climbs up the mountains. Proteomics 2002;2:3–10.

23. Veenstra TD. Proteome analysis of posttranslational modifications. Adv Protein
Chem 2003;65:161–194.

24. Mann M, Jensen ON. Proteomic analysis of post-translational modifications. Nat
Biotechnol 2003;21:255–261.

25. Shen J, Person MD, Zhu J, Abbruzzese JL, Li D. Protein expression profiles in
pancreatic adenocarcinoma compared with normal pancreatic tissue and tissue
affected by pancreatitis as detected by two-dimensional gel electrophoresis and
mass spectrometry. Cancer Res 2004;64:9018–9026.

26. Lu Z, Hu L, Evers S, Chen J, Shen Y. Differential expression profiling of human
pancreatic adenocarcinoma and healthy pancreatic tissue. Proteomics 2004;4:
3975–3988.

27. Shekouh AR, Thompson CC, Prime W, et al. Application of laser capture
microdissection combined with two-dimensional electrophoresis for the discov-
ery of differentially regulated proteins in pancreatic ductal adenocarcinoma.
Proteomics 2003;3:1988–2001.

394 Grønborg, Maitra, and Pandey



28. Seike M, Kondo T, Fujii K, et al. Proteomic signature of human cancer cells.
Proteomics 2004;4:2776–2788.

29. Koopmann J, Fedarko NS, Jain A, et al. Evaluation of osteopontin as biomarker
for pancreatic adenocarcinoma. Cancer Epidemiol Biomarkers Prev 2004;13:
487–491.

30. Verma M, Wright GL, Jr., Hanash SM, Gopal-Srivastava R, Srivastava S. Proteomic
approaches within the NCI early detection research network for the discovery and
identification of cancer biomarkers. Ann N Y Acad Sci 2001;945:103–115.

31. Mann M, Hendrickson RC, Pandey A. Analysis of proteins and proteomes by
mass spectrometry. Annu Rev Biochem 2001;70:437–473.

32. Pandey A, Mann M. Proteomics to study genes and genomes. Nature 2000;405:
837–846.

33. Kristiansen TZ, Bunkenborg J, Gronborg M, et al. A proteomic analysis of human
bile. Mol Cell Proteomics 2004;3:715–728.

34. Gygi SP, Rist B, Griffin TJ, Eng J, Aebersold R. Proteome analysis of low-abundance
proteins using multidimensional chromatography and isotope-coded affinity tags.
J Proteome Res 2002;1:47–54.

35. Zhou H, Ranish JA, Watts JD, Aebersold R. Quantitative proteome analysis by solid-
phase isotope tagging and mass spectrometry. Nat Biotechnol 2002;20:512–515.

36. Li C, Hong Y, Tan YX, et al. Accurate qualitative and quantitative proteomic
analysis of clinical hepatocellular carcinoma using laser capture microdissection
coupled with isotope-coded affinity tag and two-dimensional liquid chromatogra-
phy mass spectrometry. Mol Cell Proteomics 2004;3:399–409.

37. Meehan KL, Sadar MD. Quantitative profiling of LNCaP prostate cancer cells
using isotope-coded affinity tags and mass spectrometry. Proteomics 2004;4:
1116–1134.

38. Everley PA, Krijgsveld J, Zetter BR, Gygi SP. Quantitative cancer proteomics:
stable isotope labeling with amino acids in cell culture (SILAC) as a tool for
prostate cancer research. Mol Cell Proteomics 2004;3:729–735.

39. Gronborg M, Kristiansen TZ, Iwahori A, et al. Biomarker discovery from pancre-
atic cancer secretome using a differential proteomics approach. Mol Cell
Proteomics 2006;5:157–176.

40. Iacobuzio-Donahue CA, Ashfaq R, Maitra A, et al. Highly expressed genes in
pancreatic ductal adenocarcinomas: a comprehensive characterization and com-
parison of the transcription profiles obtained from three major technologies.
Cancer Res 2003;63:8614–8622.

41. Iacobuzio-Donahue CA, Maitra A, Olsen M, et al. Exploration of global gene
expression patterns in pancreatic adenocarcinoma using cDNA microarrays. Am
J Pathol 2003;162:1151–1162.

42. Iacobuzio-Donahue CA, Maitra A, Shen-Ong GL, et al. Discovery of novel tumor
markers of pancreatic cancer using global gene expression technology. Am J
Pathol 2002;160:1239–1249.

43. Mulla A, Christian HC, Solito E, Mendoza N, Morris JF, Buckingham JC.
Expression, subcellular localization and phosphorylation status of annexins 1 and

Proteomics of Human Pancreatic Juice 395



5 in human pituitary adenomas and a growth hormone-secreting carcinoma. Clin
Endocrinol (Oxf) 2004;60:107–119.

44. Wang Y, Serfass L, Roy MO, Wong J, Bonneau AM, Georges E. Annexin-I
expression modulates drug resistance in tumor cells. Biochem Biophys Res
Commun 2004;314:565–570.

45. Fang MZ, Liu C, Song Y, et al. Over-expression of gastrin-releasing peptide 
in human esophageal squamous cell carcinomas. Carcinogenesis 2004;25:865–876.

46. Pencil SD, Toth M. Elevated levels of annexin I protein in vitro and in vivo in 
rat and human mammary adenocarcinoma. Clin Exp Metastasis 1998;16:113–121.

47. Kodera Y, Isobe K, Yamauchi M, et al. Expression of carcinoembryonic antigen
(CEA) and nonspecific crossreacting antigen (NCA) in gastrointestinal cancer;
the correlation with degree of differentiation. Br J Cancer 1993;68:130–136.

48. Hasegawa T, Isobe K, Tsuchiya Y, et al. Nonspecific crossreacting antigen (NCA)
is a major member of the carcinoembryonic antigen (CEA)-related gene family
expressed in lung cancer. Br J Cancer 1993;67:58–65.

49. Sienel W, Dango S, Woelfle U, et al. Elevated expression of carcinoembryonic
antigen-related cell adhesion molecule 1 promotes progression of non-small cell
lung cancer. Clin Cancer Res 2003;9:2260–2266.

50. Scholzel S, Zimmermann W, Schwarzkopf G, Grunert F, Rogaczewski B, Thompson J.
Carcinoembryonic antigen family members CEACAM6 and CEACAM7 are dif-
ferentially expressed in normal tissues and oppositely deregulated in hyperplastic
colorectal polyps and early adenomas. Am J Pathol 2000;156:595–605.

51. Duxbury MS, Ito H, Zinner MJ, Ashley SW, Whang EE. CEACAM6 gene silenc-
ing impairs anoikis resistance and in vivo metastatic ability of pancreatic adeno-
carcinoma cells. Oncogene 2004;23:465–473.

52. Sato N, Fukushima N, Maitra A, et al. Gene expression profiling identifies genes
associated with invasive intraductal papillary mucinous neoplasms of the pan-
creas. Am J Pathol 2004;164:903–914.

53. Mori M, Shiraishi T, Tanaka S, et al. Lack of DMBT1 expression in oesophageal,
gastric and colon cancers. Br J Cancer 1999;79:211–213.

54. Wu W, Kemp BL, Proctor ML, et al. Expression of DMBT1, a candidate tumor sup-
pressor gene, is frequently lost in lung cancer. Cancer Res 1999;59:1846–1851.

55. Sasaki K, Sato K, Akiyama Y, Yanagihara K, Oka M, Yamaguchi K. Peptidomics-
based approach reveals the secretion of the 29-residue COOH-terminal fragment
of the putative tumor suppressor protein DMBT1 from pancreatic adenocarci-
noma cell lines. Cancer Res 2002;62:4894–4898.

56. Iacobelli S, Arno E, D’Orazio A, Coletti G. Detection of antigens recognized by
a novel monoclonal antibody in tissue and serum from patients with breast can-
cer. Cancer Res 1986;46:3005–3010.

57. Iacobelli S, Arno E, Sismondi P, et al. Measurement of a breast cancer associated
antigen detected by monoclonal antibody SP-2 in sera of cancer patients. Breast
Cancer Res Treat 1988;11:19–30.

58. Iacobelli S, Bucci I, D’Egidio M, et al. Purification and characterization of a 90
kDa protein released from human tumors and tumor cell lines. FEBS Lett
1993;319:59–65.

396 Grønborg, Maitra, and Pandey



59. Iacobelli S, Sismondi P, Giai M, et al. Prognostic value of a novel circulating
serum 90K antigen in breast cancer. Br J Cancer 1994;69:172–176.

60. Christa L, Simon MT, Brezault-Bonnet C, et al. Hepatocarcinoma-intestine-pancreas/
pancreatic associated protein (HIP/PAP) is expressed and secreted by proliferating
ductules as well as by hepatocarcinoma and cholangiocarcinoma cells. Am J
Pathol 1999;155:1525–1533.

61. Christa L, Carnot F, Simon MT, et al. HIP/PAP is an adhesive protein expressed
in hepatocarcinoma, normal Paneth, and pancreatic cells. Am J Physiol
1996;271:G993–G1002.

62. Rosty C, Christa L, Kuzdzal S, et al. Identification of hepatocarcinoma-intestine-
pancreas/pancreatitis-associated protein I as a biomarker for pancreatic ductal
adenocarcinoma by protein biochip technology. Cancer Res 2002;62:1868–1875.

63. Muller HL, Oh Y, Lehrnbecher T, Blum WF, Rosenfeld RG. Insulin-like growth
factor-binding protein-2 concentrations in cerebrospinal fluid and serum of chil-
dren with malignant solid tumors or acute leukemia. J Clin Endocrinol Metab
1994;79:428–434.

64. Cohen P. Serum insulin-like growth factor-I levels and prostate cancer risk—
interpreting the evidence. J Natl Cancer Inst 1998;90:876–879.

65. Ho PJ, Baxter RC. Insulin-like growth factor-binding protein-2 in patients with
prostate carcinoma and benign prostatic hyperplasia. Clin Endocrinol (Oxf)
1997;46:333–342.

66. Cariani E, Lasserre C, Kemeny F, Franco D, Brechot C. Expression of insulin-like
growth factor II, alpha-fetoprotein and hepatitis B virus transcripts in human pri-
mary liver cancer. Hepatology 1991;13:644–649.

67. Kunzli BM, Berberat PO, Zhu ZW, et al. Influences of the lysosomal associated
membrane proteins (Lamp-1, Lamp-2) and Mac-2 binding protein (Mac-2-BP) on
the prognosis of pancreatic carcinoma. Cancer 2002;94:228–239.

68. Ryu B, Jones J, Hollingsworth MA, Hruban RH, Kern SE. Invasion-specific
genes in malignancy: serial analysis of gene expression comparisons of primary
and passaged cancers. Cancer Res 2001;61:1833–1838.

69. Sanchez LM, Freije JP, Merino AM, Vizoso F, Foltmann B, Lopez-Otin C.
Isolation and characterization of a pepsin C zymogen produced by human breast
tissues. J Biol Chem 1992;267:24,725–24,731.

70. Diaz M, Rodriguez JC, Sanchez J, et al. Clinical significance of pepsinogen C
tumor expression in patients with stage D2 prostate carcinoma. Int J Biol Markers
2002;17:125–129.

71. Takahashi S, Suzuki S, Inaguma S, et al. Down-regulated expression of prostasin
in high-grade or hormone-refractory human prostate cancers. Prostate 2003;54:
187–193.

72. Chen LM, Chai KX. Prostasin serine protease inhibits breast cancer invasiveness
and is transcriptionally regulated by promoter DNA methylation. Int J Cancer
2002;97:323–329.

73. Mok SC, Chao J, Skates S, et al. Prostasin, a potential serum marker for ovarian
cancer: identification through microarray technology. J Natl Cancer Inst
2001;93:1458–1464.

Proteomics of Human Pancreatic Juice 397



399

From: Proteomics of Human Body Fluids: Principles, Methods, and Applications
Edited by: V. Thongboonkerd © Humana Press Inc., Totowa, NJ

18

Proteomics of Human Bile

Troels Zakarias Kristiansen, Anirban Maitra, and Akhilesh Pandey

Summary
Bile is an important body fluid with crucial functions ranging from fat absorption to excretion

of metabolic breakdown products. Although the chemical composition of human bile is well under-
stood, its protein constituents are beginning to be unravelled only recently. Here, we provide an
overview of the proteomics of human bile, both in health and in diseases such as cholangiocarci-
noma. A comprehensive catalog of proteins in the bile should facilitate better understanding of its
role in physiology and the development and validation of biomarkers for hepatobiliary disorders.

Key Words: Bile; LC-MS/MS; proteomics; biomarker discovery; mass spectrometry; hepa-
tobiliary cancer.

1. Introduction
Proteomic analysis of human body fluids, including bile, holds the promise

of providing insights into homeostasis as well as systemic responses to disease.
Thus far, the focus has been directed toward analyzing the proteome of serum
and plasma, although recently the community has begun investigating many of
the more specialized human body fluids.

The process of bile secretion starts in the liver, where hepatocytes continu-
ously secrete bile into a specialized network of small ductules, or canaliculi. Bile
is subsequently drained from the canaliculi into larger ductules called cholangi-
oles, which again merge to form the interlobular bile ducts. The interlobular bile
ducts unite to form septal bile ducts, which progressively merge until the bile
eventually exits the liver through the left and right hepatic bile ducts (1). Outside
the liver, the left and right hepatic bile ducts join to form the common hepatic
bile duct. The common hepatic duct joins the cystic duct from the gallbladder to
form the common bile duct, which drains into the duodenum through the sphinc-
ter of Oddi (Fig. 1). In approx 85% of individuals, the common bile duct and the
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Fig. 1. Schema of the anatomy of the hepatic biliary tree. The arrows indicate the
flow of bile from the liver to the intestine.



main pancreatic duct join to form a common channel. In the remaining 15%, the
two ducts enter the duodenum as two separate channels (2).

The bile serves several important functions in the body. First, it participates
in the adsorption of fat from the intestine, which takes place in the duodenum.
The emulsification of fat in the duodenum, owing to detergent-like properties
of bile salts, aids in its breakdown by making it accessible to lipases secreted
from pancreas (3). Second, bile secretion serves to excrete bilirubin, choles-
terol, phospholipids (mainly lecithin/phosphatidylcholine), and inorganic ions
(such as iron and copper) from the body. Bilirubin is the breakdown product of
heme and is conjugated to glucoronic acid in the liver, rendering it water solu-
ble prior to secretion into bile (4).

The flow of bile into the duodenum is regulated by contraction of the gall-
bladder and relaxation of the sphincter of Oddi. After food intake, the duode-
num releases the main gallbladder-contracting hormone, cholecystokinin,
which in combination with other hormones causes an increase in the bile flow,
gallbladder contraction, and relaxation of the sphincter of Oddi. This results in
the excretion of most of the stored bile in the gallbladder into the duodenum (2).
Although cholecystokinin is the major hormone responsible for the discharge of
bile in the intestine, its effect is modified by several other peptide hormones; a
partial list of these hormones is provided in Table 1.

2. Bile Salts
Bile salts play a crucial role in human physiology. They are the end product

of cholesterol breakdown in the liver. Bile acids are amphipathic detergent-like
molecules synthesized from cholesterol in hepatocytes (4). About 50% of cho-
lesterol degradation occurs through its catabolism to bile acids (5). Cholic and
chenodeoxycholic acids are the primary human bile acids produced directly by
the liver. They are synthesized in hepatocytes from cholesterol through an elab-
orate system of enzymes located in the endoplasmic reticulum, mitochondria,
cytosol, microsomes, and peroxisomes (6). Deoxycholic and lithocholic acids
are termed secondary bile acids and are formed by 7α-dehydroxylation by
intestinal bacterial enzymes from primary bile acids (see Tables 2 and 3 for the
general composition of bile and bile acids, respectively). Bile salts are con-
served in the body through enterohepatic circulation. Both primary and second-
ary bile acids are effectively reabsorbed through the portal vein in the ileum,
and only 5% of the bile salt pool is lost through feces on a daily basis (7). The
liver, thus, only needs to synthesize bile acids lost through feces in order to
maintain the bile salt pool. Bile salts are essential for the formation of mixed
micelles, which solubilize both cholesterol and phospholipids for the transport
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Table 1
A List of Proteins and Hormones Commonly Found in Bile

Concentration Concentration
in gallbladder in hepatic

Protein/hormone bile (mg/mL) bile (mg/mL)

Common proteins
Albumin 1.9 0.2
Orosomucoid 0.07 0.02
Aminopeptidase N 1.6 0.2
α1-antitrypsin N.A. N.A.
α2-macroglobulin N.A. N.A.
Apolipoproteins (A-I, A-II, B, C-II, C-III) N.A. N.A.
Carcinoembryonic antigen-related cell N.A. N.A.

adhesion molecules (CEACAMs)
Ceruloplasmin N.A. N.A.
Haptoglobin 0.04 0.01
Hemoglobin N.A. N.A.
Immunoglobulin IgG 0.3 0.04
Immunoglobulin IgM 0.09 0.04
Immunoglobulin IgA 0.2 0.09
Transferrin N.A. N.A.
Mucin 0.09 0.04
Alkaline phosphatase N.A. N.A.
Alkaline phosphodiesterase I N.A. N.A.
Leucine β-naphtylamidase N.A. N.A.
5′-Nucleotidase N.A. N.A.
β-Galactosidase N.A. N.A.
β-Glucuronidase N.A. N.A.
N-acetyl-β-glucosaminidase N.A. N.A.

Common peptide hormones
CCK N.A. N.A.
Gastrin N.A. N.A.
Motilin N.A. N.A.
Secretin N.A. N.A.
Ocreotide N.A. N.A.
Enkephalin N.A. N.A.
Gastrin-releasing peptide N.A. N.A.
Vasoactive intestinal peptide N.A. N.A.

N.A., not available.
Adapted from refs. 2, 14, and 17.



of otherwise insoluble cholesterol from the liver to the intestinal tract. In the
intestinal tract, bile salts assist in solubilizing dietary compounds such as fatty
acids and fat-soluble vitamins.

Bile formation is the result of active secretion by hepatocytes into the canalic-
ular space followed by water through the tight junctions. Transport of biliary
constituents from blood to bile is a process that includes uptake from the sinu-
soidal side, intracellular transport through the hepatocyte, and canalicular secre-
tion via active membrane transportation (Fig. 2). Bile salt uptake is mediated by
Na+-dependent and -independent mechanisms. The Na+ taurocholate co-trans-
porting polypeptide (NTCP) is the major transporter involved in transport across
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Table 2
General Composition of Bile

Composition Hepatic bile Gallbladder bile

Water
Bile salts 11 mg/mL 60 mg/mL
Bilirubin 0.4 mg/mL 3 mg/mL
Cholesterol 1 mg/mL 9 mg/mL
Fatty acids 1.2 mg/mL 12 mg/mL
Lecithin 0.4 mg/mL 3 mg/mL
Na+ 145 mM 130 mM
K+ 5 mM 12 mM
Ca2+ 2.5 mM 12 mM
Cl− 100 mM 25 mM
HCO3

− 28 mM 10 mM

Adapted from ref. 3.

Table 3
Composition of Bile Salts (in Percent of Total Moles)

Bile salts % of total bile salt pool

Sulfoglycolithocholates 2
Taurodeoxycholates 4
Glycochenodeoxycholate 25
Glycodeoxycholates 13
Chenodeoxycholates 37
Deoxycholates 17
Sulfolithocholates 2

Adapted from refs. 44 and 45.
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the sinusoidal membrane. The NTCP transports mainly conjugated bile salts
using the Na+ gradient over the membrane to facilitate the uptake (8–10). Na+-
independent uptake of bile salts is mediated by the organic anion transport
polypeptides (OATPs). This family of transporters is responsible for the uptake
of unconjugated bile salts. Also, the OATP family mediates the uptake of other
compounds such as thyroid hormones, neutral steroids, and bilirubin (11). After
transport across the sinusoidal membrane and intracellular transport (which
might involve further modifications), the bile salts are secreted into the canali-
culi. This process is the driving force for the bile flow. ATP-binding cassette
transporters are responsible for that part of the process (12). Several ABC
transporters with different specificities can be found in the apical membrane.
Their primary role is to secrete bile salts into the lumen of the canaliculi, but
they also play a pivotal role in clearing away harmful substances and drugs
metabolized by the liver. After the initial bile flow has been established in the
liver through secretion into the canaliculi, the bile can be further modified both
by the cholangiocytes lining the bile ducts and by processes taking place in
the gallbladder.

3. Sources of Proteins in Bile
Proteins in bile are derived either from plasma or from secretion by the hepa-

tobiliary system. A major fraction of the serum proteins found in bile are
believed to cross the tight junctions separating the sinusoids from the canaliculi.
This is supported by the notion that there is an inverse relationship between the
molecular weight of serum proteins and the abundance in the bile (the idea
being that smaller proteins transverse the tight junctions easier) (13). Since the
liver is responsible for producing a large majority of serum proteins, it is diffi-
cult to determine whether a given bile protein component is derived from serum
crossing the tight junctions or whether it is the result of active secretion from
the hepatocytes (or bile duct cells). A list of common proteins found in bile is
given in Table 1 (which is adapted from refs. 13–17).

Since bile is concentrated in the gallbladder, the total protein concentration
varies according to the nutritional status and the site of collection. The total pro-
tein concentration of bile in gallbladder has been reported to range from 0.2 to
31 mg/mL, whereas that obtained from the common duct bile ranges from 0.34
to 13 mg/mL (18–20). Unfortunately, most common protein assays, such as
BCA, Lowry’s, and Bradford’s methods, are somewhat incompatible with bile
salts, lipids, and bilirubin, which makes it necessary to process the sample
before such measurements can be done (21–23). This usually involves removal
of lipids, dialysis, protein precipitation, or some types of chromatography.

Proteins secreted by hepatocytes can roughly be divided into two categories:
those actively produced by the hepatocyte and those resulting from transcytosis
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from the sinusoidal side to the canaliculi. In general, very little is known about
the identities and origins of proteins that are specific to bile (13,15–17). The best
described group of proteins derived from hepatocytes is biliary enzymes. These
can either be membrane-bound biliary enzymes, such as alkaline phosphatase
and 5′-nucleotidase, or lysomal enzymes, such as β-galactosidase (see Table 1
for a list of the most common enzymes found in bile). Transcytosis of proteins
from the sinusoidal side to the apical side of the hepatocyte is the other route by
which hepatocytes deliver proteins to bile. This process can be nonspecific or
specific. Nonspecific transcytosis results from internalization and endosome for-
mation of vesicles containing protein from the sinusoidal side. As opposed to
passive diffusion over the tight junctions, this type of transport does not discrim-
inate against larger size serum proteins. Specific or receptor-mediated transport
is best illustrated by the unusual high concentration of IgA found in biliary juice.
Bile plays a crucial role in controlling the delivery of immunoglobulin A to the
intestine (24). IgA, in both its monomeric and polymeric form, is one of those
proteins whose concentration is considerably higher than what would be
expected from passive crossing of the tight junctions (15).

Both monomeric and polymeric/secretory IgA do not pass over the lining of
hepatocytes whose sides as mentioned are closed by tight junctions. Instead, they
belong to the class of biliary proteins that are actively transported across the hepa-
tocyte from the sinusoidal side to the canaliculi. IgA antibody binds to the poly-
meric Ig receptor on the basolateral membranes of the epithelial cells, passes
through the cell by transcytosis, and is displayed on the apical side; the polymeric
Ig receptor is cleaved, resulting in release of secretory IgA into the biliary duc-
tules (25). Polymeric Ig receptor is highly expressed on biliary epithelial cells,
and quantitatively IgA is present in substantial amounts in bile. (Usually bile con-
tains the highest concentration of IgA compared with any other body fluid.)

4. Proteomic Studies of Bile
Recently, proteomic studies of human body fluids have gained increased atten-

tion owing to the effects of the Human Plasma Protein Organization (HUPO) to
analyze thoroughly the protein constituents of human plasma and serum. A large
and comprehensive catalog of human serum proteins is now available, and it is
evident that the complexity is far greater than expected. For an initial effort to
characterize a body fluid, serum was the sample of choice, both because it is read-
ily available and because most clinical diagnostic tests measure the values of
markers found in blood. Nevertheless, compared with serum, little attention has
been paid to the analysis of bile. Unlike serum, bile is difficult to obtain from
healthy individuals (or individuals with diseases unrelated to the hepatobiliary
tree). Proteomic analysis of biliary juice, however, poses some of the same prob-
lems as serum because of the presence of a few of high-abundance proteins (26,27).
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Proteomic analysis by mass spectrometry is especially sensitive to having differ-
ent proteins existing at vastly different concentrations. Typically, a mass spec-
trometry setup has a limited dynamic range and thus it becomes a difficult task to
detect proteins present in concentrations differing by several orders of magnitude.

Fractionation or depletion of high-abundance protein species has been the
most commonly used strategies to circumvent the problem of the limited dynamic
range in mass spectrometry. Multidimensional fractionation can reduce the 
sample complexity by many orders of magnitude, and researchers have success-
fully coupled several different types of chromatography to achieve this goal. One-
and two-dimensional separation techniques using ion-exchange, reversed-phase,
or lectin affinity chromatography are some of the methods that have been success-
fully used to decrease sample complexity before reversed-phase separation and
analysis by mass spectrometry. Although adding more dimensions to the fraction-
ation scheme can help to increase the coverage of a particular proteome, a major
drawback is the increase in workload. Each dimension typically increases the
workload and data output by 1 to 2 orders of magnitude. Thus, coupling more
than three fractionation-dimensions to a given experiment often requires enor-
mous effort and generates huge amounts of data. Multidimensional approaches,
therefore, frequently require both a dedicated mass spectrometric laboratory and
good bioinformatics support, which might not always be accessible to the inves-
tigator. Another problem when one is dealing with biliary juice (or any other body
fluid) is the definition of what constitutes “normal” bile juice. The composition
of the bile proteome most likely changes with the feeding state of the individual,
and sample variability can thus be a major problem. The problem of natural vari-
ability also affects the way samples can be normalized. Potentially, one could nor-
malize according to protein concentration, bile salt concentration, or a specific
marker protein. Alternatively, one could choose to compare samples on a “per
volume” basis. All these methods vary independently of each other.

Hitherto, a limited number of proteomic studies have aimed at a global analy-
sis of the protein constituents of bile. In a study designed to investigate proteins
associated with mixed micelles found in human bile, He et al. (28) compared bile
samples with reference 2D gel electrophoresis (2-DE) maps and identified eight
common serum proteins in the mixed micelle fraction. The 2-DE comparison of
total bile proteins against proteins associated with mixed micelle from human
gallbladder bile also revealed that most proteins in bile are associated with mixed
micelles. The process of cholesterol crystallization in the formation of human
gallstones is thought to be influenced by many factors. One determinant has been
postulated to be the balance of nucleating and nucleating-inhibitory polypeptides,
in which the hydrophilic nature of the protein would be a determining trait. In
order to identify hydrophobic peptides specifically in bile, Stark et al. (29)
used chloroform/methanol extraction followed by specialized reversed-phase
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chromatography, gel filtration, and matrix-assisted laser desorption/ionization-
time of flight (MALDI-TOF) mass spectrometry; they managed to identify five
proteins not previously described in human bile. It has not yet been determined
whether these polypeptides play an active role in gallstone formation.

In an effort to investigate the toxic effects of 1,1-dichloroethylene and
diclofenac on rat biliary canaliculus, Jones et al. (30) carried out a comparative
proteomic study of bile obtained prior to drug exposure compared with bile
obtained during drug treatment in animals. Using 1D gel electrophoresis followed
by liquid chromatography-tandem mass spectrometry (LC-MS/MS), the authors
identified 23 proteins in bile from nontreated animals (30). The study also allowed
the authors to detect selectively chemical modifications on proteins identified from
drug-treated animals.

4.1. Proteomics Applied to Biliary Tract Cancers

Approximately 4500 people (out of 7500 diagnosed with the disease) die
from biliary tract carcinomas every year in the United States (31). Early detec-
tion of this cancer is crucial for the outcome, and most patients with a com-
pletely resectable cancer achieve a modest 5-yr survival. At present, radiation or
conventional chemotherapy does not significantly improve the survival rate, and
early detection at a stage at which the cancer is resectable offers the best hope of
a cure (32). However, laboratory tests for detection of biliary tract cancers are
usually only modestly sensitive and specific, and distinguishing between benign
and malignant causes of biliary tract obstruction based on biopsies is quite chal-
lenging. Currently, CA19-9 is the best available fluid-based marker for detection
of cholangiocarcinomas and has a sensitivity of only 50 to 60% and a specificity
of 80% (33,34). The use of CA19-9 in early-stage detection of cholangiocarci-
nomas is even more limited, and better fluid-based markers are required to offer
patients a better chance of survival.

In an effort to characterize the human biliary juice proteome, Kristiansen et al.
(35) recently carried out an analysis of bile obtained from patients with biliary tract
cancer. Using multiple fractionation techniques and affinity enrichment methods
in combination with LC-MS/MS analysis, they identified 87 unique bile-derived
proteins. A subset of the proteins identified in the study is known to be secreted by
hepatocytes and probably represents a baseline proteome of what would be
expected in bile. These included transport proteins (transferrin, albumin, lactoferrin,
ceruloplasmin, transthyretin, and α2-macroglobulin), enzymes (γ-glutamyltrans-
ferase and adenosine deaminase), epithelial glycoproteins (CEACAM1) and mem-
bers of the coagulation cascade (fibrinogen and antithrombin). Also, the data set
contained a number of known cancer-associated proteins, which was probably
because the sample was derived from a patient with cholangiocarcinoma. Among
others, this group of proteins included CA125 ovarian cancer antigen. CA125

408 Kristiansen, Maitra, and Pandey



is a cell surface marker glycoprotein that is used as a serum tumor marker for
gastrointestinal and gynecological cancers (36,37) but is also known to be
highly upregulated in patients with primary sclerosing cholangitis (a chronic
inflammation of the biliary tree that predisposes patients to biliary tract can-
cers) and biliary tract cancers (38–40).

In addition to these known hepatic and known cancer-associated proteins,
several of the proteins identified had not been previously reported in normal or
cholangiocarcinoma-associated bile before. In the context of cancer pro-
teomics, three of the proteins were of special interest: lipocalin 2 (also known
as oncogene 24p3 or NGAL), deleted in malignant brain tumors 1 (DMBT1),
and Mac-2-binding protein (Mac2BP). Lipocalin 2 is overexpressed in a vari-
ety of human cancers such as breast cancer, colorectal cancer, and pancreatic
carcinomas and has also been suggested as a tumor marker for bladder cancer
in urine. DMBT1 is an opsonin receptor that is frequently deleted in gliomas
and other malignant brain tumors. Aberrant expression of DMBT1 has been
proposed to play a role in the progress of gastric and colorectal cancers. Finally,
a peptide screening study identified DMBT1 as a protein specifically secreted
by pancreatic adenocarcinoma cells lines but not by cell lines derived from nor-
mal pancreatic ductal epithelium. Mac2BP is a secreted galectin-3-binding pro-
tein and most likely plays a role in cell surface adhesion. Whereas galectin-3
has been observed to be downregulated during the development of colon can-
cer, elevated serum levels for Mac2BP have been reported in patients with solid
tumors (breast, ovarian, lung, and colorectal cancers).

In a follow-up study to this proteomic analysis, Koopman et al. (41) evalu-
ated Mac-2-binding protein as a biomarker and showed that it could be used as
a diagnostic marker for detection of biliary tract cancers. Screening by
immunohistochemistry showed positive staining for Mac2BP in 94% of the bil-
iary tract cancer tissues tested, whereas normal normal biliary tract ductules and
gallbladder epithelium were negative for staining. Also, the levels of Mac2BP
were elevated by a factor of 3 in bile samples from patients with biliary tract
cancer compared with bile obtained from patients with either primary scleros-
ing cholangitis or benign biliary disorders when enzyme-linked immunosorbent
assay (ELISA) was used.

5. Methods
5.1. Sample Collection

Human biliary juice is obtained either during surgery or from endoscopic ret-
rograde cholangiopancreatography (ERCP) examinations of patients. For pro-
teomic purposes, it is desirable to work with ERCP-drained juice compared
with juice obtained from surgery. Often, the surgical procedure results in
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variable amounts and contamination of the sample with serum or pancreatic juice,
and thus the quality of the sample will vary greatly. In our experience, ERCP also
has contamination issues, but not to the same extent as those of surgery.

1. During an ERCP procedure, a flexible tube containing an endoscope is passed
down the throat into the duodenum, from where it is guided either into the com-
mon bile duct or into the main pancreatic duct, and the sample is collected. Typical
amounts of bile obtained during ERCP range from 5 to 10 mL in volume.

2. After collection, the bile samples should be stored at −80°C, and during any trans-
portation they should be kept in dry ice to prevent degradation.

3. Always thaw the sample on ice and keep it at 4°C while working with it.
4. To remove small impurities and debris introduced during sample collection,

centrifuge the sample at 16,000g for 5 min at 4°C and transfer the supernatant to
a new tube.

5. One can attempt to measure the protein concentration of the sample by Coomassie
staining or, Bradford’s or Lowry’s methods, but owing to bile salts and bilirubin,
these results can in some cases be misleading.

6. If lipids interfere with the analysis, it is possible to clean up the sample with
Cleanascite™HC (Ligochem, Fairfield, NJ), which forms lipid micelles that sub-
sequently can be removed by centrifugation. Many biliary proteins are embedded
in the mixed micelles in biliary juice, so removing the lipids might also remove
the protein of interest.

5.2. Fractionation of Biliary Juice

Given the complexity of most body fluids, it is often necessary to fractionate
the sample before analysis. Because of the high amounts of bile salts and lipids
in biliary juice, using a fractionation technique such as 1-DE is a good choice
for unprocessed bile samples.

1. Determination of protein amounts in the bile should be estimated on the gel by
loading a standard protein such as BSA.

2. The gel-separated proteins can be visualized by standard techniques such as silver,
Coomassie, or colloidal blue staining.

3. For whole-lane analysis of your bile sample by LC-MS/MS, 10 to 20 μg of pro-
tein per lane should provide a good starting point. Divide the lane into appropri-
ate sections (for a standard 1D gel dividing the gel into 15–20 pieces will provide
decent size of gel slices), and do a standard tryptic in-gel digestion.

4. After tryptic digestion and extraction, dry down the peptides to completion and
resuspend in 5 to 10 μL of 5% formic acid.

5. The peptides can be stored indefinitely at −80°C.

5.3. Lectin Affinity Chromatography

Most commercially available lectins can be used for batch purification of bil-
iary juice. The most commonly used lectin is concanavalin A (Con A), which
has a preference for high-mannose-type glycans.
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1. Mix approximately 500 μg of bile protein (approx 100–300 μL juice) with 2X vol-
ume of TBS and 2X volume of 50% slurry of Con A-agarose beads and incubate
at 4°C for 4 h under rotation.

2. Wash the beads twice with TBS buffer and elute the bound protein with 2X
100 μL of 100 mM methyl α-D-mannopyranoside (elution at room temperature
for 10 min).

3. Concentrate the eluate by size-exclusion filtration or column purification. The
eluted proteins can be visualized by 1-DE as described for unprocessed bile (see
Subheading 5.2.).

5.4. Liquid Chromatography and Tandem Mass Spectrometry

1. A standard LC-MS/MS setup with a trap column may be used for analysis of tryp-
tic digests of fractionated bile.

2. Load the peptides onto a precolumn packed with C18 reverse-phase material, and
wash the column with 95% mobile phase A (0.4% acetic acid, 0.005% heptafluo-
robutyric acid v/v)/5% mobile phase B (90% acetonitrile, 0.4% acetic acid,
0.005% heptafluorobutyric acid v/v). Washing and loading can be done with high
flow rates (1–4 μL/min).

3. Elute the peptides onto the separation column (packed with reverse-phase mate-
rial) and subsequently into the mass spectrometer using a linear gradient of 10 to
40% mobile phase B over 35 to 70 min with a flow rate of 300 nL/min.

4. After the gradient is finished, the columns should be cleaned with a burst of 90%
mobile phase B.

5. The performance of LC-MS/MS setups strongly depends on the automated LC
system, the type of mass spectrometer, and choice of reverse-phase material. The
above conditions can be used as starting parameters, but optimization of condi-
tions is almost always necessary.

6. Perspectives and Future Directions
Thus far, only serum and plasma have been subjected to a coordinated

comprehensive proteomic analysis (42,43). Although a full proteomic catalog
of the “normal” constituents of bile is somewhat difficult, defining a subpro-
teome for a specific physiological state using a specific fractionation method
can provide a good reference for further exploration. Although further exper-
iments are warranted, Koopman et al. (41) have demonstrated how one can
proceed from such a subproteomic catalog to the evaluation of a diagnostic
marker. Quantitative methods, which are applicable to the analysis of body
fluids, are becoming more and more widespread. Even though sample vari-
ability and availability are obstacles that must be dealt with (especially when
the analysis is combined with a fractionation technique), hopefully these
methods will provide quantitative data, which will aid in the discovery of both
drug targets and diagnostic markers for human diseases associated with the
hepatobiliary tree.
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Proteomics of Amniotic Fluid
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Summary
Amniotic fluid is fundamental for the development of the fetus. Many proteins detected in 

the amniotic fluid are already present at a very early stage of gestation, whereas other proteins
are detected only at the end of the pregnancy. The concentration of a given protein in amniotic
fluid is governed not only by fetal, placental, or maternal synthesis and degradation, but also by
exchanges between the mother and the fetus through the placenta. Maternofetal transfer of pro-
teins involves several different mechanisms such as first-order process or active transport.
Consequently, the concentration of each amniotic fluid protein results from a balance between
opposing dynamic metabolic and physiological processes, which proceed simultaneously. Thus,
proteomics that allows simultaneous study of a multitude of proteins may be of importance to
gain insight into the physiology of amniotic fluid as well as to identify potential markers of dis-
eases during pregnancy. Here we present a review of proteomic studies of normal amniotic fluid
and describe alterations in the amniotic fluid proteome that occur during pregnancy.

Key Words: Amniotic fluid; biochemistry; electrophoresis; premature rupture of fetal mem-
branes; proteomics; review; two-dimensional electrophoresis.

1. Introduction
The presence and integrity of amniotic fluid is fundamental for normal devel-

opment of the human fetus during pregnancy. Its production rate varies through-
out pregnancy and is mainly related to functions of the different fetal and
amniotic compartments. Its biochemical composition partly reflects the matura-
tion of the production sites. Thus, amniotic fluid represents an integrative medium
for studying the molecular and metabolic events occurring in utero during the dif-
ferent developmental stages of mammalians. Quantitative and qualitative proper-
ties of proteins found in amniotic fluid summarize the temporal expression



pattern of genes present in the tissues and implicated in the generation of this 
liquid. Moreover, posttranslational mechanisms as well as other events are able to
induce significant changes in the protein profile. Until now, the exploration of
complex and dynamic protein patterns in biological samples has been quite diffi-
cult to achieve. Standard biochemical approaches have been used to characterize
proteins of nonmaternal origin (1), and identification of particular amniotic fluid
proteins such as α-fetoprotein has proved useful to develop diagnostic test for pre-
mature rupture of the membrane (2).

In preliminary proteomic works published on amniotic fluid, no relevant protein
markers have been validated for prenatal diagnosis of fetal or placental pathologi-
cal conditions. However, recent publications have demonstrated that proteomic
tools could be of potential clinical value. Vuadens et al. (3) identified a number of
peptides that were present in amniotic fluid but not in plasma of the same mother.
Two peptides, with molecular masses of about 19 kDa, were fragments of heparan
sulfate proteoglycans. They corresponded to COOH-terminal parts of agrin and
perlecan, respectively (3). Using electrospray ionization tandem mass spectrometry
(ESI-MS/MS), Ramsay et al. (4) provided evidence that biomarkers of lysosomal
storage diseases are present in amniotic fluid. Finally, Gravett et al. (5) as well as
Buhimschi et al. (6) showed that proteomics allowed identification of novel bio-
markers that may prove useful for the diagnosis of intraamniotic infections.

The aim of this review is to present the physiology of amniotic fluid, to give
some data on its “normal” proteome, and to report on potential clinical applica-
tions of amniotic fluid proteomics.

2. Physiology of Amniotic Fluid
2.1. Overview

The amniotic fluid surrounds the developing fetus and plays a crucial role in
normal development (reviewed in refs. 7 and 8). This clear-colored liquid cush-
ions and protects the fetus and provides it with fluids. By the second trimester,
the fetus is able to breathe the fluid into the lungs and to swallow it, promoting
normal growth and development of the lungs and gastrointestinal system.
Amniotic fluid also allows the fetus to move around, which aids in normal
development of muscle and bone. The amniotic sac, which contains the embryo,
forms at about 12 d after conception. Amniotic fluid immediately begins to fill
the sac. In the early weeks of pregnancy, amniotic fluid consists mainly of water
supplied by the mother. After about 12 wk, fetal urine makes up most of the
fluid. At 15 wk of gestation, the volume of amniotic fluid is about 200 mL, with
substantial individual variations. The amount of amniotic fluid is about 800 mL
at 24 wk and increases until about 28 to 32 wk of pregnancy. After that time,
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the level of fluid generally stays about the same until the baby is full term
(approx 37–40 wk); thereafter, the level declines (9).

However, there may be too little or too much amniotic fluid in some preg-
nancies. These conditions are referred to as oligohydramnios and polyhydram-
nios, respectively (10). Various mechanisms are involved in transfer of
biological components from the mother to the fetus and several, such as glucose
transporters (11) or thyrotrophin-releasing hormone (12), have been character-
ized. By contrast, transport of proteins from the fetus to the amniotic fluid has
not been investigated in detail. The transplacental transfer of immunoglobulins
has been well studied (13,14). Several proteins, notably the MHC class I-related
receptor (FcRn), are involved in the delivery of maternal IgG to the fetus. With
such a transfer across syncytiotrophoblast of the chorionic villi, the concentra-
tion of IgG in fetal blood increases from early in pregnancy through term. 
IgG1 is the most efficient subclass of IgG transported (14). Monoclonal IgG
produced by the mother can also be transported to the fetus (15,16). Maternal
IgGs are the main immunoglobulins in amniotic fluid, which contains different
forms of fetal immunoglobulins (17). IgM is not detected in amniotic fluid
(17,18).

2.2. Amniotic Fluid Proteome

The concentration of a given protein in amniotic fluid is governed not only
by fetal, placental, or maternal synthesis and degradation, but also by exchanges
between the mother and the fetus through the placenta. Amniotic membranes
certainly play an important role. Maternofetal transfer of proteins involves sev-
eral different mechanisms such as first-order process or active transport.
Consequently, the concentration of each amniotic fluid protein results from a
balance between opposing dynamic metabolic and physiological processes,
which proceed simultaneously (19). The concentration of amniotic fluid pro-
teins varies considerably during pregnancy, and mothers giving birth to large-
for-gestational-age infants have uniformly lower amniotic fluid protein concentra-
tions at 12 to 20 wk of gestation compared with those of mothers of appropriate-
for-gestational-age infants (20).

There is some indirect evidence demonstrating that fetal defecation is a nor-
mal physiological process in the third trimester, and intestinal proteins may also
be present in amniotic fluid (21). The amniotic fluid proteome is therefore com-
posed of urine proteins, intestinal proteins, alveolar fluid proteins, and their
degradation products. It is therefore quite important to have data on these dif-
ferent proteomes, and some relevant information is already available (22–26).
In addition, cellular proteins are produced, either by the skin of the fetus or
directly by the amnion.
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3. Proteomics: A Brief Overview
The genome of an individual determines its potential for protein expression.

However, it does not specify which proteins are expressed in the cells. For a
long time, complete characterization of the genome of various species has been
an aim of the scientific community. The first genome to be sequenced was that
of Haemophilus influenzae in 1995. Since then, several other genomes have
been entirely sequenced. In 2001, human genome sequencing was completed,
and this success has made the estimation of the number of encoded genes in
humans possible. Because one gene may produce more than one protein, at
least 30,000 genes encode for about 100,000 proteins. Furthermore, owing to
alternative splicing, different mRNAs are synthesized, leading to the production
of different proteins (27). Therefore, some authors have indicated that the total
number of proteins of the human genome is considerable, with estimates of
about 500,000 to 1,500,000 distinct molecular species.

In addition, different posttranslational modifications such as phosphorylation
or glycosylation can occur in the cells (28–32). These and other posttransla-
tional modifications are crucial for protein function. They are also of impor-
tance for protein stability as well as cellular location. All these changes are not
apparent from genomic sequence or mRNA expression data. In addition, during
the lifetime of an individual, the synthesis of specific proteins can be activated
or suppressed. Consequently, it is important to know which proteins are pro-
duced by a given cell at a given moment. To do so, the first step is to study the
transcriptome, which is the pool of all transcribed mRNA molecules (33,34).
The transcriptome is translated into proteins, which characterize the status of a
cell or an organ (35,36). The term proteome describes the expressed protein
complement of a cell or a tissue at a given time (30,37,38). However, pro-
teomics has to deal with the wide dynamic range of protein expression, with
highly abundant proteins such as albumin in plasma or very low protein concen-
trations produced in body fluids (zeptomole or yactomole per liter) (39).

The progress made in proteomics over the last few years has been made possi-
ble through the developments in mass spectrometry that caused J. B. Fenn and 
K. Tanaka to be given the 2002 Nobel Prize in chemistry (40). The ability of mass
spectrometry (in association with bioinformatics) to identify small amounts of
proteins from complex mixtures is the cornerstone of proteomics (41,42). The
achievements made over the years in proteomic sciences certainly represent a
unique opportunity to study various disease processes better in humans (43), as
well as the complex relations between pathogens and the cells/tissues that partic-
ipate in the pathogenesis of diseases or that are specifically targeted by infectious
agents. Impressive developments have been achieved in the past few years in pro-
teomics, allowing the study of proteins in a given cell, protein isoforms, and mod-
ifications as well as protein-protein interactions (44).
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4. Methods of Proteomic Analysis of Amniotic Fluid
4.1. Sample Preparation

The proteomics of amniotic fluid is facilitated because most of the fluid’s
protein content is soluble in water. However, to eliminate blood contaminants,
amniotic cells, as well as maternal tissue or fetal tissue fragments, it is essen-
tial to obtain amniotic fluid using rigorous preanalytical conditions. This can be
done by collecting amniotic fluid from women undergoing cesarean section,
after transamniotic puncture or during extramembranous hysterotomy.
Amniotic fluid is then immediately placed in plastic tubes and centrifuged and
aliquots are stored at –80°C until use. When comparison studies are to be per-
formed with maternal plasma/serum, it is mandatory that blood samples be col-
lected at the same time.

Various conditions have been described to maintain proteins in solution,
mainly for isoelectric focusing (45–47). For the association of ionic and non-
ionic detergents, chaotropes are mandatory in sample buffers, and reproducible
results can be obtained with denaturing solutions containing urea, thiourea, and
zwitterionic detergents. To detect low-abundance proteins, removal of major
abundant proteins such as albumin may be required (48,49). Finally, numerous
approaches similar to those described for urine or cerebrospinal fluid pro-
teomics can be used to prepare amniotic fluid concentrates (25,50).

4.2. Protein Separation

There are many different approaches to the separation of proteins in a com-
plex mixture of biological fluids. Electrophoresis is still the cornerstone of pro-
tein separation sciences. However, many other different methods have been
developed (e.g., capillary zone electrophoresis, size exclusion chromatography,
Off-Gel electrophoresis, immunoaffinity subtraction chromatography, liquid
chromatography [LC], multidimensional LC, and tryptic digestion followed by
multidimensional LC of peptides) that have proved useful to characterize both
the plasma/serum (51–54) and the urine proteomes in depth (25).

4.2.1. Electrophoresis

Various techniques can separate proteins in solution (reviewed in ref. 55).
Separation of polypeptides by electrophoresis allowed Arne Tiselius to describe
protein fractions corresponding to albumin and α-, β-, and γ-globulins in serum.
The number of fractions expand into subfractions, identified as α1, α2, β1, β2,
γ1, and γ2. These fractions have mobility characteristics and are still used to
denote proteins such as α1-macroglobulin, α2-antiplasmin, and β2-microglobulin.
Sophisticated new electrophoretic techniques for identifying many proteins
simultaneously and relating them to diseases have been developed over the
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years. Almost all body fluids have been studied by electrophoresis, including
serum, urine, and cerebrospinal fluid. Despite the major developments and
progress achieved in protein separation sciences, only a restricted number of
methods are routinely used in clinical laboratory. Nowadays, 1D polyacry-
lamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-
PAGE or 1D-PAGE) is still widely used to separate proteins and is particularly
useful to study proteins with low solubility such as membrane proteins.
Additionally, 1D-PAGE is particularly useful when associated with affinity iso-
lation techniques (56).

4.2.2. High-Resolution 2D Polyacrylamide Gel Electrophoresis

Methods used for high-resolution 2D-PAGE have been recently reviewed in
detail (57). Isoelectric focusing can be performed using various types of pH
gradients, according to the range of pI to be resolved. The protein sample can
be loaded onto an immobilized pH gradient (IPG) strip during or after the re-
hydration step. Isoelectric focusing can be done by progressively increasing the
voltage from 300 to 3000 V during the first 3 h, followed by 1 h at 3500 V and
finally stabilization at 5000 V for a total of 100 kVh. Before the 2D electro-
phoresis, proteins on IPG strips have to be equilibrated. The strips are then
placed onto the top of homogeneous or gradient polyacrylamide 2D gels, and
proteins can be visualized with silver stain, Coomassie Blue, or other stains that
are compatible with mass spectrometry (58–60). Finally, the strategies of com-
bining various stains or sequential protein staining have been proposed, allow-
ing preliminary characterization of the glycosylation and phosphorylation
status of protein spots (61).

4.2.3. Protein Microarrays

Miniaturized ligand binding assays are of great interest because they allow
the simultaneous determination of a large number of proteins from a minute
amount of sample within a single experiment (62). Furthermore, protein
microarrays are applicable for studying protein-protein interactions, protein-
ligand interactions, kinase activity, and posttranslational modifications of
proteins (63). Surface-enhanced laser desorption/ionization time-of-flight
mass spectrometry (SELDI-TOF-MS) or ProteinChip technology has
emerged as a powerful tool to study complex biological fluids (64). In theory,
the chemical and physical properties of the protein array probe can be used
for selective retention of almost all proteins. At the same time, nonspecific
binding can also be one of the most difficult tasks to overcome in the devel-
opment of such arrays, especially when the goal is to develop a broad-range
binding surface, as is the case for SELDI targets that employ classical chro-
matographic moieties.
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4.3. Identification of Proteins

Different methods have been used for the identification of proteins (65).
Comigration with purified known proteins and Western blotting were employed
by the pioneers of the electrophoretic field. Nowadays, the use of specific poly-
clonal or monoclonal antibodies and the recent developments of antigen-anti-
body interactions with enhanced chemiluminescence allow detection and
identification of traces of proteins. However, monoclonal antibodies may not be
able to detect some proteins or peptides. In these cases, microsequencing, amino
acid analysis, peptide mass fingerprinting, and/or mass spectrometry are partic-
ularly useful. The development of automated, high-throughput technologies for
the identification of multiple proteins is progressing rapidly, and automation
already exists at several stages of the protein identification process. Finally,
bioinformatics allows identification of proteins by mining several databases.

5. Proteomics of Amniotic Fluid
Amniocentesis is frequently used for various diagnostic purposes (66), and

several amniotic fluid proteins have been studied over the years (67–69). 2D-
PAGE was used more than 20 yr ago to investigate amniotic fluid proteins
(70–74), but the first detailed study of the amniotic fluid proteome was pub-
lished in 1997 by Liberatori et al. (75). Using high-resolution 2D-PAGE, the
authors identified more than 100 spots. The methods used at that time were map
comparison, N-terminal microsequencing, and immunoblotting.

5.1. 2D Gel-Based Amniotic Fluid Proteomics

Figure 1 shows a 2D proteome map (which is still in construction in our
laboratory) of normal amniotic fluid. Spots were identified by comparison
either with a reference plasma proteome map (http://www.expasy.org/cgi-bin/
map2/def?PLASMA_HUMAN) or with a reference amniotic fluid proteome
map (http://www.bio-mol.unisi.it/cgi-bin/map2/def?AF_HUMAN). The latter
was based on the work of Liberatori et al. (75). Additionally, several spots were
identified by mass spectrometry, as described elsewhere (3). Up to now, at pH
4 to 7, approximately 100 spots corresponding to about 26 gene products have
been identified in our 2D proteome map, a number being degradation pep-
tides (Table 1).

Several alterations in the protein spot pattern were evidenced when amniotic
fluids from pregnant women at 17 wk of gestation were compared with those of
women at term (Fig. 2). The identification of these alterations is of importance
because it clearly shows that the proteome of amniotic fluid is dynamic and that
adequate reference protein patterns should be used when amniotic fluids from
fetuses at different gestational ages and with various diseases are studied.
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5.2. Amniotic Fluid Study by LC and Mass Spectrometry

Nilsson et al. (49) recently published a study of the amniotic fluid proteome
analyzed by LC followed by ESI and Fourier transform ion cyclotron resonance
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Fig. 1. Silver-stained, high-resolution 2D-PAGE of an amniotic fluid sample at term.
First dimension: immobilized 4 to 7 pH gradient; second dimension: 9 to 16% gradient
polyacrylamide gel. The spots identified either by map comparison or by mass spectro-
metry are numbered (see Table 1).
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Fig. 2. Spot alterations between pregnancies at term (A) and after 17 wk of gestation (B).
Quantitative expression of the alterations is presented by histograms, showing the per-
cent intensity volume of the spots in samples A (n � 7) and B (n � 4). Horizontal bars
represent mean and SD. The corresponding spots are shown by arrows on a silver-
stained 2D-PAGE gel of an amniotic fluid sample, corresponding to pI between 4.5 and
7 and to molecular masses between 10,000 and 50,000 Daltons. First dimension: immo-
bilized 4 to 7 pH gradient; second dimension: 9 to 16% gradient polyacrylamide gel.
Note that some spots such as 4 and 5 were more abundant at 17 wk of pregnancy,
whereas the others such as 1, 2, 3, 6, 7, 8, and 9 were more abundant at term.

(FT-ICR) mass spectrometry. After removal of albumin, tryptic peptides were
separated by gradient capillary electrophoresis and identified by high-resolu-
tion mass spectrometry. Using this approach, 43 new amniotic fluid proteins
were putatively identified. In addition, the study revealed that a combination of



different proteomic methods should be used to evaluate the proteome of amni-
otic fluid globally. Tsangaris et al. (76) recently reported on the amniotic fluid
cell proteome at the 16th wk of pregnancy analyzed by 2D-PAGE and matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS). This study resulted in the identification of 432 different gene
products, most of which were enzymes and structural proteins.

5.3. Proteomics of Amnion Cells

Because amniotic fluid partially derives from amniotic cells, it is important
to mention in this review the studies of Afjehi-Sadat et al. (77) and Oh et al.
(78), who provided important data on these cells. Using 2D-PAGE analysis of
cultivated amniotic cells, Afjehi-Sadat et al. (77) identified five “hypothetical”
proteins, some of which had putative enzyme activity. Oh et al. (78) also used
2D-PAGE to analyze cultivated amniotic cells obtained from controls and
patients with Down syndrome. Using mass spectrometry, they identified several
proteins that appeared to be potential markers of Down syndrome, particularly
enzymes that are involved in several metabolic pathways (purine, carbohydrate,
intermediary, and amino acid metabolism).

6. Clinical Applications of Amniotic Fluid Proteomics
6.1. Premature Rupture of the Membranes

Premature rupture of the membranes occurs in about 5% of deliveries with
complications such as infection and preterm birth (79,80). For women in labor,
when infection or irreversible fetal distress occurs, there is no other option than
delivery. For those not in labor, especially at premature gestational ages, the
complexity of the decisions (prolonging gestation, reducing complications of
prematurity, and choosing the timing and route of delivery) turns management
into a difficult task (81). The methods used to diagnose premature rupture of the
membranes are variable (82). To identify new potential markers of premature
rupture of the membranes, proteomic studies were performed on amniotic fluid
and plasma samples collected from women at term, as well as on amniotic fluid
samples collected at the 17th wk of gestation (3). Several “amniotic fluid-spe-
cific” peptides were identified. Three spots corresponded to fragments of
plasma-related proteins (retinol-binding protein, properdin, and apolipoprotein
A-1); therefore, they did not appear to be useful potential markers of premature
rupture of the membranes.

In contrast, two peptides were fragments of proteins that are not present in
normal human plasma. These two peptides were identified as fragments of
agrin (SwissProt: O00468) and perlecan (SwissProt: Q9H3V5), respectively,
both of which are heparan sulfate proteoglycans (3). Their physiological roles
in amniotic fluid remain unknown (83). However, they are thought to mediate
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the action of growth factors and be involved in developmental processes (84).
Agrin has been shown to be highly expressed in basement membranes of adult
lung and kidney (85). Perlecan maintains the integrity of cartilage and some
basement membranes (86) and has recently been reported to be involved in
chondrogenesis (87) as well as in the development of particular bones (88). In
addition, perlecan was identified at the fetal-maternal interface of the placenta
(89). Perlecan may have a facilitating role in trophoblast invasion processes,
acting together with heparin/heparan sulfate-interacting proteins present at the
maternal interface (89).

Recently, important advances have been made by the group of R. V. Iozzo.
These investigators have shown that perlecan may have a potential effect on tumor
growth through its interaction with progranulin (90) as well as an effect on bone
formation and angiogenesis through its interactions with extracellular matrix pro-
tein 1 (91). Finally, the COOH-terminus of perlecan, named endorepellin, is a
novel antiangiogenic factor that may retard neovascularization (92,93). The
sequence of the fragment of perlecan observed in amniotic fluid corresponded to
that of endorepellin, suggesting a role for this peptide in amniotic fluid. However,
this peptide may be a signature of the renal function of the fetus because the
COOH-terminal fragment of perlecan, beginning with amino acid residue 4216 to
the COOH-terminal, appeared to be present in the urine of patients with end-stage
renal failure (94). In addition, fragments of perlecan and agrin, both less than 
20 kDa, were identified in normal human urine by Pieper et al. (25).

6.2. Amniotic Fluid Infection

Intraamniotic infection may be linked with preterm birth and adverse neona-
tal sequelae. By using SELDI-TOF MS, gel electrophoresis, and MS/MS,
Gravett et al. (5) were able to characterize several amniotic fluid peptides in a
model of animal infection. Candidate biomarkers such calgranulin B, azuro-
cidin, vitamin D binding protein, and insulin-like growth factor binding protein 1
were tested in a cohort of 33 women. The results showed that specific biomark-
ers in amniotic fluid and maternal serum might have application in the early
detection of intraamniotic infection. Buhimschi et al. (6) also used SELDI-TOF
MS to evaluate the presence of biomarkers of intraamniotic inflammation. They
studied 104 samples of amniotic fluid and identified four proteins, including
neutrophil defensins-1 and -2, calgranulin C, and calgranulin A, as potential
markers of inflammation/infection of amniotic fluid.

6.3. Indicators of Lysosomal Storage Diseases

Deficiency of a particular lysosomal protein or a protein involved in lyso-
somal biogenesis results in lysosomal storage diseases, which are a large group
of inherited metabolic disorders (95). Accumulations of either undegraded
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substrates or catabolic products are observed within the lysosomes. The identi-
fication of this group of pathologies is important (96). Lysosomal storage dis-
eases are usually diagnosed by leukocyte or fibroblast enzyme activities.
Recently, Ramsay et al. (4) showed that analysis of oligosacharides and glycol-
ipids in amniotic fluid by ESI-MS/MS can be used for prenatal diagnosis of var-
ious lysosomal storage diseases according to their unique metabolic profile of
protein, oligosaccaride, and glycolipid markers.

7. Perspectives: The Proteome of the Human Fetus
Over the last 15 yr, we have extensively analyzed plasma/serum samples

from fetuses, newborns, and infants (15,97–99) and have identified important
physiological alterations related to aging. In addition, fetal proteins such as 
α-fetoprotein and a fetal form of α1-antitrypsin were identified using 2D-PAGE
(55). The fetal form of α1-antitrypsin was characterized by an apparent mole-
cular mass of 46 kDa and a pI of 5.0. N-terminal microsequencing (25-EDPQ)
and immunoblotting using anti-α1-antitrypsin antibodies revealed that this pro-
tein was similar to the fetal form of α1-antitrypsin that was identified in mouse
fetal plasma (100). The identification of the fetal proteome is important because
part of the genome may be used only during embryogenesis and fetal develop-
ment. The function of many fetal proteins is almost unknown, even with the
cumulative knowledge of particular proteins such as α-fetoprotein (101). With
improvements of proteomics and fetal medicine (102), it will be easier to study
the fetal proteome, which represents expression of the genome during develop-
ment. Recently, there have been several reports on proteomic studies of the
amnion (77,78), placenta (103,104), human trophoblasts obtained after laser
microdissection of placenta (105), organelles of the placenta such as mitochon-
dria (106), umbilical vein endothelial cells (107,108), and human CD34�
stem/progenitor cells isolated from cord blood (109). These studies clearly rep-
resent the first step toward the establishment of the repertoire of the proteins of
the human fetus and neonate, and its completion will be a challenge for fetal
medicine.

Characterization of the proteome of amniotic fluid and identification of its alter-
ations during pregnancy are in progress. Thus, methods that allow simultaneous
study of a multitude of proteins may be of value to gain insight into the physiol-
ogy of amniotic fluid and to identify potential markers of diseases during 
pregnancy.
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Proteomics of Human Milk

Amedeo Conti, Maria Gabriella Giuffrida, and Maria Cavaletto

Summary
Both expression and functional proteomics have been applied to identifying and characteriz-

ing human milk proteins. The most extensive expression work, resulting in more than 107 iden-
tified proteins reported in an annotated database, was done on the proteins associated with the
milk fat globule membranes of human colostrum. Reports on the differences in protein expres-
sion between colostrum and mature milk and on the relationship between the mother’s diet and
protein milk composition may be regarded as functional proteomics studies. Future studies of the
human milk proteome will be beneficial for both lactating mothers and nursing children.

Key Words: Human milk; casein; whey proteins; milk fat globule membrane proteins; 
proteomics.

1. Introduction
Milk proteins have been studied in depth for decades. The proteomic approach

to studying milk proteins is different from traditional protein biochemistry
methods in its capacity to display highly resolved protein mixtures simulta-
neously. Like all mammalian species, human mothers provide the specific
nutrients needed by newborns by producing milk with a unique composition that
mirrors these requirements. Milk samples are complex mixtures of proteins,
lipids, lactose, oligosaccharides, and several bioactive factors. Traditionally, milk
proteins can be grouped into three main fractions: caseins in colloidal dispersion
as micelles, true soluble proteins (whey proteins), and proteins associated with
the milk fat globule membranes (MFGMP) (Fig. 1).

The protein concentration of human milk is high during early lactation,
mainly owing to the presence of secretory immunoglobulin A (IgA) and lacto-
ferrin; it gradually declines thereafter to the relatively low level of 0.8 to 1.0%



in mature milk (Table 1). Table 2 shows the distribution of casein and whey pro-
teins in mature human milk. Many human milk proteins in the casein and whey
fractions are involved in facilitating the digestion and uptake of other nutrients
in breast milk, as well as providing an important source of amino acids to rap-
idly growing breastfed infants. For instance, absorption of calcium and iron are
assisted by β-casein and lactoferrin, respectively. Human milk proteins from all
three fractions also have numerous physiologic activities, including enhancing

438 Conti, Giuffrida, and Cavaletto

Fig. 1. Outline of fractionation of milk proteins.

Table 1
Variations in Human Milk Protein
Concentration During Lactation

Months post partum

Elements (g/L) 0–0.5 0.5–1.5

Total nitrogen 3.05 ± 0.59 1.93 ± 0.24
NPN 0.53 ± 0.09 0.46 ± 0.03
True proteina 15.80 ± 4.2 9.2 ± 1.8
α-lactalbumin 3.62 ± 0.59 3.26 ± 0.47
Lactoferrin 3.53 ± 0.54 1.94 ± 0.38
Serum albumin 0.39 ± 0.06 0.41 ± 0.07
Secretory IgA 2.0 ± 2.5 1.0 ± 0.3
IgM 0.12 ± 0.03 0.2
IgG 0.34 ± 0.01 0.05 ± 0.03

aTrue protein = (total nitrogen − NPN) × 6.25.
Adapted from ref. 1.



the immune function, providing a defense against pathogenic bacteria, viruses,
and yeasts, and aiding in the development of the gut and its function (3).

The high nutritional value of human casein and whey proteins depends on
the high digestibility of the human casein micelles, owing to their small size,
and on the high content in the whey fraction of essential amino acids including
lysine, methionine, cysteine, tryptophan, and threonine, which are limited in
different dietary protein sources. The frequently cited ratio of 60:40 for whey
proteins to casein is an approximation of the ratio during the normal course 
of lactation, but it can vary from 90:10 in very early lactation to 50:50 in late
lactation. Accordingly, the amino acid composition of human milk changes during
lactation, probably fulfilling different requirements of the breastfed infant.

Milk contains proteins with native and/or latent biological functionality (4).
Activities of the native state are imputed to bioactive molecules from the
MFGMP and whey protein fractions. Most of these components exert specific
or nonspecific activity against a great variety of pathogenic strains as well
as food spoilage microorganisms. Latent biological activity is expressed only
upon enzymatic hydrolysis by certain proteolytic digestive enzymes such as
chymosin, pepsin, and trypsin. Bioactive peptides have been described and
tested for their physiological functionality, which is derived mainly from the
hydrolysis of casein fractions. Moreover, breast milk contains many substances
including hormones, growth factors, cytokines, and even whole cells that act as
mediators between mother and child and establish biochemical or physiologi-
cal communication. In this sense, breast milk may be considered as a partial and
temporary extension of the intrauterine environment to extrauterine life (5).
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Table 2
Distribution of Caseins and Whey Proteins
in Human Mature Milk

Protein %

Casein (3.7 g/kg)
α-Casein (%) 11.75
β-Casein (%) 64.75
κ-Casein (%) 23.50

True whey proteins (7.6 g/kg)
α-lactalbumin (%) 42.37
Immunoglobulins (%) 18.15
Serum albumin (%) 7.56
Lactoferrin (%) 30.26
Lysozyme (%) 1.66

Adapted from ref. 2.



The milk from each species is dominated by the presence of just a few major
proteins. In human milk, these proteins are β-casein, α-lactalbumin, lactoferrin,
κ-casein, immunoglobulins, α-casein, and serum albumin. Nevertheless, the
milk proteome is still extremely complex as a consequence of posttranslational
modifications and the presence of numerous genetic variants of this limited list
of proteins. In recent years, proteomic applications of high-resolution 2D gel
electrophoresis (2-DE) to milk proteins from a limited number of species have
been reported; human and bovine milk dominate these studies, with other lim-
ited applications including analysis of goat, wallaby, and mouse milk (6).

2. Methods
The milk proteome is extremely complex, owing to the presence of genetic

variants, posttranslational modifications, and proteolysis processes. For these reasons
high-resolution analytical methods are needed; among the methods used for milk
protein separation, 2-DE is the most effective and has been used to resolve milk’s
complexity since 1982. Anderson et al. (7) used 2-DE (Iso- and Baso-Dalt and
sodium dodecyl sulfate and polyacrylamide gel electrophoresis [SDS-PAGE])
to separate whole milk proteins and fractionate whey proteins. They achieved
protein identifications by matching 2-DE maps either with the corresponding cow
milk protein profile or with the 2-DE of a single purified protein.

Goldfarb et al. (8) tried to map skimmed milk proteins by 2-DE (Iso-Dalt 
followed by 10–20% gradient SDS-PAGE gels) and immunoblotting with 
specific immunoprobes. The same group applied a similar approach in 1997
and 1999 to identify proteins associated with human MFGM with selected
antibodies against the proteins that could be expected in this fraction (9) and
to characterize and quantify the casein content using anticasein monoclonal
antibodies and computer imaging (10). 2-DE followed by immunoblotting
with specific antibodies has also been successfully employed to detect some
components, like the macrophage migration inhibitory factor, in different human
milk fractions (11).

None of these studies used direct methods to identify proteins; all the iden-
tification methods depended on matching 2-DE maps or on selecting suitable
antibodies, thus excluding the possibility of identifying new proteins. The first
method applied for direct protein identification was N-terminal sequencing,
a technique that usually requires electroblotting on a PVDF membrane
before sequencing, Coomassie Blue staining, and cutting the band/spot to be
sequenced. In 1994, in a comparative study of the casein content of human
colostrum and milk, Cavaletto et al. (12) combined 1-DE or SDS-PAGE sepa-
ration, immunoblotting, and N-terminal sequencing to characterize all visible
electrophoretic bands. This was the first report of direct identification of human
milk proteins, even if it employed a less powerful method of protein separation
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compared with 2-DE. The same group also applied this strategy to identify the
major components of human MFGMP (13).

N-terminal sequencing combined with other techniques was used for protein
identification after 2-DE by Murakami et al. in 1998 (14). This study compared
minor components of human whey colostrum with those of mature milk. Owing
to the broad dynamic range of distribution of milk proteins, immunoabsorption
with the three major whey proteins, α-lactalbumin, lactoferrin, and secretory IgA,
was used to highlight the less expressed proteins. Since proteins were identified
by N-terminal sequencing, those found blocked at the N-terminal were digested
with Lys-C endopeptidase, and the corresponding peptides were separated by 
C-8 reversed-phase high-performance liquid chromatography (RP-HPLC). Some
of the manually collected fractions were sequenced to gain information on the
internal amino acid sequence.

In 2001, Quaranta et al. (15) published a map of colostral MFGMP obtained
by a double-extraction protocol using SDS and urea/thiourea/CHAPS. Proteins
were identified by both N-terminal sequencing and mass spectrometric
analysis. This was the first report of the human milk proteome in which the
peptide mass fingerprint with matrix-assisted laser desorption/ionization-time
of flight (MALDI-TOF) peptide analysis was used for protein identification. In
2002, the same group applied a zoom-in gel and a combined mass spectromet-
ric approach (MALDI-TOF and electrospray ionization-tandem mass spectro-
metry [nanoESI-MS/MS]) and evaluated the expression of proteins of the
butyrophilin family (16). At the same time, Charlwood and co-workers (17) pub-
lished a proteomic study on MFGMP characterization, in which they confirmed
the presence of seven major components and performed the first glycomic study
on the major glycosylated human MFGMP. They were also able to analyze the
structure/composition of N-linked sugars after in-gel enzymatic release of gly-
cans and their derivatization with 3-(acetylamino)-6-aminoacridine using a
hybrid mass spectrometer (MALDI-Q-TOF).

The first annotated database of human colostral MFGMP separated by 2-DE
was published by Fortunato et al. in 2003 (18). The list of 107 protein spots is
available at http://www.csaapz.to.cnr.it/proteoma/2DE. A different approach to
monitoring the presence of potential biologically active peptides from human
casein was applied by Ferranti et al. (19), who used liquid chromatography-
mass spectrometry (LC-MS) on both insoluble and soluble 10% trichloroacetic
acid (TCA) fractions to separate relatively small peptides that are difficult to
separate by 2-DE. Their position in the amino acid sequence was assigned by
comparing experimental and theoretical molecular masses deduced from casein
sequences. Because they performed LC-ESI-MS using a single quadrupole to
achieve peptide structure identification, each manually collected HPLC fraction
was submitted to MS/MS using either a MALDI-TOF analysis in PSD mode or
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an ESI-Q-TOF. Although the LC/LC-MS/MS approach is sometimes proposed
as an alternative method to the classical 2-DE-MS procedure, this is still today
the only paper reporting on the LC strategy for human milk proteome analysis.

3. Findings and Applications
3.1. Whey Proteins

Anderson et al. (7) reported on the first separation of human milk proteins by
2-DE with identification (expression proteomics) of the major components:
α-lactalbumin, lactoferrin, albumin, and transferrin. They also made a compari-
son between colostrum and mature milk, thus representing the first attempt at
functional proteomics, although the term “proteomics” was only introduced 12 yr
later, and no sequencing or MS was used. Using the powerful 2-DE separation
method, the same group tried to resolve the complexity of milk samples, but this
was still during the initial developmental phase for 2-DE. Goldfarb et al. (8) pro-
duced the 2-DE map of whole human skimmed milk (without separating casein
from whey) at 1 mo post partum; 34 proteins were identified. The main spots
corresponded to immunoglobulin, caseins, lactoferrin, albumin, α-lactalbumin,
and lysozyme. 2-DE separation was applied to 125 samples in an attempt to
determine the significance of longitudinal, diurnal, and individual protein pat-
tern variations, and some indication of the poor correlation between the milk
protein fraction and the mother’s diet emerged. Kim and Jimenez-Flores (20)
tried to obtain comparative 2D patterns of the milk proteins of different mam-
mals in the ambitious framework of the development of transgenic animals with
altered milk composition.

Improvements in protein separation technique have led to the feasibility of
analyses of a more complex mixture of proteins in biological samples. Only in
1998 did the first high-resolution 2-DE separation of human milk proteins
appear, with the introduction of the Immobiline strip gel; thus 2-DE maps with
several hundred well-resolved spots were obtained (14). After removal of the
three major proteins (α-lactalbumin, lactoferrin, and secretory IgA), minor
whey proteins were analyzed, and about 400 spots were detected. Minor whey
proteins were investigated to find possible correlations between the stage of 
lactation (colostrum and mature milk) and the presence of enzymes, immuno-
modulators, and growth modulator factors. In an analysis of samples from 22
mothers, no major difference in 2-DE patterns was observed between colostrum
and mature milk whey proteins. Despite the dramatic decrease in the major pro-
teins (lactoferrin and secretory IgA) in mature milk compared with colostrum,
these results were the first evidence that the concentrations of minor whey pro-
teins remain relatively constant throughout lactation, suggesting that they may
play an important role in the health and development of breastfed infants. The
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study also confirmed that several fragments of milk proteins exist naturally,
thus contributing to integrating the biological activity of milk proteins.

3.2. Caseins

Since 1-DE revealed human casein as a heterogeneous group of proteins, the
2-DE approach was employed to improve resolution. A study by Anderson et al.
(7) showed that human casein has many more components than was previously
thought (at least 14 spots, 9 ascribed to posttranslational modifications of 
β-casein and 5 identified as α-casein). Nevertheless, the posttranslational modi-
fications involved were not identified. In 1999 Goldfarb (10) described an addi-
tional 2-DE pattern of human casein coupled with quantitation by computer
imaging. In this case, the human casein profile was completed with the migra-
tion position of κ-casein, para-κ-casein, casomorphins, and γ-casein, determined
by immunoblotting. Many bioactive milk peptides are derived from casein
degradation; among them, casomorphin originates from α-casein and opioid
peptides from β-casein. Recently, Ferranti et al. (19) carried out a structural
analysis by LC-ESI-MS to define the pattern of casein fragments present in
human milk that are usually detected in both precipitate and soluble forms.
The presence of degraded caseins could be an advantage for the immature diges-
tive system of the newborn, in which milk protein adsorption is facilitated by
the presence of shorter peptides. They found that the action of a plasmin-like
enzyme was the primary step in casein degradation, followed by endopeptidases
and/or exopeptidases.

3.3. MFGMP

The 2-DE separation of whole milk generally fails to resolve the membrane
proteins of MFGM, since they are only 1 to 4% of total human milk protein. In
this case, fractionation of MFGM and the subcellular proteomic approach are
recommended (21) to unravel the protein organization and structure of human
milk fat globules. Besides the typical MFGMP detected in classical biochemical
studies (22), which include xanthine oxidase, butyrophilin, and fatty acid-binding
protein, the better resolution of 2-DE, as described by Goldfarb (9), brought
about the detection of spots corresponding to IgM heavy chain, IgA heavychain,
secretory piece and J chain, actin, albumin, HLA class I heavy chains, α-1-acidic
protein, apolipoprotein H, apolipoprotein A-I, and apolipoprotein E. The pat-
terns of apolipoprotein E from different milk samples were more complex than
those presented in human plasma, probably reflecting different sources of syn-
thesis (liver, macrophages, smooth muscle cells, brain, and so on.) (9). Some
years later, in a typical expression proteomics study, Quaranta et al. (15) pro-
posed a new method for extraction of the MFGMP and presented a 2-DE map
with approximately 150 spots and a total of 23 proteins identified. The main
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spots corresponded to lactadherin, adipophilin, butyrophilin, and carbonic anhy-
drase; the latter has not previously been described in association with MFGM.

Other newly identified MFGMPs were disulphide isomerase and clusterin.
Despite their low nutritional value, MFGMPs play important roles in protecting
the breastfed infant (21). Lactadherin inhibits rotavirus binding and infectivity.
Clusterin acts as an inhibitor of the cytolytic activity of the complement.
Butyrophilin has some immunologic receptorial activity, but its ligand has not
yet been discovered. Human butyrophilin expression was evaluated by Cavaletto
et al. (16) using a comparative proteomic approach between colostral and mature
milk. They found 13 multiple forms of butyrophilin and one spot corresponding
to a new butyrophilin-like protein (BTN2A1). This study employed proteomics
to search the protein complement of a genome, in particular, the presence of
seven human butyrophilin transcripts known at the mRNA level, two of which
were identified at the protein level to be associated with MFGM.

The MFGM glycoproteins maintain their original structure and function even
in the acidic environment of the infant’s stomach, as a result of their glycol
moiety. Charlwood et al. (17) employed proteomic tools (MALDI-Q-TOF) to
confirm the identity of the most abundant proteins and to characterize the
sequence of N-linked glycans of clusterin, lactoferrin, polymeric Ig receptor, and
lactadherin. The presence of multiple fucosylation was evidenced, and this may
be a mechanism whereby mothers provide their infants with protective factors
during the neonatal stage of development. Magi et al. (11) evaluated the presence
of a cytokine, macrophage migration inhibitory factor (MIF), associated with
MFGM and speculated that MIF may affect development of the infant immune
system and play a role in preserving functionality of the mammary gland, as a
result of its proinflammatory features. Combining data produced by different
separation techniques and using specific monoclonal and polyclonal antibodies,
this group confirmed the localization of MIF in a gap between the core fat and
the surrounding membrane. Entrapment within the fat globules might protect the
cytokine from degradation during transit in the gastrointestinal tracts.

The first annotated 2-DE database of human colostral MFGMP appeared in the
paper by Fortunato et al. (18) and can be found at http://www.csaapz.to.cnr.it/
proteoma/2DE. Figure 2 shows the two 2-DE maps (pI 3–10 and 4–7) available
on the website, and the identified spots can be retrieved by clicking on the marked
cross. The 107 proteins annotated are derived from only 39 genes, since many
identified spots correspond to multiple forms of the same protein owing to 
posttranslational modifications. Taking into account that milk is the secretion
product of the mammary gland epithelial cells, its protein variety is much less
abundant than that of a typical cell. About 60% of the identified proteins are typ-
ical MFGMP or mammary gland-secreted proteins, 10% are involved in protein
folding and destination, 9% are involved in intracellular transport and receptorial
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activities, and the remaining minor proteins belong to signal transduction system,
glutathione metabolism, and complement complex. Table 3 shows the list of all
proteins identified in human milk using proteomic tools.

4. Perspectives and Future Directions
The proteomic approach, by combining high-resolution separation tech-

niques and powerful mass spectrometric analysis, allows previously unattain-
able information to be acquired. Within the major areas of today’s proteomics,
such as protein detection and identification, studies on posttranslational modi-
fications and expression analysis of the human milk proteome will be beneficial
for both the lactating mother and the breastfed child. One problem with mother’s
milk is that it may contain allergens that have been taken by the mother. Allergens
derived from cow milk and/or other allergenic sources may appear in the mother’s
milk and sensitize her child. The circulation of foreign proteins through a
mother’s body through the breast into the milk, and hence into the infant’s
gastrointestinal tracts and body, is a remarkable biological fact. However, this free
passage of intact food proteins through many body filters and defense systems is
still the subject of debate.

Since food allergens from the mother’s diet may appear in her breast milk, the
lactating mother may have to modify her diet to protect her infant. Restrictions
may include avoidance of milk products and other highly allergenic foods like
eggs, peanuts, citrus fruit, chocolate, nuts, and in some cases cereal grains, cer-
tain meats, and fish. Lactating mothers should, consequently, follow a diet that
is problematic from both the psychological and the physiological standpoint.
Clear identification and measurement of heterologous proteins and peptides in
breast milk following a controlled maternal diet could indicate which harmful
proteins and/or peptides are actually transferred to breast milk, suggesting a less
problematic diet for the mother that can still protect the breastfed infant.

The quality of infant formulae is another field that will benefit from pro-
teomic studies on human milk and on some of its possible substitutes such as
bovine or equine milk. The debate over breast vs bottle has long been closed.
The American Academy of Pediatrics’ policy on breastfeeding states that
“human milk is the preferred feeding for all infants, including premature and
sick newborns, with rare exceptions” (23). The question now becomes “how
can we ensure the healthiest start for those infants whose mothers cannot,
should not, or will not breastfeed?” Infant formula is an industrially produced
milk product designed for infant consumption. Usually based on either cow or
soy milk, infant formula strives to duplicate the nutrient contents of human
breast milk. Since the exact chemical compositions and properties of breast
milk are still unknown, “formulae” are, at present, an imperfect approximation.
As scientists learn which bioactive compounds in human milk are responsible
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for its health benefits, formula companies try to adapt their products accord-
ingly. All cow milk-based formulae contain totally defatted milk, thus losing the
fraction of proteins associated with the MFGM. The next step for improving
infant formulae will probably be the addition of some of these proteins or of the
whole fat fraction from the milk (i.e., equine milk) that is closer to human milk
than cow milk. How many breast milk proteins will need to be isolated, puri-
fied, sequenced, and completely characterized before infant formula begins to
approach human milk in quality? Developing technologies, including specific
fluorescent labeling of 2-DE-separated proteins to detect posttranslational mod-
ifications like glycosylation and phosphorylation, or the very promising (although
still in its infancy) Protein Chip proteomics, could help to answer these ques-
tions within a few years.
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Proteomics of Nipple Aspirate Fluid 
in Nonlactating Women

Edward R. Sauter

Summary
Nipple aspirate fluid (NAF) is collected noninvasively using breast massage and a modified

breast pump. The fluid contains concentrated proteins from the ductal and lobular epithelium, the
source of 99% of breast cancers. The analysis of NAF has identified a number of proteins asso-
ciated with the presence of breast cancer, none of which is sufficiently sensitive and specific when
analyzed by itself to be clinically useful. The assessment of multiple NAF markers provides great
promise in using this body fluid for early breast cancer detection. In this review, the strengths and
weakness of various approaches to protein assessment in NAF are discussed.

Key Words: Nipple aspirate fluid; enzyme-linked immunosorbent assay; radioimmunoassay;
surface-enhanced laser desorption/ionization time-of-flight mass spectrometry; polyacrylamide
gel electrophoresis.

1. Introduction
Proteins in nipple aspirate fluid (NAF) can be analyzed one at a time, in

groups of two or more, or on a proteome-wide basis. As with other biological
markers of cancer, which might have been anticipated owing to the heterogene-
ity of breast cancer, we have yet to find a single marker in NAF that is ade-
quately sensitive and/or specific to be clinically useful. As a result, there is
significant interest in looking at multiple markers or screening the NAF pro-
teome to determine the optimally sensitive and specific panel of markers to
screen for new or recurrent disease.

In the following sections, analyses of NAF combining two or more proteins,
as well as proteome-wide approaches, are discussed, with a focus on secreted
NAF proteins, since the limited and mixed cellularity of the samples makes 



cellular protein analysis unreliable. The methodologies involved as well as the
results provide insight into the promise that analysis of this body fluid holds.

2. Methods
2.1. Collection of NAF

One of the common causes of inability to collect NAF is inadequate subject
preparation. Fluid is always present in the nipple ducts, but it does not sponta-
neously drain owing to the nipple sphincter and keratin plugs present in the
nipple. If the subject is anxious or in a rush, the sphincter does not relax, with
the result that it is less likely that the individual performing nipple aspiration
will collect NAF. It is therefore important to put the subject at ease and not
attempt to perform the procedure if the subject is pressed for time. The entire
procedure takes approximately 30 min, much of which is involved with patient
consent, the collection of the subject’s health history, changing of clothes, and
so on. We warm the breasts prior to aspiration for 2 to 5 min. The aspiration
itself takes only seconds.

The nipple is cleansed with alcohol (1). A warm, moist cloth is placed on the
breast after the alcohol evaporates. The cloth is removed after 2 min, and the sub-
ject massages her breast with both hands while the aspiration device (a 10-mL
syringe attached to no. 4 endotracheal tube cap) is withdrawn to the 7-mL level
or until she experiences discomfort. Aspiration is repeated on the opposite breast,
if present. Fluid in the form of droplets (1–200 μL) is collected in capillary tubes,
and the samples are immediately frozen at −80°C. If keratin plugs rather than
NAF are obtained after suctioning is completed, the plugs are removed with an
alcohol swab and suctioning is repeated. Occasionally, this procedure must be
repeated two or three times to remove all the plugs before NAF can be collected.

2.2. Analysis of a Select Number of Proteins

A major strength of selecting one or a few proteins for analysis is the ability
to quantitate the amount of each protein present within the sample, which is less
feasible when one is doing protein-wide screening. The number of proteins that
one can analyze, short of screening the entire NAF proteome, is limited by the
amount of NAF sample that one has available. Methodologies to circumvent this
limitation involve the development of more sensitive assays, including the use of
multiplex analysis. Standard methods of analysis include radioimmunoassays
(RIAs) and enzyme-linked immunosorbent assays (ELISAs). Although multi-
plex protein analysis has been performed using murine serum (2) and human
bronchoalveolar lavage fluid (3), a recent search of the literature failed to iden-
tify a publication using multiplex protein analysis of NAF samples. For this rea-
son, the discussion focuses on RIA and ELISA single-protein analysis methods.
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2.2.1. RIA

1. NAF samples are diluted in buffer and incubated with the primary antibody (gen-
erally for 2–6 h at room temperature or overnight at 4°C); incubation is terminated
by adding dextran-coated charcoal (4).

2. The samples are centrifuged.
3. The supernatant is dissolved in liquid scintillation fluid, and tritium activity is

determined with a liquid scintillation spectrometer. Samples are generally run in
duplicate.

4. A linear regression equation is created from standards of known primary antibody
concentration; the protein concentrations of unknown samples are fitted to a stan-
dard curve regression equation, corrected for aliquot volume.

2.2.2. ELISA

NAF samples are analyzed using a monoclonal or polyclonal antibody to
bind competitively with the protein of interest in the standard or sample.

1. Samples are diluted in assay buffer, pipeted into appropriate wells, incubated (gen-
erally for 2–6 h at room temperature or overnight at 4°C), and washed.

2. Substrate solution is added followed by incubation.
3. The absorbance is then measured at the appropriate wavelength for detection using

a microtiter plate reader.

2.3. Proteome-Wide Approaches

2.3.1. 1- and 2D Polyacrylamide Gel Electrophoresis 
(1D and 2D-PAGE)

2.3.1.1. SAMPLE PREPARATION

1. NAF samples for 1D and 2D-PAGE analysis are thawed by breaking the capillary
tube directly into denaturing buffer (5).

2. The proteins are then reduced.
3. Pharmalytes® isoelectric focusing carrier ampholytes pH 3 to 10 (Sigma-Aldrich,

St. Louis, MO) are added, the samples are centrifuged, and the supernatants are
then kept.

2.3.1.2. PROTEIN SEPARATION

1. The diluted sample (250 or 400 μg) is used to run on 11- or 24-cm strips, respec-
tively (5).

2. 1D separation can be performed by focusing the proteins at a total of 80,000 v/h,
with a 6000-V programmable power supply (Proteome Systems, Boston, MA).

3. 2D separation can be conducted by PAGE on 8 to 18% gradient gel chips
(Proteome Systems).

4. Gels are stained overnight using colloidal Coomassie Brilliant Blue, destained in
1% acetic acid, and scanned.
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2.3.1.3. PROTEOMIC ANALYSIS

1. Electronic images of 1D and 2D gels can be analyzed using Phoretix Advanced
software (Nonlinear Dynamics, Newcastle, UK).

2. Protein spots of interest are excised, destained, and dehydrated.
3. Proteins are digested with trypsin (Promega, Madison, WI). Tryptic peptides are

extracted from the gel plugs and concentrated by centrifugal vacuum evaporation.
4. Tryptic peptide samples (0.5 μL) are analyzed by matrix-assisted laser desorp-

tion/ionization time-of-flight mass spectrometry (MALDI-TOF-MS), operating in
the positive ion delayed extraction reflector mode.

5. The closed external calibration method employing a mixture of standard peptides
(Applied Biosystems) provides a mass accuracy of 25 to 50 ppm across the mass
range of 600 to 5000 Daltons.

6. Peptide spectra can be automatically processed for baseline correction, noise
removal, and peak deisotoping and can be analyzed using Protein Prospector
(http://prospector.ucsf.edu). Search criteria are set up to require a match of a min-
imum number of peptides with a maximum mass error of, for example, less than
50 ppm for a protein assignment. The data are manually reexamined to ensure
maximum peptide coverage for the identified proteins.

2.3.2. Surface-Enhanced Laser Desorption/Ionization 
Time-of-Flight Mass Spectrometry (SELDI-TOF-MS)

2.3.2.1. SAMPLE PREPARATION

1. The portion of the capillary containing NAF is introduced into a 1.7-mL Eppendorf
tube containing 100 μL of 100 mM Tris-HCl, pH 8.0.

2. The capillary is then crushed using a glass rod, and the mixture is vortexed to dis-
perse the sample.

3. The mixture is then centrifuged at 14,000g for 5 min; the supernatant can be used
without further dilution.

4. Protein concentrations are determined on diluted NAF samples using the Pierce
BCA (Pierce Chemical, Rockford, IL) or similar kit and then further diluted to a
final total protein concentration of 3.6 mg/mL.

5. Samples are coded so that the research assistant performing SELDI-TOF-MS
(Ciphergen Biosystems, Fremont, CA) analysis is blinded.

2.3.2.2. PROTEIN SEPARATION

The spectrum of proteins of a given mass/charge ratio can be entered into the
software so that only proteins meeting the defined criteria are identified. For NAF,
it is not generally possible to screen proteins of all sizes from a single run. The
options, therefore, are to select midsize proteins (e.g., 5–60 kDa) or to do two runs,
one for smaller proteins (approx 1–40 kDa) and the second for larger proteins
(approx 40–250 kDa). A variety of approaches are used to pick the peaks of inter-
est, based on comparing samples from normal subjects with samples from subjects
with disease.
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A variety of NAF pretreatment procedures have been tested to remove abun-
dant proteins such as albumin, hemoglobin, and immunoglobulins, which tend
to mask proteins of lower abundance. Although pretreatment protocols appear
to remove the undesirable components, they also remove unknown amounts of
protein from the samples (6). This results in spectra of less than optimal qual-
ity. A number of investigators (6,7) have found that the optimal protocol for
SELDI-TOF-MS analysis consists of treating samples with 9.5 M urea contain-
ing protease inhibitors.

SELDI-TOF-MS employs various chips with different affinities (negatively
charged proteins––strong anion exchange or [SAX]; hydrophobic proteins––H4;
cationic proteins––WCX, and so forth) to improve the detection of lower abun-
dance proteins. Only 1 μL of NAF sample is sufficient for SELDI-TOF analysis,
whereas 3 to 5 μL of NAF is generally required for 2D-PAGE.

2.3.2.3. PROTEOMIC ANALYSIS

A specific protein of known size detected by SELDI-TOF-MS (6) can be iso-
lated by 1D-PAGE. The Coomassie Blue-stained band is excised from the gel
and digested with trypsin using an in-gel digestion procedure. The tryptic pep-
tide masses are then determined by SELDI-TOF, and the protein is identified by
comparing these peptide fragments with those present in the virtual tryptic
digest prepared from known protein databases and the translated nucleic acid
databases using the ProFound program (http://129.85.19.192/profound_bin/
WebProFound.exe) (8).

3. Findings and Applications
Anatomically, the breast is comprised of ducts and lobules, surrounded by

supporting adipose and connective tissues. During the immediate postpartum
lactation period, the breast glands actively secrete milk into the ducts for the
nurture of the newborn infant, but it has long been recognized from histologic
studies that the nonpregnant breast also secretes small amounts of fluid contain-
ing sloughed epithelial and other cells. The epithelial cells, which line the ducts
and lobules, are at risk for malignant degeneration and are the origin of 99% of
breast cancers (9).

Early detection is a major factor contributing to the steady decline in breast
cancer death rates, with a 3.2% annual decline over the past 5 yr (10). Unfortunately,
currently available breast cancer screening tools, such as mammography and
breast examination, miss up to 40% of early breast cancers and are least effec-
tive in detecting cancer in young women, whose tumors are often more aggres-
sive. Thus, there has long been interest in developing a noninvasive method to
determine whether a woman has breast cancer.

Proteomic analysis of body fluids holds significant promise to allow noninva-
sive detection of disease. The focus of this chapter is on nipple aspirate fluid, a
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fluid present in the breast ducts and lobules, which can be collected using breast
massage and a modified breast pump. The major strength of NAF, in addition to
the fact that it can be collected noninvasively, is that the proteins secreted into
sample are frequently more concentrated compared with blood proteins, making
their analysis feasible with as little as 1 μL of NAF.

3.1. Studies Evaluating Proteins in NAF

3.1.1. Single-Protein Analysis

3.1.1.1. HORMONES AND GROWTH FACTORS

A variety of hormones and growth factors have been measured in NAF,
including estrogens, androgens, progesterone, dehydroepiandrosterone sulfate,
prolactin, growth hormone, epidermal growth factor, transforming growth fac-
tor-α, vascular endothelial growth factor, and basic fibroblast growth factor
(11–14). Elevated levels of estrogens, cholesterol, and cholesterol epoxides
have been suggested to have etiologic significance in breast disease (15). Levels
of a number of these factors have been compared with disease risk. With the
exception of recent parity, no relation has been found between levels of estro-
gen in NAF and breast cancer risk. Higher levels of estradiol and estrone have
been found in the NAF of women with benign breast disease compared with
those in normal controls (16). There is a decrease in estradiol and estrone lev-
els in NAF following pregnancy or lactation that persists for several years
before returning to prepregnancy levels (17). This period of decreased estrogen
exposure of the breast epithelium of postpartum women has been suggested to
explain partially the breast cancer protective effect of early pregnancy.

Basic fibroblast growth factor (bFGF) is an important angiogenic factor that
stimulates tumor growth (18,19). A preliminary report, which analyzed 10
breast cancer patients and 10 controls, found that bFGF levels in NAF were
higher in women with breast cancer than in normal subjects (20). Leptin is a
hormone that plays a central role in food intake and energy expenditure (21).
Systemic levels of leptin are increased in obese individuals and have been found
to stimulate the growth of breast cancer cells in vitro. Leptin levels in NAF are
more readily measured in postmenopausal than in premenopausal women and
are significantly higher in postmenopausal than in premenopausal women with
a body mass index (BMI) < 25 (22). Although NAF leptin levels are not asso-
ciated with premenopausal or postmenopausal breast cancer, they are associ-
ated with premenopausal BMI.

3.1.1.2. TUMOR ANTIGENS

A number of proteins present in NAF have previously been associated with
cancer using measurements of the marker in the blood. Two of these are
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prostate-specific antigen (PSA) and carcinoembryonic antigen (CEA). PSA, a
chymotrypsin-like protease first found in seminal fluid and associated with
prostate cancer (23), is also found in breast tissue (14,24) and in NAF. PSA levels
in cancerous breast tissue are lower than in benign breast tissue (14). Most
(14,25,26) but not all (27) studies indicate that low NAF PSA levels are associated
with the presence and progression (28) of breast cancer. One explanation for the
discrepancy in PSA results may be the difference in NAF yield, which was 97%
of subjects in the studies finding an association and 34% in the study in which an
association between NAF PSA and breast cancer was not found (29).

Another protein that is concentrated in NAF is CEA. CEA was identified in
1965 as the first human cancer-associated antigen (30). Serum CEA levels have
been used clinically to assess and monitor tumor burden in patients with breast
cancer (31). CEA titers in NAF samples from normal breasts are typically more
than 100-fold higher than in corresponding serum (32). CEA levels in NAF
from 388 women, including 44 women with newly diagnosed invasive breast
cancer, have been analyzed. CEA levels are significantly higher in breasts with
cancer, but the sensitivity of CEA for cancer detection is only 32% (27).

3.2. Analyzing Multiple Proteins

Although single NAF protein analysis has identified a number of proteins
associated with breast cancer, none is sufficiently sensitive and specific for can-
cer detection in clinical practice. Investigators have, therefore, attempted to
analyze two or more NAF proteins, each predictive of cancer, to assess whether
multiple protein analysis would improve the sensitivity and/or specificity of
predicting breast cancer in women. As already discussed, both bFGF and PSA
levels in NAF have been associated with breast cancer. A study that evaluated
143 NAF specimens (11) found that mean NAF bFGF levels were significantly
higher in women with breast cancer than in those without. A logistic regression
model including NAF levels of bFGF and clinical variables showed 90% sensi-
tivity and 69% specificity in predicting breast cancer. Adding another bio-
marker linked to breast cancer, PSA, increased the sensitivity to 91% and the
specificity to 83%.

Attempts to improve the predictive ability of single NAF proteins have also
been conducted through the analysis of two (33) and then multiple human
kallikreins (hKs) (34). hKs 2, 3, 6, and 10 are expressed in breast and prostate
tissue. hK2 and hK3 (or PSA) are used to screen for prostate cancer. hK6 and
hK10 are downregulated in breast cancer compared with normal breast tissue.
In the first study (33), hK2 and PSA were analyzed for their association with
breast cancer. Although each was associated with disease in univariate analysis,
hK2 did not improve the ability of PSA to predict whether the subject had
breast cancer when multivariate analysis was conducted. The second study (34)
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came to a similar conclusion for hK2, hK6, and hK10, with only PSA and
menopausal status independently contributing to the model.

Insulin-like growth factor (IGF)-1 is an important growth factor for breast
cancer cells, and IGF-binding protein-3 (IGFBP-3) is its most prevalent bind-
ing protein. PSA enzymatically cleaves IGFBP-3. We observed that IGFBP-3
levels were directly associated with breast cancer, whereas PSA levels were
inversely associated (26). When considered together, PSA, age, menopausal
status, and age at menarche (but not IGFBP-3) were significant predictors of
breast cancer (26).

The plasminogen activator (PA) system helps to control the degradation of the
extracellular matrix and basement membrane. Levels of three proteins in this
family, including urinary PA (uPA), uPA inhibitor (PAI-1), and uPA receptor
(uPAR) in breast cancer tissue have been linked to breast cancer prognosis (35).
Logistic regression analysis of these markers in 120 NAF samples found that
uPA, PAI-1, and age were independent predictors of breast cancer, suggesting
that combining these biological and clinical markers may better predict cancer
than using any single marker.

3.3. Proteomic Analysis

Recent advances in comprehensive molecular technologies have allowed the
analysis of global gene expression or protein profiles in cancerous vs normal
tissues, with the goal of identifying protein markers that are differentially
expressed between benign and malignant tissues. One such study (36) used serial
analysis of gene expression to identify molecular alterations involved in breast
cancer progression. The authors concluded that many of the highly expressed
genes encoded secreted proteins, which in theory would be present in NAF.

Breast tissue contains thousands of intracellular proteins. NAF contains a lim-
ited number of cells and extracellular fluid, the composition of which includes a
relatively small set of secreted breast-specific proteins. The few cells in NAF can
be separated from the extracellular fluid. The remaining proteins are isolated and
therefore represent their final processed form, which makes proteomic analyses
less ambiguous and can provide clues to the changes in protein translational rates,
posttranslational modification, sequestration, and degradation that lead to disease.

3.3.1. 2D-PAGE

3.3.1.1. CANDIDATE PROTEIN DETECTION

The traditional method of proteomic analysis is 1D or 2D-PAGE. Using 2D
rather than 1D-PAGE allows better separation of proteins of equal molecular
weight based on charge. Once a protein of interest is found, it can be cut from
the gel and identified. 2D-PAGE has been used to screen NAF because it 
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provides a convenient and rapid method for protein identification based on
MALDI-TOF-MS. At least two studies have analyzed the NAF proteome. One
used liquid chromatography (37), and the other used 2D-PAGE (38). Over 60
proteins were identified in the first and 41 in the second study. Many of the pro-
teins were the same, but a significant subset of proteins (35 in the first and 21
in the second) was unique to each study. Both studies should be considered
when one is assessing the NAF proteome.

3.3.1.2. VALIDATION

2D-PAGE can serve as a screening platform to identify proteins in NAF that are
differentially expressed in cancerous and benign breasts. These proteins can then
be validated using one or more high-throughput proteomic approaches. In one
study (5), three protein spots that were detected using 2D-PAGE were upregulated
in three or more NAF samples from breasts with cancer. These spots were identi-
fied as gross cystic disease fluid protein (GCDFP)-15, apolipoprotein (Apo)D, and
α-1 acid glycoprotein (AAG). To validate these three potential biomarkers, 105
samples (53 from benign breasts and 52 from breasts with cancer) were analyzed
using ELISA, a high-throughput method of evaluating protein concentration.
Considering all subjects, GCDFP-15 levels were significantly lower and AAG lev-
els were significantly higher in breasts with cancer. This was also true in pre- but
not postmenopausal women. GCDFP-15 levels were lowest and AAG levels were
highest in women with ductal carcinoma in situ (DCIS). Menopausal status influ-
enced GCDFP-15 and AAG more in women without than those with breast cancer.
ApoD levels did not correlate significantly with breast cancer. Thus the three pro-
teins which appeared to be overexpressed using a proteomic approach were either
overexpressed (AAG), underexpressed (GCDFP-15), or not associated with breast
cancer (ApoD) in 52 samples from cancer patients using ELISA, a better quanti-
tative method of protein analysis. This confirms the need to validate preliminary
findings in small data sets before drawing firm conclusions.

3.3.2. SELDI-TOF-MS

3.3.2.1. CANDIDATE PROTEIN DETECTION

Although 2D-PAGE is quite powerful, it has limitations in protein separation
and sensitivity. The SELDI-TOF technique can be performed with 1 μL of
NAF, can detect components in the high femtomole range, and allows the rapid
evaluation of 8 to 24 samples simultaneously.

We are aware of three studies (6,39,40) that have demonstrated the feasibility
of SELDI-TOF analysis of NAF and identified one or more protein mass peaks
as associated with breast cancer. A potential limitation of these studies 
is that specific protein identification was performed only for a subset of the 
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protein masses. A limitation of SELDI-TOF-MS is that protein identification of
a peak seen with SELDI-TOF is not as simple as that of a spot visualized using
2D-PAGE. Although it has been proposed that this is not necessary (41), vali-
dation studies to confirm that these protein masses are linked to breast cancer
are easiest after identification of the specific proteins, eliminating the con-
founder of multiple proteins of similar mass.

A concern with SELDI-TOF analysis, perhaps more than with other pro-
teomic approaches, is that the criteria used to identify a “breast cancer-associated”
protein may influence which proteins are selected. This fact is brought out by
the identification of two tumor-associated (TA) peaks (4233 and 9470 m/z) in
the first report of SELDI-TOF-MS analysis of NAF (40), of five TA peaks
(6500, 8000, 15,940, 28,100, and 31,700 m/z) in the second (39), and of four
TA peaks (5200, 11,880, 13,880, and 33,400 m/z) in the third (6). In the third
and largest study (114 women), three clinical variables (age, parity, and pres-
ence or absence of spontaneous nipple discharge) in addition to the SELDI-
identified protein masses contributed to the optimal predictive model. Although
the subject populations differed in the three studies, the lack of common breast
cancer-associated proteins remains somewhat surprising.

3.3.2.2. VALIDATION

In addition to the importance of the population studied, the criteria used to
choose the proteins, sample preparation, and instrument settings, these three
studies demonstrate the role of confounding proteins that must be accounted
for. In the third report, the authors discussed the protein identification of the
most promising (15,940 m/z) of the five protein peaks detected in their earlier
publication (39). They focused on the facts that this protein is the β chain of
hemoglobin and that the 8000 and 31,770 m/z proteins are doubly charged and
dimeric forms of the same protein. The many variables, which must be consid-
ered, have led to bioinformatics approaches to analyze the data.

3.3.2.3. DATA ANALYSIS

A number of approaches have been used to analyze SELDI-TOF-MS data to
determine reliability. One of the best known reports demonstrated a high pre-
dictive ability of serum analysis using SELDI-TOF-MS to determine which
women had ovarian cancer (42). In this report, the authors document the impor-
tance of quality control to obtain reliable results. Additionally, a training set of
samples was used to find candidate peaks and then a validation set to confirm
that certain peaks were unique to ovarian cancer patients.

Pooled samples of NAF from healthy breasts and breasts with cancer were
analyzed using SELDI-TOF-MS on 4 successive days to generate 24 spectra,
and then in 36 subsequent experiments using a portion of the same pooled NAF;
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the resulting spectra were analyzed to confirm how closely the 36 subsequent
experiments agreed with the original 24 spectra (43). The authors developed
algorithms that located peaks and combined peak detection with baseline cor-
rection using principal components analysis. They observed that the protein
peaks were highly correlated across samples and that 80% of the variance in
samples could be explained using six principal components.

The interlaboratory variability in the analysis of serum by SELDI-TOF-MS
from subjects with and without prostate cancer was recently reported (44).
Parameters assessed included signal-to-noise ratio, mass accuracy, resolution,
and normalized intensity of three m/z peaks present in a standard pooled sample.
Standard operating procedures were established at all laboratory sites. The
across-laboratory measurements found a CV for mass accuracy of 0.1%, vari-
ability of signal-to-noise ratio of approx 40%, and variability in normalized
intensity of 15 to 36% (44), which was comparable to the intralaboratory meas-
urements of the same peaks. All six sites achieved perfect blinded classification
of subjects with and without prostate cancer using boosting (boosting logistic
regression and boosting decision tree analysis).

4. Perspectives and Future Directions
It is likely that a panel of biomarkers will be required to harness optimally

the information present in NAF. Preliminary reports suggest that combining
protein markers such as bFGF and PSA, or uPA and PAI-1, provides a more
predictive model of breast cancer than does either marker alone. Protein-wide
assessment of NAF holds great promise but is currently limited by its ability to
detect proteins of low abundance and the labor-intensive nature of specific pro-
tein identification. Whether protein patterns using SELDI-TOF-MS will prove
sufficiently consistent, such that specific protein identification is not required,
remains to be demonstrated. To optimize breast cancer detection, both protein
and clinical information should be incorporated into predictive models.

NAF is likely to be increasingly useful not only in breast cancer prediction
but also in determining response to the ingestion of a food or chemical.
Preliminary studies of samples analyzed before and after soy ingestion demon-
strate the ability of NAF to assess response to treatment (45). Further evidence
of this comes from the ability to evaluate the effect of prostaglandin E2 levels
in NAF before and after ingestion of celecoxib (4) and estrogenic markers in
NAF before and after taking tamoxifen (46).
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Proteomics of Seminal Fluid

Benjamin Solomon and Mark W. Duncan

Summary
Seminal fluid or semen is a complex mixture consisting of spermatozoa suspended within the

secretions of male accessory sex glands. Although most studies of seminal fluid have emphasized
the importance of spermatozoa morphology, concentration, and motility, and of biochemical con-
stituents such as fructose and zinc, the significance of the protein composition of this biological
fluid is receiving increasing attention. As detailed in this chapter, numerous studies have been con-
ducted to investigate the protein composition of spermatozoa, seminal plasma (i.e., the acellular
component of seminal fluid), and prostasomes (i.e., membrane-bound vesicles of prostatic origin
present in seminal fluid). Most of these investigations were based on 2D gel electrophoresis, but
most of the resolved proteins were not identified. Several proteins in seminal fluid have, however,
already found potential use as markers for the assessment of reproductive function (e.g., neutral α-
glucosidase and semenogelin 1) and as forensic tools for semen detection (e.g., semenogelin 1 and
prostate-specific antigen [PSA]). Studies of spermatozoa are providing insights into immune infer-
tility and identifying potential targets for contraceptive vaccines. In addition, because 20 to 30%
of the volume of seminal fluid is derived from secretions of the prostate gland, this proximate bio-
logical fluid serves as a rich resource for biomarkers of prostatic disease, including cancer. Recent
advances in technology for comparative proteomic studies will facilitate future biomarker discov-
ery studies of this important biological fluid.

Key Words: Seminal fluid; seminal vesicles; seminal plasma; spermatozoa; sperm; prostate;
prostasomes; proteome; proteomics.

1. Introduction
Seminal fluid or semen refers to the fluid that is expelled from the penis at the

time of ejaculation. It consists of spermatozoa suspended within a complex
medium composed primarily of the secretions of male accessory sex glands.
Although most assessments of human seminal fluid have emphasized the impor-
tance of spermatozoa morphology, concentration, and motility, together with a



few biochemical parameters such as fructose, prostaglandins, and zinc, the impor-
tance of the protein composition of seminal fluid is being increasingly appreci-
ated. Proteomic studies of seminal fluid can improve our understanding of
reproductive biology and have potential clinical applications, not only in the
assessment and treatment of infertility, but also for a variety of urological diseases
and in forensic medicine.

1.1. Overview

The typical volume of seminal fluid produced at ejaculation is about 3 mL
(range 2–6 mL). Reference parameters for seminal fluid are shown in Table 1 (1).
Two major components have generally been recognized in studies of seminal
fluid. There is a cellular fraction made up principally of spermatozoa, which
accounts for 2 to 5% of the volume of the ejaculate. In addition, nonspermatozoan
cellular elements including immature germ cells, leukocytes, and epithelial cells
may also be present. The second component, an acellular fraction, also referred
to as seminal plasma, accounts for most of the volume of the ejaculate. This com-
ponent is made up of fluid from the testis, epididymis, and vas deferens, which at
the time of ejaculation is mixed with secretions of the accessory sex glands. This
fluid is derived predominantly from the seminal vesicles (50–80%) and the
prostate gland (20–30%), with minor contributions from the bulbourethral and the
periurethral glands (Fig. 1) (2,3). It is a biochemically complex fluid rich in fruc-
tose, prostaglandins, zinc, citric acid, carnitine, and glycerophosphocholine, and
it possesses a characteristic protein composition. This acellular fraction also con-
tains membrane-bound organelles of prostatic origin called prostasomes.

Studies of split-ejaculates, i.e., ejaculates collected in two or more fractions
(4,5) have shown that sequentially collected fractions of a single ejaculate vary
in composition, owing to the organ-specific sequence in which the secretions of
the accessory sex glands are mixed. Initially, the bulbourethral and periurethral
glands produce alkaline secretions that neutralize and lubricate the urethra.
Then, during a process called emission, spermatozoa suspended in fluid from
the epididymis and vas deferens pass into the posterior urethra and are mixed,
just before ejaculation, first with the prostatic secretions, and finally with sem-
inal vesicle secretions. As a result, the early portions of the ejaculate are rich in
spermatozoa and prostatic secretions, and the latter portions contain residual
spermatozoa and are enriched with secretions from the seminal vesicles.

Given that seminal fluid represents a mixture of the secretions of several differ-
ent accessory glands, each with its own unique biochemistry, its composition
varies owing to the changing proportions of fluids contributed by the different
accessory glands and also as a result of changes in the ratio of spermatozoa to sem-
inal plasma. This may occur because of physiological factors (e.g., the time
between ejaculates and the duration of foreplay) as well as pathological conditions
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affecting the secretory output of any of the glands (e.g., obstruction, infection, or
malignancy) (6).

Moreover, the composition of seminal fluid is dynamic and undergoes rapid
changes following ejaculation. Soon after ejaculation, seminal fluid undergoes
coagulation, forming a gelatinous mass within which the spermatozoa are immo-
bilized. Thereafter, within a period of about 20 min, proteolytic enzymes derived
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Table 1
Reference Values for Human Seminal Fluid

Parameter Reference value

Volume ≥2.0 mL
pH ≥7.2
Sperm concentration ≥20 × 106 spermatozoa/mL
Total sperm no. ≥40 × 106 spermatozoa/ejaculate
Motility 50% or more spermatozoa with forward progression

(grades a + b) or 25% or more with rapid forward 
progression (grade a) within 25 min of ejaculation

Vitality 75% or more alive
White blood cells <1 × 106 /mL
Zinc ≥2.4 μmol per ejaculate
Fructose ≥13 μmol per ejaculate
Neutral α-glucosidase ≥20 mU per ejaculate

From ref. 1.

Fig. 1. Diagram demonstrating the position of male accessory sex glands.



from prostatic secretions break down the gel-forming proteins within semen
coagulum, resulting in its liquefaction and the release of motile spermatozoa.

1.2. Collection and Fractionation of Seminal Fluid

It is important to collect seminal fluid in a standardized manner to minimize
variation caused by to the collection method (1). The standard method of col-
lection is to obtain the sample by masturbation into a clean container. Because
the time between ejaculations can affect the composition of seminal fluid, sam-
ples should be collected after a standardized period of abstinence, e.g., 3 d.
(This is the standard practice for samples collected for fertility assessment.)
Seminal fluid may also be obtained after vaginal intercourse using a specially
designed nonspermicidal Silastic condom. The latter method results in increased
volumes and possibly different seminal fluid parameters compared with samples
obtained by masturbation.

Following collection, a standardized method of handling is required owing to
the changes that occur during the processes of coagulation and liquefaction.
Typically, samples are allowed to liquefy at room temperature, are subjected to
preliminary analysis, and are then stored at –80°C. Importantly, seminal fluid
may contain harmful viruses (e.g., human immunodeficiency virus or hepatitis
B virus) and should therefore be handled with appropriate care. Guidelines have
been described in Appendix II of the WHO Laboratory Manual for the
Examination of Human Semen and Sperm-Cervical Mucus Interactions (1).

1.3. Methods for Separating Components of Seminal Fluid

1.3.1. Acellular Component (Seminal Plasma Including Prostasomes)

In most studies, seminal plasma has been defined as the supernatant remain-
ing after centrifugation and removal of cellular elements from liquefied seminal
fluid. Recent work has shown that prostasomes are present, suspended within
this fraction. Consequently, the proteins within the acellular component of sem-
inal fluid can be subdivided into a soluble protein fraction, which accounts for
at least 85% of the total seminal fluid protein, and a prostasome protein fraction,
which accounts for 1 to 3% of the total seminal fluid protein (7). Purified prosta-
somes may be obtained by further ultracentrifugation of seminal plasma
(105,000g at 4°C, for 2 h) followed by purification on a 40-mL Sephacryl S-500
HR (or Sephadex G-200) column (as detailed by Renneberg et al. in ref. 8).

1.3.2. Cellular Component

The cellular component consists principally of spermatozoa, and these account
for about 7% of the total protein content of seminal fluid (7). To obtain the cellu-
lar material, liquefied seminal fluid is first centrifuged (e.g., 800g, 10 min), and the
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resulting pellet is then resuspended and washed in an appropriate buffer to remove
seminal plasma. Because the cellular pellet may also contain cells other than sper-
matozoa (collectively referred to as “round cells”), including immature germ cells,
leukocytes, and epithelial cells, a purified spermatozoan fraction requires addi-
tional workup. Approaches include the use of a discontinuous density gradient
(i.e., based on Percoll or alternative products) or the “swim-up method.” These
procedures are described in detail in the WHO laboratory manual (1).

2. Proteomic Studies of Seminal Fluid: Findings and Applications
2.1. Acellular Component

Most of the volume of seminal fluid consists of the acellular fraction, or sem-
inal plasma. Its protein concentration is approximately 35 to 55 g/L, somewhat
lower than that of serum. As noted above, it is composed of the secretions of the
accessory sex glands, with major contributions from the seminal vesicles and
prostate. Consequently, proteomic studies of this fluid can provide important
information about the function of these glands. A minor portion of the protein
in seminal plasma (<10%) represents serum-derived protein transudated from
intercellular fluids (9). This includes albumin (present at a concentration of
0.6 g/L), transferrin, and some immunoglobulins and complement factors.

Studies of the electrophoretic pattern of human seminal plasma were first
conducted in the 1940s by Gray and Huggins (10) and Ross et al. (11,12). They
described the presence of four or five electrophoretic bands. Subsequent 1D
electrophoretic studies demonstrated many more bands that changed temporally
and in association with pathological conditions of the male accessory glands.
These early studies were reviewed by Mann (2).

The true complexity of the protein composition of seminal plasma has only
become evident through the application of 2D gel electrophoresis (2-DE)
(4,13–21). These studies established 2D maps of seminal plasma in which sev-
eral hundred polypeptide spots were resolved, with patterns distinct from those
observed in other biological fluids such as serum. Only a handful of studies
have gone on to provide identifications of the proteins observed.

Starita-Geribaldi et al. (20) performed 2-DE followed by mass spectrometry
(MS) and were able to identify 26 spots corresponding to 10 distinct proteins.
These included prostate-specific antigen (PSA), prostatic acid phosphatase, Zn-
α-2-glycoprotein, glycodelin, and clusterin. All these proteins were identified from
multiple spots, attesting to the multiplicity of isoforms and posttranslational
modifications present in seminal fluid.

Perhaps the most comprehensive analysis of the protein and peptide compo-
sition of human seminal plasma has been performed by Fung et al. (21). These
investigators employed several different methods to study pooled seminal fluid
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from healthy volunteers. In initial work, approximately 100 Coomassie Blue-
stained spots were recognized following 2D separation of seminal plasma pro-
teins when pH 3 to 10 immobilized pH gradient (IPG) strips were used for the
1D separation. More spots were resolved with the use of narrow-pH-range
strips, i.e., a combination of pH 4 to 7 and pH 6 to 11 IPG strips (about 70 in
each pH range), as shown in Fig. 2. Seventy-three protein spots corresponding
to 20 unique proteins were identified following excision, in-gel digestion with
trypsin, matrix-assisted laser desorption/ionization (MALDI)-MS, and peptide
mass fingerprinting (PMF) (Table 2). Many protein spots corresponded to
various modified forms of secreted prostatic proteins including PSA, prostatic
acid phosphatase, and Zn-α-2-glycoprotein. Most of the low-molecular-weight
(<30 kDa) protein spots were identified as truncated forms of semenogelin I and
semenogelin II, together with variants of prolactin-inducible protein.

Given the limitations of 2-DE in resolving several classes of proteins, in
particular hydrophobic proteins, high-molecular-weight proteins, and basic
proteins, Fung et al. (21) also separated seminal plasma proteins by 1-DE.
Bands were excised from gels, digested with trypsin, and analyzed by liquid 
chromatography-tandem MS (LC-MS/MS). Ten to 15 proteins were identified
in each fraction analyzed. In total, more unique gene products were found using
this approach compared with identification by 2-DE. In all, 42 distinct pro-
teins were identified, including several that were seen in multiple bands (e.g.,
semenogelin I and semenogelin II). The presence of a single gene product in sev-
eral distinct bands, as was noted in this study, is indicative of posttranslational
modifications (such as proteolytic cleavage in the case of semenogelin).

To evaluate low-molecular-mass proteins and peptides, Fung et al. (21)
employed MALDI-TOF-MS on unfractionated seminal plasma samples. Thirty
peptide components, of between 500 and 10,000 Daltons, were visualized 
(Fig. 3). LC-MS/MS was used to determine the identities of these components,
many of which were also found to be proteolytic products of either semenogelin
I or semenogelin II.

Kausler and Spiteller (22) previously identified several peptides in human
seminal fluid by MS, and at least one of these was subsequently shown to be a
PSA hydrolysis product of semenogelin 1 (23). Interestingly, three inhibin-like
peptides were also identified from seminal plasma (24) that also proved to 
be fragments of semenogelin-1 (α-inhibin-92, -52, and -31, corresponding to
residues 45–136, 85–136, and 85–115 [25]). Several other peptides have been
documented in human seminal plasma, including oxytocin (26), angiotensin II
(27), β-endorphin (28), met-enkephalin (28), calcitonin (29), thyrotropin-
releasing hormone-like peptides (30–32), prolactin (33), and relaxin (34). Some
of these peptides have been found in association with spermatozoa, and it has
been suggested that they may play a role in promoting sperm motility (35).
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Table 2 
Proteins Identified by 2D Gel Electrophoresis of Seminal Fluida

GI Protein
Spot accession Mol. wt./pI coverage
no. Protein no. Theoretical Experimental (%)

Atp/I4–7
1 Lactotransferrin 4505043 78/8.5 90/7.0 63
2 Albumin precursor 4502027 69/5.9 70/5.9 43
3 70/5.9 33
4 70/5.9 48
5 α1-antitrypsin 21361198 47/5.3 60/5.5 20
6 60/5.7 40
7 Prostatic acid 6382064 45/5.8 50/5.2 19

phosphatase
precursor

8 50/5.3 29
9 50/5.4 25
10 50/5.5 19
11 50/5.6 19
12 50/5.7 30
13 Zn-α-2-glycoprotein 4502337 34/5.7 43/4.8 36
14 Zn-α-2-glycoprotein 4502337 34/5.7 43/4.9 58
15 43/5.0 56
16 43/5.2 56
17 43/5.3 54
18 43/5.4 48
19 Clusterin 4502905 52/5.9 43/5.6 24
20 43/5.8 26
21 43/5.9 28
22 43/6.0 26
23 43/6.1 32
24 43/6.2 29
25 43/6.5 32
26 37/4.7 17
27 37/4.9 21
28 37/5.0 27
29 37/5.2 25
30 37/5.3 18
31 37/5.4 22
32 Prostate-specific 4502173 29/7.6 37/6.9 58

antigen
33 37/7.0 57

(Continued)
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34 Prostaglandin D2 4506251 21/7.7 27/5.6 25
synthase

35 Epididymal secretory 5453678 17/7.6 23/5.2 45
protein

36 Prolactin-induced 4505821 17/8.3 13/5.5 56
protein

37 17/5.1 66
38 16/5.1 66
39 17/5.5 55
40 β-Microseminoprotein, 4557036 13/5.4 16/5.7 28

isoform A, precursor
41 Semenogelin Ib 4506883 52/9.3 11/5.7 14
42 15/5.9 10
43 13/5.9 14
44 Semenogelin II 4506885 66/9.1 12

(LC/MS)
Atp/I6–11

1 Transferrin precursor 4557871 79/6.8 77/6.3 16
2 77/6.4 24
3 77/6.5 31
4 Lactotransferrin 4505043 78/8.5 80/8.3 53
5 80/8.5 31
6 80/8.6 34
7 55/7.1 22
8 α enolase 4503571 47/7.0 48/6.8 47
9 Isocitrate 5174471 47/6.3 42/6.9 25

dehydrogenase 1
10 Clusterin 4502905 52/5.9 37/6.1 40
11 Prostate-specific 4502173 29/7.6 30/6.9 42

antigen
12 30/7.1 57
13 30/7.4 37
14 30/7.8 25
15 29/7.6 47
16 Albumin precursor 4502027 69/5.9 27/6.3 11
17 Prostate-specific 4502173 29/7.3 26/6.6 35

antigen

Table 2 (Continued)

GI Protein
Spot accession Mol. wt./pI coverage
no. Protein no. Theoretical Experimental (%)

(Continued)
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Efforts have been made to compare the protein profiles of seminal plasma
from normal individuals with those of azoospermic or oligospermic individuals
(14,19,20). Starita-Geribaldi et al. (19,20) compared 2D electrophoretic 
profiles of seminal plasma from fertile men with seminal plasma from vasec-
tomized or azoospermic men. Differentially expressed spots were noted by gel
matching. Although several spots were identified by MS, their biological signif-
icance remains to be established (20). To date, no studies have been reported

18 Albumin precursor 4502027 69/5.9 25/7.0 12
19 25/7.2 16
20 Prolactin-induced 4505821 17/8.3 20/6.2 63

protein
21 β2-microglobulin 4757826 14/6.1 13/6.2 73
21 Semenogelin Ic 4506883 52/9.3 13/6.2 18
22 Semenogelin Id 4506883 52/9.3 10/8.1 14
23 10/8.2 16
24 10/8.4 20
25 10/8.6 19
26 21/10.2 13
27 Semenogelin IIe 4506885 66/9.0 20/10.1 14
28 20/10.3 17
29 17/9.1 15
30 Semenogelin Id 4506883 65/9.0 17/9.6 12
31 Semenogelin IIe 4506885 65/9.0 16/9.6 17
32 16/9.7 31
33 16/10.0 19
34 16/10.2 18
35 Semenogelin Id 4506883 52/9.3 12/9.3 20
36 Semenogelin Ie 4506883 52/9.3 12/10.0 12
37 Semenogelin IId 4506885 65/9.0 15/10.4 13
38 Semenogelin Ie 4506883 52/9.3 10/9.8 24
39 10/10.3 18
40 Semenogelin IIe 4506885 65/9.1 10/10.1 17

aSee Fig. 2.
bC-terminal coverage only for all three forms.
cC-terminal coverage only.
dCoverage of middle of protein only.
eN-terminal coverage.

Table 2 (Continued)

GI Protein
Spot accession Mol. wt./pI coverage
no. Protein no. Theoretical Experimental (%)
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using modern comparative proteomic methods such as difference gel elec-
trophoresis (36) or MS utilizing stable isotope labeling (i.e., ICAT or iTRAQ).

In addition to the studies of seminal plasma detailed above, several investi-
gators have examined the contributions of the individual accessory glands to
seminal plasma. Limited studies have been performed in seminal vesicle fluid,
but more detailed studies have been conducted in expressed prostatic fluid, as
detailed below in Subheading 2.1.21. Proteomic studies of prostasomes are
also described in the following section.

2.1.1. Contributions of the Seminal Vesicles to Seminal Plasma

The seminal vesicles typically contribute more than half of the seminal volume
(i.e., 50–80%) (2). Proteins contained within seminal vesicle secretions are known
to play important roles in semen coagulation, sperm motility, and capacitation, as
well as suppression of immune activity in the female reproductive tract, and this
has been reviewed by Aumuller and Riva (37) and by Gonzales (38).

The major protein constituents of seminal vesicle fluid, and indeed in the sem-
inal fluid coagulum, are semenogelin I and semenogelin II (25,39,40). These
highly homologous proteins are produced in large quantities by the glandular
epithelium of the seminal vesicles. Semenogelin II is produced in smaller amounts
by the epididymis (41). The semenogelins undergo rapid proteolytic digestion by
PSA, resulting in liquefaction of the semen coagulum and release of motile sper-
matozoa (9,23). Many of the resulting semenogelin cleavage products have been
shown to have biological functions including inhibition of sperm motility, antibac-
terial activity, and activation of sperm capacitation; others may have inhibin or
thyrotropin-releasing hormone (TRH)-like activity. This has been reviewed by
Robert and Gagnon (40). Additional seminal vesicle proteins include lactoferrin
(9), fibronectin (9), and protein C inhibitor antigen (PCI), which is found at 20-fold
higher concentration in the seminal plasma than in blood plasma (42,43).

Only limited proteomic analysis of human seminal vesicular fluid has been
performed, primarily because of the difficulties associated with accessing clin-
ical samples. Some 2D gel profiles have been obtained using seminal vesicle
fluid aspirated from seminal vesicles removed at the time of operation (4,16).
These profiles proved to be distinct from those of prostatic fluid and were char-
acterized by the presence of a group of basic proteins that Lee et al. (16) termed
seminal vesicle-specific antigens (and that were subsequently shown to be
semenogelin). This group of proteins was shown to disappear from seminal
fluid after liquefaction (16).

Knowledge of the proteins contributed by the seminal vesicles to seminal
plasma has resulted in several clinical applications. For example, levels of spe-
cific proteins including semenogelin 1 (44) and protein C inhibitor (45) have
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been used as markers of seminal vesicle obstruction or agenesis. Furthermore,
semenogelin I has also been used in forensic tests for semen detection (46).

2.1.2. Contributions of the Prostate to Seminal Plasma

2.1.2.1. EXPRESSED PROSTATIC FLUID

Secretions from the prostate gland are the major contributors to the initial por-
tion of the ejaculate and represent approximately 20 to 30% of the total volume
of the seminal fluid. They are derived from prostatic epithelial cells, are rich in
citric acid, zinc, and glyceryl phosphocholine, and contain many proteins includ-
ing the fibrinolytic enzymes responsible for the liquefaction of coagulated
semen. The protein composition of human prostatic fluid has been assessed
using expressed prostatic fluid obtained by digital massage of the prostate.

Both 1D (47–49) and 2D electrophoretic studies (16,50–54) have been per-
formed on expressed prostatic fluid. A consistent finding in these studies is the
preponderance of three proteins: PSA, prostatic acid phosphatase, and prostate-
specific protein-94 (PSP-94).

The first of these proteins, PSA, is a chymotrypsin-like serine protease and a
member of the tissue kallikrein family of proteases (55). The primary function
of PSA is to liquefy coagulated semen so that the spermatozoa can escape and
swim off to fertilize the ovum. It does this by hydrolyzing semenogelin I and
semenogelin II, which together with small amounts of fibronectin represent the
structural elements of the semen coagulum. PSA is produced, under androgenic
control, by secretory epithelial cells located in the acini and ducts of the
prostate, and to a lesser extent by the epithelial cells within the periurethral
glands of Littré (56,57). In seminal fluid, PSA exists in various cleavage forms
and glycosylation states and is partly bound to the serine protease inhibitor and
protein C inhibitor (58). It is noteworthy that the concentration of PSA is 
106-fold higher in the seminal fluid (0.5–2.0 mg/mL [59–61]) than in the serum 
(4 ng/mL in serum [62]). In prostate cancer, however, serum levels of PSA are
frequently elevated. In this setting, PSA has been shown to be a useful biomarker
for the presence of prostate cancer and for monitoring response to treatment.

Detailed exploration of different molecular forms of PSA has been per-
formed using 2-DE coupled with immunoblot assessment (18,63,64) or MS (64).
When PSA was chromatographically purified from seminal fluid, Isono et al.
(64) resolved approximately 30 distinct silver-stained protein spots following 
2-DE. Of these, 20 spots were shown to have peptide fragments derived from
PSA, including some novel peptide forms of PSA. The other silver-stained
spots did not contain PSA fragments and may have derived from other proteins
that contaminated the material.
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The other two major proteins present in prostatic fluid are prostatic acid
phosphatase and PSP-94. Prostatic acid phosphatase is a 102-kDa glycoprotein
dimer secreted by the prostate under androgenic control (65). It is found in high
concentration in the seminal fluid (0.3–1.0 g/L). Until replaced by PSA, prosta-
tic acid phosphatase was used as a marker for prostate cancer. PSP-94 (also
known as β-inhibin and β-microseminoprotein) is a 94-amino acid, cysteine-
rich, nonglycosylated protein with a molecular mass of about 16 kDa (66,67).
It acts to inhibit follicle-stimulating hormone (FSH), which appears to play a
role as an autocrine or paracrine growth factor in the prostate. Decreased levels
of PSP-94 are seen in late-stage prostate cancer and seem to be associated with
progression from a hormone-dependent to a hormone-independent state. These
findings indicate that PSP-94 may play a role as a biomarker for prostate cancer.

Other proteins present in prostatic secretions include Zn-α2-glycoprotein
(15) (a 40-kDa glycoprotein), human kallikrein-2 (61,68) (a serine protease highly
homologous to PSA), and progastricsin (69) (an aspartic protease).

Because prostatic secretions reflect the functional state of the gland, they are
potentially fruitful sources of biomarkers of prostatic diseases. Several 2-DE,
studies have compared the protein expression profiles of prostatic fluid collected
from controls and men with benign prostatic hyperplasia or prostate cancer.
Qualitative differences were evident in the profiles (51,53,54). Studies of puri-
fied PSA from prostatic fluid have demonstrated differentially expressed forms
(i.e., altered glycosylation and loss of cleaved forms) in benign prostatic hyper-
plasia and prostate cancer (18,64). In addition, various cleavage forms of PSA
are found to be increased in benign prostatic hyperplasia and decreased in
prostate cancer. These include forms of PSA with cleavages between residues
85 and 86, 145 to 146, and 182 to 183—collectively termed benign prostatic
hyperplasia-specific antigen (BPSA) (70). Some of these protein forms have
also been detected in the serum. These studies indicate that a panel composed
of several distinct proteins, including different isoforms and posttranslational
modifications, may prove to be more useful biomarkers for prostate cancer than
any single protein.

2.1.2.2. PROSTASOMES

Prostasomes are membrane-bound organelles of prostatic origin that were first
identified in human seminal fluid by Ronquist et al. in 1978 (71). Structurally,
prostasomes are spherical vesicular structures, 40 to 500 nm in diameter, enclosed
within a bilaminar or multilaminar membrane. They have a characteristic lipid
composition and are unusually rich in cholesterol and sphingomyelin (72,73).
They form in the apical part of the prostatic duct epithelium within large stor-
age vesicles that are secreted either by exocytosis (i.e., the mechanism by
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which the storage vesicle fuses with the cell membrane and releases its con-
tents into the lumen) or by diacytosis (i.e., the mechanism by which the stor-
age vesicle and its contained prostasomes are translocated through the cell
membrane) (74).

A variety of physiological functions have been attributed to prostasomes,
including enhancement of sperm mobility and stabilization of the sperm plasma
membrane. They are also involved in the coagulation and liquefaction of semen,
regulation of complement, protection of spermatozoa in the acidic environment
of the vagina, and immunomodulation. These functions are detailed in several
reviews (74–79). Significantly, prostasomes have been reported to adhere to and
even fuse with spermatozoa (80–82). This allows for the transfer of proteins and
lipid directly from prostasomes to spermatozoa (83,84).

Several investigators have used 2-DE to separate the protein constituents of
human prostasomes. Two studies resolved about 80 protein spots in purified
prostasomes but did not determine their identities (8,85). In addition, Carlsson
et al. found approximately 200 spots on silver-stained 2D gels of purified
prostasomes (86). Because circulating antisperm antibodies (ASAs) from infer-
tile men and women frequently recognize prostasomes (87), their gel was also
immunoblotted with sera containing ASA. Several immunoreactive spots were
subsequently identified by MS as potential prostasomal targets of ASA, includ-
ing prolactin-inducible protein and clusterin.

Utleg et al. (88) utilized a different approach, the so-called shotgun or bottom-
up proteomic approach, to study the protein composition of human prostasomes.
Isolated protasomes were obtained from seminal fluid, tryptically digested, and
subjected to single-dimension microcapillary ([μ] LC-MS/MS). One-hundred
and thirty-nine putative prostasome proteins were identified, 128 of which had
not previously been described in association with prostasomes. Many of the
proteins identified were enzymes, but only some were known to be present in
prostasomes (e.g., dipeptidyl peptidase IV [CD26] [89], neprilysin [CD10]
[90], membrane alanyl aminopeptidase [90], phospholipase A2 [85], aminopep-
tidase N [CD13] [83], and γ-glutamyl transpeptidase [91]). Thirty-seven repre-
sented enzymes not known to be associated with prostasomes, including
isocitrate dehydrogenase I, sorbitol dehydrogenase, prostate-specific transglut-
aminase, creatine kinase (b chain), lactoylglutathione lyase, and peroxiredoxin 1.
Other proteins identified with this approach included transport proteins (such as
annexins A1, A2, A3, A5, A6, and A11), structural proteins (such as actins,
tubulins α and β, ezrin, and cofilin) and GTP-binding proteins (including 11
Rab proteins [the regulator Rab-GD11], GTPase activating proteins, Rho-
GTPase-activating protein I, and Cdc42). Several of the proteins described are
known to be highly expressed in prostatic secretions including PSA and prostatic



acid phosphatase. Although this approach provides an extensive list of the pro-
teins present within a sample, no information is available about amounts or the
posttranslational modifications present.

2.3. Proteomics of Spermatozoa

Spermatozoa are highly specialized cells that contribute the paternal genetic
complement in the reproductive process (see reviews by Mann and Lutwak-
Mann [92] and by Millette [93]). The mature sperm cell (spermatozoa) is 0.05
mm long and consists of a head, body, and tail. The head contains a nucleus of
dense genetic material from the 23 chromosomes, and the body is rich in the
mitochondria necessary to supply the energy required for the sperm’s activity.
The tail is made of protein fibers that contact, on alternative sides, yielding a
wavelike movement that drives the sperm through the seminal fluid. Although
they make up only about 5% of the volume, a typical ejaculate contains over 40
million spermatozoa. Because spermatozoa possess limited machinery for tran-
scription and translation of new proteins, they are heavily reliant on their local
microenvironment as they undergo the transition from immotile cells with lim-
ited capacity for fertilization to mature, motile spermatozoa.

Proteomic studies of spermatozoa are limited, but they clearly have consid-
erable potential to enhance our understanding of reproductive biology and espe-
cially clinical infertility. Most reports have employed 2-DE to separate human
spermatozoa proteins (17,94–109). Some of the earliest 2-DE studies employed
spermatozoa that were obtained by centrifugation alone, (94–98) thereby, open-
ing up the potential for contamination with nonspermatozoan cellular elements
(99). More recent studies have obtained purified sperm populations using either
the “swim-up method” or Percoll density gradients. Relatively few studies,
however, have identified the sperm proteins resolved on these gels (17,100,102,
103,108,109).

Naaby-Hansen et al. (17) established a comprehensive 2D map of normal
human spermatozoa proteins. When sperm proteins obtained from normal volun-
teers were purified on a Percoll density gradient, separated in the first dimension
by isoelectric focusing (IEF) and nonequilibrium pH gradient electrophoresis
(NEPGE), and then separated in the second dimension by polyacrylamide gel
electrophoresis, more than 1300 silver-stained spots were resolved. Several of
these protein spots, including heat shock protein 70 (HSP70), HSP90, α-tubulin,
β-tubulin, calreticulin, PH-20, and gastrin-binding protein were identified, either
by MS or by immunoblotting with specific antibodies (17,100).

Because of their critical role in sperm-oocyte interactions (110), characteriza-
tion of the sperm surface membrane proteins is of particular interest in reproduc-
tive biology, and a great deal of effort has been directed to this task. Putative
sperm surface proteins have been identified using biotinylation or radioiodination
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to label exposed proteins, presumably on the surface of intact spermatozoa, prior
to 2D separation. Naaby-Hansen et al. (17) found 98 spots on their 2D gel map
of over 1300 spermatozoan protein spots that labeled with both techniques, rep-
resenting strong candidates for surface proteins. This approach has also been
employed in several other studies (97,100,102). Alternative methods used to
obtain enriched sperm membrane fractions include nitrogen cavitation of sperma-
tozoa (94,99), the use of special detergents such as Triton X-115 (102,105), and
a combination of hypoosmotic lysis, homogenization, and ultracentrifugation
(103,107).

Some limited phosphoproteomic studies of human spermatozoa have also
been undertaken. Naaby-Hansen et al. found that antiphosphotyrosine anti-
body bound to five groups of protein spots (a total of 22 spots) on their 2D map
(17). This strategy has also been applied to identify phosphoproteins involved
in sperm capacitation, a process known to be associated with increased 
tyrosine phosphorylation of several proteins. Ficcaro et al. (108) studied the
phosphoproteome of capacitated human sperm using a combination of 2D gels
followed by antiphosphotyrosine Western blots and direct MS/MS sequencing
of phosphopeptides. The identities of 16 phosphoproteins, including valosin-
containing protein (VCP or p97), were determined by excising selected spots
from the gels and analyzing them by LC-MS/MS. Immobilized metal affinity
chromatography (IMAC) coupled with MS/MS facilitated the mapping of 60
phosphorylation sites.

Many of the reported proteomic studies of spermatozoa aimed to investigate
the causes of infertility. The presence of ASAs, which interfere with sperm
function, is thought to be responsible for immune infertility in 4 to 8% of infer-
tile men. Because ASAs are not able to penetrate an intact outer cell membrane,
the important antigenic targets of ASAs are limited to the outer sperm mem-
brane and the acrosome. The acrosome is included because its inner membrane
may become externalized during the acrosome reaction (111). Bohring et al.
(101,103) separated purified spermatozoan cell membrane proteins by 2-DE
and transferred these to a PVDF membrane before probing the resolved spots
with ASAs obtained from seminal plasma. Immunoreactive spots were excised
and identified by MALDI and PMF. Six proteins were identified, including
HSP70, HSP70-2, disulphide isomerase, ER-60, and the caspase 3 and 2 sub-
units of the proteosome (i.e., component C2 and ζ-chain) (103).

Similar proteomic studies of spermatozoa have been conducted in an effort
to identify candidate proteins for the development of contraceptive vaccines
(17,100,102,104,105,112). Shetty et al. (100) resolved Percoll density gradient-
purified sperm proteins by IEF and NEPGH in the first dimension and poly-
acrylamide gel electrophoresis in the second dimension and then transferred the
proteins onto nitrocellulose membranes. Membranes were subsequently probed
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with sera containing ASA to identify potential sperm surface antigens. Ninety-
eight protein spots were recognized by sera from infertile individuals, but not
by control sera from fertile individuals. Six of these spots were identified as
potentially relevant sperm surface antigens based on prior labeling of the sur-
face proteins by radioiodination. Shibahara et al. (104) utilized a similar
approach to probe sperm proteins with the sperm-immobilizing antibodies pres-
ent in the sera of infertile women. Coordinates of the immunoreactive spots
were compared with a reference map of sperm proteins (17) to identify four
candidate sperm surface antigens. Notably, these were different from the spots
previously identified by Shetty et al. (100). In the third study, Hao et al. (105)
analyzed 2D gels of sperm extracts enriched for surface proteins using Triton
X-114. Of the 12 protein spots analyzed by LC-MS/MS, 4 with isoelectric
points (pIs) ranging from 4.5 to 5.5 and apparent molecular masses from 32 to
34 kDa were found to contain common peptide sequences. Cloning of the cor-
responding cDNA revealed that these protein spots were products of a single
gene, SAMP32, found to have testis-specific expression and to be localized at
the inner acrosomal membrane of mature spermatozoa.

Proteomic studies have also sought the differences between the sperm of
infertile and fertile men. This work has utilized both 1D (113,114) and 2D
(95,106,109) separation strategies. Naz and Leslie (113) identified a 78-kDa
protein band present in the sperm extract of infertile but not fertile men. Rajeev
and Reddy (114) found a 57-kDa band present in normozoospermic individuals
but absent or barely detectable in infertile individuals. Studies utilizing 2-DE gel
electrophoresis have predictably detected more alterations in protein expres-
sion. Morgantaler et al. (95) noted 36 protein spots in 2-D gels of sperm from
23 normozoospermic individuals that were not consistently seen in the corre-
sponding gels of sperm from 10 infertile oligospermic men. Lefièvre et al. (106)
described approximately 60 spots absent in silver-stained 2D gels of sperm
from men with globozoospermia that were present in sperm from normal con-
trols. Perhaps the most detailed study is from Pixton et al. (109), who compared
the 2D gel profiles of sperm from three fertile controls with that of a patient
with normal sperm parameters but who experienced fertilization failure at IVF
(in vitro fertilization). Twenty different spots were noted (i.e., six spots present
in the controls but absent in the patient; three spots present in the patient but
absent in the controls; seven spots more intense [more than fourfold] in the
patient; and four spots more intense [more than fourfold] in the controls).
Identification of the differentially expressed proteins was attempted follow-
ing manual excision of the spots, ingel tryptic digestion, and LC-MS/MS.
However, only two spots, both with increased expression in the patient sam-
ple, were identified, including secretory actin-binding protein and an 18-kDa
fragment of outer dense fiber protein 2/2.
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3. Perspectives and Future Directions
Only limited advantage has been taken of the rapid evolution of proteomic

technology for studies of human seminal fluid. Nonetheless, studies of the pro-
tein constituents of spermatozoa and the seminal plasma within which they are
suspended have made significant contributions to our understanding of repro-
ductive biology in health and in disease. Proteins identified in seminal fluid
have already found potential for use as markers for assessment of reproductive
function, i.e., neutral α-glucosidase has been used to determine whether
azoospermia is caused by epididymal obstruction (115); semenogelin 1 (44)
and protein C inhibitor (45) have been used to assess seminal vesicle function;
and PSA and prostatic acid phosphatase serve as markers of prostate function.
PSA (116–118) and semenogelin I (46) have been used in forensic tests for
semen detection, even from azoospermic individuals. In addition, proteomic
studies of spermatozoa are providing insights into immune infertility and iden-
tifying potential targets for contraceptive vaccines.

Future proteomic studies of seminal fluid have the potential to provide new
biomarkers of prostate disease, notably prostate cancer. It is instructive to note
that the discovery of PSA, arguably the most widely used serum cancer bio-
marker to date, resulted from studies performed in prostate tissue (119,120) and
seminal fluid (59). PSA was only found to be a useful circulating marker for the
diagnosis and monitoring of prostate cancer after its identification in tissue and
the appropriate proximal biological fluid (121). It is likely that analogous stud-
ies will find panels of markers, rather than single analytes, that can be employed
for diagnostic purposes. Existing data indicate that candidates for such a bio-
marker panel include different forms of PSA and other proteins such as
kallikrein-2, and PSP-94, as well as various cytokines, growth factors, and cel-
lular adhesion molecules.

New and powerful techniques are available that allow for comparative pro-
teomic studies. One such method is differential gel electrophoresis (DIGE), a
technique whereby two or more samples are labeled with spectrally distinct
fluorescent dyes and run simultaneously on the same gel. This approach
allows precise relative quantification of differences between biological samples
and is compatible with subsequent protein identification by MS. DIGE allows
rapid and accurate comparisons of two or more samples without the limitations
associated with across-gel comparisons. In addition, complementary mass spec-
trometric techniques using stable isotope labeling (e.g., ICAT or iTRAQ) have
the potential to provide similar comparisons of proteins and peptides in com-
plex samples. The use of these techniques in future studies of seminal fluid is
likely to provide important insights into the molecular pathobiology of repro-
ductive and urological disease and will likely help in defining clinically useful
biomarkers of disease.
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Proteomics of Vitreous Fluid

Atsushi Minamoto, Ken Yamane, and Tomoko Yokoyama

Summary
Vitreous and serum samples were obtained from subjects with diabetic retinopathy (DR; 33

cases) and idiopathic macular hole (MH; 26 cases), at the time of pars plana vitrectomy. The
expressed proteins were separated by 2D gel electrophoresis. Separated protein spots were then
visualized by silver staining and analyzed by mass spectrometry. For the MH vitreous samples,
more than 400 spots were detected on 2D gels, of which 78 spots were identified as 18 unique
proteins, including pigment epithelium-derived factor (PEDF), prostaglandin-D2 synthase,
plasma glutathione peroxidase, and interphotoreceptor retinoid-binding protein (IRBP), which
were not identified in the corresponding serum samples. For the DR vitreous samples, more than
600 spots were detected on gels, and 141 spots were identified as 38 unique proteins, some of
which were derived from serum. Enolase and catalase were identified among four detected
spots; neither of them was found in MH vitreous or DR serum samples. The increased protein
expression observed in DR vitreous samples may be due to barrier dysfunction and/or produc-
tion in the eye.

Key Words: Diabetic retinopathy; macular hole; oxidative stress; PEDF; proteome; vitrec-
tomy; vitreous.

1. Introduction
The intraocular space between the lens, zonules, ciliary body, and retina is

filled with a transparent gel or liquid that is termed the vitreous. The vitreous con-
tains more than 99% water; the rest is composed of solids. The two major struc-
tural components are collagen and hyaluronic acid. The former confers a gel-like
property, whereas the latter provides a viscoelastic consistency that resists com-
pression and also stabilizes the collagen network. Also contained in the vitreous
are soluble proteins. In addition to its space-filling function, the vitreous provides
mechanical support to the surrounding ocular tissues and, because of its vis-
coelastic property, serves as a shock absorber against mechanical impact (1,2).



In the normal eye, the vitreous appears to be a quiescent compartment.
However, the juxtaposition of the retina, a metabolically active tissue, with the
vitreous suggests that changes in the retina would affect the vitreous. Retinal
vascular occlusive diseases such as diabetic retinopathy and retinal vein occlu-
sion are commonly associated with significant vitreous change (3). In diabetic
retinopathy (DR), the neovascularization arises from the retina and is attached
to the posterior vitreous surface. Fibrous tissue that accompanies new vessels
may lie on the surface of the retina, forming epiretinal membrane, or may
extend forward onto the posterior surface of the vitreous. It is most developed
at the sites where the vitreous is attached firmly along the vascular arcades sur-
rounding the central retina (macula). Fibrous tissue sheets in front of the retina
cause visual loss. Additionally, fibrous bands connecting fibrous tissue along
superior and inferior vessels may result in traction retinal detachment of the
macula, resulting in profound visual loss. Moreover, DR is the leading cause of
visual loss in working, aged people in the industrialized world.

Currently, intense interest exists in vasoproliferative factors released by the
retina itself, retinal vessels, and the retinal pigment epithelium, which are
thought to induce neovascularization and subsequent fibrovascular proliferation
of the retina and vitreous in diabetic eyes. The blood-retinal barrier (BRB) is a
blood barrier to control the permeability of proteins and water-soluble sub-
stances to prevent retinal edema and interference with neurotransmission. A break-
down of the BRB is caused by an intraocular increase in vascular endothelial
growth factor (VEGF) (4–10), interleukin-6, angiotensin II, and many other
cytokines and/or growth factors in DR. New vessel formation is a complex mul-
tistep process and is regulated by many proteins including cytokines and/or
growth factors. In addition to the factors mentioned, basic fibroblast growth fac-
tor (bFGF) (11,12), insulin-like growth factor-1 (7), hepatocyte growth factor
(HGF) (9,10), and others are known to be involved during the destructive
process of the endogenous ocular tissue. Changes in expression levels of these
factors have been described by the measurement of these substances using
enzyme-linked immunosorbent assay (ELISA) in the aqueous and vitreous of
eyes with DR. In these studies, however, substances for measurement were tar-
geted in advance, and the targets were limited because of the small amount of
available sample material.

To examine systematically and exhaustively which factors are increased 
and what the causes of those increases are, a methodology to examine without
preconceptions is needed. We have adopted 2D gel-based proteome analysis
(13) to investigate protein profiles of human vitreous with DR compared with
idiopathic macular hole (MH) as the control. MH formation is caused by a
spontaneous, usually abrupt, focal contraction of the vitreous cortex, which 
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elevates the retina at the macula (14), and thus MH is considered to be a silent
and localized retinal lesion.

2. Methods
Proteomic analysis was performed as described previously (15).

2.1. 2D Polyacrylamide Gel Electrophoresis (2D-PAGE)

1. Vitreous sample (40 μL) and serum sample (3 μL) were diluted in a lysis buffer
containing 7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)dimethylammo-
nio]-l-propanesulflonate (CHAPS), 2% ampholytes, pH 3.5 to 10 (Amersham
Pharmacia Biotech, Uppsala, Sweden), and 1% dithiothreitol to a final volume of
400 μL.

2. Protein samples were applied overnight to Immobiline Dry Strips (Amersham
Pharmacia Biotech; pH 4–7, 3–10, 18 cm) by in-gel rehydration (16,17).

3. For the first dimension, a Multiphor II electrophoresis chamber (Amersham
Pharmacia Biotech) was used. Isoelectric focusing (IEF) was performed with the fol-
lowing voltage program: 500 V for 2 min, 3500 V for 1.5 h, and then 3500 V for 6 h.

4. Immobiline Dry Strips were stored at –80°C until the 2D electrophoresis was
carried out.

5. 2D separation was performed in 9 to 18% acrylamide gradient gels (20 � 20 cm)
using the Iso-Dalt system (Amersham Pharmacia Biotech).

6. The protein spots were visualized by silver staining (18), and the 2D gels were
scanned on an Epson ES 80000 scanner (Seiko Epson, Suwa, Japan).

7. After scanning, the 2D gels were sandwiched between two cellophane sheets
and dried.

8. Image analysis and 2D gel proteome database management were done using the
Melanie II 2D-PAGE software package (Bio-Rad).

2.2. In-Gel Tryptic Digestion

1. Protein spots were excised from the dried silver-stained gels by a gel cutter and
rehydrated in 100 mM ammonium carbonate.

2. The gel pieces were destained with 30 mM potassium ferricyanide and 100 mM
sodium thiosulfate and then rinsed a few times with Milli-Q (Millipore, Billerica,
MA) water and once in 100 mM ammonium carbonate.

3. Dehydration was performed using acetonitrile until the gel pieces turned opaque
white; they were subsequently dried in vacuum centrifuge.

4. The gel pieces were then rehydrated in a dilution buffer containing trypsin, and
proteins underwent in-gel digestion overnight at 37°C.

5. The digestion was stopped by covering the gel pieces with 5% trifluoroacetic acid,
and the peptides were extracted three times with 5% trifluoroacetic acid in 50%
acetonitrile.

6. The extracted peptides were pooled and dried in a vacuum centrifuge.
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2.3. Electrospray Ionization (ESI) Mass Spectrometry (MS) 
and Protein Identification

1. The peptides were resuspended with 1% formic acid in 4% methanol and loaded
onto an OLIGO R3 column (PerSeptive Biosystems, Framingham, MA).

2. After the column was washed with 1% formic acid, the peptides were eluted with
1% formic acid in 70% methanol and subjected to mass analysis.

3. The eluted peptides were loaded into Au/Pd-coated nanoES spray capillaries
(Protana, Odense, Denmark).

4. The capillaries were inserted into the nano-flow Z-spray source of a quadrupole
time-of-flight (Q-TOF) mass spectrometer (Micromass, Manchester, UK).

5. Instrument operation, data acquisition, and analysis were performed by
MassLynx/Biolynx 3.2 software (Micromass).

6. The Q-TOF was operated in two modes: MS and MS/MS.
7. The proteins were identified by matching the obtained amino acid sequences

against the Swiss-Prot and Genbank databases using the GenomeNet Internet
server of Kyoto University, Japan (www.fasta.genome.ad.jp/).

2.4. Matrix-Assisted Laser Desorption/Ionization-Mass 
Spectrometry (MALDI-MS) and Protein Identification

1. The peptides were dissolved in 5 μL of 0.1% trifluoroacetic acid and 50% acetoni-
trile. The matrix was α-cyano-4-hydroxy cinnamic acid (CHCA; 10 mg) in a 1-mL
mixture of 0.1% trifluoroacetic acid and 50% acetonitrile.

2. The peptide mixture (1 μL) was deposited on the sample plate, and the solvents
were removed by air-drying at room temperature.

3. The matrix mixture (1 μL) was then deposited on the sample plate, on top of the
peptide mixture.

4. MALDI-MS was carried out on a Voyager-DE STR (PerSeptive Biosystems) in
the reflector mode.

5. The laser wavelength was 337 nm, and the laser repetition rate was 3 Hz.
6. The MALDI spectra were averaged at 500 laser pulses.
7. Calibration was performed with four peptides: des-Arg1-bradykinin, angiotensin,

Glu1-fibrinopeptide B, and adrenocorticotropic hormone (ACTH) (18–39) with
monoisotopic (M�H)� at m/z 904.4681, 1296.6853, 1570.6774, and 2465.1989,
respectively.

8. Peak lists were searched against the NCBInr protein sequence database using the
MS-Fit search tool (MS tolerance 0.3 Da) to identify the proteins.

3. Findings and Applications
3.1. Patients and Clinical Samples

Undiluted vitreous samples and corresponding serum samples were obtained
from 59 eyes (51 patients) with DR (n = 33) and MH (n = 26) at the time of vit-
reous surgery, after securing written permission from all patients. All patients
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were informed of the purpose of the study and the nature and potential adverse
effects of sampling procedures. The Institutional Review Board of Hiroshima
University approved the protocol for collection of samples.

1. Three-port pars plana vitrectomy was carried out in all subjects.
2. A slit-like sclerotomy was made at the lower temporal quadrant, 3.5 mm from the

limbus.
3. An infusion cannula with a 4-mm shaft was then inserted through the sclerotomy.
4. Sclerotomy for insertion of the light pipe and vitrectomy probe was made in the

same manner as that for the infusion cannula but was located 3.5 mm from the
limbus in superior quadrants.

5. After 0.3 to 0.8 mL undiluted vitreous samples were obtained, the infusion line
was opened for the maintenance of intraocular pressure.

6. Harvested vitreous and blood samples were collected in tubes, placed immediately
on ice, centrifuged for 15 min to separate the cell contents, and stored at –80°C
until use.

7. The protein concentration of each sample was measured on a V-1500 spectropho-
tometer (Hitachi, Tokyo, Japan) using a Bio-Rad Protein Assay Kit (Bio-Rad,
Hercules, CA). The average protein concentration of DR vitreous was 4.13 μg/μL
(range: 1.28–7.26 μg/μL), whereas that of MH vitreous was 0.47 μg/μL (range:
0.10–1.00 μg/μL).

3.2. 2D-PAGE of the Vitreous From Patients With DR and MH

Totals of 511 to 785 spots (average, 617 spots) and 558 to 965 spots (average,
779 spots) were detected on silver-stained 2D gels of DR vitreous proteins using
immobilized pH gradient (IPG) 4 to 7 (28 of 33 eyes) and 3 to 10 (12 of 33 eyes),
respectively; 371 to 519 spots (average, 437 spots) and 359 to 580 spots (aver-
age, 463 spots) were detected in vitreous samples from eyes with MH using IPG
4 to 7 (23 of 26 eyes) and 3 to 10 (10 of 26 eyes), respectively (Figs. 1 and 2).
The pattern of protein expression of each disorder was reproducible among vit-
reous samples, regardless of the patient’s age and gender.

3.3. Comparison Between Vitreous and Serum Samples 
(Vitreous-Specific Proteins)

A total of 18 proteins were identified from 78 spots in MH, and most of 
them corresponded to serum proteins. These included transferrin, albumin,
α1-antitrypsin, α1-antichymotrypsin, α2-HG-glycoprotein, antithrombin III,
hemopexin, fibrinogen γ-chain, haptoglobin-1, apolipoprotein J, apolipoprotein
A-1, IgG heavy chain, IgG light chain, and transthyretin. However, 26 spots of
vitreous samples were not identified in the corresponding serum samples. Of
these, 16 spots were identified as polypeptide fragments of pigment epithelium-
derived factor (PEDF), prostaglandin-D2 (PGD2) synthase, plasma glutathione
peroxidase, and interphotoreceptor retinoid-binding protein (IRBP) (Fig. 1).
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PGD2 synthase, a 26-kDa glycoprotein, is a member of the lipocalin
family of secretory proteins and hydrophobic molecule transporters such as 
β-lactoglobulin and retinol-binding protein (19). PGD2 is the major
prostaglandin formed in the eye (20). PEDF is present in aqueous humor, inter-
photoreceptor matrix, and vitreous (21) and has been reported to play a role as a
potent inhibitor of angiogenesis (22–24). However, in our study, there was no
distinct tendency toward difference in PEDF spot intensity volume between DR
and MH samples. Therefore, we supposed that the balance between angiogenic
stimulators and inhibitors should be chiefly regulated by the increase or decrease
of angiogenic stimulators such as VEGF and that PEDF, as an angiogenic
inhibitor, should support the effect of increased angiogenic stimulation to a cer-
tain level. The PEDF level in the vitreous has been reported to vary far less than
that of VEGF between DR and MH (25).

3.4. Comparison Between Vitreous Samples of DR and MH

A total of 36 proteins were identified from 136 spots in DR. The spots iden-
tified in MH vitreous samples were also identified in DR vitreous samples, and
these common spots with increased volume were all identified in serum sam-
ples as well. However, a total of 18 proteins were present in vitreous samples
of DR and in sera but were not identified in MH vitreous samples. These 18
proteins included α2-macroglobulin, Ig α-1 chain C region, α1-B-glycoprotein,
α1-microglobulin, C3α, ceruloplasmins, apolipoprotein E, complement C4,
complement factor D, PRBP, complement factor I, Zn-α2-glycoprotein, kinino-
gen, apolipoprotein D, cathepsin D, and prothrombin. The presence of these
proteins in vitreous considered to be the result of the breakdown of the BRB in
DR (Fig. 2). Cathepsin D, one of the components of the proteolytic machinery
for misfolded proteins, has been known to be upregulated in VEGF-activated
human endothelial cells (26). This seems to suggest the presence of inflamma-
tion and decomposition of proteins (27), consistent with new evidence indicat-
ing that DR may be an inflammatory disease (28).

The spots among the area of higher pI range (pI > 6) with 20 to 70 kDa
molecular mass were overshadowed by polypeptide fragments of IgG, which
were abundant and of great diversity. Therefore, as a separate series of analy-
ses, we adopted IgG removal procedures in the sample preparation prior to 2D-
PAGE with IPG 3 to 10, with samples of MH (n = 3) and DR (n = 5). Briefly:

1. Larger amounts of vitreous (200 μL) and serum (15 μL) samples were shaken
overnight with 15 μL Protein A Sepharose 4 Fast Flow (Amersham Pharmacia
Biotech).

2. The Protein A beads were precipitated by centrifugation at 5200g, and then clear
supernatant liquid was collected.
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3. After the Protein A bead was washed five times with 500 mL PBS, clear super-
natant liquid was collected.

4. An UltraFree column (Millipore) was used to concentrate sample fluids.

With this modification of sample preparation, we could recognize five spots
in DR vitreous samples that were found neither in MH vitreous samples nor in
DR serum samples. Among these five spots, four were identified as enolase and
catalase (Fig. 3). The presence of these two proteins in DR vitreous samples,
which were undetected in corresponding serum samples and MH vitreous sam-
ples, may suggest their roles in the development and exacerbation of vitreoreti-
nal disorders in DR, or they may be related to the damage of retinal tissue.

Enolase, which was confirmed to be neuron-specific enolase (NSE) by
Western blotting (13), may be used as a marker of acute neuronal damage in
humans with neurological disorders. Cerebral ischemia in rats and humans
induces the release of NSE to the extracellular matrix (29,30). Retinal neuron
injury in retinal detachment releases sufficient NSE to be detected in subretinal
fluid, aqueous humor, and even serum (31).
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Fig. 3. Comparison between vitreous and corresponding serum sample of DR. IgG
removal procedures were adopted in the sample preparation prior to 2D PAGE with IPG
3-10. The clear up-regulation of enolase and catalase was seen in the vitreous sample.



It has been suggested that, in diabetes, oxidative stress plays a key role in the
pathogenesis of vascular complications such as DR (32). Catalase, an antioxi-
dant enzyme, is possibly serving as a protective substance within the diseased
eye. Its presence, therefore, implies a role in acute ischemic disease of the
retina, such as DR (27,33,34).

4. Perspectives and Future Directions
At present, completing the reference library of proteins expressed in the vitre-

ous is difficult because sample preparation of vitreous fluid for proteomic analysis
presents several problems. It has been reported that albumin and immunoglobulin
account for over 80% of whole-vitreous protein. Because the large area of multi-
ple spots of albumin and immunoglobulin obscure small other spots, low-abundant
proteins might be unrecognized. Moreover, proteins are lost during 2D-PAGE
and extraction from stained gels. Poor solubility of some proteins and charge het-
erogeneity are often refractory to 2D-PAGE (35). It has been reported that more
proteins, including angiogenic and antiangiogenic factors, could be identified
from vitreous samples in diabetes by using 1D-PAGE, blind cutting of gels, and
extraction from unstained gels, compared with identification using 2D-gel-
based proteomics (36).

Further improvements in gel electrophoretic technique, staining methods,
and MS technologies should contribute to a more detailed analysis of vitreous
protein profiles, thereby deepening our knowledge of the pathological features
of sight-threatening vitreoretinal disorders.
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Summary
This chapter discusses different methods for determining proteins and peptides present in human

dialysate and ultrafiltrate fluids. The main focus is on separation-coupled MS techniques such as gel
electrophoresis-MS, LC-MS, and CE-MS. The increasing number of patients on renal replacement
therapy shows the need for techniques that may improve the dialysis process and consequently the
quality of life as well as life expectancy of these patients. Dialysate and ultrafiltrate fluids are a rich
source of information on relevant peptides and proteins, especially the uremic toxins. Furthermore,
these liquids are available in high amounts compared with serum or plasma. The different proteomic
methods such as HPLC separation of samples and subsequent MALDI-TOF-MS and 2D-PAGE fol-
lowed by MALDI-TOF-MS or LC-MS, in combination with MS/MS methods, as well as CE-MS are
reviewed, and some of the most recent papers are summarized. The knowledge obtained by proteome
analysis holds great promise to allow improvements in current dialysis techniques.

Key Words: Dialysate; ultrafiltrate; renal replacement therapy; dialysis; uremia; uremic toxins;
renal failure; capillary electrophoresis; proteome.

1. Introduction
The use of proteomics in the analysis of complex biological fluids has grown

rapidly during the last few years, as seen by the review of Thongboonkerd in
2004 (1). In particular, the high sensitivity, speed, and reproducibility of mass
spectrometry (MS) have boosted its application in all aspects of protein analysis,
including discovery, identification (i.e., peptide mapping, sequencing), and
structural characterization. Proteome analysis of human dialysate, hemofiltrate
(HF), and ultrafiltrate (UF) fluids can roughly be divided into two major types:
(1) methods used to investigate single molecules with techniques like Western



blotting, enzyme-linked immunosorbent assay (ELISA), different chromato-
graphic steps, and/or MS; and (2) “shotgun” methods, which are used to iden-
tify as many individual polypeptides as possible using coupling techniques,
e.g., gel electrophoresis-MS, liquid chromatography (LC)-MS or capillary elec-
trophoresis (CE)-MS.

We will focus on the second type, or “shotgun” methods, which are well
known and well suited for the investigation of the proteome of plasma or urine.
This is reflected by some 300+ manuscripts currently present in Medline when
one searches “proteomics AND serum/plasma” and about 60+ manuscripts for
“proteomics AND urine.” In the field of analysis of dialysate and UF fluids,
only a few reports are currently available. The adoption of these techniques is
driven by the need to identify proteins and polypeptides responsible for several
severe complications in renal failure patients or during renal replacement therapy,
mostly owing to so-called uremic retention molecules.

Peptides constitute a heterogeneous group of uremic retention molecules.
Under normal conditions, they are excreted by glomerular filtration and degraded
by renal tubules. These two elimination pathways are hampered once kidney
function starts to fail. Many peptidic compounds show an increased concentration
in uremia. Most of these molecules have a molecular weight exceeding 500
Daltons, which corresponds to the characteristics of a classical subgroup of ure-
mic retention compounds, the so-called middle molecules. These are difficult to
remove and can be eliminated efficiently from the body of uremic patients only
by advanced convective dialysis strategies (2,3).

Several peptides have been shown to interfere with biochemical/biological
functions, which are part of the uremic syndrome, a term that covers the symp-
toms and clinical complications in patients with renal failure. Subsequently,
their identification and removal might be germane in combating the morbidity
and mortality of uremic patients. This might be especially relevant for the
reduction of cardiovascular damage (4), which is a major problem affecting a
substantial number of patients with renal failure, even in the predialysis stage.
In the next paragraphs, current knowledge about some of the known peptidic
uremic solutes will be summarized.

β2-microglobulin (β2-M) is a 12-kDa component of the major histocompati-
bility antigen. Uremia-related amyloidosis is a disease affecting mainly patients
who have been dialyzed for many years. This disease essentially affects bone,
joints, and tendons, causing incapacitating symptons, and is, to a large extent,
related to β2-M (5). The inflammatory characteristics of the disease are most
likely related to oxidative modifications of β2-M, which in part have been iden-
tified as advanced glycation end products (AGEs) (6).

Parathyroid hormone (PTH) is a 9-kDa hormone mainly attributable to parathy-
roid glandular secretion, in response to hypocalcemia, hyperphosphatemia, and
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hypovitaminosis D (7), rather than to a direct effect of reduced renal function. PTH
acts as a calcium ionophore and provokes cellular calcium influx in many cell sys-
tems. This in turn results in cellular activation, e.g., of immune cells, with a proin-
flammatory impact (8). In addition, PTH mobilizes calcium out of bone and causes
calcium deposits in the tissues, e.g., in the vessel walls, potentially contributing to
uremic vascular disease (9). In addition, PTH fragments are retained in uremia
(10), and these might have their own toxic effects.

Granulocyte inhibiting protein I (GIP-I) is a 28-kDa structural analog of 
κ-light chains with proinflammatory properties (11). Atrial natriuretic peptide
(ANP) (3.1 kDa) and endothelin (3.5 kDa) play a role in the hemodynamics and
regulation of blood pressure. Endothelin is a potential contributor to uremic
hypertension (12) as well as to insulin resistance (13). Neuropeptide Y (NPY) is
a 4.3-kDa peptide with vasoconstrictive properties that indicates cardiovascular
complications in dialysis patients (14). Leptin, a 16-kDa plasma protein, sup-
presses appetite, induces weight loss in mice (15), and is related to weight loss
in peritoneal dialysis patients (16). It also has been associated with the malnutri-
tion that is a major problem in a substantial number of uremic patients.

Cytokines, such as interleukin-1 (IL-1), IL-6, IL-18, and tumor necrosis
factor-α (TNF-α), are proinflammatory compounds that are retained in renal fail-
ure, in part because they are inadequately excreted by the failing kidneys. They
may play a prominent role in the inflammatory status, which affects a substantial
part of the uremic population (17). Inflammation, in turn, is related to atherogen-
esis (18). Complement factor D is part of the chain of compounds responsible for
complement activation. It is retained in uremia and considered as another proin-
flammatory agent (19).

In summary, a host of peptidic compounds are retained in renal failure and
evidently play a role in the biochemical, biological, and clinical alterations in
patients with renal failure. The retention of peptidic compounds is closely
related to one of the most important problems of nephrology today, the dramat-
ically increased cardiovascular risk. Their clinical potential is underscored by a
number of clinical studies, suggesting better cardiovascular outcome if dialysis
membranes that improve peptidic removal are used (20).

2. Methods, Findings, and Applications
Hemodialysis fluids are known to serve as a favorable source for proteomic

analysis owing to their low content of albumin and other interfering large pro-
teins. Compared with plasma or serum, the concentration of albumin in HF is
1500-fold less, whereas concentrations of polypeptides in the range of 1 to 30 kDa
remain nearly unaffected (21). One of the first attempts to analyze the so-called
middle-molecules from HF of patients with chronic uremia was described by
Brunner et al. in 1978 (22). Lack of suitable techniques for rapid identification of
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polypeptides in those days restricted the methods to Western blotting, ELISA,
radioimmunoassay (RIA), and so on to identify single proteins, one at a time.

2.1. Hemofiltrate as the Source of Bioactive Peptides

An advanced approach to identify polypeptides from HF was initiated by
Forssmann et al. around 1995. This work resulted in the characterization of HF
as a source of circulating bioactive peptides (21). In addition, a “peptide bank”
containing up to 300 different chromatographic fractions generated from up to
10,000 human HFs was established (23). Starting from this peptide bank, bioac-
tive peptides were isolated. The first proteomic approach using LC-MS-guided
purification was the isolation of the human peptide hormone guanylin from HF
(24). Using LC-MS-guided purification, additional peptides with various bio-
chemical functions, e.g., endostatin, resitin, angiogenesis inhibitors, and a proo-
piomelanocortin-derived peptide with lipolytic activity, could be isolated from
HF (25,26). Additional improvements to the LC-MS technique were made by
Wagner et al. (27) with the development of an automated 2D high-performance
liquid chromatography (HPLC) system with integrated sample preparation and
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) for the analysis of proteins and peptides less than 20 kDa.

2.2. Gel Electrophoresis–Mass Spectrometry

A recent proteomic approach using 2D polyacrylamide gel electrophoresis
(2D-PAGE) and MALDI-TOF-MS to identify uremic toxins from UF was pre-
sented by Ward and Brinkley in 2004 (28). Briefly:

1. The sample was prepared by a 50-fold concentration step using a 1-kDa cutoff
membrane, followed by a desalting step using a dialysis cassette.

2. Gel electrophoresis was carried out using a 22 × 22-cm Duracryl gel after isoelec-
tric focusing (IEF) on a 17-cm immobilized linear pH gradient (IPG) strip.

3. Protein spots of interest were excised and digested by trypsin (for details see
ref. 28), followed by mass spectrometric analysis, which was performed on a
MALDI-TOF-MS (Micromass Tof-Spec 2E; Micromass, Manchester, UK) by
peptide mass fingerprinting using Mascot and ProFound search engines to iden-
tify the proteins.

Using this approach, Ward and Brinkley were able to identify 21 spots from
the proteome map representing six proteins harboring several posttranslational
modifications (PTMs), which resulted in multiple spots of the same protein. The
identified proteins were β2-M, one of the major uremic toxins (5), as well as α1-
antitrypsin, albumin (mature and complexed forms), complement factor D, cys-
tatin C, and retinol-binding protein. The results indicate that small proteins like
β2-M, with concentrations of 1 to 2 mg/L in normal volunteers and 30 to 
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50 mg/L in hemodialysis patients, have higher concentrations in patients, whereas
the concentration of larger molecules like albumin is not increased.

Likewise, in 2004, Lefler et al. presented in a combination of reversed-phase
(RP) chromatography, 2D-PAGE, and MALDI-TOF/TOF tandem MS for the
identification of proteins in ultrafiltrate (29).

1. The first sample preparation step was an RP C-4 HPLC.
2. UF was loaded onto the column and eluted stepwise with 10% (fraction 1), 25%

(fraction 2), and 50% buffer B (fraction 3). Buffer A was water, and buffer B was
acetonitrile.

3. After lyophilization, each fraction was applied to 2D gel electrophoresis, IEF fol-
lowed by separation on an 8 to 16% gradient gel.

4. Staining was performed with SYPRO Ruby, and images were analyzed with
PDQuest software.

5. For identification of protein spots, peptide mass fingerprinting onto a Micromass
MALDI-TOF instrument was performed.

6. For the identification of spots that resulted in low Mascot scores, additional
MS/MS experiments were made using a MALDI-TOF/TOF instrument (Applied
Biosystems 4700 Proteomics Analyzer).

With this approach, Lefler et al. were able to identify 47 protein spots represent-
ing 10 different proteins. The most identified protein was albumin (nine spots), fol-
lowed by transferrin (eight spots). β2-M was also identified in this study. Evidently,
the addition of RP chromatography as a third dimension of separation to the estab-
lished 2D gel MS resulted in a higher number of visible protein spots.

In a very recent and detailed study, Molina et al. presented a proteome analysis
of human hemodialysis fluid using gel electrophoresis (1D) in combination
with LC-MS/MS (30).

1. During sample preparation, the hemodialysis fluid was first desalted and concen-
trated using a 3-kDa cutoff filter.

2. Subsequently, the desalted sample was resolved by sodium dodecyl sulfate (SDS)-
PAGE, and silver-stained; the bands were then excised, in-gel-digested with
trypsin, and analyzed by LC-MS/MS.

3. Nanoflow RP C-18 chromatography coupled via nanoelectrospray sources to
either a quadrupole time-of-flight MS (Q-Tof API-US, Micromass) or an ion trap
MS (LC/MSD Trap XCT, Agilent Technologies, Palo Alto, CA) was used.

With this approach, 292 different proteins from hemodialysis fluid were iden-
tified; 205 of them had not previously been reported in serum or plasma.
Additional Western blot analysis of a subset of these proteins revealed their pres-
ence in normal serum, indicating that the sensitivity of detection might be the
major reason why most of these proteins had not been identified previously in
serum or plasma. The authors conclude that this might mainly be owing to the
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greater dynamic range of protein concentration in serum/plasma samples and the
enrichment of the lower molecular weight proteins in the hemodialysis fluid. A
further outcome of this proteomic analysis was that, similar to those reported by
Ward and Brinkley, proteins in hemodialysis fluid often harbor PTMs, which
makes identification by MS/MS difficult when one is searching databases with
standard settings only. Most PTMs reported by Molina et al. were oxidization at
methionine or tryptophan residues, pyroglutamine formation, N-terminal acety-
lation, N-glycosylation of peptides, and proline hydroxylation.

In conclusion, all these gel electrophoresis-based proteomic techniques
showed differences in protein expression within a mass range of more than 
10 kDa, and many of these proteins could be identified. The results of these stud-
ies are of great relevance in the evaluation of uremic toxins. However, all these
techniques lack identification of uremic retention molecules in the lower molec-
ular range, from 1 kDa up to 10 kDa (“middle molecules”), owing to method-
ological restriction to the analysis of proteins with higher molecular masses 
(>10 kDa). In addition, these approaches are most likely not applicable to a
larger number of individual patient samples. In the next section we describe
CE-MS as an approach to assess the proteome of dialysate and as a method espe-
cially suited to fill the gaps in the other techniques.

2.3. CE-MS

Two- or multidimensional approaches are labor intensive and time consuming
and hence are suited for the analysis of a limited number of different samples.
An alternative, which permits the analysis of hundreds of samples in a timely
fashion, is CE-MS. We have successfully used this technology in the analysis of
different body fluids, including, dialysate and UF (31,32). This technology com-
bines the high-resolution separation capability of capillary electrophoresis (CE)
with the high-resolution detection capability of electrospray time-of-flight mass
spectrometry (ESI-TOF-MS). CE-MS permits the analysis of up to 2000
polypeptides within 45 to 60 min, in a small volume and with a high sensitivity.

In the first approach, we examined the effect of different dialysis membranes
(low-flux vs high-flux) on the number of polypeptides in the dialysate (31). The
sample preparation used for this study was anion-exchange chromatography
with DEAE-Sepharose to remove interfering salts and uncharged elements and
to concentrate the final sample, followed by lyophilization. Because of the rel-
ative insensitivity of CE toward salts, this fast and simple procedure has resulted
in a reproducible sample matrix.

1. CE-MS analysis was performed on a Beckman P/ACE MDQ CE coupled via 
a CE-ESI-MS sprayer kit from Agilent to an Applied Biosystems Mariner ESI-
TOF-MS.
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2. The sample was injected hydrodynamically (1 psi, 20 s) on an untreated silica
capillary (i.d. 75 and o.d. 360 μm, length 90 cm).

3. When a separation buffer composed of 30% methanol and 0.5% formic acid in
water (pH 2.4) is used, the electrophoretic run at 30 kV is completed within 45 to
60 min.

4. After each run, the capillary was rinsed for 5 min with 0.1 M NaOH, followed by
a 5-min rinse with water and another 5-min rinse with running buffer.

5. The capillary temperature was held constant at 35°C.
6. The sheath flow was applied at a rate of 5 μL/min coaxial to the capillary, and the

sheath liquid was identical to the separation buffer.

This setup resulted in a stable and reproducible CE-MS method. The huge
amount of data generated from each single run was evaluated with a specialized
software package, MosaiquesVisu (available online at www.proteomiques.com),
which is described in detail elsewhere (33,34). In first experiments, more than
600 polypeptides could be analyzed in a single sample. As shown in Fig. 1,
larger polypeptides (>10 kDa) were only present in the dialysates from high-flux
membranes (Fig. 1A), whereas most of those in dialysates from low-flux mem-
branes (Fig. 1B) were smaller than 10 kDa.

In a further study, the potential of CE-MS followed by CE-MS/MS to identify
uremic retention molecules in dialysis fluids from low-flux and high-flux mem-
branes was examined (32). To obtain further insight into uremic toxins within a
mass range of 800 up to 15,000 Daltons, the same CE-MS setup as described
above was used, combined with a different sample preparation procedure.

1. The dialysates were applied onto a Merck LiChrospher RP C-18 ADS column
with a flow rate of 0.8 mL/min.

2. After washing, the polypeptide fraction was eluted with a step gradient of 80%
methanol and 20% water with a flow rate of 0.8 mL/min.

3. The elution profile was monitored by UV detection at 200 nm.
4. Approximately 6 mL of eluate was collected from each sample, frozen, and

lyophilized.
5. Shortly before use, samples were resuspended in 20 μL of HPLC-grade water,

yielding a 300-fold enrichment of polypeptides present in each sample.

The results of these experiments are shown in Fig. 2. Although the data 
from the two different membranes appeared quite similar at first sight, several
differences became obvious upon closer examination. When we compared the
different CE-MS runs, the signal intensity was always higher in the effluent of
high-flux membranes. The signal intensity is shown as a color code (0–10,000
MS counts) for both the raw data plot and the protein plot. In addition, more
polypeptides were detectable in the dialysate from the high-flux membrane. In
all, 1394 different polypeptides were detected using the high-flux membrane,
whereas only 1046 polypeptides were recovered in the dialysate of the same
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patient obtained from the low-flux membrane, indicating a more efficient
removal of polypeptides by the high-flux membrane. Furthermore, the mass
distribution of the removed molecules was different; more molecules with molec-
ular masses above 5 kDa were present in the UF from high-flux membranes. To
identify peptides contained in the UF, CE-MS/MS analysis was performed. A
complete CE run was spotted onto a MALDI target plate (one spot for every 15 s)
and examined subsequently in MS mode on a MALDI-TOF/TOF instrument
(Bruker Daltonics). Polypeptides of interest were fragmented in MS/MS mode,
and their sequences were identified with a Mascot search against the Swiss-Prot
database.

Taken together, the results demonstrate that CE-MS allows fast analysis of
large numbers of individual compounds; up to 1400 compounds with a molecu-
lar mass of more than 800 Daltons could be recognized. These findings demon-
strate the potential of the CE-MS application for proteomics and the identification
of yet unknown uremic retention molecules.

3. Perspectives and Future Directions
Modern technologies for proteome analysis are well suited for the identifica-

tion of polypeptides and proteins in ultrafiltrate, hemofiltrate, and dialysate fluids.
The results also strongly suggest that, with respect to uremic retention mole-
cules, only the tip of the iceberg is known. Currently, only a few of these mol-
ecules are defined (35), but it is conceivable that a much larger number is
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Fig. 1. Comparison of the abundance of polypeptides detected in high-flux (HF) and
low-flux (LF) dialysates defined by their molecular mass (in kDa) and migration time
(in min). Although the distribution, but not the absolute number, is quite similar for both
types of membranes in the low-molecular-mass range (<10 kDa), an increase in the
number of polypeptides can be observed in the high-molecular-mass range of the high-
flux dialysates.



retained and many compounds that play a role in uremia remain unrecognized.
Evidently, the problem of uremic retention molecules is substantially more
complex than initially anticipated. In uremia, all substances that are excreted by
the healthy kidneys under normal conditions are potential candidates for reten-
tion and may be of pathophysiologic importance.

The results also indicate that proteome analysis allows examination of the dial-
ysis process and especially the efficiency of the removal of polypeptides by dif-
ferent dialysis membranes. A comparison of polypeptides in plasma and dialysis
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Fig. 2. Comparison of proteomic analysis of ultrafiltrate obtained from high-flux
(left) and low-flux (right) polysulfone membranes. The total ion chromatograms (TICs;
upper graphs) were obtained after CE-MS analysis. The inserts show individual spectra,
obtained every 3 s, yielding the total ion chromatograms. These data have been converted
to a 3D contour plot (middle panels). Mass per charge is shown on the y-axis against the
migration time (in min) on the x-axis. Even before the polypeptides, an array of highly
mobile ions like formiates appear, whereas the end of the spectrum is marked by the
appearance of organic polymers, most likely a result of the sample preparation. The
lower panels show a graphic depiction of the peak list, as calculated actual mass plotted
against migration time. This peak list contains more than 1000 different molecules.
Evidently, both the number of individual compounds and the intensity are higher for the
high-flux membrane.



fluid of patients with those present in the plasma of healthy individuals should
allow the identification of polypeptides that are increased in dialysis patients and
are consequently the first-line uremic toxin candidates. This knowledge and the
ability to evaluate the dialysis process on a molecular level with respect to the
polypeptides present should allow substantial improvement in dialysis protocols.
Future research will concentrate on the identification of new, as yet unknown ure-
mic retention molecules. In this context, proteomic analysis might be germane in
the identification of key molecules responsible for some of the principal compli-
cations of uremia, such as cardiovascular disease, malnutrition, or inflammation.
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