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Preface

The emergence of matrix-assisted laser desorption ionization (MALDI) and elec-

trospray ionization-mass spectrometry (ESI-MS) was a revolutionary event in the

history of mass spectrometry. Both techniques allow the ionization of large biomo-

lecules, which has been a big challenge for more than 20 years of the last century.

MALDI as a mature “soft ionization” technique has been widely applied in the

different disciplines of science with great success since 1988, especially in the field

of life sciences. In general, the merits of MALDI are suitability for solid samples,

high sensitivity, easy sample handling, salt tolerance, time-saving determination,

and it is simpler to interpret than ESI-MS due to the singly charged ions. MALDI is

an excellent complement to ESI.

New matrices and related techniques have emerged endlessly, and the applica-

tions have significantly increased. However, the mechanism of MALDI still

remains unclear. The ionization-desorption principle of MALDI-MS is well accept-

ed, based on the co-crystallization of analytes with so-called matrices, which are

light-absorbing small organic molecules. When activated by a laser, the matrix

ionizes the analyte due to the proton transfer reaction. In this volume, several

chapters are addressed.

MALDI is referred to as a “soft” ionization technique, because the spectrum

shows mostly intact, singly charged ions for the analyte molecules. However,

sometimes and in some cases, MALDI causes minimal fragmentation so it is not

as “soft” as ESI, depending on the characteristics of analytes and the conditions of

laser used. In-source decay (ISD) MS shows significant fragmentation under certain

conditions, which may be useful for structure determination. In this volume, some

topics involve the principles and the applications of ISD. Typically, MALDI is

coupled with time-of-flight (TOF) analyzers with rather high resolution and a good

cost performance, therefore MALDI-TOF-MS has become a nice combination in

MS analysis.

We invited eight recognized mass spectrometrists to contribute their reviews

from different aspects in the field of MALDI-MS. All of these authors have

published excellent papers in the leading MS journals. The volume is divided

roughly into three parts, though there is some cross-linking. The first part involves

large biomolecular analysis, the second part is the application to small molecule

analysis, and the third focusses on bioinformatics. In the first part, the hot topic of

the study of noncovalent complexes of biomolecules by using MALDI-MS is

v



discussed. Zenobi’s review describes the major applications of MALDI-MS to

investigate noncovalent complexes of biomolecules and highlights the strengths

and the limitations of the approaches to detect and quantify them. The second

chapter is the application of MALDI-TOF-MS to proteome analysis using stain-free

gel electrophoresis given by Przybylski’s group. The approach may be a useful

complement to staining techniques for mass spectrometric proteome analysis. The

third chapter is MALDI-MS for nucleic acid analysis, given by Tang’s group. The

next two chapters involve the application of the MALDI-ISD method to protein/

peptide disulfide determination and the discussion of the principle in detail. These

chapters are contributed by Liu’s and De Pauw’s groups, respectively.

The second part involves the application of MALDI-MS to small molecules.

Cai’s review describes the application of MALDI-TOF-MS in the analysis of

traditional Chinese medicines (TCMs). This is a very complicated system, which

requires a long time to separate the components, so the MALDI technique may

become one of the promising methods in TCM study for some cases. Guo reviews

recent advances and applications of MALDI-TOF-MS analysis for small molecule

biochemical, organic, and organometallic compounds.

Finally, Qi’s article focuses on bioinformatic methods used for analysis of

MALDI-MS data, which is also important for mass spectrometrists.

Here we would like to express our sincerest thanks to all contributors and

colleagues from the Springer; without their efforts and encouragement the publica-

tion of this volume would have been impossible. Of course, we cannot collect

together all aspects of MALDI-MS in a single volume of Topics in Current
Chemistry, and we regret that some renowned mass spectrometrists especially in

the MALDI-TOF field were unable to contribute to this volume. We welcome

comments regarding possible oversights from our peers and colleagues which we

hope to be able to include in future volumes.

Changchun Shuying Liu and Zongwei Cai

2013
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MALDI-ToF Mass Spectrometry for Studying

Noncovalent Complexes of Biomolecules

Stefanie M€adler, Elisabetta Boeri Erba, and Renato Zenobi

Abstract Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-

MS) has been demonstrated to be a valuable tool to investigate noncovalent

interactions of biomolecules. The direct detection of noncovalent assemblies is

often more troublesome than with electrospray ionization. Using dedicated sample

preparation techniques and carefully optimized instrumental parameters, a number

of biomolecule assemblies were successfully analyzed. For complexes dissociating

under MALDI conditions, covalent stabilization with chemical cross-linking is a

suitable alternative. Indirect methods allow the detection of noncovalent assemblies

by monitoring the fading of binding partners or altered H/D exchange patterns.

Keywords Chemical crosslinking � First shot phenomenon � Intensity fading �
MALDI matrix � SUPREX
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Abbreviations

ACN Acetonitrile

ADP Adenosine-50-diphosphate
AMNP 2-Amino-4-methyl-5-nitropyridine

AMP Adenosine-50-monophosphate

ANA 2-Aminonicotinic acid

AP Atmospheric pressure

ATP Adenosine-50-triphosphate
ATT 6-Aza-2-thiothymine

CHCA a-Cyano-4-hydroxycinnamic acid

DHAP Dihydroxyacetophenone

DHB Dihydroxybenzoic acid

DNA Deoxyribonucleic acid

ESI Electrospray ionization

FA Ferulic acid

hERa LBD Human estrogen receptor a ligand binding domain

HIV Human immunodeficiency virus

HPA 3-Hydroxypicolinic acid

IR Infrared

iTRAQ Isobaric tag for relative and absolute quantitation

Ka Association constant

Kd Dissociation constant

LILBID Laser induced liquid beam or bead ionization/desorption

MALDI Matrix-assisted laser desorption/ionization

MCP Microchannel plate detector

MS Mass spectrometry

NHS N-Hydroxysuccinimide

PNA p-Nitroaniline
RNA Ribonucleic acid

SA Sinapinic acid

TFA Trifluoroacetic acid

THAP Trihydroxyacetophenone

THF Tetrahydrofuran

ToF Time-of-flight

TrpR Tryptophan repressor

UV Ultraviolet

1 Introduction

Biomolecules that are involved in key cellular processes such as reproduction,

growth, and development can communicate via physical interactions. To achieve

this, biomolecules specifically recognize their interaction partner. They generally
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dock to their partners through short-range biophysical interactions, such as hydro-

gen bonds, van der Waals forces, and hydrophobic interactions. In other words,

intracellular as well as cell–cell communication functions because transient non-

covalent interactions are formed between biomolecules. Many such noncovalent

interactions take place, including protein–protein, protein–ligand, protein–metal

ion, protein–carbohydrate, protein–DNA, DNA–DNA, and DNA/RNA-drug

interactions.

Protein–protein interactions are the kernels for the formation of multiprotein

complexes, which consist of two or more noncovalently bound proteins. Such

multiprotein complexes are often quite large “molecular machines” that perform

an equally complex, specific biological function. For instance, the proteasomes are

protein complexes for molecular degradation of damaged proteins in all eukaryotes

and archaea and in some bacteria [1]. Noncovalent bonds between proteins and

between protein and polysaccharides are involved in the recognition of antigens by

antibodies [2]. Antibodies, gamma globulin proteins that exist in the blood and

other bodily fluids of vertebrates, show a very high binding affinity and specificity

for specific antigens. Interactions between proteins and small ligands such as drugs

or nucleotides (e.g., adenosine-50-triphosphate, ATP) are critical for keeping cells

fully functional. For instance, ATP plays a fundamental role in signal transduction

processes in eukaryotes and many prokaryotes [3]. Proteins can contain one or

several metal ions as cofactor, which are generally crucial for proteins to function

properly. Hemoglobin, myoglobin, and hemerythrin are important examples of

metalloproteins that contain iron and bind oxygen [4]. Noncovalent interactions

between proteins and DNA are of paramount importance for the storage and readout

of genetic information in living organisms. In eukaryotes, segments of DNA double

helix are coiled around a central core formed by eight proteins (histones) to form

the so-called nucleosome [5]. Nucleosomes are defined as the basic unit of DNA

packaging in eukaryotes. Finally, DNA–DNA interactions are omnipresent [6]:

DNA generally forms the well-known DNA double strands that are held tightly

together by hydrogen bonds.

A large variety of analytical techniques such as nuclear magnetic resonance,

X-ray crystallography, ultracentrifugation, and spectroscopic techniques (fluores-

cence, circular dichroism, light scattering, or surface plasmon resonance) have been

developed to study such interactions (see, for example [7]). Recently, mass spec-

trometry (MS) has emerged as a powerful tool to investigate noncovalently bound

complexes and presents advantages compared to other techniques [8]. Using MS,

the molecular weight of intact noncovalent complexes, their stoichiometry, and

interactions between subunits can be established. Analysis of biomolecules bound

by noncovalent interactions using MS requires only small amounts of sample (on

the order of femto- to picomoles), directly provides stoichiometric information and

can often be carried out more easily than analyses by other techniques.

Mass spectrometric analysis of noncovalently bound complexes requires a

suitable soft ionization method. The two main methods in use are electrospray

ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI). MALDI

and ESI allow, under appropriate conditions, the preservation of noncovalently
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bound complexes in the gas phase (for reviews see [9–14]). ESI-MS is often

considered to be the preferred method, although the results are affected by the

nature of the intermolecular interaction, by the composition, ionic strength, and pH

of the buffer in which the protein complexes are dissolved, and by the voltages and

the pressures in the mass spectrometer. However, MALDI-MS is an attractive

alternative to ESI-MS because it can overcome some of the difficulties of ESI-

MS. Foremost, the mass spectra acquired by MALDI-MS are simpler to interpret

than those acquired by ESI-MS due to the predominance of singly charged species.

Furthermore, MALDI ionization is more tolerant to the presence of detergents and

salts than ESI ionization. To date, ESI analyses are mainly carried out using volatile

buffers such as ammonium acetate or ammonium carbonate.

In the current review we illustrate and selectively discuss the major advances in

the application of MALDI-MS to study noncovalent complexes. First we describe

the challenges in the analysis of noncovalent complexes (Sect. 2). Then we distin-

guish between two different approaches to analyze noncovalent assemblies: direct

methods that allow a direct detection of the noncovalent assembly (Sect. 3) and

indirect methods in which the presence of the complex is deduced indirectly,

e.g., by the intensity decrease of an interacting partner (Sect. 4). The last section

encompasses quantitative strategies to characterize noncovalent interactions

(Sect. 5).

2 Challenges for the Detection of Noncovalent Interactions

Detection of noncovalent complexes by MALDI-MS generally involves the co-

crystallization of the analyte with a dedicated matrix typically on a stainless steel

plate, ionization and desorption of the crystals with a pulsed laser beam, accelera-

tion of ions with an electrical field, their mass analysis, often using time-of-flight

(TOF) instruments, and ion detection. This process requires properly adapted

instrumental conditions and sample preparation protocols and, for a number of

reasons, is not always straightforward.

The most obvious hurdle is that many MALDI matrices present an unnatural,

acidic environment, and that they are often used in combination with organic

solvents. This environment tends to denature proteins and is certainly not conducive

to maintaining noncovalent interactions during sample preparation. Some remedies

for preserving noncovalent interactions were proposed. For example, it is possible

to carry out the co-crystallization of the sample with the matrix very rapidly, such

that there may be insufficient time for complex dissociation. Aqueous solutions can

be utilized. The most successful, however, is the use of special, nonacidic matrices

for MALDI of weakly bound complexes. The crystalline environment of the matrix

itself may cause disruption of complexes. Special sample preparation methods for

MALDI-MS of noncovalent complexes will be discussed in detail in Sect. 3.2. It

was observed that MALDI mass spectra obtained from a fresh area of the sample by

a single laser shot are much more successful for generating intact complex peaks.

4 S. M€adler et al.



This is the so-called “first shot phenomenon” [15] and it is not general, but sample-,

preparation-, and matrix-dependent. This will be discussed in detail in Sect. 3.1.3.

Another difficulty in the analysis of noncovalent assemblies is that large,

multiprotein complexes generally require high laser pulse energies to be liberated

from the condensed phase for the creation of detectable ions. At some point on the

molecular weight scale, the required laser pulse energy may be so high that

dissociation of the complex is favored over desorption/ablation. In order to stabilize

high molecular weight noncovalent assemblies against dissociation, one often

resorts to a “trick,” chemical crosslinking [16]. Chemical crosslinking will be

discussed more extensively in Sect. 3.3.

A third problem is that MALDI produces predominantly singly charged ions,

and complexes of very high m/z (over 50,000–100,000 Da) are quite difficult to

detect using TOF instruments. The most successful approach to address this

problem has been the development of special high-mass detectors, notably cryo-

genic detectors [17–19] and ion-to-ion conversion dynode detectors [20, 21]. Using

these technologies, it is now possible to measure in the hundreds of kDa to MDa

range on the m/z scale. For details, see Sect. 3.1.4.
Generally, however, commercial TOF instruments are not equipped with these

special detectors, chemical cross-linking is not widely used, and the temptation has

been to work at high sample concentration to increase the chances to observe high-

mass complexes by MALDI-MS. However, this leads to another problem, namely

unwanted clustering in the expanding MALDI plume. The distinction between a

specifically formed noncovalent complex and a nonspecific cluster can become

difficult. For example, Chan et al. [22] observed clusters of up to 15-mers of

chicken egg white lysozyme when working with a 126-pmol MALDI sample and

a liquid matrix, 3-nitrobenzyl alcohol. There are several other examples of cluster-

ing in the literature, e.g., clusters between arginine-lysine/oligodeoxyribonu-

cleotide or protein and oligothymidylic acid formed, for instance, by multiple

ion-pair interactions [23, 24]. Usually it is impossible to distinguish specifically

bound complexes from non-specific complexes in such spectra. Of course, there are

also clusters between analyte and matrix, which, given the limited resolution at

elevated mass, generally leads to some undesired peak broadening. Occasionally,

however, one observes a specific complex peak “sticking out” of an otherwise

exponentially decaying nonspecific cluster distribution. This was, for example, the

case for avidin [25], where the specific tetramer peak at �63 kDa was clearly more

intense than peaks of the dimer, trimer, pentamer, hexamer, etc. in the spectrum,

which were all present due to nonspecific clustering in the plume.

An open question is whether the gas-phase structure of a biomolecule complex is

identical to the structure in solution. This may depend on whether the complex is

transferred into the gas phase by MALDI (which is somewhat less “soft”) or by a

very soft “native” ESI method [11, 26]. There are some indirect hints, for example,

the charge state distribution in ESI mass spectra or the collision cross section as

measured by ion mobility spectroscopy that the gas-phase conformation of such

complexes is indeed very close to that in solution phase, but a rigorous proof is still

lacking [27].

MALDI-ToF Mass Spectrometry for Studying Noncovalent Complexes 5



In conclusion, finding the appropriate strategies for preserving and detecting

noncovalent interactions, the distinction between specific and nonspecific com-

plexes, and the resemblance of gas-phase structure to the solution-phase struc-

ture are the main challenges during the analysis of noncovalent complexes by

MALDI-MS.

3 Approaches for Direct Detection of Specific Complexes

by MALDI-MS

The direct detection of noncovalent biomolecular complexes with MALDI-MS was

accomplished in the early days after the development of this soft ionization

technique. Intact molecular ions of streptavidin [28], glucose isomerase [29], and

porin [30] forming quaternary structures with identical subunits could be observed

using the water soluble matrix nicotinic acid and minimizing the amount of organic

solvents. However, nicotinic acid suffers from several disadvantages, such as low

salt tolerance, extensive matrix adduct formation, and lack of compatibility with

widespread lasers such as nitrogen lasers or frequency-tripled Nd:YAG lasers with

emissions at 337 nm or 355 nm, respectively. Experiments with more typical

MALDI matrices (e.g., sinapinic acid) often yielded only signals of subunits rather

than of the complex ions. Therefore, dedicated sample procedures were developed

to preserve noncovalent biomolecular complexes, often largely dependent on the

analyte itself. Thus, several experimental approaches should be tested for each

analyte.

Below we describe the instrumental features that should be chosen to detect

noncovalent complexes successfully (e.g., source pressure and laser energy). We

also discuss how the sample should be prepared prior to the MALDI-MS analysis.

Finally, we illustrate the achievements of chemical crosslinking.

3.1 Instrumental Parameters

3.1.1 Laser Pulse Energy and Wavelength

The laser pulse energy strongly influences the presence of the specific intact

assembly [31]. In most cases, laser pulse energy values just above the detection

threshold value are recommended to maintain reasonable relative intensities of the

complex and to minimize the amount of nonspecific clusters formed in the gas-

phase (Fig. 1) [32–34].

For the detection of intact double-stranded DNA, desorption with infrared (IR)

and ultraviolet (UV) lasers was compared [33]. The IR laser in combination with

glycerol/ammonium acetate as matrix was favored for higher numbers of base pairs

6 S. M€adler et al.



and less fragmentation was observed compared to 6-aza-2-thiothymine (ATT)

matrix in the UV range. However, with DNA being smaller than 70 mers, only

the UV laser allowed the preservation of the intact assembly.

In contrast, Zehl and Allmaier observed a minor importance of the type of

extraction (delayed or continuous), the choice of the acceleration voltage, and the

use of reflectron mode concerning the relative intensity of the intact quaternary

structure and nonspecific cluster ions, when studying tetrameric avidin [31].

3.1.2 Source Pressure

Few studies presented the utility of ionization at atmospheric pressure (AP). Due to

collisions with ambient gases after ionization, AP-MALDI produces ions with

lower internal energy than MALDI at ultrahigh vacuum. Thus, weak noncovalent

interactions experience less fragmentation. AP-MALDI was successfully used

for sugar–sugar [35] and sugar–peptide complexes [36] by IR-AP-MALDI or

peptide–peptide complexes by UV-AP-MALDI [37].

Fig. 1 MALDI-TOF mass spectrum of whole human blood diluted 1:500 in 20 mM ammonium

acetate (a). In the spectrum the intact hemoglobin a2b2, the hemoglobin a- and b-chains and

human serum albumin (HSA) are present. The peaks of the heterodimeric subassembly (b) and the

intact heterotetrameric assembly (d) are shown in detail. The corresponding calculated spectra are

given (c, e). a indicates the hemoglobin a-chain, b the hemoglobin b-chain and H the heme b

group. A saturated 2,6-dihydroxyacetophenone solution in acetonitrile/20 mM ammonium acetate

1:3 (v/v) was used as matrix. Laser energy values just above the threshold were applied.

(Reproduced with permission from [34]. # (2004) John Wiley & Sons, Ltd)
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3.1.3 The First Shot Phenomenon

In many cases the detection of intact noncovalent assemblies was only possible for

the first or the first few laser shots on a non-irradiated sample spot [15, 38–44].

Successive laser shots at the same position mainly yielded monomeric ions (Fig. 2).

This observation is generally described as “the first shot phenomenon” and was first

investigated by Rosinke et al. for the homotrimeric OmpF porin protein [15]. Cohen

et al. suggested segregation or precipitation of the quaternary complex at the crystal

surface or dissociation of complexes around the ablation crater induced by laser

irradiation [38]. Neither the macroscopic crystal structure, nor the type of substrate,

nor the pH stability range of the protein samples had any influence. Detailed

investigations of fluorescent or fluorescently labeled protein complexes with con-

focal laser scanning microscopy measurements confirmed the original assumption

of Cohen et al. [38] that size segregation during crystal growth and dissociation of

protein complexes in the crystal interior are responsible for the occurrence of the

phenomenon [39, 40]. The first shot phenomenon is not generally observed during

analysis of noncovalent interactions. Others report the lack of a clear-cut first shot

phenomenon for certain analyte-matrix combinations [31, 45]. The extension to

types of biomolecular interactions other than protein–protein assemblies has only

been reported so far for adenylate kinase with the nucleotides adenosine-50-
monophosphate (AMP), adenosine-50-diphosphate (ADP), and ATP [44].

Fig. 2 MALDI mass spectra showing first and subsequent shot data of tetrameric streptavidin.

Sinapinic acid was dissolved in triethylammonium bicarbonate at pH 8.5. Sample spots were

prepared with a dried droplet preparation using a 1,000:1 matrix-to-analyte ratio. All spectra are

normalized to the base peak. (Reproduced with permission from [40].# (2007) The Royal Society

of Chemistry)
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3.1.4 High-Mass Detectors

The conventionally used microchannel plate detectors (MCP) suffer from low

detection efficiency of high-mass ions due to their low velocity when impinging

on the detector surface [46]. Additionally, detector saturation becomes a problem

when low-mass ions are present. Ions of lower molecular weight arrive first at the

detector. Since the recovery times of detector channels are typically on the order of

microseconds [47], the detection sensitivity for high-mass ions with flight times on

the order of several hundred microseconds is significantly lower.

Using special high mass detectors, it is possible to measure in the hundreds of

kDa to MDa range on the m/z scale. For so-called superconducting tunnel junction

cryodetectors, the impinging analyte ions cause a break-up of Cooper electron pairs

under superconducting temperatures. The resulting free electrons can tunnel

through a thin oxide layer and thus be detected as excess current [19]. Using this

principle, the ion detection is mass-independent and detector saturation effects are

avoided due to the fast refresh time of few microseconds. Cryogenic detectors

allowed the detection of von Willebrand factor [17] and large molecules such as

dendrimers [48]. In ion-to-ion conversion detectors, the analyte ions are converted

into secondary ions on a conversion dynode, reaccelerated, and detected with a

subsequent secondary electron multiplier [20]. Examples of high-mass MALDI

mass spectra with an ion-to-ion conversion detector include the analysis of anti-

bodies [49], PEGylated proteins and glycoproteins [50], and direct profiling and

imaging of proteins on tissue [51]. The given examples, however, do not represent

noncovalent complexes.

3.1.5 LILBID-MS

Promising results in the analysis of noncovalent interactions were obtained by an

alternative ionization technique called laser induced liquid beam ionization/desorp-

tion (LILBID) [52]. Instead of a crystallized matrix-analyte mixture, Brutschy et al.
used a free liquid beam consisting of a solvent as laser target. After seeding the

beam with sample and injecting it into vacuum, partially solvated ions are desorbed

by exciting a vibration of the solvent with pulsed infrared laser radiation and mass

analyzed with a reflectron TOF tube. The use of an aqueous buffer as liquid beam

solvent allowed the conservation of protein–protein interactions, such as hemo-

globin [53], ribonuclease S, or calcium-dependent calmodulin/melittin complexes

[54]. Shifting the temperature or pH value of the buffer solution to non-native

solution-phase conditions induced dissociation into subunits, thus indicating spe-

cific complex detection. More recently, the miniaturization of the beam to micro

droplets provided higher sensitivity and less sample consumption, extending the

application range to more delicate biomolecules of low availability [55]. This

variant of LILBID-MS is called laser-induced liquid bead ion desorption. Ranging

from DNA duplexes to DNA/RNA-ligand complexes, LILBID-MS showed high
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potential for the analysis of large macromolecular complexes of nucleic acids in the

megadalton mass range [56]. In the case of the human immunodeficiency virus

(HIV) Tat:TAR transactivation complex, a quantitative evaluation of the spectra

allowed one to draw conclusions on binding specificity, on affinities of different

ligands, and on efficiencies of potential inhibitors and the determination of apparent

IC50 and Kd values [57].

Intact membrane protein complexes could be successfully ionized in the pres-

ence of detergent molecules, which partially remained bound to the macromolecule

[58, 59]. By increasing the laser intensity, the detergent molecules were stripped off

causing disintegration into different oligomeric association states. Being able to

detect intact bacterial ATP synthase with a molecular weight of about 540 kDa

(Fig. 3) [60], the complex subunit stoichiometries were determined and com-

parisons between bacterial and eukaryotic species made [61]. In comparison with

ESI, LILBID-MS provides simpler spectra due to lower charge states and a higher

salt tolerance.
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3.2 Dedicated Sample Preparation Procedures

The noncovalent complex has to survive all target preparation and laser desorption

steps in order to be detected by MALDI-MS. Several influencing factors that

prevent complex disruption could be pointed out. The choice of MALDI matrix

[42, 45], the pH of the solution [62–67], the crystal morphology [15, 42], the sample

spotting technique, the presence of organic solvent [15], the ionic strength [33, 68],

the matrix/analyte ratio [32, 38, 69], and the speed of solvent evaporation [31, 42]

are crucial for preserving the noncovalent interaction. Although numerous

approaches turned out to be successful for certain complexes, no general protocol

applicable for different kinds of biomolecular interactions has been obtained so far.

Note that the binding strength of a noncovalent interaction is not necessarily

a good indicator for whether or not an intact complex will be successfully detected

by MALDI-MS. For example, to the best of the authors’ knowledge, no biotin-

streptavidin complex, which represents one of the strongest known noncovalent

interactions, has ever been measured in its assembled form so far by MALDI-MS.

3.2.1 Choice of MALDI Matrix

MALDI matrices enhance desorption and ionization of the analyte molecules by

absorbing the laser light and are typically small organic molecules that have a high

absorption at the corresponding laser wavelengths. The physicochemical nature of

the MALDI matrix is one of the key factors for detecting intact noncovalent

complexes. Depending on the solvent, the crystal morphology and the analyte

incorporation change. For example, the intact porin trimer was only detectable in

sufficient amounts of ferulic acid (FA) in tetrahydrofuran (THF), but not with the

same matrix dissolved in other solvents, such as acetonitrile (ACN), ACN:0.1%

trifluoroacetic acid (TFA) ¼ 1:2 (v/v) or acetone [15]. Other tested matrices such

as a 2,5-dihydroxybenzoic acid (DHB):2-hydroxy-5-methoxy benzoic acid ¼ 9:1

(v/v) mixture dissolved in acetonitrile:0.1% TFA ¼ 1:2 (v/v) did not provide any

signal of intact trimers. For the ternary system porin/FA/THF, only the finely

structured, microcrystalline areas of the sample spots yielded the trimer. In addition

to FA [15, 38, 42], several other matrices allowed the detection of reasonable

amounts of oligomeric species for certain protein quaternary structures. One of

the more common ones are the less acidic hydroxyacetophenone derivatives such as

isomers of dihydroxyacetophenone (DHAP) [31, 34, 38, 40, 42, 44] or trihydrox-

yacetophenones (THAP) [38], 3-hydroxypicolinic acid (HPA) [45], and ATT

[39, 43, 69] dissolved in various solvent mixtures, preferably aqueous buffers

containing ammonium salts. The latter also represents a favored matrix for biomo-

lecular interactions of low-molecular weight complexes, such as those involving

oligonucleotides [33, 41, 70–77], peptide–peptide [37, 67, 78–81], peptide-amino

acid [82], or peptide–metal ion complexes [64, 66]. Additionally, other matrices

have been used: p-nitroaniline (PNA) [64, 83–87] and 2-amino-4-methyl-5-
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nitropyridine (AMNP) [65, 88] for the analysis of peptide–metal ion/ligand

complexes, HPA for double-stranded DNA [89], and DHAP to preserve DNA-

peptide interactions [68]. In a few cases, highly acidic matrices such as sinapinic

acid (SA) [25, 32, 40, 62, 63, 90, 91] or a-cyano-4-hydroxycinnamic acid (CHCA)

[92] showed promising results.

3.2.2 pH Value of the Matrix Solution

One would expect that acid-sensitive complexes tend to dissociate at low pH values

when acidic matrices are used. Thus, raising the pH of the matrix solution to

physiological values can facilitate the observation of oligomeric species [62, 69].

In the case of several enzyme-substrate complexes,Woods et al. tested SA as a matrix

dissolved in ethanol:1 M ammonium citrate ¼ 1:1 (v/v) or ethanol:water ¼ 1:1 (v/v,

pH < 2). Ions for the enzyme-substrate complex were only observed under the first

conditions [62]. However, the stability gain of noncovalent complexes with

increased pH values is often counterbalanced by a loss in ionization efficiency [93].

As demonstrated by Jespersen et al., the physicochemical properties of the

matrix seem to have stronger influence than the acidity or basicity of the matrix

itself [45]. Investigating glutathione-S-transferase and streptavidin with different

acidic or basic matrices in a pH range of 2–7.1, species related to the protein

quaternary structures were only detected using HPA (pH 3.8) dissolved in water,

but not with DHB, CHCA, or basic matrices such as 2-aminonicotinic acid (ANA),

PNA, and AMNP (Fig. 4). Matrices were dissolved in water except for CHCA,

which was dissolved in ACN:water ¼ 30:70.

In addition to ammonium salts, additives such as methylene blue, peptides, or

spermine can stabilize a noncovalent assembly during crystal growth and/or desorp-

tion/ionization and thus facilitate its detection by MALDI-MS (Fig. 5) [76].

3.2.3 Sample Preparation

Different sample preparations have been used ranging from variations of the dried-

droplet method [15, 25, 31–34, 38–40, 42–45, 62–70, 72–84, 87–89, 91] to layer

techniques [37, 40–42, 92] such as thin layer or sandwich preparations. For the

dried droplet method [94], the analyte is directly mixed with the matrix solution

either on the MALDI plate or in an Eppendorf tube and dried under room tempera-

ture. The thin layer technique [95] utilizes a thin layer substrate of matrix crystals as

a seeding ground for subsequent cocrystallization of the analyte solution. For the

sandwich method [95], a second layer of matrix is added on top of the sample

prepared by the thin layer technique. However, the dried-droplet method is most

widely applied. The sandwich method is compatible with the matrixes CHCA and

SA and has slightly higher tolerance to sample impurities. Fast sample spot drying

under reduced pressure turned out to be more successful than slow drying [31, 42].

12 S. M€adler et al.



3.2.4 Sample Concentration

The detection of intact assemblies is often only possible for a limited concentration

range. On one hand, a sufficient amount of matrix is required for isolating sample

molecules from each other; on the other, the sample concentration should not be

too low compared to the matrix concentration. Cohen et al. found for the homo-

meric protein complex streptavidin a valid range between 0.05 and 10 g/L

(3.8–770 pmol/mL) and for alcohol dehydrogenase between 0.1 and 0.5 g/L
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Fig. 4 Positive ion mode MALDI mass spectra of recombinant streptavidin obtained at different

pH values with three different matrix compounds: (a) DHB in water (pH 2), (b) HPA in water

(pH 3.8), and (c) AMNP in water (pH 7.1). Peaks corresponding to the dissociated and undissoci-

ated subunits are indicated as “S” and “M,” respectively. (Reproduced with permission from [45].

# (1998) John Wiley & Sons, Ltd)
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(2.7–13.5 pmol/mL) [38]. For aerolysin, Moniatte et al. could measure the

heptameric complex only in a concentration window of 0.5–1.5 pmol/mL [32]. In

order to avoid suppression of analyte signals, matrix/analyte ratios as well as

mixing ratios between different analytes in heteromeric complexes have to be

carefully optimized. Testing several analyte/matrix ratios by preparing analyte

solutions ranging from 0.1 to 10 pmol/mL was recommended.

3.2.5 Successful Examples

The direct detection of specific noncovalent complexes byMALDI-MS was accom-

plished for homomeric or heteromeric protein–protein [15, 25, 31, 32, 34, 38–45,

63, 69, 90, 91] (Fig. 1), protein–peptide [62, 69, 92], peptide–peptide [37, 67,

78–81], protein/peptide–ligand [44, 84–87], protein/peptide–metal ion complexes

[62, 64–66, 83, 88], peptide-amino acid [82], oligonucleotide double strands [33,

68, 70, 74–76, 89] (Fig. 5), and protein/peptide/guanidinium derivatives-oligonu-

cleotide interactions [41, 65, 68, 71–73, 77].

3.3 Chemical Crosslinking

Chemical crosslinking has been extensively used in the past to determine the stoichi-

ometry of noncovalent complexes in combination with gel electrophoresis [96].

Fig. 5 Negative ion mode MALDI mass spectrum of a duplex oligonucleotide with the peptide

b-melanocyte stimulating hormone as additive. The peptide:duplex ratio was 1:250. The mixture

of 6-aza-2-thiothymine and spermine (sp) was used as matrix. (Reproduced with permission from

[76]. # (2002) Elsevier B.V.)
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For this, biomolecule assemblies were covalently stabilized with homobifunctional

reagents such as imidoesters. Starting in the early 1990s, chemical crosslinking has

been successfully applied in order to prevent complex dissociation of protein quater-

nary structures during MALDI-MS analysis. In the first experiments, glutaraldehyde

was selected as crosslinker [16]. Due to its polymerization reaction in solution,

several lengths of bifunctional crosslinkers are generated that can react with

e-amino groups of lysines and a-amino groups of the N-termini. Thus, a variety of

distances between the subunits can be bridged. Using this approach, Caprioli and

Farmer detected dimeric and tetrameric complexes such as avidin and yeast alcohol

dehydrogenase (Fig. 6) [16]. Only a few studies demonstrated the feasibility of this

approach [97, 98]. One reason may be the high amount of generated polymerization

products that deteriorates the spectra quality significantly.

Since the early days, numerous hetero- or homobifunctional linkers have been

developed and applied to study biomolecular noncovalent interactions. In order to

identify interaction partners and to determine the stoichiometry of complexes,

nonselective photoreagents, as well as site-specific linkers reacting with a limited

number of amino acid side chains, were examined. The underlying chemistry and

applied functional groups are summarized in the literature [99, 100] and commer-

cial product catalogs [101]. Among the photoreactive linkers, azido groups

are particularly noteworthy. If higher selectivity is needed, N-hydroxy-succinimide

(NHS) esters are often chosen as reactive end groups. The main targets of these
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esters are primary or secondary amines. However, side reactions with hydroxyl

groups of serine, threonine and tyrosine have been reported as well [102, 103].

As an example, a heterobifunctional linker bearing both reactive groups, i.e.,

sulfosuccinimido-2-(7-azido-4-methylcoumarin-3-acetamido)ethyl-1,30dithiopro-
pionate, was used to confirm the 1:1 stoichiometry of the gp120 (HIV-1 virus)

interaction with the CD4 receptor of T lymphocytes [104].

In combination with previously described high-mass detectors, the analysis of

biomolecular complexes up to several MDa became possible. The application of

high-mass MALDI and crosslinking for epitope mapping, kinetic studies, sandwich

assays for immunocomplexes [49, 105], monitoring of ligand regulation mech-

anisms (Fig. 7) [106], screening of protease inhibitors [107], and determining

association states [108] was demonstrated using NHS esters as crosslinkers.

In comparison with ESI analysis of noncovalent interactions under native

conditions or direct MALDI-MS analysis, chemical crosslinking has a remarkable

advantage. Since the stabilization of the complex is performed under solution

conditions, gas-phase labile complexes (e.g., bound by the hydrophobic effect)

are easily preserved during the analysis [109].

Fig. 7 High-mass MALDI-MS showing a ligand-dependent dimerization in solution for the

mutant human estrogen receptor a ligand binding domain (hERa LBD) after chemical crosslinking

with NHS esters. MALDI mass spectrum of crosslinked hERa LBD without ligand (a) and after

adding the ligand E2 (b). After incubation with E2 and crosslinking, the MALDI mass spectrum

clearly shows an increase of the homodimer, which is labeled [2M + H]+. After incubation with

different test compounds and crosslinking (c), only the ligands SIM and NIT did not increase the

homodimer abundance relative to the aporeceptor significantly. The asterisks indicate sample

impurities. (Reproduced with permission from [106]. # (2008) American Chemical Society)
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Combining chemical crosslinking with electrophoretic separation, digestion and

subsequent MALDI-MS of the excised bands to perform peptide mapping allowed

the identification of several interacting partners [110, 111]. For example,

experiments in living cells with paraformaldehyde revealed interactions of adhesin

proteins with other membrane proteins [110]. Applying a heterobifunctional

crosslinker comprising azido and an NHS ester functionalities allowed the identifi-

cation of bacterial surface adhesins with a carbohydrate-containing crosslinking

probe [111]. Potential candidates of triadic proteins interacting with RyR1 or

TRPC3 in skeletal muscles were established using a maleimide crosslinker [112].

The crosslinker arm can also act as a ruler to map spatial proximities of amino

acids in proteins and protein complexes [113]. Typical “bottom–up” protocols for

the analysis of protein assemblies include the crosslinking reaction of the

interacting proteins, purification of reaction products, and their digestion. The

generated peptides are chromatographically separated and subjected to MS and

tandem MS analysis. The data analysis using dedicated software [114, 115] allows

the identification of intra-molecularly or inter-molecularly crosslinked peptides and

modified amino acids. The derived distance constraints yield low-resolution tertiary

structures of proteins. Using an NHS ester crosslinking agent and MALDI-post

source decay analysis, the bovine basic fibroblast growth factor FGF-2 was

identified as a member of the b-trefoil family [113]. The same methodology showed

promising results for mapping binding interfaces of noncovalent protein–protein

interactions [116–122]. Utilizing different crosslinkers, several subunits of the ATP

synthase from Saccharomyces cerevisiae were investigated and their role in this

yeast machinery was deduced [117–119]. With the same protocol, topology and

spatial organization models of several multiprotein complexes were proposed

[120]. Since the number of unmodified peptides or fragments by far exceeds the

number of modified ones, data analysis is often the crucial step in this method. With

the use of cleavable crosslinkers, affinity tags or isotopic labeling, improvements in

the detection of intra-molecularly or inter-molecularly crosslinked species were

obtained [123–135]. Recently, several crosslinkers have been optimized for

MALDI-MS conditions. On one hand, this optimization was accomplished by

inserting photolabile groups that give characteristic fragmentation patterns induced

by the UV laser pulse in the mass spectrometer [136]. On the other hand, specific

signal enhancement of peptides modified with crosslinker molecules was accom-

plished by incorporating a CHCA moiety in the linker [137].

In order to study protein-oligonucleotide binding interfaces, several crosslinking

approaches were tested in combination with MALDI-MS. Most of them incorporate

photochemical reactions, which are reviewed in [138]. A strategy avoids the use of

any crosslinker molecules and relies on the natural UV reactivity of the

nucleobases. Upon UV radiation of protein-oligonucleotide complexes, covalent

linkages between the interaction partners are formed at the binding interface

(Fig. 8). The resulting species can be analyzed directly by MALDI-MS to find

interaction partners [139] or can be subjected to digestion procedures and MS

[140–143] or tandem MS [144, 145] analysis to identify binding sites. Since direct

UV-induced crosslinking often suffers from low yields of crosslinked products,
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dedicated enrichment protocols are preferable [146–148]. Alternatively, the

oligonucleotides are chemically modified with reactive groups forming either

specific [149, 150] or nonspecific photo-induced [139, 151] covalent linkages to

the protein. Using this approach, amino acids in close proximity to these

modifications in RNA/DNA-binding domains of proteins could be identified. The

main challenges for the analysis of protein-oligonucleotide complexes are con-

flicting conditions for an optimum ionization of the interacting molecules. Thus,

sample preparation conditions should be carefully chosen [140, 152].

In recent studies, MALDI-MS has been mainly used as a fast and sensitive tool

to monitor the crosslinking step and to optimize its reaction conditions prior to ESI

analysis [132, 153–155] or as a supportive tool to complement ESI data [156].

In order to avoid the detection of nonspecific assemblies, the concentration

levels of biomolecules should be kept as low as possible. Control experiments

using the same crosslinking conditions, but nonbinding biomolecules, are strongly

Fig. 8 Complementary strategy for identification of protein–RNA crosslinking sites in native

ribonucleoprotein (RNP) particles as outlined for UV-irradiated U1 small nuclear (sn)RNPs.

Arrows in the U1 snRNA secondary structure indicate the crosslinking sites on the RNA as

identified by a immunoprecipitation/primer-extension method. Arrows at the 3D protein models

of the U1 70K protein and of the heptameric Sm protein ring show the corresponding crosslinking

sites within the protein as identified by Edman degradation combined with MALDI-MS.

(Reproduced with permission from [143]. # (2002) Elsevier Science (USA))
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recommended. A study focusing on the application range of chemical crosslinking

has been published recently. M€adler et al. pointed out that complexes with lower

affinity than a Kd of 25 mM cannot be analyzed using standard protocols [157].

4 Indirect Methods to Detect Specific Complexes

by MALDI-MS

In contrast to the described direct methodologies, alternative approaches have been

developed to detect the presence of noncovalent complexes by the appearance or

fading of certain binding partners in the mass spectra. In this review, these methods

will be referred as “indirect methods.”

4.1 Intensity Fading

In the so-called intensity fading approach, the formation of a complex between a

target biomolecule and its ligands is monitored in the presence and absence of the

biomolecule. When the target biomolecule is present, the relative intensity of a

ligand decreases (i.e., fades), if compared to control mixtures where no target

molecule is present.

In early immunoassay studies, proteolysis products of antigens after the reaction

with a monoclonal antibody were analyzed by MALDI-MS and their relative

intensities were compared to reaction mixtures where no antibody was present

[158–160]. An intensity decrease for certain peptides revealed their participation

in the epitope. This approach was also used for high-throughput screening [161,

162] and in combination with dedicated software [163].

More recently, the intensity fading of intact binding partners has been moni-

tored. A non-binding molecule, with similar mass and ion intensity as the

interacting partner, was used as internal control. Utilizing this strategy, complexes

between proteases and their corresponding inhibitors, as well as protein-nucleic

acid complexes, were successfully analyzed [164, 165]. In order to preserve the

noncovalent interaction during crystallization, DHAP in ammonium buffers with

low acetonitrile content was applied as matrix. Immobilizing the protein target on

microbeads and incorporating prefractionation steps dramatically increased the

efficiency of this approach [166]. For instance, 16 protein inhibitors of serine

proteases among a complexity of nearly 2,000 molecular species were identified

in the saliva of the leech Hirudo medicinalis. The validity of the intensity fading

methodology was confirmed with high-mass MALDI measurements after chemical

crosslinking [107]. However, the mechanism is still not fully understood. A detailed

study on experimental conditions, which are necessary to observe intensity fading,

revealed the necessity of sub-mM concentrations of the binding partners and the

presence of several non-binding compounds [167].
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Attempts to use the “intensity fading” strategy to gain quantitative information

on a noncovalent complex were published for the interaction between the protease

papain and its inhibitor cystatin [168]. In this study, the number of binding sites of

cystatin for papain was determined by a modified Scatchard analysis. In order to

draw the Scatchard plot, the relative intensity decrease of free cystatin was moni-

tored. However, in the age of computer-based curve fitting, the linearization

provided by the Scatchard plot is not really necessary, and it is somewhat problem-

atic because the ordinate and abscissa are not independent. Today, nonlinear least

squares fits can easily be used instead of linearization. More recent approaches

demonstrated the feasibility of the “intensity fading” approach for studying

metallopeptidase-inhibitor complexes [169], calcium-ion dependent calmodulin-

peptide interactions (Fig. 9) [170], complexes between proteases and inhibitors

from the plant Capsicum annuum [171], small molecules inhibiting the formation of

a dimeric kinase [172], and RNA-polypeptide interactions [173].

4.2 Identification of Affinity-Separated Interaction Partners

Since its early days, MALDI-MS has served as a tool for the study of

immunocomplexes. Instead of detecting the intact immunocomplexes, an indirect

approach based on affinity-capture of the antigen on immobilized antibodies has

often been applied [174]. In order to identify the antibody recognition site of the

antigen, a proteolytic protection assay was used [175–178]. The antigen was

captured by antibodies immobilized on beads, subsequently digested, and the

Fig. 9 MALDI mass spectra of mixtures of calmodulin-binding peptides melittin (Mel), substance
P (SP), and a nonbinding control (bradykinin, BDK) after the addition of different concentrations

of calcium-saturated calmodulin (a). Plot of the relative intensities (RI) of both melittin and

substance P (corrected with the RI of the control) after the addition of calcium-saturated calmodu-

lin with different concentrations (b). THAP was used as the matrix. (Reprinted with permission

from [170]. # (2009) Elsevier Inc.)
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unbound peptides were washed off. Due to the high stability of the antibody to

proteolysis, the epitope remained noncovalently attached to the antibody and was

directly analyzed on the beads by MALDI-MS. This approach is generally termed

as “epitope excision.” If the antigen is proteolytically cleaved before binding to the

antibody, “epitope extraction” is the term of choice. With the use of magnetic

beads, the separation efficiency from unbound material is increased [179–182].

Competition assays allow the quantitation of binding efficiencies of different

ligands [179, 180]. However, the immobilization step of one partner can alter the

binding affinity due to covalent modifications. Binding the antibody to an

immobilized protein, such as protein G, circumvents this problem [183, 184].

The same approach of noncovalent immobilization of an antibody was applied

for immunoassays performed on self-assembled monolayers on a gold surface

[185]. Using a porous gold layer, MALDI imaging techniques provided high-

throughput and high sensitivity analysis [186]. A less costly alternative to anti-

body immobilization is the use of silica surfaces with covalently bound specific

peptides [187].

MALDI-MS coupled with surface plasmon resonance (SPR) allows the simulta-

neous determination of binding kinetics during affinity separation, as reviewed in

[188] (Fig. 10). In this method, a chip, which is directly analyzed by MS, replaces

the beads [189]. An immobilized compound is used as a hook to fish unknown

ligands from a complex biological sample [190]. MALDI-MS analysis again serves

as a tool to identify the bound ligands and to map the recognition sites of the

immobilized compound [191, 192]. High-throughput measurements can be easily

carried out, when different target molecules are immobilized in distinct areas of the

chip [193]. Moreover, the use of reflectometric interference spectroscopy was

suggested as an alternative technique to SPR to investigate quantitative and quali-

tative binding of mixtures of ligands to target biomolecules [194].

MALDI-MS commonly serves as a tool to identify complex partners in diverse

biological samples after electrophoretic separations [195] or tandem-affinity purifi-

cation [196]. However, co-purified, nonspecific interactors are not easily distin-

guishable from specific ones. Additionally, changes in the complex composition

can occur during sample preparation. In order to overcome these difficulties, a four-

channel iTRAQ (isobaric tag for relative and absolute quantitation) approach

provides in a single liquid chromatography-MALDI-TOF/TOF analysis the identi-

fication of genuine partners of the bait and the detection of variations in complex

composition [197].

4.3 Hydrogen/Deuterium Exchange

MALDI-MS is used to study biomolecular interactions with hydrogen/deuterium

(H/D) exchange strategies, as reviewed in [198]. In brief, deuterium atoms

are integrated in interaction partners of interest by replacing backbone amide

hydrogen atoms. As hydrogen is exchanged for deuterium, the increase in mass is
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monitored by MS. The exchange rates depend on the extent of inter- and intra-

molecular hydrogen bonding and solvent accessibility. Upon binding of an interac-

tion partner, the H/D exchange rate at the binding site is altered. Komives and

coworkers demonstrated the feasibility of MALDI-MS analysis to identify binding

sites on a protein–protein interface. They studied the cyclic-AMP-dependent pro-

tein kinase complex with a kinase inhibitor and ATP [199] and the thrombin-

thrombomodulin fragment complex [200]. Additionally, investigations on epitope

mapping [201], assembly of viral capsids [202], conformational changes induced

by aggregation [203–206], structural changes upon complex association (Fig. 11)

[207–209], and the topology of supramolecular protein complexes [210] were

conducted.

However, MALDI-MS analysis coupled with H/D exchange suffers from several

disadvantages. One major problem is the back-exchange effect occurring during

Fig. 10 Overview of MS coupled with SPR with on-chip incorporated proteolytic digestion. A

receptor is covalently immobilized on the surface of the first flow cell (FC1). A second flow cell

(FC2) is derivatized with a proteolytic enzyme. The analyte (ligand)-containing solution is routed

through FC1 where the component of interest is affinity-captured. Following washing of non-

specifically retained components, the ligand is eluted/routed from FC1 into FC2, where time for

digestion is allowed. MALDI-MS analysis performed on the surface of FC2 yields accurate masses

of the proteolytic peptide fragments that can be used for in-depth protein characterization.

MALDI-MS performed on the surface of FC1 yields the mass of the intact protein. (Reprinted

with permission from [188]. # (2000) WILEY-VCH Verlag GmbH)
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analysis which is more prominent than in ESI experiments, although protocols have

been developed to reduce [211] or to quantify its importance [212]. The application

of collisional-induced dissociation to obtain site-specific information about the

incorporation of deuterium into peptides and proteins is problematic due to “scram-

bling” of the deuterium position [213]. In contrast, in-source decay fragmentation

induced less scrambling [214]. Although the higher salt tolerance and the simplified

spectra are a strong advantage of MALDI and can often lead to abandonment of

chromatographic purification, ESI is still the main ionization technique used for

H/D exchange studies of biomolecular complexes.

Fig. 11 Conformational analysis of g0 peptide (410–427) interactions with thrombin anion

binding exosite II (ABE-II). MALDI mass spectra representing residues 85–94 of ABE-II (m/z
1317.73) after 1 and 10 min of deuteration and subsequent proteolysis: (a, f) undeuterated peak

cluster, (b, g) thrombin spectrum in the absence of ligands, (c, h) inhibited thrombin, (d, i) g0

peptide bound to thrombin, (e, j) g0 peptide bound to inhibited thrombin. This peak cluster contains

the ABE-II residue R93 and experiences a significant degree of protection from deuterium in the

presence of the g0 peptide. Since this protection is maintained over 10 min, the HDX data present

evidence that the g0 peptide is interacting with R93. (Reprinted with permission from [209]. #
(2006) American Chemical Society)
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5 Quantitative Characterization of Biomolecular Interactions

Noncovalently bound complexes are composed of interacting molecules (e.g., A

and B) and it is possible to determine their binding affinities by MALDI-MS. The

propensity of a noncovalently bound complex (e.g., AB) to dissociate into its

components can be quantified by calculating an equilibrium constant named disso-

ciation constant. The dissociation constant is usually indicated by Kd and is the

inverse of the association constant Ka:

Aþ B Ð AB
A½ � B½ �
AB½ � ¼ Kd ¼ 1

Ka

:

The method SUPREX (stability of unpurified proteins from rates of H/D

exchange) was developed by Fitzgerald’s group to investigate the strength of

protein–ligand binding interactions in solution using H/D exchange and MALDI-

MS [215]. The SUPREX protocol for the determination of Kd values includes an

initial H/D exchange by adding a tenfold excess of deuterated exchange buffer to the

target protein, usually at physiological pH. The exchange buffers contain varying

concentrations of a chemical denaturant such as guanidinium chloride and urea. The

denaturant leads to unfolding of the protein and to an enhancement of the H/D

exchange rate, thus increasing the rate of deuterium incorporation into the protein.

At a given exchange time, a small aliquot of the reaction mixture is added to the

matrix (sinapinic acid) solution in a tenfold excess and the sample is subjected to

MALDI analysis. The change in mass relative to the fully protonated sample (Dmass)

in the spectra is plotted as a function of denaturant concentration, and the data is fitted

to a sigmoidal function to obtain a transition mid-point. Solution-phase folding free

energies (DG�f) in the presence and the absence of ligand can be calculated. The

folding free energies DG�f of a protein and a protein–ligand complex are different,

and this difference, DDG�f, can be used to determine the protein–ligand binding

constant. SUPREX works in a high-throughput automated fashion, requires only

minute amounts of sample, and is applicable to purified as well as unpurified

protein–ligand complexes. A prerequisite for SUPREX is that the protein must unfold

in a two-state manner, i.e., only the fully folded and the fully unfolded states of the

protein should be populated at equilibrium, thus posing a limit on its application.

As an example, the ternary protein–DNA complex formed of tryptophan repres-

sor (TrpR), two molecules of L-tryptophan, and a 25-base pair duplex of DNA

containing TrpR’s cognate DNA sequence was analyzed by SUPREX [216]. The Kd

values of the complexes, investigated in this study, were in agreement with previ-

ously established Kd values.

SUPREX was also used to measure quantitatively the stability of unpurified

proteins in complex biological matrices [217]. Experiments of Fitzgerald’s group in

this field led to some excellent studies where SUPREX was applied to measure the

thermodynamic stability of proteins both in vitro and in vivo with good accuracy

and high precision [218, 219].
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Related to SUPREX, Fitzgerald’s group developed a technique called SPROX

(stability of proteins from rates of oxidation) to determine the thermodynamic

stability of proteins and protein–ligand complexes [220]. Proteins are oxidized

with hydrogen peroxide in the presence of increasing concentrations of a denatur-

ant (e.g., guanidine hydrochloride). Using MALDI-MS, the degree of oxidation is

established at each oxidation time as a function of the denaturant concentration.

By correlating denaturant concentration and oxidation rate, a folding free energy

(DGf) and m value (dDGf/d[denaturant]) are measured during protein unfolding.

If DGf and m values of the proteins are measured in the presence and absence of

ligands, it is possible to evaluate protein–ligand affinities (e.g., DDGf and Kd

values). The main advantage of SPROX over SUPREX is the use of irreversible

oxidation. The chemical stability of the oxidized proteins enables the manipula-

tion of the modified proteins after oxidation. As an example, oxidized methionine

amino acids were used to probe the solvent accessibility of these amino acidic

residues as a function of temperature in order to construct thermal denaturation

curves [221].

The Wanner group described a novel MALDI-based binding assay to determine

affinity constants between small ligands and proteins in saturation and competition

experiments, showing an excellent agreement between the Kd values determined by

the two methods. A known ligand of the protein was used as an internal standard to

generate a calibration function. They compared MS binding assays based on

MALDI-MS/MS and those based on LC-ESI-MS/MS quantification. The instru-

ment they used was a MALDI-triple quadrupole with high speed in the analysis of

small molecules, commercialized as “FlashQuant system” [222].

6 Conclusions

In this review, we described the major applications of MALDI-MS to investigate

noncovalent complexes of biomolecules. We highlighted the strengths and the

limitations of the MALDI-based approaches to detect and quantify noncovalent

complexes. We described not only the experimental approaches to detect

complexes directly, but we also explained what the critical instrumental parameters

are, and how intact complexes can be preserved by chemical cross-linking. Finally,

we illustrated the possibility of detecting noncovalent complexes indirectly.

Overall, MALDI-MS represents an excellent method for studying noncovalent

interactions. The substantial advantages of MALDI-MS over other techniques are

sensitivity, speed, a higher salt tolerance, and the possibility to obtain precise

molecular weights and stoichiometric information.
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Application of MALDI-TOF-Mass

Spectrometry to Proteome Analysis Using

Stain-Free Gel Electrophoresis

Iuliana Susnea, Bogdan Bernevic, Michael Wicke, Li Ma, Shuying Liu, Karl

Schellander, and Michael Przybylski

Abstract The combination of MALDI-TOF-mass spectrometry with gel electro-

phoretic separation using protein visualization by staining procedures involving

such as Coomassie Brilliant Blue has been established as a widely used approach in

proteomics. Although this approach has been shown to present high detection

sensitivity, drawbacks and limitations frequently arise from the significant back-

ground in the mass spectrometric analysis. In this chapter we describe an approach

for the application of MALDI-MS to the mass spectrometric identification of

proteins from one-dimensional (1D) and two-dimensional (2D) gel electrophoretic

separation, using stain-free detection and visualization based on native protein

fluorescence. Using the native fluorescence of aromatic protein amino acids with

UV transmission at 343 nm as a fast gel imaging system, unstained protein spots are

localized and, upon excision from gels, can be proteolytically digested and

analyzed by MALDI-MS. Following the initial development and testing with
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standard proteins, applications of the stain-free gel electrophoretic detection

approach to mass spectrometric identification of biological proteins from 2D-gel

separations clearly show the feasibility and efficiency of this combination, as

illustrated by a proteomics study of porcine skeleton muscle proteins. Major

advantages of the stain-free gel detection approach with MALDI-MS analysis are

(1) rapid analysis of proteins from 1D- and 2D-gel separation without destaining

required prior to proteolytic digestion, (2) the low detection limits of proteins

attained, and (3) low background in the MALDI-MS analysis.

Keywords Gel electrophoresis � MALDI-TOF-mass spectrometry � Native

fluorescence � Protein identification � Skeleton muscle proteomics
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Abbreviations

1D One-dimensional gel electrophoresis

2D Two-dimensional gel electrophoresis

MALDI-TOF Matrix assisted laser desorption/ionization–time-of-flight

MS Mass spectrometry

PMF Peptide mass fingerprinting

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis

1 Introduction

Matrix assisted laser desorption/ionization–mass spectrometry (MALDI-MS),

introduced by Karas and Hillenkamp in 1988 [1, 2], is now widely used in

proteomics studies. Initially developed for the ionization of large polypeptides
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and proteins [3], applications of MALDI-MS have significantly broadened

and incorporated glycoproteins, oligonucleotides, carbohydrates, and small bio-

molecules [4]. MALDI is referred to as a “soft” ionization technique, because it

causes minimal or no fragmentation and allows the molecular ions of analytes to be

identified, even in complex mixtures of biopolymers. The ionization–desorption

principle of MALDI-MS is based on the co-crystallization of analytes with an

organic, light-absorbing matrix (e.g., a-cyano-4-hydroxy cinnamic acid or

sinapinic acid) which, when activated by a laser, ionizes the analyte as it enters

the gas phase. The ions once formed are accelerated in an electric field and

separated according to their mass-to-charge ratio (m/z) in the mass spectrometer

analyzer. Typically, MALDI is coupled with time-of-flight (TOF) analyzers that

determine the mass of intact biopolymers.

The most common lasers used in MALDI-MS are ultraviolet (UV) lasers. Most

of the commercially available MALDI mass spectrometers are equipped with

nitrogen lasers (l ¼ 337 nm) which are used as the standard device, although Nd:

YAG lasers (l ¼ 266 or 355 nm) are also employed. MALDI-MS can also use

infrared (IR) lasers such as Er:YAG lasers (l ¼ 2.94 mm) or CO2 lasers (l ¼ 10.6

mm), and thus can be employed in applications to proteome analysis [5, 6].

MALDI-TOF-MS is a well established method in peptide and protein analysis

because of its robust, simple operation and high sensitivity, and the coupling of

MALDI-TOF as well as high resolution analyzers, such as FTICR with gel electro-

phoretic separation has enabled successful protein identifications in recent years

[7–14]. The sequence of steps in a typical proteomics experiment is schematically

outlined in Fig. 1: (1) first, proteins of interest from a biological mixture are

separated by one-dimensional (1D) or two-dimensional (2D) gel electrophoresis;

(2) following the gel electrophoretic separation, proteins are visualized using a

staining procedure; (3) the protein bands (spots) of interest are excised from the gel

and digested by a protease of high specificity (e.g., trypsin); (4) the resulting

mixture of proteolytic peptides is analyzed by MALDI-MS yielding a peptide

mass map; and (5) identification of proteins is obtained by searching for the best

match between the experimentally determined masses of the peptide map and

peptide masses calculated from theoretical cleavage of proteins in an appropriate

sequence database [15].

In order to visualize proteins separated by gel electrophoresis a number of

techniques have been developed in recent years. Most mass spectrometric proteo-

mics studies employ staining procedures with such as Coomassie Brilliant Blue or

silver salts, but fluorescent dyes of high detection sensitivity have also been used

(Flamingo, SYPRO® Ruby) [16–18]. Although several of these approaches provide

high sensitivity and are easy to use, major problems are frequently encountered

with the compatibility of staining procedures with the mass spectrometric analysis

[19]. A more recently explored alternative to omit the use of dyes in the visualiza-

tion procedure has been the development of methods based on the fluorescent

properties of proteins [20, 21]. During fluorescence labeling studies of

glycoproteins, Zhao and co-workers observed a fluorescent signal for non-

glycosylated proteins such as hen eggwhite lysozyme, which was attributed to
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intrinsic (native) protein fluorescence [22]. A first detection method for unstained

proteins based on UV fluorescence was developed by Roegener et al. who used

laser excitation with 280 nm UV light and demonstrated protein visualization in

both 1D- and 2D-gel separations with detection limits in the low nanogram range

(1–5 ng) [23]. Recently, a commercial gel-analyzer based on native fluorescence

has been developed (LaVision-BioTec; Bielefeld, Germany) and employed in the

present study.

In this work we have developed and applied native fluorescence detection of

proteins in stain-free one- and two-dimensional gel electrophoretic separations as a

sensitive and efficient approach for mass spectrometric identifications in proteome

analysis. In initial testing experiments 1D-gels of model proteins were analyzed to

investigate (1) the relation between fluorescence intensity observed and the relative

amounts of aromatic amino acids in proteins, (2) detection sensitivity of the native

fluorescence in comparison with Coomassie and silver staining sensitivities, and (3)

the applicability of native fluorescence detection to mass spectrometric protein

identification. In a second part, the stain-free gel bioanalyzer was successfully

employed in applications to porcine skeleton muscle proteomics, providing

Bands/spots excision

Protein separation:
- 1D
- 2D

Protein visualization:
- Coomassie
- Silver
- Fluorescent dyes
- Native fluorescence

In-gel digestion

Mass spectrometry

Database search

Protein identification

1D 2D

-
-
-
-

Database search

Fig. 1 Scheme of the steps involved in a proteomics experiment. After gel separation (1D or 2D)

proteins are visualized by staining methods such as Coomassie, silver, and fluorescent dyes, or by

“stain-free” native fluorescence. Protein spots are excised from gels, digested with trypsin, and

digestion mixtures are analyzed by MALDI-MS
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identifications of proteins at high detection sensitivity, without the need for staining

and destaining isolated protein bands.

2 Methods

2.1 Protein Separation by Gel Electrophoresis

Model proteins used for evaluation in the stain-free gel bioanalyzer were separated

by 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

on 1-mm gels using the standard Laemmli method with a Mini-PROTEAN®3 cell

gel system (Bio-Rad, M€unchen, Germany). Myoglobin, ubiquitin, bovine serum

albumin (BSA), carbonic anhydrase, lysozyme, and a-casein were purchased from

Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). Pepsin was from Fluka

Chemie GmbH (Buchs, Switzerland), and human g-globulin was from

Merck4Biosciences (Darmstadt, Germany).

Porcine skeleton muscle samples for 2D-gel separations were prepared as

previously described [24] (the samples were isolated from Longissimus dorsi
muscle and were provided by the Department of Animal Breeding, University of

Bonn, Germany). Samples of 800 mg total protein were applied for 12 h on 17-cm

IPG strips (pH 3–10) using a passive in-gel rehydration method. Isoelectric focus-

ing (IEF) was carried out using a Multiphor horizontal electrophoresis system

(Amersham Biosciences, M€unchen, Germany). For the second separation step,

the Bio-Rad Protean-II-xi vertical electrophoresis system was used, and 12.5%

SDS-PAGE gels of 1.5 mm thickness were prepared. Electrophoresis was

performed in two steps: (1) 25 mA/gel for approximately 30 min, and (2) 40 mA/

gel until the dye front reached the anodic end of the gels. All buffers and solutions

used for 2D-gel electrophoresis have been described elsewhere [7].

2.2 Gel Bioanalyzer for Protein Detection and Visualization

Proteins separated by 1D- or 2D-gel electrophoresis were visualized with the gel

bioanalyzer (LaVision-Biotec, Bielefeld, Germany; http://www.lavisionbiotec.

com/en/microscopy-products/gelreader/). The experimental setup of the gel

bioanalyzer is based on a UV excitation source and a detection system within the

UV range. The UV excitation light was generated by a 300-W xenon lamp

(265–680 nm). The irradiation area was set to 1 cm2 at 35 mW/cm2 and imaged

by three lenses onto a photomultiplier detector. A UV bandpass filter (280–400 nm)

is incorporated to block the excitation light from the detection system. From four

filter positions (one for UV excitation, three for visible fluorescence), the UV filter

transmitting light at l ¼ 343 � 65/2 nm was employed. The large reading area
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(30 � 35 cm2) provided scanning of both 1D- and 2D-gels. The instrument has a

removable gel tray and is equipped to read unstained as well as stained protein gels

(Fig. 2). In the present study only scanning of unstained gels was performed. High

precision polycarbonate tools for localization and isolation of protein spots were

prepared in our Laboratory [7]. Following fixation in position on the gel tray,

localization and excision of gel spots was carried out by moving the gel tray,

with positioning and scanning of the gel controlled by the LaVision-Biotec scan-

ning software. Using polycarbonate tools, different small holes were made in the

scanned gel in order to isolate the protein bands (four fine holes were necessary for

the localization of each protein band), and upon gel ejection from the gel

bioanalyzer bands were excised with a scalpel.

2.3 In-Gel Proteolytic Digestion

Following detection, visualization, and localization, spots were manually excised

from the gels and subjected to in-gel trypsin digestion according to Mortz et al. [25].

Photomultiplier

Xe-lamp

Imaging lens

Light guide
Mirror

XY stage

Light guide

Gel

Fig. 2 Scheme of the gel bioanalyzer (LaVision-Biotec, Bielefeld, Germany), modified after

http://www.lavisionbiotec.com/en/microscopy-products/gelreader/
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No destaining steps were required, since no visible staining procedure was used.

The complete protocol has been previously described [7]. The resulting supernatant

and elution fractions were combined and lyophilized to dryness for mass spectro-

metric investigation.

2.4 MALDI-TOF-Mass Spectrometry

MALDI-TOF-MS was carried out with a Waters VG-Micromass TOFSpec-2DE

mass spectrometer (Waters Micromass, Manchester, UK) equipped with a nitrogen

UV laser (337 nm), channel plate detector, and MASSLynx 4.0 data system

for spectra acquisition and instrument control. A saturated solution of a-cyano-
4-hydroxy-cinnamic acid (HCCA) in acetonitrile/0.1% trifluoroacetic acid in water

(2:1 v/v) was used as the matrix. Aliquots of 0.8 mL of the sample solution

and saturated matrix solution were mixed on the stainless steel MALDI target and

allowed to dry. Acquisition of spectra was carried out at an acceleration voltage of

20 kV.

2.5 Database Search

Digestion mixtures determined by MALDI-MS were directly used for a database

search employing the MASCOT peptide mass fingerprinting (PMF) search engine

(http://www.matrixscience.com), employing search and acceptance criteria for

protein identification as follows: 0.5–1.2 Da mass error tolerance; two missed

cleavage sites permitted; methionine oxidation as variable modification;

carbamidomethyl (cysteine) as fixed modification. The database employed was

NCBInr 20060712 (3,783,042 sequence entries, 1,304,471,729 residues), a compi-

lation of several databases including SWISS-PROT, PIR, PRF, PDB, and GenBank

CDS translations.

3 Results and Discussion

3.1 Evaluation of Stain-Free Native Fluorescence for Protein
Detection and Visualization

Conventional staining procedures used to visualize proteins within gel electropho-

retic separations present a number of problems, such as high background and

compatibility problems with mass spectrometry procedures (e.g., solvents) [19],

high costs of fluorescent dyes, and extensive analysis times required for staining
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and destaining of gels [25]. The native fluorescence of a protein is a composite of

the fluorescence from individual aromatic residues. Most of the native fluorescence

emission of a protein is due to tryptophan residues, with minor contribution from

tyrosine and phenylalanine residues. In order to characterize the native fluorescence

contributions, several model proteins with different contents of aromatic amino

acids (percentage of Trp) were separated by gel electrophoresis using 15%

SDS-PAGE, and gels were scanned with the gel-bioanalyzer (Fig. 3, Table 1).

From each protein 5 mg were applied on the gel. In the gel shown in Fig. 3, ubiquitin
(lane 1) which has only three aromatic amino acids (22.8 pmol) and no tryptophan

gave only a weak fluorescence signal (see Table 1). When comparing fluorescence

intensities for carbonic anhydrase (lane 5) and a-casein (lane 7), both having

similar molecular weights and similar contents of aromatic amino acids (carbonic

M 1 2 3 4 5 6 7

30

50

85

20

15

10

[KDa]

Fig. 3 Native fluorescence visualization and detection for a 15% SDS-PAGE separation. Fluo-

rescence intensity depends on the amount of aromatic amino acids in proteins (see Table 1 for

aromatic amino acid and tryptophan amounts, given in pmol). M – molecular weight marker

(Fermentas; 10–200 kDa; 5 mL); (1) ubiquitin (5 mg); (2) myoglobin (5 mg); (3) bovine serum

albumin (BSA; 5 mg); (4) lysozyme (5 mg); (5) carbonic anhydrase (5 mg); (6) pepsin (5 mg);
(7) a-casein (5 mg)

Table 1 Tryptophan and aromatic amino acid amounts (pmol) in seven different proteins.

Proteins were separated in 15% SDS-PAGE gels (see Fig. 3). Fluorescence intensity values

exhibited by these proteins and protein amounts (pmol) applied on each band are also listed

Lane Protein MW

(Da)

Protein

amount/

band (pmol)

Amount of

aromatic aa/

band (pmol)

Amount of

tryptophan/

band (pmol)

Fluorescence

intensity

(no. of counts)

1 Ubiquitin 8,565 583.8 22.8 0 2,816

2 Myoglobin 17,070 292.9 20.8 3.8 16,820

3 BSA 69,239 72.2 6.4 0.4 10,381

4 Lysozyme 14,309 349.4 32.5 16.4 19,028

5 Carbonic anhydrase 29,100 171.8 17.2 4.6 21,086

6 Pepsin 41,300 121.1 12.4 3.3 19,132

7 a-Casein 26,019 192.2 20 1.7 14,081

aa Amino acids
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anhydrase – 17.2 pmol; a-casein – 20 pmol) but different contributions of trypto-

phan to the aromatic protein content (4.6 pmol for carbonic anhydrase which

represents 26.7% tryptophan contribution to the total aromatic protein amount;

1.7 pmol, 8.5%, respectively, for a-casein), a higher fluorescence intensity signal

was observed for carbonic anhydrase (see Table 1 for fluorescence intensity

values). Another comparison was made between myoglobin (lane 2) and lysozyme

(lane 4). Lysozyme with 50.5% tryptophan contribution to the fluorescence

signal (32.5 pmol aromatic amino acids and 16.4 pmol tryptophan) showed

a higher fluorescence than myoglobin (18.3% tryptophan contribution to the fluo-

rescence signal; 20.8 pmol aromatic amino acids and 3.8 pmol tryptophan) (Fig. 3,
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Fig. 4 (a) Linear regression for the investigation of the contribution of aromatic amino acid

amounts (pmol) to the fluorescence signal intensity. (b) Linear regression for the investigation of

the contribution of tryptophan amounts (pmol) to the fluorescence signal intensity. Fluorescence

intensity values, aromatic amino acid amounts, and tryptophan amounts (pmol) correspond to the

proteins separated in the gel presented in Fig. 3 (see Table 1)
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Table 1). These results clearly illustrate the dependence of fluorescence intensity on

the amounts of tryptophan and other aromatic amino acid residues in proteins.

Furthermore, linear regression was used in order to find the relationship between

the amount of aromatic amino acids and tryptophan (given in pmol) towards

the detection signal intensity of the proteins separated in the gel from Fig. 3

(Fig. 4a, b).

A further step in the evaluation of the stain-free native fluorescence detection

method was to test its sensitivity. Sensitivity tests were performed with 1D-gel

separations of mixtures of two model proteins, immunoglobulin-G and BSA, which

were scanned with the gel bioanalyzer (Fig. 5c) at concentrations of 20–5 ng/band

and compared with gels prepared at identical conditions but visualized using

standard staining procedures (Coomassie – Fig. 5a and silver – Fig. 5b). These

results showed comparable sensitivities for the UV fluorescence detection and

silver staining, with detection limits of approximately 1–5 ng [7]. The detection

limit in the low nanogram range is in good agreement with sensitivity data reported

by Roegener et al. [23].
In another set of experiments it was shown that the fluorescence intensity of the

protein bands in 1D-gels increases linearly as the protein amount, the amount of

aromatic amino acids, and the mass of tryptophan increases, as shown in Fig. 6a–d.

20 10 5
a

b

c

IgG

BSA

IgG

BSA

20 10

20 10

IgG

BSA

[ng]

5 [ng]

5 [ng]

Fig. 5 Sensitivity of stain-free fluorescence detection and visualization in comparison with

Coomassie and silver visualizations. Protein samples, IgG (150 kDa heavy and light chain

dimer) and BSA (67 kDa) were separated in 3 lanes at 20–5 ng. Gel areas presented are zoomed

regions from 12% SDS-PAGE separations. (a) Coomassie stained gel; (b) silver stained gel;

(c) native fluorescence gel
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Fig. 6 (a) 15% SDS-PAGE separation of a protein mixture (bovine serum albumin – BSA; pepsin;
carbonic anhydrase) at different concentrations (0.1–4 mg). Proteins were visualized by native

fluorescence using the gel bioanalyzer instrument. Fluorescence intensity increases linearly with

protein concentration (b), with the amount of aromatic amino acids (c), and with the content of

tryptophan in a protein band (d). M – molecular weight marker (Fermentas; 5 mL)
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Fifteen percent SDS-PAGE was used to separate a protein mixture (BSA; pepsin;

carbonic anhydrase) at different concentrations (0.1–4 mg) (Fig. 6a). Proteins were
visualized by native fluorescence using the gel bioanalyzer instrument. All the

proteins in the gel were detectable at 0.1 mg. UV-fluorescence detection offers a

linear dynamic range from 0.1 to 4 mg with a correlation coefficient of 0.99

(Fig. 6b–d).

3.2 Application of Stain-Free Native Fluorescence
Detection to MALDI-TOF-MS Identification of 1D-Gel
Separated Proteins

Following development and optimization, the stain-free detection method in gel

electrophoresis was subjected to mass spectrometric identifications of 1D-gel

separated proteins. The identification of horse heart myoglobin (5 mg/gel) from an

unstained gel (see Fig. 3, lane 2) was successfully achieved. After gel bioanalyzer

scanning the protein band was excised, subjected to in-gel digestion with trypsin, and

the digestion mixture analyzed byMALDI-TOF-MS. The resulting masses were used

for a database search with the MASCOT PMF search engine, and provided unequiv-

ocal identification of horse heart myoglobin with 18 identified peptides (data not

shown). Since no destaining step was required for the in-gel digestion, high sensitiv-

ity and considerably lower sample preparation time were needed compared to

conventional Coomassie staining. Identifications were obtained with significantly

lower protein amounts used for 1D-gel separation, with a score of 86 (64% sequence

coverage) and 320 ng protein band (Fig. 7a). For comparison reasons the same

amount of myoglobin (320 ng) but from a gel stained with Coomassie was used

and led to protein identification with a score of 117% and 82% sequence coverage

(Fig. 7b). In summary, these model studies suggested that gel separation of proteins

with native fluorescence detection represents an efficient and sensitive approach for

MALDI-MS identification in proteomics.

3.3 Application of Stain-Free Native Fluorescence
to Mass Spectrometric Proteome Analysis of Porcine
Muscle Tissue

In subsequent proteomics studies, the stain-free detection approach was success-

fully applied to protein identifications from 2D gels by MALDI-TOF-MS (Fig. 8).

Examples of proteome analyses of porcine muscle skeleton proteins isolated post-

mortem using the stain-free gel bioanalyzer are summarized in Figs. 9, 10, and 11.

The rate and extent of post-mortem metabolic processes of skeleton muscle proteins

have recently found increasing interest, and it is generally believed that structural
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changes such as degradation and oxidation forms post-mortem may be indicative as

biomarkers and affect meat properties [26]. Thus, tenderization processes have

been associated with calpains and calpain inhibitors, calpastatins, that potentially

influence proteolytic changes, and with proteins involved in carbonylation that may

be potential oxidation biomarkers [27–29].
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Fig. 7 MALDI-TOF-mass spectrometric identification of horse heart myoglobin (320 ng) from a

stain-free gel (a) and from a Coomassie stained gel (b)
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A total amount of 800 mg was used for the 2D-gel electrophoretic separation of

porcine muscle proteins (see Fig. 8). The gel was scanned with the gel bioanalyzer

and proteins to be analyzed by MALDI-TOF-MS were excised using high-precision

Fig. 8 The 2D-gel of a post-

mortem porcine muscle

sample (12.5% SDS-PAGE;

800 mg total protein per gel)

was visualized by native

fluorescence. Spots 1–6 were

excised from the gel, digested

with trypsin, and used for

protein identification
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Fig. 9 MALDI-TOF-mass spectrum of the digestion mixture of spot number 1 (see Fig. 8).

Labeled peaks correspond to the identified peptides from porcine skeletal triosephosphate isomer-

ase (identified peptides are shown in red in the amino acid sequence of the protein)
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Fig. 10 MALDI-TOF-mass spectrometric identification of porcine adenylate kinase isoenzyme 1.

Following gel reader visualization, spot 2 (from Fig. 8) was excised, in-gel digested with trypsin

and analyzed by MALDI-MS. Labeled peaks denote the identified peptides (identified peptides are

also shown in the amino acid sequence of the protein)
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Fig. 11 Mass spectrometric identification of spot 3 (from Fig. 8) as porcine myosin regulatory

light chain 2 (with labels for the identified peptides). Identified peptides are denoted in the amino

acid sequence
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spot-picking tools [7]. Following tryptic digestion of isolated gel spots, the

MALDI-MS analysis provided unequivocal identifications of several proteins, as

summarized in Table 2. Figure 9 shows the identification of triosephosphate

isomerase from spot 1 (see Fig. 8). Nine peptides (labeled in Fig. 10) provided

unambiguous identification of adenylate kinase isoenzyme 1 (spot 2 in Fig. 8),

while myosin regulatory light chain 2 was identified from spot 3 based on seven

peptides (Figs. 8 and 11). From the proteins identified, alpha-actin (spot 5), creatine

kinase M (spot 6), and myosin regulatory light chain 2 (spot 3) showed

modifications by oxidation (Table 2, Fig. 11) [24].

4 Concluding Remarks

In this study we show stain-free detection and visualization of proteins in gels using

native protein fluorescence as an efficient and sensitive approach for MALDI-mass

spectrometric proteome analysis. The stain-free gel bioanalyzer enabled the detec-

tion and MALDI-MS identification of proteins from gel spots at detection limits in

the low nanogram range, comparable to silver staining. Moreover, this approach

does not require any post-electrophoretic manipulation by destaining, thus enabling

direct MALDI-MS analysis with reduced background and time needed for sample

preparation. The use of fluorescence detection with two-dimensional gel electro-

phoresis should be feasible for the development of automated, high-throughput

technologies in proteome analysis. Thus, the stain-free fluorescence visualization

approach should prove useful as both a complement and an alternative to staining

techniques for mass spectrometric proteome analysis.
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Table 2 Protein identifications in proteome application to post-mortem porcine muscle sample.

After native fluorescence visualization and localization, spots 1–6 were excised from 2D-gel (see

Fig. 8), in-gel digested with trypsin, and measured by MALDI-TOF-mass spectrometry. Upon

database search, proteins were successfully identified

Spot no.a Protein Score No. of identified

peptides

Sequence

coverage (%)

Accession

no.b

1 Triosephosphate isomerase 78 12 28 Q29371

2 Adenylate kinase isoenzyme 1 98 9 49 P00571

3 Myosin regulatory light chain 2 76 7 44 P02608

4 Alpha-crystallin 70 6 29 P02470

5 Skeletal alpha actin 92 13 70 P68137

6 Creatine kinase M chain 78 20 90 Q5XLD3
aSpot numbers correspond to the 2D-gel shown in Fig. 8
bAccession numbers are from SWISS-PROT or TrEMBL database
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MALDI Mass Spectrometry for Nucleic Acid

Analysis

Xiang Gao, Boon-Huan Tan, Richard J. Sugrue, and Kai Tang

Abstract With the discovery of several matrices which enable the ionization of

DNA and RNA, matrix-assisted laser desorption/ionization mass spectrometry

(MALDI-MS) has become a powerful platform for the study of nucleic acid

sequence changes (e.g., mutations, single nucleotide polymorphisms (SNPs), inser-

tion/deletion, alternative splicing, etc.), amount changes (e.g., copy number varia-

tion, gene expression, allele expression, etc.), as well as modifications (e.g.,

methylation of genomic DNA, post transcriptional modification of tRNAs and

rRNAs). Two major strategies have been employed to characterize these changes.

Primer extension reactions are designed for genotyping of known polymorphic sites

and determining the levels of gene or allele expressions. Base-specific cleavage

reactions are used for discovery of unknown polymorphisms and characterization

of modifications. These two assays usually generate nucleic acid fragments less

than 30 bases in length, which is the ideal mass range for MALDI-MS. Here we

review the basic concepts of these assays, sample analysis techniques, and their

applications published in recent years.
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1 Introduction

1.1 Nucleic Acid Sequences and Genes

Nucleic acids are biological molecules which are polymers of nucleotides. A

nucleotide consists of a base, a pentose sugar, and a phosphate group. Nucleic

acids are divided into two groups – DNA (deoxyribonucleic acids) and RNA

(ribonucleic acid), according to the type of the pentose sugar that builds up the

nucleotide – a D-ribose or a D-deoxyribose.
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A single-stranded DNA consists of a poly-nucleotide chain, with a backbone

made of pentose sugars and phosphate groups. There are four types of bases that can

be attached to each pentose sugar – cytosine (C), guanine (G), adenine (A), and

thymine (T). A double-stranded DNA consists of two single-stranded DNA

molecules running anti-parallel via specific pairing of bases: C is paired with G

and A is paired with T. The main role of DNA molecules is the long-term storage of

genetic information which is encoded by the sequence of the bases along the DNA

backbone.

RNA is also made up of a chain of nucleotides, but the type of bases in RNA is

slightly different from that in DNA – thymine is replaced by uracil (U). Some RNA

can carry genetic information in the sequence of nucleotides like DNA [1], while

some other RNA can have enzymatic activity just like proteins.

The sequence of nucleotides makes one DNA or RNA molecule different from

another. It carries genetic information and thus is critical for all living organisms. The

unit of heredity that resides on a stretch of nucleic acid sequence is called a “gene.”

Genes carry the basic instructions which encode for the synthesis and assemblies of

all bio-molecules, thus deciding the behavior of one cell or organism [2–4].

1.2 SNP

A number of variations could be found when DNA sequences from different

individuals are compared. A variation found in more than 1% of the population is

defined as a polymorphism [5]. In 1978 the discovery of “restriction fragment

length polymorphisms” (RFLP) was reported [6] and the advancement of the

RFLP technique opened the door for the study of polymorphisms. Homologous

DNA molecules are digested by restriction enzymes and the resulting restriction

fragments appear different in length after gel electrophoresis separation. This

difference in the length of restriction fragments could happen as a result of a single

nucleotide polymorphism (SNP), which could either introduce a new restriction

enzyme recognition site or abolish an existing one [5, 7]. These SNPs are of the

highest abundance in all types of variations and a lot of related databases are

available via the internet [8–22]. The frequency of SNPs in the human genome is

thought to be at least 1 per 1,000 base-pairs [23–27]. These SNPs are unevenly

distributed across the genome, with only a small portion located in the coding

region [28–30]. SNPs in coding regions can alter the structure and the function of

the protein, which might result in the occurrence of a certain disease or a different

response to a certain drug, while the remaining abundant SNPs in non-coding

regions are also widely used as important biomarkers in genetic and genomic

studies [31].
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1.3 Genotype and Genotyping

Genotype is the genetic constitution of a cell, an individual, or an organism.

Genotyping is the process of determining the genes or genotypes of an individual

by examining its DNA sequence with a molecular biological assay. Sanger

sequencing, also well-known as “dideoxy sequencing,” was first devised in the

1970s by Frederick Sanger and has become the standard technique for the determi-

nation of the sequence of DNA molecules [32–35]. This sequencing method uses

dideoxynucleotide triphosphates (ddNTPs) as chain terminators in an enzymatic

DNA synthesis procedure. The Sanger sequencing method has been the “gold

standard” in the identification of both known and unknown sequence specific

nucleotide variations for many years, against which new emerging technologies

need to be judged. However, as the Sanger sequencing requires radioactive or

fluorescent reporters, and uses separation methods like gel or capillary electropho-

resis which generates massive quantity of reads to be analyzed later, the whole

process is always rather time-consuming, laborious, and costly. For this reason,

researchers are constantly searching for new genotyping technologies [7, 36, 37]

which can meet as many as possible the following requirements:

1. The new assay should be cost efficient.

2. The assay should be of sufficient sensitivity and reproducibility so that even tiny

amounts of DNA samples can still be detected.

3. The assay should be able to detect the relative frequency of individual alleles

mixed in pooled samples.

4. The assay should be able to achieve a high level of throughput and automation.

5. The analysis of the result should be simple and automated.

It is not easy to find a single perfect genotyping method which can meet all those

different requirements. When a new method is being evaluated, the level of through-

put and the efficiency in time and cost are normally of most importance [35].

2 Analysis of Nucleic Acid with MALDI-MS

2.1 Matrix for Nucleic Acid Analysis

The analysis of oligonucleotides using MALDI-TOF mass spectrometry (MS) was

first reported in 1990 [38–40]. In the beginning, only combinations of matrix and

laser wavelength that worked for protein and peptide analyses were tested. How-

ever, researchers soon noticed the problems of extensive ion fragmentation and

adduction of metal cations to analyte molecules, which resulted in reduced quality

of oligonucleotide mass spectra compared to those from proteins and peptides. It

was obvious that nucleic acids behave differently from proteins and peptides under

MALDI and thus new MALDI conditions, especially new matrices, were required

for better ionization.
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In 1992 Tang et al. reported the use of a mixture of 3-methylsalicylic acid

and 3-hydroxy-4-methoxybenzaldehyde as matrix resulted in the detection of

oligonucleotides up to a 34-mer [41], and Nordhoff et al. reported the use of succinic

acid, urea, and nicotinic acid as matrices in combination with an infrared (IR) laser at

wavelength 2.94 mm which led to the detection of tRNAs and 5S rRNA from

Escherichia coli [42]. In 1994, Wu et al. reported the use of 3-hydroxypicolinic acid

(3-HPA) as matrix to analyze single-stranded DNA oligomers up to 67 nucleotides in

length [43]. Although other compounds, such as 2,4,6-trihydroxyacetophenone (2,4,6-

THAP) [44], 2,3,4-trihydroxyacetophenone (2,3,4-THAP) [45], picolinic acid (PA)

[46, 47], 3-aminopicolinic acid (3-APA) [48], 6-aza-2-thiothymine (ATT) [49], 5-

methoxysalicylic acid (5-MSA) [50], quinaldic acid (QA) [51], pyrazinecarboxylic

acid (PCA) [52], 3-hydroxycoumarin (3-HC) [53], and 3,4-diaminobenzophenone

(DABP) [54], were found to be effective matrices later, 3-HPA turned out to be the

most popular matrix for nucleic acids. Glycerol was found to be a superior matrix for

IR-MALDI at 2.94 mm, and was demonstrated to be able to produce molecular ions for

RNA transcripts as large as 2,180 nucleotides [55]. However, applications for this

technique have been lacking so far.

Matrix additives have been proven to be important in MALDI of nucleic acids.

Ammonium salts such as ammonium acetate [56], ammonium citrate, ammonium

tartrate [44], and ammonium fluoride [57] were found to be useful additives which

significantly suppress the adduction of metal cations. However, molar concentra-

tion of ammonium salt in the matrix solution should be limited to about 10% of that

of the matrix, as excess amounts of ammonium salt, when crystallized with matrix,

reduce the absorption of laser energy and quench the ionization of nucleic acids.

Spermine as a cation exchanger has also been used as an additive to several

matrices [50, 58], but not to 3-HPA [58]. Other compounds, such as PA, various

sugars [59], and PCA [52], has been added to 3-HPA to enhance its performance.

However, the mechanism of such improvement remains elusive.

2.2 Sample Preparation

Small-scale sample preparation is usually performed manually, whereas automatic

nanoliter dispensing systems are required for large scale high-throughput prepara-

tion. Several manual preparation methods are available for different matrices. The

most common method is the traditional dried-droplet method, which is performed

by spotting a droplet of the analyte-matrix mixture on the MS sample stage and

drying the spot at room temperature. This method is modified for matrices that are

soluble only in aqueous solvent, such as 3-HPA. The first step is to deposit a droplet

of matrix in aqueous solution onto the sample plate and allow the sample to

crystallize at room temperature. The second step is to add the aqueous analyte

solution onto the crystallized matrix. This partially re-dissolves the matrix crystals

and re-crystallizes them together with analyte molecules. In general, the two-step

dried-droplet method gives more reproducible results than the traditional one.
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Another method called thin-layer matrix preparation is reported to use ATT matrix

dissolved in organic solvent to form a seed layer of thin homogeneous film, and

then saturated ATT solution containing analyte is added to form the second layer of

thin film. The thin layer preparation method can generate highly reproducible MS

result [60].

For high-throughput MALDI-MS, sample spots have to be miniaturized to

improve homogeneity of crystal distribution. The surface of the MALDI sample

plate (metal or silicon chip) is usually coated with highly hydrophobic material [61,

62], with precisely located and miniaturized sample pads (e.g., 200 mm � 200 mm)

that are hydrophilic or less hydrophobic than their surroundings. Matrix solution

can be transferred to the MALDI sample plate by high speed serial dispensing using

a nano-dispensing device such as a piezoelectric pipette or solenoid dispensing

valve. The aqueous matrix solution initially occupies an area larger than the sample

pad. While the solvent evaporates, the droplet size shrinks, and eventually crystal-

lization of the matrix occurs only inside the sample pad. The concentration of

the matrix is optimized so that the crystallized matrix covers the entire sample pad.

The aqueous analyte solution, usually from a microtiter plate, can be transferred to the

MALDI sample plate preloaded with matrix by parallel dispensing using a pintool

device with an array of precisely mounted pins [63]. The analyte solution partially

re-dissolves the 3-HPA matrix. The droplet shrinks again toward the hydrophilic

pad while solvent evaporates, and then re-crystallizes to cover the pad. This

miniaturized sample spot can provide more homogeneous sample distribution and

thus yield more reproducible MALDI results.

Another important factor of sample preparation is to desalt nucleic acid samples

before mixing them with matrix, as sodium and potassium cations form multiple

adducts with the negatively charged phosphate backbone easily and degrade the

quality of mass spectra. High concentration of salt can also affect matrix crystalli-

zation and prevent successful ionization of analyte molecules. In biological assays

the use of sodium or potassium salt should be avoided as much as possible, or

replaced with ammonium salt as it is volatile and usually does not form adducts to

MALDI ions. As sodium and potassium are ubiquitous, desalting before MALDI-

MS is always recommended. This can be achieved by using chromatographic

pipette tips [64], solid-phase extraction [65], or by adding cation exchange resins

to the sample solution [42].

2.3 Mass Spectrometry Instrumentation

Nucleic acids are less stable compared to proteins and peptides. The N-glycosidic

bond linking the base and the pentose sugar is relatively weak, especially in DNA.

Therefore, in MALDI, base loss, and subsequent backbone fragmentation, could

happen [66]. Usually MALDI ion source is coupled with a time-of-flight (TOF)

mass spectrometer. The instability of DNA ions could cause significant amounts of

post-source decay (PSD) and result in reduced sensitivity and resolution if a
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reflectron TOF is used. Therefore, a linear TOF is commonly used to minimize this

effect. However, for small oligonucleotides, such as those generated by base-

specific cleavage, PSD does not seem to be extensive and reflectron can be used

to improve mass resolution [60, 67]. It is also expected that high performance can

be achieved in a quadrupole-TOF if collisional cooling is employed. Of course the

quadrupole must be designed to transmit high m/z ions generated by MALDI. When

collisional cooling is effectively used, MALDI-generated DNA ions can be stable

for a significantly long period (milliseconds), which allows for high resolution

detection in Fourier transform ion cyclotron resonance (FTICR)-MS [68], or in

the newly developed Orbitrap with a MALDI ion source.

3 Primer Extension Assays

3.1 SNP Genotyping

To genotype known polymorphic sites, the primer extension assay combined with

MALDI-MS analysis is widely agreed to be a powerful platform. The assay is

usually performed in three major steps. The first step is PCR amplification of the

region which contains the SNP of interest. Second, phosphatase is added to inacti-

vate the remaining dNTPs. Third, a primer extension reaction is performed using a

specific genotyping primer positioned with its 30-end adjacent to the polymorphic

site. This reaction generates allele-specific primer extension products with different

masses which can be interrogated by MALDI-MS for genotype determination.

There are two different versions of primer extension assay depending on the type

of dNTP and ddNTP used in the primer extension reaction:

1. Primer extension with variable number of nucleotides (Fig. 1a):

In this primer extension reaction, a mixture of dNTP and ddNTP is used. The

content of the mixture is selected so that the primer extension stops at the

polymorphic site for one allele and at another site downstream for the other

allele. Therefore the SNP resulted in allele-specific primer extension products

with different lengths – one extended by a single base, the other by two or more

bases. The large mass difference between the products makes identification by

MALDI-MS a trivial task, even for heterozygous samples. Braun et al. first used

this strategy to detect mutations in the CFTR gene [69]. It was later dubbed as

homogenous MassEXTEND (hME) by Sequenom for multiplexed genotyping of

different gene loci. The main drawback of this strategy is that in multiplexing,

where multiple primers are used in a single reaction to target many different

SNPs, careful planning is required to avoid peak overlapping. Even so, the level

of multiplexing is moderate (up to 12-plex), and only those using the same type

of dNTP and ddNTPs can be multiplexed.
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2. Single-base primer extension (Fig. 1b):

This type of primer extension uses only ddNTPs. Therefore, the genotyping

primer is only extended by a single base onto the polymorphic site. The genotype

is differentiated by the mass of the ddNTP incorporated [70]. This strategy is

relatively simple as a common ddNTP mixture is used for all different types of

SNPs. When single-base extension is combined with different primers with

various 50-overhangs (addition of non-templated bases), a high level of

multiplexing can be achieved. Ross et al. first demonstrated this potential in

1998 [71]. However, as most primer extension reactions are measured in linear

TOF mass spectrometers to minimize the effect of PSD of MALDI ions, mass

resolution is usually low and it is not always possible to resolve an A/T

polymorphism where the mass difference between the two alleles differs by

only 9 Da. This limitation can be overcome by using a modified ddATP or

ddTTP. This modified ddATP or ddTTP must have mass value larger than

ddGTP by at least 16 Da, and can be incorporated efficiently by DNA polymer-

ase. Recently, Sequenom used a similar strategy in iPLEX genotyping design

although detailed modification has not been published [72].

The MS-based primer extension approach was widely applied in a variety of

fields that require the study of SNPs [73, 74]. Jaremko et al. reported successful

SNP genotyping of DNA samples isolated from formalin-fixed paraffin-embedded

tissues (FFPET) [75]. FFPE materials are usually not suitable for molecular disease

Fig. 1 Comparison of the primer extension assays. (a) In the primer extension assay with variable

number of nucleotides, at least one dNTP is used. The extension products differ by at least one

base, a larger mass shift which can be easily resolved. (b) In single-base primer extension assay,

only ddNTPs are used and the primers will always extend by one base no matter what the sequence

is. The natural mass differences of the extended bases are used for SNP genotyping
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approaches, as they tend to yield degraded DNA, but they perfectly meet the need

for long-term clinical research. With MALDI-TOF MS and Taqman assisted SNP

genotyping approaches, the FFPET can be genotyped in a relatively high through-

put format. Horn et al. further proved the reliability of the approach [76]. Five DNA

samples were extracted from FFPE tumor specimens using both phenol–chloroform

extraction and a commercial extraction kit. Thirty one SNPs from 25 genes were

analyzed using the multiplex primer extension assay and 64 FFPE tumor specimens

were compared with matched germline DNA samples, and the genotyping result

appeared to be reliable.

The MALDI-TOF MS-based approach is also used for oncogenic human papil-

lomavirus (HPV) genotyping, providing an economical and high-throughput plat-

form for the cervical screening programs and HPV vaccination programs.

Soderlund-Strand et al. applied the primer extension assay to the detection of 14

oncogenic HPV genotypes [77]. The MS-based genotyping result was compared

with the reverse dot blot hybridization (RDBH) result for 532 cervical cell samples.

After comparison it is found that the MS-based primer extension assay is sensitive

enough to cover not only all samples appeared positive under RDBH, but five more

cases of cervical disease that RDBH had missed as well. All 20 discrepancies were

finally proved to be positive by MS-based primer extension assay.

MALDI-TOF MS-based primer extension assay also had good performance in

the analysis of mitochondrial DNA coding region SNP (mtSNP) variation. Cerezo

et al. compared MS-base primer extension assay with other techniques for the

mtSNP genotyping and found that to genotype large amount of SNPs in large

collections of samples, MS-based techniques appeared to be more suitable [78].

Thompson et al. also employed the MS-based primer extension assay for SNP

genotyping of 635 trees from 15 populations and the result was used as indirect

evidence of realized F1 fertility for populus hybrids [79].
Thomas et al. employed the primer extension method for high-throughput

genotyping to analyze oncogenic mutation in human cancer [80] and this method

is also useful in other mutation profiling [81, 82].

Huebner et al. optimized the MS-based SNP genotyping method to prevent the

genotyping errors caused by tri-allelic SNPs [83]. Sasayama’s group reported an

alternative MS-based genotyping approach using Lu(III) ions as molecular scissors

[84]. Compared with primer extension assay, their approach is independent of the

sequence investigated and thus is able to genotype not only SNPs but indels as well.

3.2 Genome-Wide Association Study

For large-scale population SNP analysis, DNA samples are commonly pooled as a

mixture for cost considerations, and the allele frequency of a certain SNP is usually

calculated from the ratio of the alleles. The SNP frequency analysis can be used in the

genome-wide association study, aiming to identify genes involved in certain diseases.

Association is a statistical statement about the co-occurrence of alleles and/or
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phenotypes. The genome-wide association studies usually examine most, if not all, of

the genes from different individuals of one particular population. Allele frequencies of

all genes from the patients group (with a certain disease) are compared with the control

(without the disease) group to identify the association between SNPs in different alleles

and the disease. A large number of SNPs, most of which are in non-coding regions, are

found to be associated with certain diseases in this way [85, 86].

Kammerer et al. performed a large-scale association study in order to identify

genes that influence the risk of developing breast and prostate cancer [87]. More than

25,000 SNPs from 16,000 genes were screened and the ICAM gene region was finally

found to have the most significant association with breast and prostate cancer risk.

Suttner et al. reported an association study between TBX21 gene and asthma

[88]. In their work, the whole TBX21 gene was resequenced and screened for

polymorphisms. Forty three polymorphisms were identified using MALDI-TOF

MS and three of them were found to be associated strongly with asthma. These

polymorphic alleles are combined with SNPs within the HLX1 genes, which had

been shown to have association with asthma in previous study. The combination

resulted in the increased risk to develop asthma.

Abel and coworkers analyzed pooled DNA with genome-wide SNPs using the

primer extension assay and proved its usefulness for discovering candidate suscep-

tibility genes for common diseases [89]. It is unlikely to get the unambiguous

identification of the related gene or genetic variations for those common diseases

using this genetic analysis only, but it is possible to locate the region of most

potential for further experiments to identify the genes and variations responsible for

the disease susceptibility. Osteoarthritis, for example, is a common disease with

which neither traditional family-based linkage studies nor candidate gene studies

can identify genes of significant association. Genome-wide association approach is

performed and only a small amount of SNPs were selected for genotyping from the

thousands of SNPs that exist. Finally, an intronic SNP in a gene, which is on

chromosome 13 and encodes an unknown new protein with a calponin homology

domain, was considered as the marker of the strongest association with the risk of

knee osteoarthritis [90].

Similar methodologies are also adopted for pathogenic organisms research.

Volkman et al. genotyped about 47,000 SNPs across the genome of the malaria

parasite Plasmodium falciparum [91]. Their study generated a large data set which

is of great value for genome-wide diversity analysis. Herring et al. performed

comparative genome sequencing to E. coli for bacterial evolution study and the

MS-based primer extension assay was applied for the mutation validation [92].

3.3 Gene Expression Analysis

The primer extension assay works well not only in SNP genotyping research but

also in quantitative gene expression studies. For quantitative gene expression

analysis, primer extension assay is combined with competitive real-time PCR,
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followed by MALDI-MS analysis. Extracted RNA is used for reverse transcription

and a synthetic DNA of about 90 nucleotides in length, referred as the “competitor,”

is spiked into the cDNA product. This competitor differs from the cDNA by only

one base in the center region and is used as an internal standard. The competitor

internal standard serves as an artificial allele so that the method used for allele

frequency analysis can be used here for gene expression analysis. The competitor

and cDNA is co-amplified by PCR, after which shrimp alkaline phosphatase (SAP)

is added to inactivate the unused nucleotides. Primer extension assay is then

performed using the PCR products from the competitor and cDNA as templates.

The primer extension products are submitted to MALDI-TOF analysis and the

related mass signals are resolved to calculate the peak area ratios [93].

Rode et al. compared this MS-based primer extension assay with the microarray

assay, which is a commonly used method for gene expression analysis, and tested

the results from both MassARRAY and microarray against quantitative real-time

PCR (qRT-PCR), which is widely accepted as a standard method for single gene

expression quantification [94]. Their study showed a high rate of concordance

among the MS-base primer extension assay, microarray, and qRT-PCR in most of

the data. The MS-based primer extension assay has consistently proved suitable for

prokaryotes gene expression research and became a better choice than microarray

when analyzing a limited set of genes instead of investigating global gene expres-

sion study. The MS-based primer extension assay is also advantageous over

microarray in the low requirement of sample amount.

Duffield et al. combined the MS-based primer extension and the molecular

affinity isolation for multiple mRNA levels determination [95]. The mRNA levels

of four genes with significant variation were determined simultaneously in their

assay. Biotinylated ddNTPs were used in the single base extension which not only

enlarged the mass difference between the extension products of the samples and the

competitors but also facilitated a purification step before MS analysis. Unextended

primers, which had the potential to overlap with other extended products, were all

removed, releasing plenty of space in the spectrum to enable a higher level of

multiplexing.

3.4 Non-invasive Prenatal Diagnosis

The primer extension assay combined with the MS technique is of great potential in

risk-free, non-invasive prenatal diagnosis. Ding et al. introduced the use of single allele

base extension reaction (SABER) and MS for prenatal diagnosis in 2004 [96].

Circulating fetal DNA can be detected from the maternal plasma. However, if the

standard primer extension assay is performed, the maternal allele can always form an

overwhelming background. The SABER protocol is able to extend the paternal-specific

fetal allele, avoiding interference caused by the background of maternal allele.
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Daelemans et al. analyzed candidate imprinted genes in human placenta and the

allele-specific gene expression [97]. Sequenom and illumina assays, two typical

allele-specific high-throughput technologies, are employed and both of them are of

sufficient sensitivity for imprinting and allelic bias studies.

Lo et al. applied the MS-based primer extension assay to analyze the ratio

between alleles of an SNP in PLAC4 mRNA in order to perform non-invasive

diagnosis of fetal trisomy 21 [98]. The same technique can also be used in non-

invasive prenatal diagnosis of trisomy 13 and 18. Further development of noninva-

sive prenatal diagnosis depending on MS-based primer extension technology for

gene expression analysis has been reviewed elsewhere [99].

4 Base-Specific Cleavage Assays

4.1 SNP Discovery

In the past two decades a number of different methods have been developed to

achieve base-specific cleavage of both large DNA and RNA products using an

enzymatic approach as well as chemical means [100–104] in order to make it

possible for MALDI-TOF MS measurement. Within all these methods, the most

prominent approach introduces an intermediate RNA transcription step after PCR

amplification of the target sequence region. Compared with direct cleavage of

DNA product, this assay has several advantages. First of all, the cleavage of

double-stranded DNA will certainly result in an overlapping cleavage patterns

from each of the forward and reverse strands. After the in vitro transcription

step, the single-stranded RNA product is ready for cleavage, avoiding the elaborate

strands separation steps. Second, the transcription step could further amplify the

analyte, thus making it possible to add ion exchange treatment and dilution, which

are important conditioning steps before MALDI-TOF analysis. Third, RNA is

more stable than DNA under standard UV-MALDI condition as RNA is less

prone to depurination.

The concept of base-specific cleavage has also been combined with MALDI-

TOF MS [103, 105] to discover new SNPs and detect mutations. In this process

there are two major enzymatic approaches to achieve base-specific cleavage of

RNA transcripts. The first uses base-specific RNase; for example, the use of RNase

T1 could yield G-specific cleavage in normal working condition of the enzyme.

This G-specific cleavage reaction could also be used in the reverse strand of the

target region. The second method uses a mutant RNA polymerase – T7 or SP6

R&DNA polymerase, which can incorporate some of the dNTPs in transcription,

combined with pyrimidine-specific RNase, for example RNase A. When mixed

with normal transcript, RNase A would cleave after every rC and rU residue,

resulting in more frequent fragmentation of RNA and loss of sequence information.

However, as the mutant transcriptase could incorporate certain kinds of dNTPs
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(dCTP, dTTP, dUTP), base-specific cleavage can be achieved when either rC or rU

is fully replaced by dC or dT/dU, respectively. In one reaction, dCTP is used instead

of rCTP during transcription, which results in the U-specific cleavage of the

transcript by RNase A, and in the other reaction, rUTP is fully replaced by dTTP

or dUTP, and the transcript will finally be C-specifically cleaved. Considering that

T7 promoter tag can be added to either the forward primer or the reverse primer in

the PCR amplification step, one dsDNA sequence can actually be cleaved in both

forward and reverse strands in four separate reactions. The cleavage products will

be conditioned for mass spectrometric analysis by addition of ion exchange resin

and the supernatant will be transferred onto a silicon chip containing a 16 � 24

array of matrix spots, which can be automatically scanned in a MALDI mass

spectrometer.

The combination of base-specific cleavage and MALDI-TOF MS offers

extremely high sample throughput for large-scale comparative sequence analysis.

It takes only a few seconds to measure each sample spot. If there is a sequence

change in the target region, no matter what it is, up to ten “observations” can be

found in the mass spectra from the four base-specific cleavage reactions, two

reactions will have mass shift, one reaction will introduce a cleavage site, and

the last one will lose a cleavage site. If the sequence change does not alter a

cleavage site, a mass peak shift will appear in one spectrum. The mass shift is

actually two observations: the disappearance of a theoretical peak and the appear-

ance of a new peak. If the sequence change alters a cleavage site, three changes

will appear in one spectrum: if a new cleavage site is introduced by the sequence

change, a peak with high mass will be replaced by two peaks with lower masses; if

a cleavage site is abolished by the sequence change, two peaks with lower masses

will disappear and a peak with higher mass will appear. For example, there is a

sequence change of A to G in the forward direction transcript; it is still an A to G

change and in both rC and rU specific cleavage reaction there is only a mass shift of

16 Da. While in the reverse direction transcript, it becomes a U to C change. In the

rU specific cleavage reaction, one cleave site will disappear and in the rC specific

cleavage reaction, a new cleavage site will be introduced. This comparative

sequencing with multiple “observations” shows great advantage for diagnostic

applications (Fig. 2).

Similar to the identification of an unknown protein by the peptide mass finger-

printing (PMF) approach [106–108], theoretical RNA sequences of a certain size

are in silico digested with base specific enzyme like RNase A or RNase T1, and the

molecular weight patterns for the predicted cleavage products are collected in the

database. The mass spectra for the cleavage products from an unknown RNA

sequence can be searched against the existing whole prokaryotic genomes or

RNA FASTA sequence databases to find the best match or even identification

using certain software such as “RNA mass mapping” (RMM) developed by

Matthiesen and Kirpekar [109].

For SNP screening from a known sequence, a software package called

“RNaseCut” was developed by Krebs et al. [104]. It can be used to design primers

for those regions of high SNP discovery score and validation of individual SNPs.
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When a target sequence is given, the software first determines the best position for

PCR amplification, in which more SNPs are theoretically able to be detected and

validated. Then the transcribed RNA product is in silico digested to generate

reference mass peak patterns. When the experimental observed spectra have

differences compared to the reference, the software will calculate the possible

solutions for an SNP which can cause the observed variations [110]. A more

sophisticated algorithm for SNP discovery has also been developed [102] but the

software itself remains proprietary.

T7 promotor

5’

PCR & SAP treatment

T7 promotor

Target region

5’ 3’ 5’ 3’

T7

T7

5’ 3’3’

Forward strand ssRNA Reverse strand ssRNA

dCdT/dU dT/dUdC

U
U

U
U

U
C

U

C

C
C

C

C

In vitro transcription

RNAse A cleavage

Conditioning & MALDI

Fig. 2 Schematic diagram of the base-specific cleavage procedures using mutant transcriptase

and RNase A. T7 promoter tag is added to the 50 end of either forward primer or reverse primer to

amplify the target region. After PCR, SAP is added in order to degrade the unused dNTP. After

SAP treatment, the PCR product is directly used for in vitro transcription to produce single strand

transcript using a mutant T7 transcriptase. The transcription is performed in two groups, one of

which uses dCTP instead of rCTP, while the other uses dUTP or dTTP instead of rUTP. As a

result, the transcript is made up of three rNTPs and one dNTP. The transcript is then digested with

RNase A, which cleaves after each rC and rU, and the cleavage will be driven to completion.

Introduction of either dC or dT/dU during the transcription will render the RNase A cleavage

base-specific, as these dNTPs are insensitive under RNase treatment. With the combination of the

transcripts from forward and reverse direction and either rC or rU specific cleavage, one sequence

could be cleaved in four independent ways. It must be noted that, due to charge competition in

MALDI, some fragments may not appear in the spectrum for a single reaction. Sequence

coverage from one cleavage reaction is usually not high enough to identify certain mutations.

Two base-specific cleavage reactions from the same transcript (e.g., forward transcript) or all four

reactions from both forward and reverse transcripts are necessary to achieve high sequence

coverage
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4.2 Identification of tRNA

It is difficult to get high resolution separation of transfer RNAs (tRNAs) using

traditional methods because of the high level of similarity in their secondary and

tertiary structure. Using base-specific cleavage and MALDI-MS assay, tRNAs are

digested with RNase T1 and the generated fragments are found to contain unique

masses for each individual tRNA. In this way, molecular mass peak patterns can be

used as fingerprints for detection and identification of individual tRNAs from a total

tRNA pool. This protocol does not require a separation or purification step for the

tRNAs sample and is thus of relatively high efficiency [111].

4.3 RNA Modifications Analysis

MS nowadays serves as a powerful technology for the analysis of posttranscriptional

modifications of different types of RNA [112–114], especially for those modifications

that are not detectable by the RT-primer extension assay and the chromatographic assay

(e.g., m5U, m5C, m6A, etc.) [115]. Kirpekar et al. was the first to apply the base-specific

cleavage and MALDI-MS assay to screen the 5S rRNA, in order to identify posttran-

scriptional modifications [116]. The whole approach was of high speed and sensitivity

while the procedure was relatively simple with only one purification step using ion-

exchange resin. Suppression of the mass signal for some fragment might be observed

but the total sequence coverage remained satisfactory. However, this approach lacks

the ability to identify mass-neutral modifications. For example, the replacement of

uridine by its structural isomer, pseudouridine will not lead to any mass difference and

thus is not detectable by MS. Several methods were reported in order to identify the

pseudouridine, as its presence accounted for a large part of the RNA modification in

Eukarya. Mengel-Jorgensen and Kirpekar generated a 53-Da mass increase to

pseudouridine through cyanoethylation [117]. Durairaj et al. utilized N-cyclohexyl-
N0-b-(4-methylmorpholinium) ethylcarbodiimide (CMC) derivatization and alkaline

treatment which introduced a 252-Da mass shift to the pseudouridine and also make it

detectable [118].

Auxilien et al. used MALDI-MS to identify the target region of m5U

methyltransferases by pinpointing the base-specific cleaved methylated RNA tran-

script. Target specificities of several m5U methyltransferase were analyzed and

some shifts of target specificity were observed in archaeal RNA m5U

methyltransferase [119]. Using MALDI-MS, Goll et al. found that the target of

human DNA methyltransferase-2 (DNMT2), which should be cytosine in the

anticodon loop, was actually an RNA instead of DNA [120]. This RNA was

identified to be aspartic acid transfer RNA (tRNAASP). On the basis of this obser-

vation, they suggested that eukaryotic DNA cytosine methyltransferase might be

derived from an RNA methyltransferase instead of a prokaryotic DNA

methyltransferase.
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4.4 DNA Methylation Analysis

Base-specific nucleic acid cleavage combined with MALDI-MS techniques has

also been used for DNAmethylation analysis. DNAmethylation occurs by adding a

methyl group to the number 5 carbon of the cytosine pyrimidine ring or the number

6 nitrogen of the adenine purine ring. DNA methylation in somatic tissues is

typically observed at the cytosine base in a CpG dinucleotide context [121, 122],

while non-CpG methylation occurs mostly in stem cells [122–124].

The target DNA is first treated with bisulfite, which can mediate a deamination

of unmethylated cytosines to uracils, while the methylated cytosines stay

unchanged. After the bisulfite treatment, the target DNA is PCR amplified and

used for in vitro transcription. The generated single-stranded RNA product will

then undergo RNase A mediated base specific cleavage procedure by replacing

either rCTP or rUTP with their dNTP counterparts. The CpG methylation could be

detected in both the forward and the reverse strand. For forward strand as an

example, in the C-specific cleavage reaction, methylated cytosines remain

unchanged and will be cleaved by the RNase while the unmethylated cytosines

will finally be transcribed using dUTPs and these cleavage sites are abolished. For

the reverse strand, the methylation site will appear as G/A variation and the

fragments containing these sites will have a mass shift of 16 Da. By analyzing

these mass shifts, methylation could easily be detected, and by comparing with the

signal intensity of mass peaks from fully methylated and unmethylated templates,

quantitative analysis of methylation is possible [121, 125–128].

4.5 MLST by Base-Specific Cleavage for Bacterial Studies

At the end of the last century, in order to discriminate the strains of infectious

agents which caused disease, there were two different approaches. The first

approach identified individual loci or the uncharacterized genomic regions which

were variable among bacterial populations. Several methods were developed based

on this approach for the determination of the relatedness of pathogens. These

included pulsed-field gel electrophoresis (PFGE), ribotyping, and PCR-based

fingerprinting. PFGE was widely considered as “gold standard” even though this

technique was unable to type many strains as a result of DNA degradation during

the electrophoresis process. The second approach was based on the characterization

of variations in the sequence of many loci, which were slowly accumulating in the

microbial population. Multilocus enzyme electrophoresis (MLEE) was developed

based on this approach. Because it can analyze several loci at the same time, MLEE

was able to achieve high levels of discrimination. However, like many other typing

methods, the result of the MLEE was not portable between different laboratories

and thus presented comparison difficulties [129].
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Multilocus sequence typing (MLST) was a comparative sequence typing

approach on the principle of MLEE for the typing of multiple loci. It was first

introduced by Martin C. Maiden and the coworkers in 1998. In their research,

MLST was used to characterize the population structure of bacterial isolates with

the analysis of DNA sequences of internal fragments of multiple housekeeping

genes [129–131].

The proposal of MLST has improved knowledge of bacterial evolution and

population biology [132–135] while at the same time making the high-throughput

determination of nucleotide sequence much more available and cost-efficient [136,

137]. The most significant advantage of MLST over other molecular typing

approaches mentioned above was that it could be applied to almost all bacterial

species, even those that are very difficult to cultivate, and the sequence data were

highly unambiguous and portable between laboratories – all the materials for

MLST could be exchanged between labs and the primer sequences and the protocol

could be shared via internet, thereby, for the first time, making it possible to

establish a global database for any individual species on the website. The MLST

database covers 27 species today, and will continue to expand in the future.

As the typical sequence-based typing methodology [138], MLST could be

combined with base-specific cleavage assay and MALDI-TOF MS for microbial

typing [139]. This nucleic acid-based typing approach did not need any prior target

information, which was critical for traditional microbial typing methods that were

derived from in situ hybridization [140]. The 16S small ribosomal RNA gene,

which was commonly used for bacterial identification [141], was PCR amplified for

base-specific-MS analysis. The data acquired were searched against the database

containing the in silico digest result of existing 16S rRNA sequences. The whole

process took only a few hours and was compatible with both bacterial isolates and

uncultured clones [142–146].

4.6 Pathogenic Viruses Study

The base-specific cleavage and MALDI-MS approach has already been used for

hepatitis B virus (HBV) genotyping [147]. Ganova-Raeva’s group compared the

MS-based approach with traditional sequencing for HBV genotyping and proved

that the new approach is much more cost-effective but of equal reliability. For large

scale analysis which requires high throughput, the cost for base-specific cleavage

and MALDI-MS assay can be much lower than that for sequencing.

This new approach also has great potential in the rapid identification and

mutation surveillance of other pathogenic viruses like influenza. Commonly used

methods for rapid diagnosis of influenza are usually based on antigen-specific

antibody probes [148], or real-time reverse transcription PCR (RT-PCR) of the M

gene to identify viral species [149], and then use the second round of RT-PCR assay

for HA and NA genes to determine the subtypes [150, 151]. Compared with these

methods, the approach based on base specific cleavage and MALDI-MS not only
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has advantages in the throughput and speed, but also in the ability for the identifi-

cation of new emerging genetic variants with mutations in the drug-resistant

mutation site [152, 153].

5 Conclusion and Perspectives

The MALDI-TOF MS-based technique has provided a platform to analyze nucleic

acids with high degrees of throughput, sensitivity, accuracy, and automation. The

primer extension assay is highly flexible and can be employed for multiple

purposes. It can be applied to genotype individual SNP for allele determination,

or to analyze the allele frequency in population studies. The MS-based primer

extension strategy has good performance in quantitative gene expression analysis

and is a good substitute of traditional microarray techniques in cases where only a

small set of genes of interest are analyzed. The modified primer extension assay has

been applied to identify several fetal diseases and will play an increasingly impor-

tant role in non-invasive prenatal diagnosis.

The comparative sequence analysis using base-specific cleavage and MALDI-

MS is nowadays more widely used for routine SNP genotyping, mutation surveil-

lance, and pathogen identification. It acts as a relatively low cost tool for a single

analyte and at the same time a powerful platform for high-throughput analysis for

large scale samples from multiple populations, thus being suitable for epidemio-

logic surveillance. The most striking advantage over other genotyping schemes is

the collateral security. Once there is a sequence change, it can results in as much as

ten “observations” in the mass spectra for the cleavage products. These

observations could be a mass peak shift, appearance of new mass peaks, or

disappearance of a theoretical mass peak. The identification of the sequence change

is always based on the combination of multiple observations from several spectra,

which is extremely important for diagnostic applications.
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Abstract The disulfide bond is one of the most common post-translational

modifications in proteins, of which determination is essential to the comprehensive

understanding of protein structures. Disulfide bond analysis has undergone great

improvement due to the development of matrix-assisted laser desorption/ionization

mass spectrometry (MALDI MS), especially in terms of speed and sensitivity.

In general, the characterization of disulfide-containing peptides is achieved by

the reduction of disulfide bonds followed by alkylation. In this review we focus

on the analysis of disulfide-containing proteins/peptides by some unique methods in

MALDI MS. The MALDI in-source decay (ISD) of disulfide bonds and adducts

of the matrix and sulfhydryl-containing peptide are discussed in detail. The mecha-

nism of each method is discussed so as to help the reader gain greater insight into it,

and examples of its application are also presented. The goal of this review is to

provide an understanding of these techniques for analysis of disulfide-linked

proteins/peptides in MALDI MS.
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1 Introduction

Disulfide bonds in proteins are formed between the thiol groups of cysteine

residues. The formation of disulfide bonds is one of the most notable post-

translational modifications in proteins, which is critical for stabilizing the native

structures of some proteins. The disulfide bridges in a protein cannot be predicted

from its amino acid sequence; therefore, the determination of disulfide bonds in

a protein will provide useful information on its 3D structure and stability, and

contribute to the understanding of its structural-functional relationship [1–3]. The

study of disulfide bonds is gaining in importance in many areas of biochemistry.

Unfortunately, the determination of the correct disulfide linkages between multiple

cysteine residues has always been challenging in structure elucidation of natural

proteins/peptides.

There has been extensive work done in the development of analytical techniques

which can identify disulfide bonds. Among this, the nuclear magnetic resonance

(NMR)-based approach is efficient for analyzing disulfide-rich peptides [4–6].

Unfortunately, NMR is less sensitive than MS methods and certainly cannot meet

the requirements of proteomic analysis. During the last two decades, great

improvements in speed and sensitivity for disulfide bond analysis have been

made by MS. The first investigation of reduction reactions of the disulfide

bonds in bovine insulin on a mass spectrometry probe appeared in 1986 [7], in

which the traditional reduction method was employed. Disulfide bridges have been

extensively studied by methods in either MS or MS/MS mode, such as fast atom

bombardment (FAB) [8–11] or electrospray ionization (ESI) [12–18]. Although

FAB-MS does not require substantial sample preparation or derivatization, it has

limitations such as a high chemical background due to the matrix employed and low

sensitivity, which has hampered its usefulness for biologically-derived samples. A

strategy for neutral loss of H2S2 and H2S by cleavage of the S–C bond is widely

employed via low-energy collision-induced dissociation (CID) in ESI, and alkali
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and alkaline earth metal enolate complexes were used to enhance the selective

cleavages [15–18]. In addition, fragments due to the breakdown of S–S bonds were

prominent in electron capture dissociation (ECD) mass spectra of multiply charged

proteins, which allowed an easy determination of the presence and position of each

S–S bond [19, 20]. The cleavage appeared to be due to the high S–S affinity for H·

atoms. Recently, some novel strategies for the assignment of proteins/peptides

containing disulfide linkages were presented by use of a new algorithm called

“D-Bond” [21], a computational program named RADAR [22], a software system

based on the Fenyö disulfide bond assignment algorithm [23], and the MassMatrix

MS/MS Search Engine [24]. These approaches dramatically facilitated rapid and

automatic disulfide bond assignment.

The advent of matrix-assisted laser desorption ionization (MALDI), which

is most commonly coupled with a time-of-flight (TOF) analyzer, in the late 1980s

[25, 26] marked the beginning of a new era for the study of biological

macromolecules, especially polypeptides and proteins, as well as synthetic

polymers [27–30]. The MALDI-TOF MS has its favorable properties including

broad mass range, high sensitivity, tolerance to salts and buffers, simplicity, and

fast data acquisition [29, 31–33]. It is therefore an increasingly popular technique

for analysis of proteins/peptides. The common approach for elucidation of the

disulfide bridge pattern of a protein is usually a combination of enzymatic degrada-

tion, Edman degradation, and MS [34–38]. However, this strategy requires further

purification of the peptides after proteolytic digestion and relatively large amounts

of samples due to the complex procedure. Compared to this, some methods are very

attractive. For example, protease-mediated incorporation of 18O into the terminal

carboxylates of peptides, the only strategy used for analysis of disulfides in the

reported review, was demonstrated to analyze disulfide-containing proteins/

peptides [39, 40]. This procedure can be performed at an acid pH and succeeds in

preventing disulfide scrambling. However, the isotope distribution may complicate

the interpretation of the mass spectra.

The goal of this review is for biochemists to gain a better understanding of

characteristics and analytical methods for disulfide. We describe in this chapter not

only the partial reduction and alkylation strategy but also some novel strategies

for identifying disulfide bonds and/or cysteine residues in proteins by MALDI MS.

The phenomena regarding prompt disulfide fragmentation and adducts of matrix

and sulfhydryl-containing peptide are discussed in detail.

2 Reduction Followed by Alkylation of Cysteines

In practice, most of the applications of MALDI MS to characterizing proteins that

contain disulfides and free cysteines have usually been conducted with a variety of

reagents for reducing the disulfides, as well as alkylating the hydrosulfide groups.

One of the most widely used reducing reagents in protein chemistry is dithiothreitol

(DTT) [41–44], which is often used under denaturing conditions, such as at elevated
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temperatures or in 6 M guanidinium hydrochloride, 8 M urea, or 1% sodium

dodecyl sulfate (SDS). Besides DTT, tris(2-carboxyethyl)phosphine (TCEP) is

another reducing agent commonly used to reduce disulfide bonds in proteins

[45–50]. Unlike DTT, which becomes less potent as with lower pH and should

be used in a buffer at pH 7.5–8.5, TCEP is more stable and can work even at low

pH. b-Mercaptoethanol (ME) used to be used as a reagent to reduce disulfide bonds,

having been traditionally used as a reducing agent in sample loading buffer for SDS

polyacrylamide gel electrophoresis. However, because of its toxicity and smell,

as well as its tendency to form adducts with free cysteines, nowadays it is not used

as widely as DTT or TCEP. While less potent, ME is only used in the first step of

sample pretreatment during the extraction of whole proteins [51]. The reactions

between disulfide-containing proteins/peptides and DTT, TCEP, and ME are as

shown in Scheme 1.

For alkylating the free cysteines in proteins, there are a variety of reagents

that are being utilized in the field of protein chemistry and proteomics,

including indoacetamide (IAM) or indoacetic acid [51–57], 4-vinylpyridine [58],

(3-acrylamidopropyl)trimethylammonium chloride (APTA) [59], N-ethylmaleimide

(NEM) [60, 61], and acrylamide [62], among which, IAM is the most widely used,

and NEM can be used under acidic conditions to avoid disulfide scrambling. For

example, Horn et al. [61] used a method for partial reduction and alkylation at acidic

pH, coupled with peptide mapping with MALDI MS and NMR, to determine the

disulfide bonds contained in the N-terminal somatomedin B domain to be Cys5:Cys9,

Cys19:Cys31, Cys21:Cys32, and Cys25:Cys39. The information about the alkylating

reagent is summarized in Table 1. In addition, methyl methanethiosulfonate is

commonly used in isobaric tags for relative and absolute protein quantification

[63], and isotope-coded affinity tag reagents are used for protein quantification

through alkylation reaction [64].

Some researchers used an alternative strategy to determine the number of

cysteine residues contained in proteins. In the study by Juárez et al. [58] the purified

Scheme 1 Reactions between disulfide-containing proteins/peptides and (a) DTT, (b) TCEP,

(c) ME
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protein was denatured and then treated with either 4-vinylpyridine, or with DTT,

followed by further alkylation by excess 4-vinylpyridine. MALDI TOF MS was

used to measure the exact masses of the non-reduced but alkylated protein (MVP),

the reduced and alkylated protein (MPE), and the purified protein without any

treatment (MNAT). The quantitation of free cysteine residues and disulfide bonds

can be achieved by simple calculations with the obtained mass data of the three

kinds of the same protein as follows: NSH ¼ (MVP � MNAT)/105.3, where NSH

represents the number of free cysteine residues and 105.3 is the mass increment due

to the pyridylethylation of one thiol group (molecular weight of ethylpyridine is

107.1); NCys ¼ [(MPE � MVP)/106.3] þ NSH, where NCys is the number of total

cysteine residues and 106.3 is the mass increment due to the pyridylethylation of a

cysteine residue; NS–S ¼ (NCys � NSH)/2, where NS–S is the number of disulfide

bonds.

Table 1 Structures of commonly used alkylating reagents and cysteine alkylation products

Alkylating reagent Structure Alkylation product

Indoacetamide (IAM)

Indoacetic acid

4-Vinylpyridine

(3-Acrylamidopropyl)

trimethylammonium

chloride (APTA)

N-Ethylmaleimide (NEM)

Acrylamide
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Another study used a similar strategy but the alkylation reagent was APTA [59].

After reduction, lysozyme was treated with APTA for 1 h and then dialyzed.

MALDI-MS spectra of both untreated and derivatized lysozyme were compared,

indicating that all the eight cysteine residues in lysozyme were derivatized by

APTA. NEM has also been used to alkylate cysteines in proteins and peptides,

being derived from maleic acid. It is an alkene that is reactive toward thiols. Mandal

et al. [60] used a strategy of differential cysteine labeling to determine the disulfide

linkage pattern in T-superfamily conotoxins from Conus virgo. The conditions of

partial reduction and alkylation were accomplished with several dedicated

combinations of DTT, IAM, TCEP, and NEM. The differentially reduced and

alkylated peptide was analyzed by MALDI-MS.

Acrylamide has long been used as an alkylation reagent for cysteine, the reaction

first being thought as an undesired reaction that frequently occurred during poly-

acrylamide gel electrophoresis. Recently, acrylamide has been widely used as an

isotopic tagging reagent [62, 65] for quantitative studies rather than for cysteine/

disulfide mapping studies. The applications of acrylamide in quantitative studies

were summarized and reviewed by Turko and Sechi [62]. The proteins isolated by

one- and two-dimensional polyacrylamide gel electrophoresis were successfully

quantified by the use of acrylamide and deuterated acrylamide as a cysteine

alkylating reagent, which was simple and inexpensive.

Recently, adding DTT to the sample followed by online microwave heating and

online LC-MS analysis was described [55]. Disulfide bonds were reduced at the

same time as the hydrolysis at aspartic acid. Hence, the need for alkylation to

prevent reformation of disulfide bonds was eliminated.

3 Fundamental Studies of Prompt Disulfide Fragmentation

Early in the development of MALDI, it was considered a soft ionization technique

that produced almost exclusively intact protonated species [25, 26]. With the

gradual application of MALDI techniques, a significant degree of metastable

decay behavior called post-source decay (PSD), which corresponds to the fragmen-

tation of the selected precursor ion, can occur in the TOF analyzer [66–68], by

which peptide or protein sequencing can be achieved [69, 70]. However, it is not

commonly used due to the drawbacks, such as broad precursor selection width and

relatively poor quality spectra. Another kind of metastable fragmentation, called

in-source decay (ISD), occurring within several hundred nanoseconds after laser

irradiation in the source, was first observed by Brown and Lennon in 1995 [71]. The

minimum pulsed ion extraction delay time was 320 ns with their instrument when

the dissociation product ions were observed for peptides and proteins, this fast

dissociation process being influenced by the laser fluence and the matrix used

[72–74]. This metastable ion decay process was consistent with a unimolecular

ion activation process, possibly associated with the proton transfer step in MALDI,

while the PSD process was most probably dominated by bimolecular collisional
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processes. Their experimental results showed that the metastable fragmentation in

the source was also quite different from the prompt fragmentation [75] which we

will discuss in the following section. Prompt fragmentation also occurs in the

source but within several nanoseconds after laser irradiation.

3.1 Prompt Fragmentation of Disulfide-Linked Proteins/Peptides

One has to be aware that prompt fragmentation can be observed in linear MALDI-

TOF MS equipped with not only delayed extraction but also continuous acceleration

[75, 76]. In early 1989, Beavis and Chait observed prompt disulfide fragmentation

(Fig. 1) when they investigated factors affecting the ultraviolet laser desorption

of proteins using a simple linear instrument equipped with an HY-400 Nd-YAG

laser [78]. No distinct fragments were detected for any of the proteins studied in the

positive mode. Fragment ions were observed for the intact A and B chains due to

symmetric cleavage at the two interchain disulfide linkages in the negative-ion-mode

spectrum of insulin. Zhou and co-workers detected A and B chain fragments with

various numbers of sulfurs attached in the negative ion mode, corresponding to

cleavage ions of the interchain disulfide bridges at different points [79] (Table 2).

The mirror voltage was optimized at �9.7 kV for chain B, while it was �6.7 kV for

chain A. A and B represent A and B chain fragments due to symmetric cleavage

of the two interchain disulfides in this table. They found two characteristic quadruplet

of peaks with separation of 32 u, which correspond to the fragment with retention of

zero (B0, A0), one (B1, A1), two (B2, A2), and three sulfurs (B3, A3) at the two

interchain disulfide linkages, respectively. This type of decomposition is very useful

for identification of the presence of disulfide bonds. Fragments with much lower

intensities were also observed in the positive spectrum, and no A-chain fragments

were detected.

In other articles, prominent ions from prompt disulfide fragmentation were

reported in the positive MALDI spectra [75–77]. The parameters such as matrix,

accelerating voltage, detection mode, and laser fluence were investigated [75, 76].

Prompt fragments were not always observed in the spectra using sinapinic acid

(SA) as matrix, and the spectra had poor signal-to-noise ratio (S/N). Laser fluence

played an essential role in obtaining prompt fragmentation of disulfide-linked

peptides because ISD fragments appeared only after increasing the fluence of the

laser beam to above the threshold. By contrast, other parameters had little effect on

the extent of prompt fragmentation. To confirm whether the fragmentation was a

result of chemical reduction by the matrix, ESI-MS was employed for analysis

before and after mixing, incubating, and drying with matrix [75]. The results

indicated that the matrix did not cause any reduction. Analysis of the same peptides

or tryptic peptide mixtures by ESI-MS indicated that the disulfide bonds were not

cleaved during the sample treatment [76, 77]. The specific cleavage at the S–S with

increased laser fluence did occur in the MALDI MS analysis though its mechanism

was not clear.
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The authors’ group found the characteristic “triplet” ions with a mass difference

of a single sulfur atom due to MALDI ISD in positive ion reflectron mode for the

first time [77] (Fig. 2). According to the argument applied to determine single

interchain bridges by collisional dissociation in positive ion mode [80, 81],

the symmetric cleavage should be strongly favored, i.e., P1 > P0 and P1 > P2,

where P0, P1, and P2 are probabilities of bearing zero, one, and two sulfurs for the

charged fragment, respectively. Our observation was in agreement with the above

deduction. The resolution in previous reports [75, 76, 78, 79] was insufficient to

determine whether capture or loss of hydrogens occurred in prompt disulfide

fragments. Judging from Table 3, we can conclude that the fragments from

Fig. 1 MALDI-TOF mass spectra of bovine insulin using 2-pyrazinecarboxylic acid as matrix in

(a) positive ion linear mode and (b) negative ion linear mode. The mass spectra were generated

from the sum of 100 laser shots. A, B, and M denote A-chain, B-chain, and intact insulin

molecules, respectively (adapted with permission from [77]. # 1989 Heyden & Son Limited)

Table 2 Fragment ions of bovine insulin observed in negative-ion MALDI MS (adapted with

permission from [80]. # 1993 Elsevier Science Publishers B.V.)

Peak

B3 B2 B1 B0

Assignment [B � H + S]� [B � H]� [B � H � S]� [B � H � 2S]�

Calculated mass (u) (chemical) 3,429.0 3,396.9 3,364.8 3,332.8

Experimental mass (u) 3,429.6 3,397.1 3,365.3 3,333.2

Dm (u) 0.6 0.2 0.5 0.4

Experimental spacing (u) DB3.2 ¼ 32.5 DB2.1 ¼ 31.8 DB1.0 ¼ 32.1

Peak

A3 A2 A1 A0

Assignment [A �H + S]� [A � H]� [A � H � S]� [A � H � 2S]�

Calculated mass (u) (chemical) 2,366.7 2,334.6 2,302.5 2,270.5

Experimental mass(u) 2,367.4 2,336.0 2,303.0 2,272.3

Dm (u) 0.7 1.4 0.5 1.8

Experimental spacing (u) DA3.2 ¼ 31.4 DA2.1 ¼ 33.0 DA1.0 ¼ 30.7
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human insulin tryptic digests are not protonated at the sulfur atom. To investigate

the matter further, b2-microglobulin was selected to be another model protein.

The sequences of prompt fragments from b2-microglobulin tryptic digests are

DEYACR and SNFLNCYVSGFHPSDIEVDLLK, respectively. Calculated based

on the two fragments protonated at the sulfur atom, the m/z values are 756.30 and

2,497.21, respectively. The observed values from Fig. 3 are consistent with the

calculated ones, which indicate cleavage of the disulfide bond and addition of a

proton to the sulfur atom. This discrepancy was rationalized as described in

Sect. 3.2 in the following section.

When UV-MALDI MS was used to analyze disulfide-containing proteins/

peptides, disulfides can readily undergo ISD with fragmentation efficiency being

related to the matrix used [82]. This phenomenon could be of much analytical value

for automated screening for the presence of disulfide bonds in heteropeptides or

complex peptide mixtures [76, 83]. In order to prove its feasibility for identifying

peptides with a disulfide linkage in complex mixtures, bovine ribonuclease A

(RNase A) and bovine serum albumin (BSA) were used as model systems

containing 8 and 35 cysteine residues, respectively. All 4 disulfide bonds in

Fig. 2 MALDI-TOF mass spectrum of human insulin tryptic digests using CHCA as matrix. The

inset shows enhanced signals of the triplet ions. The ion atm/z 2,485.19 is produced by symmetrical

fragmentation of the two inter-chain disulfide bonds (adapted with permission from [81].

# 2007 Wiley InterScience)

Table 3 The fragmentation pattern of disulfide bonds with a mass separation of a single sulfur

atom obtained by MALDI-TOF-MS (adapted with permission from [81]. # 2007 Wiley

InterScience)

Peptide sequence

Monoisotopic [M + H]+a

Calculated (Da) Observed (Da)

FVNQHLCGSHLVEALYLVCGER 2,485.21 2,485.19

2,485.21 + S (31.97) ¼ 2,517.18 2,517.18

2,485.21 � S (31.97) ¼ 2,453.24 2,453.23
aCalculated based on all Cys residues being involved in disulfide bonds
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RNase A and 8 two-disulfide clusters comprising 16 out of the 17 disulfide bonds in

BSA were successfully identified by MALDI ISD and LIFT-TOF/TOF-MS [83].

3.2 Mechanism for Disulfide Scrambling in the Gas Phase

Disulfide scrambling means disulfide interchange which can occur at neutral and

alkaline pH, resulting in incorrect formation of disulfide bonds. Several probable

mechanisms of the prompt fragmentation of disulfide-containing proteins/peptides

were proposed, which could help us answer some questions. Possible reactions for

producing the negative fragment ions are shown in Fig. 4 [79]. Several experiments

suggest that disulfide bond cleavages observed in MALDI are due to

photodegradation in the solid prior to desorption [72, 75, 76, 84]. At higher laser

fluences it was possible that more matrix molecules going into the gas phase

resulted in a plume with higher density [75]. The accelerating analyte ions were

in conditions similar to high-energy CID and underwent prompt fragmentation.

Figure 5 represents laser-induced reduction mass spectra of native oxytocin [84].

The 13C isotopic distribution of the quasimolecular ions of oxytocin matched the

calculated isotopic relative natural abundances within 5% experimental error for

the single laser shot spectrum. However, after about 100 subsequent laser shots on

the same laser spot, the relative abundances of the ion [M þ 2 þ Na]þ and the ion

[M þ 2 þ H]þ (both denoted by asterisks) increase. As evidenced by increasing

abundance at 2 Da above the monoisotopic mass, disulfide bond reduction was

induced by laser. In contrast, obvious disulfide bond reduction of isotocin was not

observed. Therefore, the extent of disulfide bond cleavage also appears to depend

on the analyte.

In a recent article, disulfide bond scrambling in the gas phase during MALDI-

MS analysis was reported [86]. The fragmentation of disulfide bonds during
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positive ion reflectron mode. Signals marked with triangles are assigned to prompt fragments

(adapted with permission from [81]. # 2007 Wiley InterScience)
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MALDI proceeded with high probability through radical intermediates. For

example, the commonly used matrix 2,5-dihydroxybenzoic acid (DHB) with

OH-groups in para-position relative to each other has the potential to undergo

redox reaction just as the hydroquinone is oxidized to benzoquinone in

the solution phase. This process furnishes two protons and two electrons.

Either a-cyano-4-hydroxycinnamic acid (CHCA) or DHB matrix can reduce the

Fig. 4 The two possible

reactions for cleavage of

disulfide bonds in negative-

ion MALDI MS. The top
symmetrical cleavage is

promoted by a carboxylate

ion of either chain. The down
asymmetrical cleavages

might be promoted first by a

carboxylate ion and then the

negative charge developed at

the first cystine residue

(adapted with permission

from [80]. # 1993 Elsevier

Science Publishers B.V.)

Fig. 5 MALDI FTICR mass spectra of native oxytocin from a single laser shot (top) and from 100

laser shots averaged (bottom). Reduced oxytocin in situ during the MALDI process was denoted

by asterisks at 2 Da above the monoisotopic mass (adapted with permission from [85]. # 1997

American Chemical Society)
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oxidation product (Cys–Cys) of cystine to cystine during desorption/ionization.

However, this was not so with 2, 4, 6-trihydroxyacetophenone (THAP). It did not

undergo redox reactions probably because THAP has three OH-groups in meta-
position relative to each other. Evidence for a radical disulfide reduction reaction

initiated by the matrix in the gas phase was found.

Still, a point that remains puzzling is whether prompt disulfide fragments are

protonated at the sulfur atom. This question will be answered in the two following

paragraphs. The presence of interchain disulfide bonds in the case of bovine insulin

is an excellent example for solving the problem. A possible mechanism for the gas-

phase disulfide bond scrambling and the mass spectra of bovine insulin tryptic

digests are as indicated in Fig. 6. The less intense peak at m/z 2,485.6 in Fig. 6b

corresponds to a new peptide (IV) with an intrachain disulfide bond. The observed

fragment ion IV at m/z 2,485.6 results from photoinitiated formation of sulfhydryl

radicals and rapid intramolecular recombination and is a non-reductive process

consistent with previously published results from collisionally activated dissocia-

tion (CAD) [85] and MALDI [77] experiments. An A-chain fragment ion III with a

theoretical m/z value of 2,336.9 was not observed in the mass spectrum using

CHCA as matrix. However, the oxidized A-chain fragment ion III is observed at

m/z 2,335.1 in prominent abundance in Fig. 6c. This phenomenon may be due to the

differences in the efficiency of light-absorption in the matrix and the subsequent

physical desorption/ionization process. A reasonable explanation is that the

Fig. 6 A possible mechanism for this gas-phase disulfide bond scrambling is based on photo-

induced disulfide scrambling (left of a) or reduction by the matrix during desorption/ionization

(right of a). MALDI MS of bovine insulin tryptic digests using (b) CHCA and (c) SA as matrices.

Fragment III in (a) observed in SA provides the evidence for photo-induced mechanism (adapted

with permission from [87]. # 2009 American Society for Mass Spectrometry. Published by

Elsevier Inc.)

Determination of Peptide and Protein Disulfide Linkages by MALDI Mass. . . 91



A-chain fragment ion III lacking basic amino acids is ionized more easily in the SA

matrix than in the CHCA matrix. Evidence for photo-induced disulfide scrambling

was observed from fragment III in SA.

Next, a peptide from the Glu-C digestion of the rhamnose-binding lectin SEL24K

was used as a simple model peptide [86] (Fig. 7). Hydrogen radicals from the matrix

attack sulfur atoms under laser irradiation, which induce disulfide bond fission. The

formation of the scrambled intrachain fragment ion at m/z 2,883.7 was possibly due
to spatial disposition of the two sulfhydryl radicals. The reductive ISD fragment ion

atm/z 736.5 was the result of reduction by the matrix. All other peptides studied with

an odd number of cysteines became subject to reduction, and those with an even

number of cysteines (fully-paired) displayed mainly scrambled disulfide bonds for

thermodynamic reasons. The results of b2-microglobulin tryptic digests in [80]

complied with the rule described here. In short, radical recombination scrambling

may possibly be predominant if peptides with fully-paired intrachain disulfide

bridges can be formed, and matrix/ISD-initiated radical redox scrambling may

possibly be predominant as long as chains possess an odd number of cysteines.

Fig. 7 Possible reaction mechanism for the photo-induced scrambling of disulfide bonds of a

peptide from the Glu-C digestion of SEL24K (adapted with permission from [87]. # 2009

American Society for Mass Spectrometry. Published by Elsevier Inc.)
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3.3 Comparison of ECD and ISD

The ECD technique, developed by McLafferty’s group in 1998 [87], is based

on fragmentation of multiply charged cations that interact with electrons.

Thus, typically, the ESI technique capable of generating multiply charged cations

was employed in electron capture mass spectrometry experiments. Up to now,

efficient ECD is performed only with Fourier transform ion cyclotron resonance

mass spectrometry (FT-ICR MS) for the following two reasons. First, at least

several milliseconds are required to ensure electron capture by the majority of the

multiply charged precursor ions [88]. Second, precursor ions are irradiated with

low-energy electrons (<0.2 eV) to obtain efficient ion-electron interactions [89].

Hence ECD and ESI FT-ICR are an ideal combination. It is difficult to meet

these prerequisites in many other types of mass spectrometers, such as TOF and

quadrupole instruments. ECD is believed to be nonergodic [87, 90, 91], i.e., the

cleavage happens rapidly prior to intramolecular vibrational energy redistribution.

Owing to this nature, c and z• (or c• and z) ions resulting from the cleavage of the

backbone (N–Ca) of a peptide or protein are mainly formed during the ECD process

[87, 90–92]. ECD therefore provides information complementary to that obtained

with other dissociation techniques. In the case of labile post-translational

modifications such as glycosylation and phosphorylation, they are preserved in

ECD, which are often not in CID [93–95].

Interestingly, it is a distinctive feature of ECD that preferential cleavage of

S–S bonds in disulfide-linked peptides occurred, leading to the formation of a

neutral sulfhydryl (R-SH) and a thiyl radical species (·S-R) [20, 88–90, 96, 97].

This feature allows for an easy determination of the S–S bond presence and

position as shown in Fig. 8 [20]. The most abundant fragment corresponds to

(RSH þ 2H)2þ ion in the ECD spectrum. When porcine insulin, which contains

two S–S bonds connecting its A and B chains, was analyzed by ECD, the major

products of the more highly charged B-chain were the even-electron ions

(HSBSH þ 3H)3þ (most abundant) and (SBS þ 3H)3þ (possibly cyclic) and the

corresponding 2þ ions; those of the much less abundant A-chain ions were mainly

the odd-electron ions [S(A � H)S· þ H]1þ and (HSAS· þ H)1þ. It was

speculated that the formation of the most abundant (HSBSH þ 3H)3þ ion

involved transfer of an extra H· to the most highly charged B-chain, as indicated

in Scheme 2. The preference for cleavage of disulfide bonds is true for other

disulfide-linked proteins in ECD.

Protonation at S–S is improbable theoretically because the proton affinity of

S–S is lower than many other protein functional groups; for example, CH3SSCH3

is 23.6 kcal/mol less than that of CH3CONHCH3 [20]. For the explanation of

protonation at S–S, the hot hydrogen-atom mechanism was proposed [20], which

states that disulfide bond cleavage was likely due to the high affinity of disulfide

for the H··atom resulting from neutralization of a proton by electron capture.

Then a hypervalent intermediate formed, leading to rapid dissociation of disulfide

bond. Subsequently, the hot hydrogen-atom mechanism was supported by another
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group’s results [98]. Recently, direct dissociative electron attachment has been

suggested as an alternative to the hot hydrogen mechanism [99, 100]. Results

showed that electron attachment mainly occurred at the positive sites (e.g.,

protonated side chains). Electron transfer can thus take place from a positively

charged site to a disulfide sigma* orbital provided that this orbital experiences

sufficient Coulomb stabilization from proximal positively charged groups,

through which disulfide cleavage occurs. In fact, multiple mechanisms may

play a role in the fragmentation of ECD.

Consistent with the preferential cleavage of disulfide by ECD, fragmentation

of disulfide bonds, which occurs within a very fast time scale in the MALDI ion

source, is often observed as described above. In comparison with ECD, no odd

electron species (·S-R) was detected after the cleavage of the S–S bond by

MALDI-ISD. Probably ·S-R is quickly converted into a neutral sulfhydryl

(R-SH) by picking up a proton from the dense MALDI plume [83]. Multiply-

charged molecular ions are present in most reported ISD spectra, and there are

plenty of electrons, hot hydrogen atoms, and matrix radicals in the MALDI plume

[101–103]. Therefore, it is reasonable to assume that ISD is induced by a similar

mechanism as proposed for ECD. Speculation was confirmed by Zubarev’s group

Fig. 8 ECD spectrum of this symmetrical R-S-S-R peptide (R is -CLKMAGNGRQLREILLG).

Numerical values refer to product charge states (adapted with permission from [20]. # 1999

American Chemical Society)

Scheme 2 The mechanism

of the formation of HSBSH

(Adapted with permission

from [20]. # 1999 American

Chemical Society)
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showing that that ISD was a radical reaction, following a fragmentation mecha-

nism analogous to the hot hydrogen atom model in ECD [104]. The hot hydrogen

atom in ISD is generated by the matrix, presumably resulting from a photochem-

ical reaction.

4 Application of the Adducts of Matrix and Sulfhydryl-

Containing Peptide to Study Disulfides/Cysteines

It is well known among mass spectrometrists that matrix association is commonly

observed to some extent in the gas phase. Most of the matrix adduct signals reported

in the literatures [78, 105–108] are formed as non-covalent species in the gas phase.

However, the peptide-matrix adducts observed in our study are based on the

interaction between the -SH group of Cys and an a, b-unsaturated matrix in the

condensed phase.

4.1 Observation of the Peptide-Matrix Adducts and the Factors
of the Adduct Formation

When on-target reduction was performed with TCEP in the presence of the CHCA

matrix, peptide-matrix adduct ions were observed [109, 110]. Figure 9 shows

MALDI mass spectra of a disulfide-containing peptide from a-amylase tryptic

digests before and after on-target reduction. In Fig. 9a, the disulfide-linked peptide

[101–104]-S–S-[517–534] ion at m/z 2,544 as the base peak is shown together with

small signals for its prompt disulfide fragment at m/z 2,070 and another peptide

from a-amylase tryptic digests at m/z 1,350. The ion signal at m/z 2,544 disappears

almost completely, and two new abundant ion signals for the peptide [517–534] at

m/z 2,070 and its HCCA matrix adduct at m/z 2,259 are shown in Fig. 9b. The

presence of TCEP on the target did not interfere with analyte ions detection.

However, only peptide-HCCA 1:1 adducts were detected, and the adducts of

other matrices and cysteine-containing peptides were not observed.

Recently the authors’ group investigated this matrix addition phenomenon

in detail [111]. Figure 10a, b compare MALDI mass spectra of oxytocin (simplified

as M1) with CHCA matrix before and after reduction by DTT, and Fig. 10c, d

correspond to those of octreotide (M2), respectively. Interestingly, oxytocin produces

sodium-coordinated species as the major ion. Comparing Fig. 10a with Fig. 10b as

well as Fig. 10c with Fig. 10d, it can be seen that the new ions are 2 u higher than their

native peptides, resulting from reduction of the disulfide bond. The mass spectrum in

Fig. 10b contains three dominant new signals atm/z 1,220.50, 1,409.53, and 1,387.54,
which are attributed to [M1 þ 2 þ CHCA þ Na]þ, [M1 þ 2 þ 2 CHCA þ Na]þ,
and [M1 þ 2 þ 2 CHCA þ H]þ, respectively. Similarly, two distinct adduct ions

[M2 þ 2 þ CHCA þ H]þ and [M2 þ 2 þ 2 CHCA þ H]þ at m/z 1,210.47 and
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1,399.50 are observed in Fig. 10d. In order to gain a better insight into this phenome-

non, several other commonly used matrices were tested. SA, ferulic acid (FA),

a-cyano-3-hydroxycinnamic acid (3-HCCA), and caffeic acid (CA) were also

found able to form matrix-adducts of reduced forms of disulfide-containing peptides

at pH 7.5.

To clarify the question as to whether peptide-matrix adducts were formed in

solution or in gas phase, octreotide solution after treatment with DTT and incuba-

tion with CHCA was analyzed by LC/ESI-MS [111]. The reduced octreotide-

adducts of one CHCA and two CHCA were easily detected by this method. LC/

ESI-MS analysis provided evidence for the generation of peptide-matrix adducts in

the solution phase. A systematic study of the observed fragmentations was

presented by the authors’ laboratory [111]. The pH of the solution is a very

important factor in controlling the formation of the adducts as evidenced by the

mass spectra in Fig. 11. Through comparison of the mass spectra (Fig. 11a, e,

Fig. 11b, f, Fig. 11c, g, and Fig. 11d, h), it can be readily found that the higher the

pH, the higher the intensity of peptide-CHCA adducts. CHCA was less sensitive to

pH than the other matrices. Distinct peptide-matrix adducts for SA, FA, and CA

were only formed under alkaline conditions, and no peptide-matrix adducts were

observed for other matrices even under strong alkaline conditions. Therefore,

CHCA is the best candidate for producing intense adducts.

Fig. 9 MALDI mass spectra

of an HPLC-fractionated

tryptic digest of a disulfide-

containing peptide from

a-amylase (a) before and

(b) after on-target reduction

with TCEP in the presence of

CHCA matrix (adapted with

permission from [111].

# 1997 The American

Society for Biochemistry and

Molecular Biology, Inc.)
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Several factors including molar ratio of matrix to peptide, incubation time, and

reductant were also investigated. An increase of the molar ratio of matrix to peptide

could enhance the intensities of adducts in some conditions. Incubation times

(0.5–4 h) did not significantly affect the addition reaction. Among the three

commonly used reductants, ME was not found to be favorable because formation

of mixed disulfides between the cysteinyl thiol-containing peptide and ME was

dominant at higher molar ratios of ME to disulfide-linked peptide (>150:1). The

data supported the report of Spiess et al. in which peptide-CHCA adduct ions were

not observed at the molar ratios of ME/peptide >200:1 [109]. Peptide-matrix
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adducts were observed at the molar ratios of ME/oxytocin <100:1, but here great

amounts of disulfide-linked peptides were not reduced. In contrast, DTT and TCEP

were recommended for analysis of disulfide-linked proteins/peptides.

Adducts were observed when cysteine-containing protein biomarkers from

lysates of E. coli were analyzed by MALDI MS equipped with a 355-nm pulsed

solid-state YAG laser using SA as matrix [113]. The additional peaks at m/z ~208
greater than the m/z of a cysteine-containing protein ion and their doubly charged

ions at △ m/z ~105, corresponding to the protein-SA adducts, were observed when

using SA. However, they were absent when using CHCA. Minor adducts of

cysteine-containing protein and FA may also be detected although perhaps not as

obviously as the protein-SA adducts. It was not clear whether pH or solvent would

affect the formation of the cysteine residue-SA adducts. This MALDI analysis of

cysteine-containing proteins was at low pH (2–3) conditions, very different from

previous reports [109–111].

4.2 Mechanism of Forming the Adducts of Matrix
and Sulfhydryl-Containing Protein/Peptide

It is well known that cysteines in proteins can easily be alkylated by a, b-unsatu-
rated compounds (notably acrylonitrile, acrylamide, and methyl acrylate) [112,

114–117]. It was assumed that these alkylations were susceptible to a lot of
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Fig. 11 MALDI mass spectra in positive ion mode of octreotide after on-target reduction by DTT

using (a, e) CHCA, (b, f) SA, (c, g) FA, and (d, h) CA as matrices. The mass spectra (a–d) and

(e–h) are acquired under pH 8.5 and 7.5, respectively. Annotation is performed similar to Fig. 10

(adapted with permission from [112]. # 2009 American Society for Mass Spectrometry.

Published by Elsevier Inc.)
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experimental parameters including reaction time, the composition of the reaction

medium, and, in particular, its pH, the molarity of the monomers, intrinsic

characteristics, and the amino acid composition of the protein. The Cys-acrylamide

adduct had been identified by NMR, MS, and elemental analysis of the purified

compound [118]. Similarly, only a, b-unsaturated carboxylic matrices were able to

formmatrix-adducts of reduced forms of disulfide-containing peptides under mildly

alkaline conditions [111]. The phenomenon of peptide-matrix appeared to be

consistent with that of protein alkylation by a, b-unsaturated compounds. Based

on the existing data together with those reported by other groups, a reaction

mechanism of a free -SH group in proteins and an a, b-unsaturated matrix is

proposed as shown in Scheme 3. First, a free -SH group of proteins releases a

proton under alkaline conditions, and the product is RS�. Cysteine with the proton

affinity at 216.1 kcal mol�1 is rather basic [119], which rationalized the key

reaction factor, i.e., alkaline conditions. Then RS� attacks at the double bond of

the a, b-unsaturated matrix, and the addition reaction occurs. The nucleophilic

addition reaction can occur easily when -R00 is an electrophilic group (cyano

radical -CN, for example). CHCA and 3-HCCA are considered as derivatives of

acrylonitrile, which are favorable to the Michael addition reaction; thus CHCA or

3-HCCA are more effective for forming distinct peptide-matrix adducts.

Soon after the above phenomenon was reported, the protein biomarkers

containing two cysteine residues were identified as having reactivity to SA as

described in Sect. 3.1 [113]. As noted above, the mass differences between ions

with and without SA attachment was ~208 Da; therefore SA may be covalently

bound to one cysteine residue by a thiol ester bond according to the previous reports

[120–123]. In an attempt to investigate it further, the cysteine-containing proteins

and the protein-SA adducts in the spectra of MALDI MS were then analyzed by

MALDI-TOF-TOF MS. Through comparison of the two spectra, the fragment ions

at m/z approximately 206 larger than their adjacent ions appeared in the MALDI-

TOF-TOF mass spectra of the protein-SA adducts. These fragment ion comparisons

unambiguously confirmed that the protein-SA adducts may result from covalent

attachment of SA via a thiol ester linkage to the side-chain of cysteine residues. The

mass differences (~206 Da) between fragment ions with and without SA attachment

revealed dissociative loss of SA via a molecular ion rearrangement followed by

cleavage of thiol ester linkage from the cysteine residue as illustrated in Scheme 4.
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OH

H O

+

OH RS + H2O
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H2O
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RS
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Scheme 3 The proposed

reaction mechanism of a free -

SH group of proteins and an

a, b-unsaturated carboxylic

matrix (adapted with

permission from [112].

# 2009 American Society for
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Thiol ester-linked SA underwent cis–trans photoisomerization of the trans vinyl
bond in the solution phase [121, 123]. Such an isomerization may occur for thiol

ester-linked SA in the gas phase during the 5-ns desorption/ionization laser pulse.
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As shown in Scheme 4, the trans vinyl bond in thiol ester-linked SA may be

isomerized to the cis configuration by laser. Then the stable five-membered

transition-state consisting of the sulfur, carbonyl carbon of the thiol ester bond,

the a-carbon, the b-carbon, and b-hydrogen forms at temperatures as high as

700–900 K in a few nanoseconds after sample irradiation [103]. In this pentacyclic

transition-state, proton abstraction of the labile b-hydrogen by the sulfur atom and

transfer of the a-hydrogen to the carbonyl carbon resulted in the formation of a free

sulfhydryl group and a propargyl aldehyde.

The molecular weight of 3-(4-hydroxy-3,5-dimethoxyphenyl)prop-2-ynal is

206 Da, which is in accordance with the observed mass of the leaving group.

CHCA did not form a thiol ester linkage at the cysteine residues under acidic

conditions in consequence of the absence of an a-hydrogen on the basis of the

proposed mechanism. This appeared to be an acid catalyzed mechanism and

different from the previous one [111]. Still, there was a discrepancy between this

observation and a previous report [124], where no thioester bond was formed by the

direct reaction of the carboxyl group of p-coumaric acid and the thiol group of

cysteine under the experimental conditions used. It appears that the question of thiol

ester linkage is more complex than expected.

4.3 Application for the Analysis of Disulfide-Rich Proteins

Disulfide linkages in tryptic digests of insulin and lysozyme had been successfully

examined using the specific modification of protein sulfhydryl groups with CHCA

[111]. Figure 12 represents the MALDI mass spectra of insulin and lysozyme under

different conditions. Comparing the mass spectrum of protein tryptic digests and

that of reduced protein tryptic digests, we can obtain the total number of disulfide

bonds in the protein by 2 Da mass increase after reduction of a disulfide bond. For

example, the sum of m/z of the two new ions at m/z 2,383.00 and 2,487.23 in

Fig. 12b is 4,870.23, and the m/z of the disulfide-linked tryptic peptide is 4,863.23

in Fig. 12a. Then 4,870.23 minus 4,863.23 equals 7, and there should be three

disulfide bonds in human insulin. Unfortunately, the number of cysteines in each

new peptide could not be determined. This problem can be resolved by using the

peptide-CHCA adduct method as shown in Fig. 12c. Molecular mass shifts in

increments of 189 (molecular mass of CHCA) � n Da corresponded to n CHCA

molecule additions to n cysteine sites (n ¼ 1, 2, . . ., n). The measured

monoisotopic mass peak at m/z 2,383.01 migrated to 3,139.23, and the resulting

mass shift of 756 Da indicates four cysteine residues. A further monoisotopic mass

peak at m/z 2,487.23 is shifted by 378 Da, corresponding to two cysteine residues.

The results are consistent with the known structure.

Another typical example is represented in Fig. 12d–f. The spectra shown in

Fig. 12e, f both include an ion at m/z 2,337, which is shifted to 2,904.28 in Fig. 12f,
indicating three cysteine residues in this fragment. Compared to Fig. 12e, the new

peaks at m/z 439.17, 524.20, 1,025.47, 1,125.43, and 1,457.70 in Fig. 12f indicate
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Fig. 12 MALDI mass spectra of insulin (a–c) and lysozyme (d–e) tryptic digests using (a, d)

CHCA as matrix, (b, e) obtained after on-target reduction by DTT using DHB as matrix, and (c, f)

obtained after on-target reduction by DTT using CHCA as matrix in alkaline conditions. The open
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that there is only one cysteine residue in each fragment. The observed values are in

agreement with those calculated and summarized in Table 4. This method is

expected to be applied to unknown species. As for another method mentioned in

this section, it has been exploited for analysis of two protein biomarkers from

bacterial cell lysates of E. coli [113].

5 Other Approaches

5.1 Cyanylation-Based Methods

The cyanylation of sulfhydryl groups was first investigated by Jacobson et al. [125]

using 2-nitro-5-thiocyanobenzoic acid (NTCB) under mildly alkaline conditions.

Although this approach had been used with success, it suffered from serious

drawbacks. For example, a main side reaction, b-elimination of HSCN from the

S-cyanocysteine group, had been reported [126]. An alternative method for deter-

mining disulfide linkages is partial reduction of a peptide/protein followed by

cyanylation of nascent sulfhydryls with the reagent 1-cyano-4-(dimethylamino)

pyridinium tetrafluoroborate (CDAP) at acidic pH [127], essentially eliminating

the potential for disulfide scrambling and generating few side reactions. The

cyanylated analyte was subjected to specific chemical cleavage at the modified

cysteinyl residues in aqueous ammonia. Especially for a protein containing multiple

disulfide bonds, the cleaved peptides, which may be linked by remaining disulfide

bonds, were then completely reduced and analyzed by MALDI-MS. Subsequent

cleavage at the modified cysteinyl residues followed by complete reduction of the

remaining disulfide bridges and MS analysis allowed the recognition of the initially

reduced disulfide bonds. An overview of the cyanylation and cleavage reactions is

illustrated in Scheme 5 [129, 130]. From Scheme 5 it is clearly seen that CDAP

selectively cyanylates free cysteines and reduces cysteine residues under acidic

conditions, resulting in molecular mass shifts in increments of 25 Da,

corresponding to a single cyanylated species; 50 Da corresponding to a doubly

cyanylated species, etc. Subsequent basic cleavage of the peptide bonds at the

N-terminal side of the modified cysteinyl residues involves nucleophilic attack to

the carbonyl carbon of the amide followed by a concerted cyclization. Then, an

amino-terminal peptide and 2-iminothiazolidine-4-carboxyl peptides (itz-peptides)

are produced, providing direct information about the location of sulfhydryl groups.

Fig. 12 (continued) circle indicates the ion peaks of peptide-CHCA 1:3 adducts. The ion peak of

peptide-CHCA 1:4 adduct is marked with an open square. Other annotation is performed similar to

Fig. 11. To make a clear annotation, signals in the mass range 2,250–3,250 in panel c and

2,220–3,280 in panel f are enhanced by three times and six times, respectively (adapted

with permission from [112]. # 2009 American Society for Mass Spectrometry. Published by

Elsevier Inc.)
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Systematic investigations have been carried out to optimize cleavage of

cyanylated cystinyl proteins and improve the detection of the resulting cleavage

products [127–129, 131]. It was found that CDAP had a maximum labeling

efficiency at pH 5.0. In addition, its reactivity was not affected by excipients,

salts, or denaturants [129]. In contrast with the commonly used conditions, low

temperature (2 �C instead of room temperature), short reaction time (10 min instead

of 60 min), and high concentration of ammonia (5 M instead of 1 M) greatly

increased the cleavage product yields and minimized side reactions [128]. Further,

with methylamine instead of ammonia as the nucleophile, the cleavage reaction was

Table 4 Disulfide-linked tryptic peptides generated from lysozyme before and after chemical

reduction and CHCA adducts of cysteine-containing peptide (adapted with permission from [112].

# 2009 American Society for Mass Spectrometry. Published by Elsevier Inc.)

Peptide

position Peptide sequence

Measured mass

(MH+)a
Calculated mass

(MH+)a

Cys 6-cys

127

GCR

CELAAAMKb

1,168.52 1,168.53

Cys 30-cys

115

Cys 64-cys

80

CK

GYSLGNWVCAAKb

WWCNDGR

NLCNIPCSALLSSDITASVNCAKb

1,515.72

3268.60

1,515.71

3268.56

115–116 CKc 250.15 250.12

126–128 GCRc 335.15 335.15

6–13 CELAAAMKc 836.42 836.40

62–68 WWCNDGRc 936.39 936.38

22–33 GYSLGNWVCAAKc 1,268.60 1,268.61

74–96 NLCNIPCSALLSSDITASVNCAKc 2,337.16 2,337.12

115–116 CK + 1 CHCAd 439.17 439.16

126–128 GCR + 1 CHCAd 524.20 524.19

6–13 CELAAAMK + 1 CHCAd 1,025.47 1,025.44

62–68 WWCNDGR + 1 CHCAd 1,125.43 1,125.42

22–33 GYSLGNWVCAAK + 1 CHCAd 1,457.70 1,457.65

74–96 NLCNIPCSALLSSDITASVNCAK + 1

CHCAd
2,526.19 2,526.16

74–96 NLCNIPCSALLSSDITASVNCAK + 2

CHCAd
2,715.24 2,715.20

74–96 NLCNIPCSALLSSDITASVNCAK + 3

CHCAd
2,904.28 2,904.24

aMonoisotopic mass
bDisulfide-linked tryptic peptides
cThe peptides containing cysteine residues derived from reducing disulfide-linked tryptic peptides
dPeptide-matrix adducts
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much faster. Interestingly, cleavage products by pairs of mass spectral peaks

separated by 14 Da were obtained by the concurrent use of homologous nucleo-

philes such as ammonia and methylamine. This strategy facilitated recognition and

identification of structurally diagnostic species [128].

With the cyanylation-based methodology, the identification of both free

cysteines and disulfide bond linkages in proteins by MALDI MS was reported

[132–134]. It was demonstrated that this approach was simple and effective.
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Furthermore, the proteins contained closely spaced or adjacent cysteines, whereas

conventional approaches often failed to profile these [135, 136]. Sillucin, for

example, is a highly knotted antimicrobial peptide, in which four disulfide bonds

involving three adjacent cysteines are present. In fact, four major components,

consisting of the intact peptide, singly, doubly, and completely reduced and

cyanylated isoforms of sillucin, were detected by HPLC separation after partial

reduction and cyanylation of sillucin (data not shown). The singly, doubly reduced,

and cyanylated species of sillucin are useful to deduce the disulfide linkages in

sillucin, the analytical procedures of which are described in Scheme 6 [136]. As

shown in Scheme 6, the cleavage followed by complete reduction of B1 will

produce four compounds. However, only two fragments (B2 and B3) were observed

in the MALDI MS spectrum (data not shown). The disulfide bond between Cys13

and Cys30 was deduced from the mass-to-charge ratios of B2 and B3. Likewise, two

of the cleavage products (before complete reduction) of the doubly reduced and

cyanylated sillucin, i.e., C2 and C3 in Scheme 6, were detected by MALDI MS (data

not shown). The disulfide bond between Cys14 and Cys 21 was directly indicated

by the presence of C2. According to the m/z of C3 (data not shown), Cys12, Cys13,

Cys24, and CysX must have formed two disulfide bonds. Considering the existence

of Cys13–Cys30 deduced above, X must be 30. Hence the third disulfide bond

between Cys12 and Cys24 was deduced. The Cys2–Cys7 disulfide bridge was

deduced by default. In sum, the linkages of four disulfide bonds in sillucin were

successfully identified as Cys2–Cys7, Cys12–Cys24, Cys13–Cys30, and

Cys14–Cys21 by the cyanylation-based method.

With the aim of facilitating data processing and interpretation for a protein

containing more than four cysteines by cyanylation-based methodology, the

concept of “negative signature mass algorithm” (NSMA) [138] was introduced.

The NSMA did not directly determine disulfide linkages but rather eliminated the

existence of theoretically possible linkages by inputting an amino acid sequence

and the obtained mass spectral data. Finally, only one disulfide structure can be

constructed. In addition to convenience and automation, the greatest advantage

of the NSMA is that it does not require physical separation nor determination of

the state of reduction of partially reduced and cyanylated protein isoforms. The

capability of the NSMA approach to data interpretation has been demonstrated by

analyzing Ribonuclease A containing 8 cysteines in the form of 4 disulfide bonds

[138] and the extracellular domain of the transforming growth factor b type II

receptor containing 12 cysteines in the form of 6 disulfide bonds [137].

Compared to the conventional methods, the cyanylation-based method

offers several advantages such as the elimination of the possibility for disulfide

scrambling and the determination of disulfide bonds in proteins containing adjacent

or closely spaced cysteines. However, the CN-based method has the potential

drawback that occasionally some CN-induced cleavage fragments may not be

detected. The “signature set” concept [139] was introduced to show that the correct

disulfide structure can be deduced as long as a small, critical fraction of CN-induced

cleavage fragments was obtained and matched with one of its unique “signature

sets”. The signature set model was analyzed in three different ways. First, some

mathematical proofs about signature sets and their properties were provided.
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Scheme 6 Overview of chemical reactions involved in the disulfide mass mapping of a singly

reduced and cyanylated isoform (B1) of sillucin (A) as well as a doubly reduced and cyanylated

isoform (C1). b is designated to the b-elimination of HSCN from the S-cyanocysteine group.

X could be 2, 7, or 30 (adapted with permission from [137].# 2001 American Chemical Society)
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Second, a computational analysis of all possible signature sets for 4-disulfide

proteins was performed in order to identify patterns in the composition of signature

sets. Finally, an experimental verification of the signature set model was provided.

It was shown that the disulfide structure could be unequivocally determined, even

when several CN-induced cleavage fragments were not detected [139]. Thus, the

concept of signature sets made the cyanylation-based disulfide mass mapping

methodology more robust.

5.2 Novel Reduction or Oxidation Methods

It is well known that with methods for analyzing disulfide-containing proteins/

peptides, DTT, TCEP, or ME can be used to reduce disulfide bonds [140–143]. The

total number of disulfide bonds in a protein/peptide can be deduced by mass

increase after reduction of disulfide bonds. Recently, 1,5-diaminonaphthalene

(1,5-DAN), a basic matrix previously used for gangliosides in negative ion mode

[144, 145], was found to have the capability of reducing disulfide bonds in the laser

plume [146, 147]. The mass spectra of bovine insulin in Fig. 13 [146] indicates the

reductive property of 1,5-DAN as a matrix. As shown in Fig. 13a, b, the intact

Fig. 13 Mass spectra of bovine insulin by using DHB (a, b) and 1,5-DAN (c, d) as matrices in

positive and negative ion modes, respectively. Annotation is performed similar to Fig. 1 (adapted

with permission from [148]. # 2005 John Wiley & Sons, Ltd.)

Scheme 7 Reduction reaction of disulfide bonds by 1,5-DAN (adapted with permission from

[148]. # 2005 John Wiley & Sons, Ltd.)
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insulin molecule is detected using DHB as a matrix in both positive and negative

ion modes. Interestingly, under identical experiment conditions, two fragments

derived from insulin A- and B-chains are mainly detected by using 1,5-DAN as a

matrix (Fig. 13c, d). In addition, both the A- and B-chain cleavages also occurred

when two isomeric forms of 1,5-DAN – 1,8-DAN and 2,3-DAN – were used as

matrices (data not shown). Thus, the reductive property of 1,5-DAN matrix was

further supported by those results. A proposed reaction mechanism between a

disulfide-containing protein/peptide and 1,5-DAN is given in Scheme 7 [146].

From Scheme 7 it is clear that 1,5-DAN functions as a proton donor.

Furthermore, in a detailed study of the reducing matrix, it was found that 1,5-

DAN dramatically enhanced ISD fragmentation [74]. Thus, one must exercise

extreme caution during the interpretation of the obtained data. Using a combination

of the two characteristics of 1,5-DAN, toxins from crude venoms were identified

successfully [147]. The number of disulfide bridges in toxins was counted owing to

their partial in-plume reduction by this particular matrix. In the meantime, novel

conotoxin sequences were found by ISD using 1,5-DAN. This approach had also

proven to be useful for an easy de novo sequencing of higher molecular weight

(>6,500 Da) peptides from 1 pmol of material, where high sequence coverage was

obtained from the c-ion series. However, 1,5-DAN is a suspected carcinogen and

endocrine toxicant [148]. Subsequently, Takayama et al. [149] reported that

5-aminosalicylic acid (5-ASA) with less toxicity was suitable as a novel matrix

for the MALDI ISD of peptides including phosphorylated peptides. The hydrogen-

donating ability of 5-ASA together with several other matrices was evaluated by

using the peak abundance of a reduction product [M þ 2H þ H]þ compared to that

of non-reduced protonated molecule [M þ H]þ of vasopressin containing a disul-

fide bond. The inset spectrum in Fig. 14 exhibits an abundant peak at m/z 1,086.6

Fig. 14 Diagram of reductive ability of [Arg8]-vasopressin (m/z 1,084.2) containing a disulfide

bond for several MALDI matrices. The inset indicates the MALDI mass spectrum of vasopressin

using 5-ASA as matrix (adapted with permission from [150].# 2010 American Society for Mass

Spectrometry)
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corresponding to reduced [Arg8]-vasopressin. Thus, the chemical 5-ASA can also

be classified as a reductive matrix although with a lower reductive ability compared

to 1,5-DAN. CHCA and SA did not show any reductive or ISD reactions for [Arg8]-

vasopressin. The order of hydrogen-donating ability is found to be: 1,5-DAN > 5-

ASA > 2,5-DHB > SA � CHCA, as depicted in Fig. 14. Interestingly, fragment

ions originating from ISD were not observed in the spectrum of [Arg8]-vasopressin.

Conversely, the MALDI-ISD spectra of other tested peptides with 5-ASA showed

useful fragment ions for sequence analysis without peak broadening or any inter-

ference peak.

As an alternative, photo-catalytic reaction using a TiO2-modified plate was

developed to carry out the in-source reduction of disulfide bonds during laser

desorption ionization with the assistance of glucose as a sacrificial hole scavenger

and proton donor [151]. As depicted in Scheme 8, under laser irradiation the TiO2

nanoparticles absorb photons and electron-hole pairs are generated [150]. In this

case, glucose is oxidized by the photo-induced valence band holes giving out

electrons and protons, while the disulfide bonds are reduced by capturing the

excited electrons from the conduction band and protons. The case of human insulin

was studied as an example of the efficiency of present photo-reductive protocol

(data not shown). To detect the role of glucose, citric acid instead of glucose was

selected as a sacrificial hole scavenger, where a minor peak from B-chain was

observed. Therefore, glucose played an important role in enhancing the

photocatalytic reduction of disulfide bonds. This strategy offered both benefits

and disadvantages when used for analysis of protein/peptide containing disulfide

bonds. On the one hand the high redox capacity provided allowed effective deter-

mination of the reduction products of any given molecule by mass spectrometry.

However, on the other hand the resolution was poor.

It is well known that performic oxidation is extensively used to cleave disulfide

bonds [152–154]. Thiol groups of cysteines were transformed into sulfonic acids,

which resulted in a 48-Da mass shift per cysteine residue. In comparison with

traditional reduction/alkylation, this method can significantly enhance the sequence

coverage. For example, this advantage was demonstrated by applying it to BSA

Scheme 8 Schematic

representation of the

in-source photocatalytic

reduction of disulfide bond

with the assistance of glucose

on a mesoporous

TiO2-modified target plate

(adapted with permission

from [152]. # 2008 The

Royal Society of Chemistry)
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[152]. Due to its efficiency and many advantages, performic oxidation deserves more

attention and research on degradation products formed during performic oxidation of

peptides and proteins has already been carried out [155]. However, it suffered from

some drawbacks such as long reaction times ranging from 2 to 4 h and the require-

ment of several steps to remove the performic acid reagent prior to MS analysis [152,

154]. An on-target oxidation method for analysis of disulfide-containing peptides was

also reported [156]. However, S/N ratios of the oxidized peptide ions and the overall

amino acid sequence coverage decreased because of ion suppression effects.

Recently, on-target oxidation using performic acid vapor was successfully

applied to the disulfide analysis of intact bovine insulin and bovine ribonuclease

A proteolytic digests [157], performed by placing 40 mL of a 1:1 (v/v) mixture of

acetone:performic acid directly on the MALDI target in an area that does not

contain sample. The target was placed in a �20 �C freezer for 10–60 min followed

by room temperature (24 �C) oxidation for an additional 60 min. This strategy was

preferred over solution phase oxidation methods because of less sample handling,

increased oxidation throughput, and reduced ion suppression effects. In addition,

the high efficiency of this method was demonstrated by simultaneous oxidation of

multiple disulfide-linked peptides.

6 Conclusion and Outlook

From the above description it can be seen that the use of MALDI, particularly

MALDI-TOF, plays an important role in assignment of disulfide bonds in proteins.

The MALDI ISD and the adducts between cysteine sulfhydryl group and matrix are

interesting tools, as we have shown in this review, providing rapidity, usefulness,

and robustness. Several probable mechanisms of the prompt fragmentation of

disulfide-containing proteins/peptides, such as laser-induced reduction, a mecha-

nism similar to the hot hydrogen atom model in ECD, were proposed. In the case of

forming the adducts of matrix and sulfhydryl-containing protein/peptide, there are

two distinct mechanisms which need to be further investigated. All the

investigations of peptides or proteins described here have established the potential

analytical utility of the various methods mentioned above. Although MALDI is

now well established for determining disulfide-containing peptides, there is still

room for development, particularly in the analysis of very small amounts of

material. Over the next few years, work is expected to see considerable

improvements in this area, together with many more applications of MALDI MS

to more complex molecules.

Acknowledgments This work was supported by China Postdoctoral Science Foundation funded

project (No. 2012M511355), the National Natural Science Foundation of China (No. 21175127,

21175055), and Jilin Province Science and Technology Department (YYZX201131). We are very

much indebted to all scientists quoted in the references.

112 H. Yang et al.



References
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45. López-Ferrer D, Heibeck TH, Petritis K, Hixson KK, Qian W, Monroe ME, Mayampurath A,

Moore RJ, Belov ME, Camp DG 2nd, Smith RD (2008) J Proteome Res 7:3860

46. Zhang HM, McLoughlin SM, Frausto SD, Tang H, Emmett MR, Marshall AG (2010) Anal

Chem 82:1450

47. Korfali N, Wilkie GS, Swanson SK, Srsen V, Batrakou DG, Fairley EA, Malik P, Zuleger N,

Goncharevich A, de Las Heras J, Kelly DA, Kerr AR, Florens L, Schirmer EC (2010) Mol

Cell Proteomics 9:2571

48. Huang HZ, Nichols A, Liu D (2009) Anal Chem 81:1686

49. Koehn H, Clerens S, Deb-Choudhury S, Morton JD, Dyer JM, Plowman JE (2010) J

Proteome Res 9:2920

50. Zhang X, Chien EY, Chalmers MJ, Pascal BD, Gatchalian J, Stevens RC, Griffin PR (2010)

Anal Chem 82:1100

51. Ritter A, Ubertini M, Romac S, Gaillard F, Delage L, Mann A, Cock JM, Tonon T, Correa JA,

Potin P (2010) Proteomics 10:2074

52. Liu M, Hou J, Huang L, Huang X, Heibeck TH, Zhao R, Pasa-Tolic L, Smith RD, Li Y, Fu K,

Zhang Z, Hinrichs SH, Ding SJ (2010) Anal Chem 82:7160

53. Welton JL, Khanna S, Giles PJ, Brennan P, Brewis IA, Staffurth J, Mason MD, Clayton A

(2010) Mol Cell Proteomics 9:1324

54. Chi F, Yang P, Han F, Jing Y, Shen S (2010) Proteomics 10:1861

55. Hauser NJ, Basile F (2008) J Proteome Res 7:1012

56. Siddiqui KS, Poljak A, Guilhaus M, Feller G, D’Amico S, Gerday C, Cavicchioli R (2005)

J Bacteriol 187:6206

57. Chong JM, Speicher DW (2001) J Biol Chem 276:5804
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MALDI In-Source Decay, from Sequencing

to Imaging

Delphine Debois, Nicolas Smargiasso, Kevin Demeure, Daiki Asakawa,

Tyler A. Zimmerman, Loı̈c Quinton, and Edwin De Pauw

Abstract Matrix-assisted laser desorption/ionization (MALDI) is now a mature

method allowing the identification and, more challenging, the quantification of

biopolymers (proteins, nucleic acids, glycans, etc). MALDI spectra show mostly

intact singly charged ions. To obtain fragments, the activation of singly charged

precursors is necessary, but not efficient above 3.5 kDa, thus making MALDI

MS/MS difficult for large species. In-source decay (ISD) is a prompt fragmentation

reaction that can be induced thermally or by radicals. As fragments are formed in

the source, precursor ions cannot be selected; however, the technique is not limited

by the mass of the analyzed compounds and pseudo MS3 can be performed on

intense fragments. The discovery of new matrices that enhance the ISD yield,

combined with the high sensitivity of MALDI mass spectrometers, and software

development, opens new perspectives. We first review the mechanisms involved in

the ISD processes, then discuss ISD applications like top-down sequencing and

post-translational modifications (PTMs) studies, and finally review MALDI-ISD

tissue imaging applications.

Keywords Imaging • In-source decay • MALDI • Post-translational modifications

• Sequencing
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Abbreviations

2-AA Anthranilic acid

2-AB 2-Aminobenzamide

5-ASA 5-Aminosalicylic acid

ATT 6-Aza-2-thiothymine

BLAST Basic Local Alignment Search Tool

CHCA a-Cyanohydroxycinnamic acid

CID Collision induced dissociation

1,5-DAN 1,5-Diaminonaphthalene

2,5-DHB 2,5-Dihydroxybenzoic acid

ECD Electron capture dissociation

ED Edman degradation

ETD Electron transfer dissociation

(HP)LC High performance liquid chromatography

ISD In-source decay

MALDI Matrix-assisted laser desorption/ionization

MS/MS Tandem mass spectrometry

PMF Peptide-mass fingerprinting

PSD Post-source decay

PTM Post-translational modification

TDS Top-down sequencing

1 Introduction

The field of biopolymer analysis has evolved considerably over the past 10 years

[1]. A major example is the explosion of “omics” techniques. Mass spectrometry

has had a major impact resulting from the continuous development of MS-based

methodologies, including instrumentation and comprehensive strategies for the

identification and quantification of a large number of molecules during a single

experiment [2–4]. The next challenge is their localization in biological samples

with their simultaneous identification and quantification.
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Matrix-assisted laser desorption/ionization (MALDI) played a large part in these

developments [5]. In UV-MALDI, the energy of a laser pulse is dissipated by a

UV-absorbing matrix containing the analytes and a dense gas phase is produced

(plume) from which intact ions survive. The primary mechanisms are not yet fully

understood but probably consist of mixed processes involving photo-excitation,

collision-induced desolvation of clusters, and gas phase acid–base chemistry

leading to charge transfer. The role of the MALDI matrix is crucial to enhance

the ion signal, and besides “general purpose” matrices, specific matrices are

adapted for various families of analytes [6]. Matrices have been classified as hot

or cold according to the internal energy transferred to the analytes, and many papers

describe methods to study the energetics and kinetics of the MALDI process [7].

Among important processes, gas phase reactions can increase the internal energy of

ions by their exothermicity. In contrast, multiple gas phase collisions have a cooling

effect [8]. The balance between these processes will govern the final energy state of

the ion population, and therefore the fragmentation rate constants and the resulting

mass spectra. If fragmentation occurs in the source, the ions will be detected at their

expected m/z values. The decay of this population of ions is called in-source decay

(ISD). When the fragmentation reaction is too slow to occur in the source but

fast enough to occur before detection, the ions are called metastable and the decay

of their population is called post-source decay (PSD) [9]. Dedicated methods of

detection are required [10].

Two major strategies rely on mass spectrometry in biopolymer analysis – the

classical bottom-up approach and the top-down strategy. In the “bottom-up”

approach, biopolymers are first digested into oligomers. In the case of proteins,

the sample preparation consists of the reduction of the disulfide bridges, followed

by alkylation of the sulfhydryl groups and an enzymatic digestion. The resulting

mix of peptides is then analyzed by MALDI. If the sample is complex, a 2D

gel separation is performed. This method is known as PMF for “peptide-mass

fingerprinting”. It can be followed by MS/MS for sequencing the peptides using

PSD to increase the identification score. Another mass spectrometric approach

commonly employed to sequence proteins is “top-down” sequencing (TDS) [11].

This strategy generally relies on the direct fragmentation of the intact protein in the

gas-phase, i.e., without any enzymatic digestion before mass spectrometry. The fact

that the whole sequence is accessible to fragmentation is one of its major

advantages. TDS is usually performed on multiply charged ions generated from

electrospray ion sources. Fragmentations occur by collision induced dissociation

(CID), by electrons as in electron capture dissociation (ECD) [6, 12, 13], or by

electron transfer dissociation (ETD) [14]. Until recently, TDS was not intensively

used with MALDI due to the fact that the produced ions are singly charged and

MS/MS techniques available on MALDI mass spectrometers are efficient only for

peptides up to m/z 3,500 [12]. Indeed, PSD and CID fragmentation processes rely

on a slow increase of the ion internal energy by multiple collisions with gas

molecules until the lower energy bonds are dissociated (mainly labile or peptide

bonds). In addition, for higher masses, the energy deposited is not sufficient to

induce dissociation. However, as the ion formation in ISD occurs before the

extraction, fragments even from large proteins receive the full kinetic energy,
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fly at their own velocity, and are detected directly at the truem/z value. The abundance
of these fragments is usually low and ISD is generally seen as an unwanted side

process and is therefore minimized. The ISD fragment nature depends on the

MALDI matrix chosen and the chemistry leading to the fragmentation.

In this chapter we will show that ISD can be a powerful structural analysis tool

when promoted by specific MALDI matrices presenting high ISD yield. The

following review is divided into three parts:

1. The description of the mechanisms leading to ISD fragmentation during the

MALDI process.Wewill describe the twomainmechanisms of ISD fragmentation

and the influence of the matrix used.

2. The description of typical MALDI-ISD spectra obtained with peptides and

proteins. We will demonstrate the interest in using MALDI-ISD to sequence

proteins as well as the limitations of this approach and the possible solutions. We

will also review the application of ISD to biopolymers.

3. The application of MALDI-ISD to tissue imaging. We describe a new

application of ISD to mass spectrometry imaging (MSI). We demonstrate that

ISD can be performed directly on a tissue slice and that the correlation between a

fragment and its localization leads to identification of different protein isoforms.

2 ISD Mechanisms

Ions produced by soft ionization methods like MALDI are generally closed

valence shell ions, which mostly undergo rearrangement type fragmentations.

These reactions are often characterized by a low activation enthalpy and a negative

activation entropy. Under low energy activation conditions, they give access to low

energy fragmentation channels. Fast thermal activation can be achieved when

sufficient energy is transferred from the matrix (hard matrices) but fast reactions

have also been shown to occur through radical chemistry. Recently, new matrices

able to release hydrogen radicals upon laser irradiation have been developed

showing an increase in the yield of ISD fragments [15].

Mechanistically, ISD is not yet fully understood. InMALDI, the prompt in-source

fragmentation can have two origins – thermal or chemical activation. Once the laser

energy is dissipated into the matrix, a “plume” containing intact ions is produced [6].

Several phenomena can then occur, such as the fragmentation of matrix clusters

and gas phase acid–base chemistry (proton transfer). Different matrices have been

classified as “hot” or “cold” according to the internal energy transferred to the

analytes. Chemical activation by hydrogen radicals is another mechanism inducing

a prompt “in source” fragmentation reaction [16, 17]. The matrix releases hydrogen

radicals. Radicals can react with the analyte to produce radical species that will

undergo specific fragmentation reactions. Using radical scavengers, it has been

shown that the ability of matrices to release hydrogen radicals is directly linked to

the efficiency of ISD fragmentation. The mass accuracy and resolution of reflectron
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TOF instruments allow the unambiguous observation of the isotopic distribution of

these fragments and clearly shows reduction reactions to occur.

The balance between thermal and radical activation will govern the chemical state

(closed shell or radical) and the internal energy of the ion population, and therefore

the fragmentation channels and their respective rate constants. Interestingly, these

radical species are generated and induce fragmentations independently from the mass

of the analytes. In the case of proteins, large c-ion and z-ion series detected up to m/z
10,000 allow for fast and efficient sequencing of the N- and C-termini extremities.

The range 0 < m/z < 800 is not accessible as intense matrix signals hide both

C-terminal and N-terminal ISD fragments. This limitation can be overcome by the

use of pseudo-MS3 strategies.

A study on the internal energy build-up of benzylpyridinium ions formed in

MALDI revealed that fragmentation can be due to thermal activation, and the

effective temperatures were estimated [17]. It has been proposed that the

exothermicity of acid–base reactions can lead to an internal energy increase [6].

The ion’s initial velocity is directly proportional to the rate of dissipation of the

plume [13, 17]. Thus, matrices characterized by a low exothermicity of acid–base

reaction and by a high initial velocity are usually colder because the analytes have

less probability of interacting with the rest of the plume.

ISD-suitable MALDI matrices revived interest in using the ISD for the de novo

sequencing of peptides and proteins [18, 19]. Indeed, ISD experiments can

be realized on all MALDI-TOF mass spectrometers, widely available in mass

spectrometry laboratories and in proteomics facilities, just by using a suitable matrix.

Sakakura et al. recently used the 5-aminosalicylic acid matrix (5-ASA) and

demonstrated that this matrix is more efficient than the classical 2,5-DHB to produce

c- and z-fragments [20]. However, this matrix remains less efficient than the 1,5-DAN

matrix and rather difficult to use (low solubility) but possesses the advantage of

being non-carcinogenic. Very recently, two additional molecules were shown to

induce radical-induced fragmentation of peptides and proteins – 2-aminobenzoic

acid (2-AA, also known as anthranilic acid) and 2-aminobenzamide (2-AB) [21].

The 1,5-DAN matrix mainly leads to (1) a radical mediated fragmentation

pathway, leading to the formation of c- and z-fragments that can be fully annotated

(C0 and Z0) and (2) a thermal activation induced by the laser irradiation, and mediated

by the matrix which leads mainly to CID-like y-, a-, and b-fragments. In some cases,

the very useful d- and w-type fragments are also observed [15]. These latter imply a

side-chain loss whose mass depends on the amino acid residue and can therefore be

useful to confirm a residue determined by two consecutive c- or z-fragments or even

to distinguish the isobaric amino acid residues leucine and isoleucine [22]. Bache

et al. have demonstrated that ISD fragmentation occurs with a low level of hydrogen

scrambling, conserving the solution deuteration pattern in the gas phase fragments

formed. This fragmentation technique could therefore be applied to hydrogen/

deuterium exchange studies of peptides and small proteins [23, 24].
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2.1 Radical-Induced Pathway

Hydrogen radicals formed by the matrix are at the origin of the formation of the

c- and z-fragments [25–27], as depicted in a mechanism proposed by Takayama [25].

In the matrix crystals, hydrogen bonds are formed between the matrix and the

analytes. During UV irradiation, a hydrogen radical transfer occurs from the matrix

to the peptide, leading to an unstable radical that is rapidly cleaved to give c- and
z-fragments (Scheme 1). z-fragments can also form adducts with a DHB molecule

to give [zþ2] þ 152 fragments using the 2,5-dihydroxybenzoic acid matrix. The

authors also conclude that the photoelectrons are involved in the ISD fragmentation

mechanism [27].

The radical-induced ISD efficiency of a matrix can be correlated to its tendency

to transfer hydrogen radicals, and this ability can be tested with hydrogen

scavengers [28, 29] such as spirooxazines [18]. The radical-induced ISD efficiency

of a matrix can also be correlated to its tendency to reduce the disulfide bond of

Scheme 1 Mechanism of the formation of radical-induced c- and z-fragments
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peptide [15] and this strategy was used by Sakakura et al. to classify 5-ASA

amongst the other ISD matrices [20].

Based on these results, a ranking of the different matrices, from the least to

the most able to transfer hydrogen radicals, was deduced: CHCA � 2,5-DHB <
2-AA < 5-ASA � 2-AB < 1,5-DAN. This ranking is in good agreement with the

increasing order of their radical-induced ISD abilities. Another characteristic of

radical-induced ISD is its independence from the ionization process [30]. Indeed,

Takayama et al. suggest that basic amino acids near the N-terminus favor production

of c-type fragments and basic amino acids near the C-terminus favor production of z-
and y-type fragments in positive ion mode [31, 32]. As ISD is independent of the

ionization process, radical-induced ISD fragments are also observed in the negative

ion mode according to the ability of the matrix to produce negatively charged

molecular ions. In negative mode, the 1,5-DAN matrix is far more efficient than

the 2,5-DHB matrix [15, 18]. The radical-induced fragmentation mechanism is

exactly the same in both ion modes [15].

2.2 Collisionally Activated Pathway

For the thermal pathway, the activation of the fragmentation process of peptides

occurs by a direct energy transfer from the matrix to the peptide and by collisions

with matrix molecules in the expanding MALDI plume formed following laser

irradiation [16, 17]. This thermal pathway leads to the CID-like a-, b- and y-ions
corresponding to their PSD analogs. PSD is the metastable fragmentation occurring

outside the MALDI source. This fragmentation process is activated by bimolecular

collisions with the plume components during the ion extraction. The PSD fragmen-

tation leads to the formation of the CID-like a-, b- and y-fragments.

2.3 Influence of the Matrix

The two kinds of ISD pathways are differently favored according to the matrix

used. The in-source formation of CID-like fragments by the thermal pathway has

not been widely studied [33]. Because this thermal process is caused by vibrational

activation of closed valence shell ions, the fragmentation mechanism can be

explained by the “mobile proton” model [34]. These fragments are the result of

the cleavage of the CO–NH bond that is weakened by the protonation of the

nitrogen of the amide group [35, 36]. The CID-like fragments (a-, b-, and y-type)
can then be favored by the acidity of the matrix. The 2,5-DHB matrix is then more

efficient than the 1,5-DAN matrix for production of these ions. However, it was

shown by Sachon et al. with labile peptides that the formation of these fragment

types cannot be explained only by the proton affinities of the matrices [37]. The low

energy bimolecular collisions between the peptide and the matrix can activate
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the fragmentation and are mediated by the initial axial velocity of the ions of

the MALDI plume. The lower abundance fragments issued from this pathway

using the 1,5-DAN matrix can make ISD spectra easier to interpret. Nevertheless,

use of the 1,5-DAN and 2,5-DHB matrices can be complementary to facilitate the

interpretation of ISD spectra of unknown peptides or proteins. It is noted that the

formation of CID-like fragments tends to disappear with the increasing molecular

weight of the studied compound.

2.4 Radical-Induced Pathway via Hydrogen Abstraction

Recently it was found that the oxidizing matrices 5-formylsalicylic acid and

5-nitrosalicylic acid for MALDI-ISD resulted in the generation of a and x ions by
cleavage of the Ca–C bond. MALDI-ISD with an oxidizing matrix is initiated by

hydrogen abstraction from amide portion of the peptide backbone onto the matrix,

as depicted in a mechanism proposed by Asakawa and Takayama [38, 39]. Hydro-

gen abstraction from peptides resulted in the formation of oxidized peptide

molecules [M–H]• containing a radical site on the amide nitrogen. Subsequently,

the [M–H]• radical principally generated the a and x ions, indicating cleavage of

the Ca–C bonds on the peptide backbone. However, the x ions originating from the

cleavage of the Ca–C bonds at Xxx–Pro sequences were absent, because the

Pro residue cannot have a nitrogen-centered radical site. The Ca–C bond cleavage

at Xxx–Pro and Pro–Xxx bonds would lead to a/x· and a/x fragment pairs,

respectively. The absence of x ions originating from the cleavage of the Ca–C

bonds at Xxx–Pro indicates that the fragmentation leading to an a/x·ion pair does

not occur. However, the radical fragments a·ions were not observed in MALDI-ISD

spectra with oxidizing matrix, and instead the a ions were detected. It is likely that

there are sufficient amounts of exited matrix molecules and matrix radicals in the

MALDI plume to form the a ions via further hydrogen abstraction after the Ca–C

bond cleavage. The fragmentation mechanism in MALDI-ISD with oxidizing

matrix is shown in Scheme 2a. In contrast, the cleavage of the Ca–C bond at

Xxx–Pro did not occur, and instead CO–N bond cleavage at Xxx–Pro was observed

via hydrogen abstraction from the Ca–H bond in the Pro residue. The CO–N bond

cleavage leads to the formation of the b/y fragment pair and the b·ions undergo

further degradation to form the b and a ions after the CO–N bond cleavage, as

shown in Scheme 2b [39].

3 Proteomic Applications of MALDI-ISD

3.1 MALDI-ISD and Bottom-Up Strategies

As MALDI-ISD occurs in the source, this fragmentation method does not allow

any precursor selection. In consequence, when working on enzymatic digests ISD
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signals from peptides will co-occur and the resulting overlapping spectra will

be difficult to untangle. A purification step and separation of the peptides by

LC-MALDI is thus necessary to overcome this limitation. The presence of matrix

clusters in the low m/z range (<700 Da) may also burden the observation of

low-mass fragments. Information cannot be easily obtained from this mass range,

reducing the experimental observation window. However, Reiber and Brown have

shown the possibility to sequence de novo purified small peptides in spite of matrix

adducts in the spectral low mass range [40]. The authors combined the information

coming from N-terminus (c-ions) and C-terminus (y-ions) fragments to identify six

unknown peptides. Even if the authors underlined several ambiguities in their

sequences, this approach highlights that two types of fragments can be used to

bypass the loss of information caused by the low mass matrix clusters. Another

methodology for de novo sequencing of peptides using MALDI-ISD has been

recently demonstrated by Quinton et al. [19]. The authors have used PSD and

ISD spectra in combination to determine sequences which were indecipherable by

a single fragmentation method.

Scheme 2 Mechanism of MALDI-ISD with oxidizing matrix. (a) Ca–C bond cleavage and

(b) CO–N bond cleavage at Xxx–Pro bond
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3.2 MALDI-ISD and Top-Down Strategies

MALDI-ISD appears to be a good answer to perform TDS because, as explained

above, the mechanism partially relies on a transfer of radical species and the

fragmentation process is consequently not limited by the mass. Thus, different

groups tried to sequence purified proteins spotted in sinapinic acid (SA) or

2,5-DHB. In 1995, MALDI-ISD was performed on different proteins such as

bovine cytochrome c (12.2 kDa), bovine superoxide dismutase (15.6 kDa), and

equine apomyoglobin (16.9 kDa) [41, 42]. Numerous intense c-, z-, and y- fragments

were observed between 850 m/z and 11,100 m/z. Figure 1 displays two MALDI-

ISD spectra acquired for horse heart cytochrome c (12.2 kDa) and myoglobin

(16.9 kDa). Clear c-, z-, and y-ion series are detected and lead to the characteri-

zation of 78 amino acids out of 104 for cytochrome c (75%) and 93 out of 153 for

myoglobin (61%).

These signals enable the building of long sequence tags for each protein,

which can be submitted in BLAST in order to compare them to the sequences

present in the databases and to identify the protein of interest. However, the full

sequence of the protein is not always accessible by ISD. For example, as the ISD

process leads to breaking the N–Ca bond, a proline residue cannot produce ISD

fragments due to its cyclic nature. However, this observation is predictable, and a

gap in c-ions of an ISD-sequencing experiment can be interpreted as a proline

residue on the N-side followed by another amino acid, Pro–X, the mass and

position of which in the sequence can easily be determined.

3.3 MALDI-ISD and Pseudo-MS3 Strategies

Protein ISD generally leads to an intense c-ion series and allows a precise

characterization of the N-terminus part of the protein(s). However, the full

N- and C-termini cannot be determined due to matrix background at low m/z ratios
that prevents the observation of the very first fragments. Different “pseudo-MS3”

(pMS3) strategies have therefore been imagined to describe the sequences

extremities [43, 44]. These strategies exploit the fact that an ISD fragment can be

selected and fragmented by CID like a classical ion generated by a MALDI source.

Simply, an ISD fragment (m/z < 3,500) is isolated before subjection to PSD

fragmentation. If the selected ion is a c-type, then the resulting MS/MS spectrum

will characterize the N-terminus. Similarly, if the precursor ion is a z- or a y-ion,
then the C-terminus part will be characterized. Figure 2 shows an example of

a pMS3-experiment. Aldolase protein (39.2 kDa) has been fragmented by

MALDI-ISD using 2,5-DHB. A tag of 56 consecutive amino acids has been

obtained from this single spectrum. However, as already discussed above, the

N- and the C-termini are missing. To characterize the C-terminus part, a y-ion
(y12) was then selected and fragmented. The MS/MS spectrum obtained (Fig. 2,
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bottom panel) clearly displays intense y- and b-ion types which enable an easy

characterization of the missing C-terminus part.

As the use of pMS3-sequencing allows full characterization of the protein

extremities, it constitutes a competitive methodology to replace Edman degradation

(ED). ED was the most used protein sequencer during the past few decades. First

of all, the time scale of each experiment is in favor of ISD/pMS3. Whereas ED takes

more than 30 min per amino acid, MALDI-ISD takes around 10 min from the

sample deposition to determination of a tag of several tens of amino acids.

Moreover, from tens of picomoles of purified proteins, ED allows the sequencing

of the first 50 amino acids except when the N-terminal amino acid is modified. With

Fig. 1 MALDI-ISD spectra of (a) horse heart cytochrome c (12.2 kDa) and (b) horse heart

myoglobin (16.9 kDa). One picomole of each protein was spotted onto the MALDI plate and

mixed together with 1,5-DAN saturated in FA (0.2%)/ACN. Using intense c- and z-ion series, 77%
and 61% of sequence coverage were characterized for cytochrome c and myoglobin, respectively.

C- and N-terminus extremities are missing because fragments are hidden by intense matrix signals
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the same amount of compound or even less, MALDI-ISD combined with

pMS3-sequencing gives access in the more favorable cases to the first 80 amino

acids from the N-terminus but also to the last 40 amino acids from the C-terminus.

It is important to highlight that pMS3-sequencing also works if the extremities

are modified and, thus, can reveal post-translational modifications (PTMs). The

approach of combining ISD and pMS3 has recently been highlighted by Resemann

et al. [45]. In this work, the authors demonstrated the ability of MALDI-TDS to

sequence fully a Camelid single heavy chain antibody of 13.6 kDa. The authors

indicate that larger proteins may also be sequenced by MALDI-TDS but the use of

reference sequence information in databases or complementary results from

bottom-up approaches becomes unavoidable.

3.4 MALDI-ISD and PTMs

Several teams tried to apply MALDI-ISD to the detection and localization of

PTMs. In 1997, Lennon and Walsh demonstrated that sequence determination by

MALDI-ISD was stopped near the cysteins involved in disulfide bonds or covalent

bonds to a heme molecule. These results demonstrated that the peptide

Fig. 2 Example of a pMS3 experiment on Aldolase (39.2 kDa). (a) MALDI-ISD spectra of the

protein displaying a long series of c-ions but also several y- and z-type ions. (b) y12 ion is

fragmented by post-source decay, unambiguously revealing the whole missing N-terminus

extremity
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modifications were able to interfere with the ISD promoted by DHB [42, 44].

Indeed, a disulfide bond tends to be reduced during the ISD process [46] and

therefore acts as a quencher of the fragmentation of neighboring amino acids.

This observation was exploited by Schnaible et al. to localize disulfide bonds on

HPLC-separated peptides [47, 48]. Moreover, PTMs that do not interfere with the

ISD fragmentation of the peptide backbone can be studied by ISD as well. For

example, Lennon et al. demonstrated in 1999 that labile modifications such as

serine phosphorylations were not affected by the ISD process [49]. These PTMs

can therefore be characterized either by a direct MALDI-ISD experiment or after a

pMS3-sequencing methodology [50].

Concerning glycosylation, MALDI-ISD was applied both on glycoproteins/

glycopeptides and on isolated glycans. Collisionally-induced MALDI-ISD of

glycopeptides led to the observation of both glycan and peptide fragmentations

[51]. On the other hand, radical-induced ISD allowed Hanisch sequencing

glycoproteins and localizing O-glycosylation sites, confirming again the ability of

this technique to preserve labile PTMs [52]. However, Chaurand et al. observed that
N-glycosylation was able to stop the protein sequencing, allowing localization of

this PTM, but not further sequencing [53]. These contradictory results suggest a

potential effect of the carbohydrate moiety on the sequencing of the glycoproteins.

As glycans can be easily isolated and purified, the ISD and pMS3-sequencing

approaches were also employed to characterize thoroughly the structures of both

native [43, 54–60] and permethylated glycans [61–66], allowing unambiguous

discrimination of isobaric species. In ref. [64] it was also mentioned that 6-aza-2-

thiothymine (ATT) was able to promote ISD fragmentation of permethylated

glycans. The mechanism involves in this case the protonation of the permethylated

glycan, leading to its fragmentation. In addition, 2,5-DHB could act as a dual matrix

here, allowing ISD of permethylated glycans when laser shots are made on crystals

(where protons are available) but impeding ISD when laser shots are made in

the central amorphous zone of the spots. Indeed, this part is sodium-rich and

protonation is therefore unfavored compared to cationization [67].

Other classical PTMs such as pyroglutamic acid [53], formylation [68],

deamidation [44], and acetylation [2] have also been described and studied by

MALDI-ISD. Finally, Yoo and collaborators showed recently that MALDI-ISD

was also an appropriate tool to localize PEGylation of protein [69], which is a

chemical modification widely employed in the pharmaceutical field [70].

In conclusion, MALDI-ISD can be employed in a wide panel of applications

such as the characterization of recombinant proteins, the full de novo sequencing of

unknown proteins, and the localization of PTMs.

3.5 MALDI-ISD of Oligonucleotides

Besides peptides and proteins, substantial work was also achieved in order to use

ISD to sequence oligonucleotides. In 1995, Nordhoff et al. reported the prompt

fragmentation of oligonucleotides in an IR-MALDI source [71] while Zhu et al.
used 2,5-DHB to induce in-source fragmentation in a UV-MALDI source [71, 72].
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Following these observations, delayed extraction was applied and sequencing of an

11-mer DNA was achieved using a 266 nm laser with picolinic acid as matrix [73].

According to the McLuckey nomenclature [74], mainly w-type ions (resulting from

the cleavage of a phosphodiester bond and containing a 50-terminal phosphate group)

were observed. A base loss is considered to be a critical step of this “thermal”

fragmentation pathway [75, 76]. Alternatively, a pathway of electronic energy

transfer was also proposed to occur in positive ion mode with 2-aminobenzoic acid

and leads to the formation of supplementary ions (d-, b-, and y-ions) [77]. Concerning
applications of ISD in the nucleic acids field, ISD was successfully applied by Wang

et al. to sequence covalently modified (phosphorothioate instead of phosphodiester

bonds) oligonucleotides [78] but failed to allow locating covalent rhodium adducts on

DNA [79].

4 MALDI Mass Spectrometry Imaging

MALDI-MSI is a powerful technique that allows mapping of many classes of

compounds directly from a tissue slice of several micrometers thickness. The

principle of MALDI-MSI relies on a pixelization of the surface to be analyzed. A

mass spectrum is recorded at each pixel, providing a triplet of information (spatial

coordinates, mass, and intensity of the peak) for each signal present in the mass

spectrum. Accumulating and integrating these data allows building a 2D cartography

for any detected molecule, without the need for previous knowledge of the molecular

content of the sample. On the image, the intensity of the signal is depicted by a

color scale.

MALDI-MSI is suitable for high molecular weight biomolecules (proteins) but

also for small molecules such as lipids, drugs, and their metabolites, etc. In most

published applications, proteins are targeted as potential biomarkers of pathology,

as in many studies, for ovarian tumors [80, 81], renal carcinoma [82], or

Parkinson’s disease [83, 84]. For small molecules analysis, two main classes

may be distinguished – exogenous drugs and endogenous metabolites. Exogenous

drugs have been studied in MALDI-MSI far later than proteins (since 2004)

for different targets such as olanzapine (antipsychotic) [85–87], imatinib [87],

vinblastine [88], and banoxantrone [89] (cancer drugs). Among endogenous

metabolites, lipids such as glycerophospholipids and glycosphingolipids or simple

lipids like cholesterol, diacylglycerols, or triacylglycerols have been extensively

investigated [90]. Also studied are primary metabolites (ADP, ATP, . . .) as targets
for MALDI-MSI [91].

Concerning MALDI-MSI, a lot of work has been done to improve the

experimental workflow, such as optimization of sample preparation and matrix

deposition [92], and much focus has been on the identification of the detected

molecules. When small molecules are analyzed, the identification is rather straight-

forward where tandem mass spectrometry can be easily used, leading to the

fragmentation of the detected compounds, allowing their unambiguous
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characterization. The identification is even more reliable when high resolution

exact mass measurements can be performed. If proteins are analyzed, it is rather

difficult to perform MS/MS analysis directly from proteins that are more difficult to

fragment and the unique information of the m/z value is not sufficient as it may

correspond to several primary sequences. To achieve protein identification, in situ

digestion has been used since 2007 [93]. This method consists of the deposition

(more often by micro-spotting or nano-spotting) of a solution of protease (usually

trypsin) at the surface of the sample, followed by 2–4 h of incubation and analysis

of the resulting mix of peptides. The classical PMF method is then used to query

protein databases for identification. Although this procedure presents some

drawbacks (need for a microspotting system to deposit the enzyme solution as

precisely as possible, time-consuming, and leads to mass spectra which can be

complex and difficult to interpret), it has been extensively used since its implemen-

tation. MALDI-ISD, however, removes the need for in situ digestion when

analyzing tissues.

4.1 MALDI-ISD on Tissue Slices

MALDI-ISD seems to be useful in this context, and Debois et al. developed an

ISD-based method for protein identification, directly from a tissue section, without

any further treatment [94]. Indeed, to be implemented, the technique requires only

the use of an “ISD-favorable” matrix such as 2,5-DHB or 1,5-DAN as already

mentioned. The analysis is then performed as a simple full scan MS acquisition,

neither requiring an increase of the laser intensity nor the number of shots on the

tissue. The resulting mass spectrum allows the creation of a sequence tag of amino

acids and the original protein may be identified thanks to a query in protein

databases, using a BLAST search.

Figure 3a shows an ISD mass spectrum recorded on a porcine eye lens with

1,5-DAN as a matrix [94]. Two ions series were detected, leading to two

different tags: QPLNPKIIIF EKENFKGHSH ELNGPCPNLK ETGVEQAGSV

and WQMDRIRRVS QVPQ, respectively. For the first tag, the interrogation of

databases led to the identification of the Beta-Crystallin B2 for three different

species (rabbit, bovine, and guinea pig). Nevertheless, some differences exist

between the primary sequences of rabbit, bovine, and guinea pig Beta-Crystallins

B2. To obtain the N-terminal sequence of the porcine Beta-Crystallin B2, a pMS3-

sequencing experiment was performed on the same tissue slice. The ion atm/z value
1,519.0 was selected and then fragmented. Figure 3b depicts the resulting MS/MS

spectrum. Almost the entire b-ions and y-ions series were obtained and the acetyla-
tion of the Ala residue was also confirmed, giving access to the full sequence of the

N-terminus part of the porcine Beta-Crystallin B2 (51 first amino acids), which is

not referenced in databases (SwissProt and TrEMBL). These results open the way

towards de novo sequencing, directly from tissue slices. The method was applied

for biomarkers discovery [95, 96].
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4.2 MALDI-ISD Imaging

ISD can also be performed during a tissue imaging experiment, allowing the

localization of different fragments to be considered. Figure 4 presents MALDI

images recorded on a porcine eye lens slice, with 1,5-DAN as the matrix [94].

Getting the distribution of ISD fragments provides two additional pieces of infor-

mation. First, it becomes easy to find which fragments are coming from the same

protein, as they all exhibit the same localization on the tissue surface. This can help

to indicate real consecutive peaks, facilitating the protein sequencing. Second, by

overlaying these images, it becomes possible to highlight high intensity pixel(s) and

Fig. 3 (a) ISD mass spectrum recorded on a porcine eye lens slice with 1,5-DAN as a matrix. The

tag and the masses indicated in green correspond to the N-terminus part of the Beta-Crystallin

B2 (c-ions series), the purple ones to the C-terminus part (z-ions series). (b) T3-sequencing

mass spectrum obtained by isolating the ion at m/z 1,519.08 and by fragmenting it by PSD.

Quasi-complete b- and y-ions series are observable, leading to the full sequencing of the

N-terminus part of the protein
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specifically extract the corresponding mass spectrum. Of course, the more intense

the mass spectrum and the more peaks present, the easier the interpretation. In

Fig. 4, for example, the three fragments exhibit close localizations, suggesting their

common origin, and the overlay of their images (Fig. 4d) shows an intense pixel

(yellow-circled) which allows the extraction of the ISD mass spectrum shown in

Fig. 4e. Two sequence tags were then established, leading to the identification of

Gamma-Crystallin B.

The ISD process is often criticized, and the main denigrations are related to the

presumed need for a pure sample, to its lower sensitivity, and to its reduced mass

accuracy and resolution. In fact, some of these criticisms are based on false

assumptions.

Fig. 4 MALDI images of ISD fragments at (a) m/z 1,214.9, (b) m/z 1,361.9, and (c) m/z 1,703.2,
recorded on a porcine eye lens slice. (d) Overlay of the three previous ion images. The black and
the yellow circles indicate the region where the mass spectrum has been extracted (high intensity

pixel). (e) ISD mass spectrum extracted from a high intensity pixel. The tag and the masses

indicated in green correspond to the N-terminus part of the Gamma-Crystallin B (c-ions series),
the purples ones to the C-terminus part (z-ions series). The green purple-framed annotation
indicates a peak for which m/z value corresponds to both c- and z-ion. The ion peaks which

images are shown are labeled with letters A, B, C
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Concerning the kind of sample that can be analyzed by ISD, it is admitted that a

tissue slice is a complex sample and that within one 50-mm-wide laser shot, several

proteins may be desorbed and fragmented. To decrease the number of analyzed

proteins, two approaches are considered. The first choice consists of decreasing the

size of the laser shot (to 30 or even 20 mm). In this case, the question is: what about

the sensitivity of the instrument? Would it be sensitive enough to obtain interpret-

able ISD mass spectra? How many molecules are present in a 20-mm-wide pixel?

And, out of these, how many will fragment? This issue has to be investigated. The

second choice for decreasing the number of analyzed proteins is to employ sample

depletion methods to remove the high abundance proteins from the tissue slice [97].

Or, rather than depleting the abundant proteins, a variety of identifications can

instead be obtained by imaging multiple yet slightly different tissue sections. Thus,

in MALDI-ISD imaging, serial sections are still likely to result in detection of the

same set of proteins, but the sensitivity of the ISD process to protein ionization

efficiencies allows a larger variety of protein identifications to be made from

slightly more different tissue sections. MALDI-ISD imaging therefore allows the

variety of proteins identified and localized between different tissue sections to

mirror more effectively the changes in sample composition. This feature of

MALDI-ISD could be used in combination with sample depletion to reveal even

more proteins.

Concerning the issue of the mass accuracy, this does not represent a severe

problem. Indeed, during the data treatment, it is not the mass of peptides which is

measured, but the mass difference between consecutive peaks that is used to obtain

an amino acid residue identification. Accurate mass of peptides is more important in

the PMF strategy where intact analyte masses are used to query protein databases,

but for sequencing a good external calibration of the mass spectrum is sufficient to

allow the mass spectrum interpretation. Moreover, to improve the quality of mass

accuracy and calibration, it is best to use ISD fragments of a known protein

(myoglobin for example) to create a calibration mass list. In this way, data used

for calibration and data coming from the sample are recorded under the same

conditions and the whole mass range is covered, far better than with a commercial

peptides mixture. For mass resolution, as mentioned previously, ISD fragments are

formed in the ionization source before the extraction of ions (contrary to PSD), then

travel through the flight tube, and with the use of an electrostatic mirror the mass

resolution obtained for ISD mass spectra is completely satisfactory.

Progress has recently occurred regarding data treatment for MALDI-ISD imaging.

In fact, MALDI-ISD imaging presents a relatively new type of dataset, wherein a

protein sequence can be found in each pixel, and this calls for the development of new

software and data analysis methods. Zimmerman et al. have created an analytical

pipeline suite of software that accomplishes two main goals: automated analysis of

MALDI-ISD “top-down” spectra for protein sequencing and automated analysis of

MALDI-ISD tissue imaging data [98]. These goals can be combined so that an

imaging dataset is first searched by the software to find groups of highly correlated

peaks that co-occur and that are likely to correspond to a single protein. Second, the

software can then identify the highest quality spectra from the imaging dataset for
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automated de novo sequencing. After a first protein is automatically sequenced or

identified, another search is run in the imaging data to find spectral patterns of

peaks that are different from that of the first sequenced protein, which are likely to

correspond either to a second protein or to a post translationally modified form of

the first protein. This semi-automated process is iterated for an exhaustive characteri-

zation all of the proteins in the MALDI-ISD imaging dataset. Ion images are

subsequently plotted by the software showing the spatial localizations of the

identified proteins over the tissue surface. The MALDI-ISD protein sequencing

software is used either in combination with imaging datasets, or to sequence proteins

from individual MALDI-ISD spectra [98–100].

As applied to individual spectra, the sequencing software uses mass differences

calculated from spectral peak lists to perform protein sequencing, and the

software is able to overcome interference due to unidentified fragmentation peaks

or redundant ion series peaks. In addition, as it was shown that ISD patterns for up

to three proteins can exist simultaneously within a single MALDI-ISD spectrum,

the software can subtract the already known ISD peak pattern of a known protein

out of the peak list. This isolates the remaining peaks, leaving the refined peak list to

be passed through the software for identification of a second protein, and by

repeating this process a third protein is identified. This analysis process for

protein mixtures is advantageous for use with MALDI-ISD tissue imaging data,

as MALDI-ISD mass peaks corresponding to more abundant proteins are likely to

be already known and can be subtracted from the spectral peak lists to simplify the

data analysis for the remaining proteins.

A future possible way to facilitate ISD analysis of complex mixtures is the

generation of all possible sequence tags that fit the data within a tolerance window.

At present it is difficult for software to interpret ISD mass spectra containing more

than two or three proteins because of the large number of peaks present. In the rarer

cases where more than three proteins exist in a single ISD spectrum, the idea is to

have the software calculate any possible tag and then automatically submit them to

query protein databases using a BLAST engine. After this first stage the user should

validate (or not) the results and the software could then create an exclusion list for

peaks already used, followed by identification of the remaining proteins. This could

be seen as a “cleaning” of the ISD mass spectrum. This future direction for

automated data treatment would greatly decrease the time needed for mass spectra

interpretation and would not necessitate the presence of the user.

5 Conclusions

MALDI-ISD seems to have a promising future and will likely have increasing

importance in mass spectrometry applications. Top-down sequencing of proteins

seems to be the most promising application. Indeed, MALDI-ISD allows a rapid

characterization of N-terminal and sometimes C-terminal sequences of a protein

and from only a few picomoles of compounds. This technique could be employed
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for the routine quality control of recombinant proteins. Another promising theme

resides in MALDI-imaging with ISD and pMS3 performed directly on tissue slices,

which could drive the characterization of different proteins and, in the best cases, of

pathological biomarkers. In parallel studies, MALDI-ISD has been performed with

success on other biopolymers including oligonucleotides and therefore can be

generalized as a fast sequencing method.
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Advances of MALDI-TOF MS in the Analysis

of Traditional Chinese Medicines

Minghua Lu and Zongwei Cai

Abstract Traditional Chinese medicines (TCMs) are attracting more and more

attention because of their long historical clinical experience and reliable therapeutic

efficacy for preventing and/or treating various human diseases. Many techniques

and methods were developed for the analysis of TCMs to support new drug

discovery and quality control. Matrix-assisted laser desorption/ionization time-of-

flight mass spectrometry (MALDI-TOF MS), a soft ionization mass spectrometric

technique, has been widely used in the analysis of a wide variety of large molecular

compounds including proteins, peptides, and polymers since it was introduced in

the late 1980s. In the present chapter, advances of MALDI-TOF MS in TCMs

analysis have been reviewed. The review covers MALDI-TOF MS applications in

the identification of new bioactive ingredients, analysis of alkaloids, determination

of small molecular compounds with new matrices, proteomics analysis associated

with TCMs, direct analysis of plant tissue, and other applications in TCMs.

Keywords Chinese herbs � MALDI-TOF MS � Traditional Chinese medicines

(TCMs)
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Abbreviations

2-DE Two-dimensional gel electrophoresis

a-CHCA a-Cyano-4-hydroxycinnamic acid

DHB 2,5-Dihydroxybenzoic acid

ESI Electrospray ionization

HPLC High performance liquid chromatography

IEC Ion exchange chromatography

MALDI Matrix-assisted laser desorption/ionization

MS Mass spectrometry

TCMs Traditional Chinese medicines

TLC Thin-layer chromatography

TOF Time-of-flight

1 Introduction

Traditional Chinese medicines (TCMs) have been widely used in China for the

prevention and/or treatment of human diseases for thousands of years. Due to their

long historical clinical experience and reliable therapeutic efficacy, TCMs

applications have also been extended to other countries, including Korea, Japan,

India, and even European [1] and North American countries [2]. Chinese people

have accumulated rich clinical experimental and human clinical data with a long

history of the development of theory and clinical practice. However, compared to

modern drugs that contain one or two active compounds with known concentration,

TCMs are complex mixtures which usually contain hundreds of chemically different

constituents. Moreover, the content of the active ingredients in TCMs may be

influenced by breed, region of growth, season of harvest, and processing procedures.

So far, there have been 12,806 medical resources discovered in China, including

11,145 medicinal plants, 1,581 medicinal animals, and 80 medicinal minerals [3].

In the Pharmacopoeia of the People’s Republic of China (2010 edition), a total of

2,136 Chinese medicine products have been compiled [4].

In the process of “modernization” and “globalization” of TCMs, quality control,

identification of active ingredients, and study of the toxicology of TCMs, many

methods were developed for the analysis of TCMs. Thin-layer chromatography

(TLC) is a simple, low-cost, versatile, and specific method for the identification of
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herbal medicines [5]. Due to its high resolution, selectivity, and sensitivity, gas

chromatography-mass spectrometry (GC-MS) is the most commonly used

technique for analysis of liposoluble constituents, especially volatile/semi-volatile

compounds and their metabolites in TCMs [6]. Liquid chromatography-mass

spectrometry (LC-MS) is another promising technique for the quantitative analysis

of bioactive compounds and their metabolites of herbal extract and medicines in

biological fluids because the technique can be directly applied for analysis of

nonvolatile and low thermal stable compounds without derivatization [7]. Capillary

electrophoresis (CE) and capillary electrophoresis-mass spectrometry (CE-MS),

with the advantages of high resolution, minimal sample and solvents consumption,

short analysis time, and high separation efficiency, are very effective tools

for analyzing TCMs and related compounds [8, 9]. Multi-dimensional chro-

matographic separation systems have emerged with obvious advantages (e.g.,

strong separation ability, high resolution, and high peak capacity) in analysis of

complex samples [10]. In addition to chromatographic and hyphenated techniques,

spectroscopic methods, including Fourier transform infrared spectroscopy (FT-IR),

near-infrared spectroscopy (NIR), and nuclear magnetic resonance (NMR) spec-

troscopy, have also been widely used in the quality analysis of TCMs [11].

Matrix-assisted laser desorption/ionization (MALDI), a powerful soft ionization

technique proposed in the late 1980s [12, 13], has become a preeminent technique

for the analysis of complex samples. Applications of MALDI coupled with time-of-

flight mass spectrometry (TOFMS) have been extended to various fields, especially

in identification of large molecular compounds, such as peptides/proteins [14–16],

lipids [17, 18], polymers [19, 20], oligonucleotides [21], and oligosaccharides [22].

Compared to other mass analyzers such as Fourier transform ion cyclotron

(FT-ICR) MS, ion trap MS, quadrupole-based MS, and magnetic-sector MS, TOF

MS is the most frequently used detector in MALDI because it lends itself naturally

to ion production by a short laser pulse [23, 24]. Therefore the configuration of

MALDI-TOF MS is characterized by a large mass range, high sensitivity for ion

detection, high tolerance to salts and buffers, and simple and fast analysis [25].

In recent years, MALDI-TOF MS was also applied to analyze small molecular

compounds (MW < 1,000) followed by the introduction of various new matrices

[26, 27].

This chapter reviews the advances of MALDI-TOF MS in TCMs analysis in

the last decade. MALDI-TOF MS as a very useful and powerful tool in the

identification of new bioactive ingredients in TCMs is discussed in Sect. 2.1.

Applications of MALDI-TOF MS to the analysis of alkaloids that are the large

type of bioactive compounds existing in most TCMs are reviewed in Sect. 2.2.

Following this, the determination of small molecular compounds in TCMs by

MALDI-TOF MS with new matrices is discussed in Sect. 2.3. Proteomic analysis

associated with TCMs and the direct analysis of plant tissue by MALDI-TOF MS

are reviewed in Sects. 2.4 and 2.5, respectively. In the last section (Sect. 2.6), other

applications of MALDI-TOF MS in TCMs are summarized.
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2 Methods

2.1 Identification of New Bioactive Ingredients in TCMs

MALDI-TOF MS is a very useful and powerful tool that can be used to identify

rapidly new bioactive ingredients in TCMs. Prior to the MALDI-TOF MS analysis,

sample preparation procedures, including extraction, purification, and isolation, are

usually required. To extract bioactive ingredients effectively from TCMs, herbal

samples were usually cut into pieces and ground to powder, and then extracted

with suitable extraction solvent. Supernatant obtained by centrifugation was then

subjected to purification with chromatography methods, including gel filtration

chromatography or size exclusion chromatography, gel electrophoresis, ion

exchange chromatography (IEC), and RP-HPLC. The purified bioactive ingredients,

such as peptides, proteins, anticoagulants, antifungals, and lectins, were identified by

MALDI-TOF MS. A brief scheme for identification of bioactive ingredients in

TCMs by MALDI-TOF MS is illustrated in Fig. 1.

Liu and coworkers [28] purified and identified three novel peptides with antioxi-

dant properties from Cornu Bubali (water buffalo horn, WBH), a TCM that was

used for dispelling heat, counteracting toxins, and relieving convulsions. In this

research paper, consecutive chromatographic methods including gel filtration chro-

matography, IEC, and HPLC were applied to purify and isolate three novel antioxi-

dant peptides from aqueous extract of WBH. The purified peptides were identified

by MALDI-TOF/TOF MS in positive ion delayed extraction reflector mode with

a-cyano-4-hydroxycinnamic acid (CHCA) as the matrix. The amino acid sequences

of the peptides WBH-1, WBH-2, and WBH-3 were identified as hexapeptide

Gln-Tyr-Asp-Gln-Gly-Val (708 Da), nonapeptide Tyr-Glu-Asp-Cys-Thr-Asp-

Cys-Gly-Asn (1,018 Da), and dodecapeptide Ala-Ala-Asp-Asn-Ala-Asn-Glu-Leu-

Phe-Pro-Pro-Asn (1,271 Da), respectively.

Fig. 1 Scheme for identification of new bioactive ingredients from TCMs by MALDI-TOF MS
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Two novel antifungal peptides named EAFP1 and EAFP2 were purified and

identified by Huang and colleagues [29] in the bark of Eucommia ulmoides Oliv
(Du-Zhong in Chinese). EAFPs were obtained from the isolation and purification of

bark of E. ulmoidesOliv using chromatography methods. The molecular weight and

sequence analysis were performed by MALDI-TOF MS combined with CPY time-

dependent and concentration-dependent digestion. For MALD-TOF MS analysis,

the matrix was prepared by dissolving CHCA in 50% ACN solution containing

0.1% TFA to a saturated solution. Two microliters (about 1–5 pmol/mL) of peptide
dissolved in a 0.1% TFA solution in water was mixed with 20 mL of prepared matrix

solution. Prior to the MALDI-TOF MS analysis, 1 mL of this mixture solution was

deposited on the target and dried. The molecular weight of EAFP1 and EAFP2 were

determined as 4,201.4 Da and 4,518.9 Da, respectively. A conclusion that both

peptides contain ten cysteines forming five pairs of disulfides was obtained.

Cyclotides are macrocyclic peptides isolated from plants. The compounds typi-

cally contain 28–37 amino acids and are characterized by their head-to-tail cyclized

peptide backbone and the interlocking arrangement of three disulfide bonds [30].

They were initially discovered based on the potent insecticidal activity, in addition

to a range of other biological activities including anti-HIV, antimicrobial, and

cytotoxic activities [31]. Wang and co-workers [32] isolated and identified five

new and three known cyclotides that were shown to have anti-HIV activity from

Viola yedoensis, an important Chinese herb from the Violaceae family that has been

reported to contain potential anti-HIV agents. Before MALDI-TOF MS analysis,

isolation and purification of cyclotides from V. yedoensis were performed. The

desalted samples were mixed in a 1:1 ratio (v/v) with matrix consisting of a

saturated solution of CHCA in 50% ACN (0.5% formic acid) and confirmed by

MALDI-TOF MS.

Zhong et al. [33] developed a method for rapid isolation and purification of an

anticoagulant from Whitmania pigra, a common traditional Chinese anticoagulant

medicine in China. A new anticoagulant was isolated and purified from W. pigra.
This novel component was named whitmanin and its molecular weight was deter-

mined as 8,608 Da by MALDI-TOF MS with sinapinic acid (SA) as matrix. Rosa
chinensis (Yuejihua in Chinese) is a well-known ornamental plant, and its flowers

are commonly used in TCM for treating catamenia disorder, trauma, and blood

disorders. A total of 36 known and unknown phenolic antioxidants were simulta-

neously determined in methanolic crude extracts of dried R. chinensis flowers

by LC coupled with single-quadrupole electrospray ionization MS (ESI-MS) and

MALDI-quadrupole ion trap (QIT)-TOF MS [34]. MALDI-QIT-TOF MS was

applied not only to confirm 31 of all 36 known and unknown phenolics isolated

and identified by LC-ESI-MS, but also to identify tentatively two ellagitannins

(rugosins B and C). Additionally, MALDI-QIT-TOF MS analysis only took a few

minutes per run whereas LC-ESI-MS analysis took >100 min per run.

Clematis Montana lectin, a novel mannose-binding lectin with antiviral and

apoptosis-inducing activities, was isolated from Clematis montana Buch.-Han

stem (Ranunculaceae)[35]. C. Montana lectin was a homodimer of 11,968.9-Da

subunits as determined by gel filtration and MALDI-TOF MS. The peptide mass
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fingerprinting of C. Montana lectin was identified by MALDI-Q-TOF MS/MS,

which indicated that C. Montana lectin may be a novel plant lectin. Yan and

coworkers [36] isolated a novel homodimeric lectin (AMML) with antifungal

activity from a Chinese herb, that is, the root of Astragalus mongholicus, by

using a combination of ammonium sulfate fraction chromatography and IEC. The

molecular mass of intact AMML was determined to be 66,396 Da by MALDI-TOF

MS and 61.8 kDa by gel filtration, respectively. Experimental results also

demonstrated that AMML was a dimeric protein composed of two identical

subunits each with a molecular mass of 29.6 kDa.

Copper-zinc superoxide dismutase (Cu, Zn SOD) was extracted, purified, and

characterized by Haddad and Yuan [37] from Radix lethospermi seed (RLS), a kind

of TCM. Extraction and purification were carried out by consecutive chro-

matographic methods including ammonium sulfate fractionation, IEC, column

chromatography, and a second step of IEC before MALDI-TOF MS analysis. The

molecular weight of RLS Cu, Zn SOD was determined by following several

methods. On gel filtration, a single peak was obtained with a molecular weight

of 32 kDa for a whole enzyme. The rough size of the subunit determined by

SDS-PAGE was 16 kDa. The exact mass of one subunit of SOD was determined

as 15.166 kDa by MALDI-TOF MS with CHCA as matrix.

2.2 Analysis of Alkaloids in TCMs

Alkaloids, a group of compounds that mostly contain basic nitrogen atoms, are

widely distributed in various living organisms including plants. Alkaloid-

containing plants have been used by humans since ancient times for therapeutic

and recreational purposes, especially TCM herbs. Therein, more than 2,000

alkaloids were identified since morphine, the first individual alkaloid, was isolated

from the opium poppy plant by Friedrich Sertürner in 1804. Many alkaloids were

discovered to have medicinal properties. TCMs containing tropane alkaloids have

been used to treat asthma, chronic bronchitis, pain, and flu symptoms. However, not

all TCM herbs can be directly used because they may contain toxics alkaloids, such

as aconitum alkaloids in Fuzi. Thus, proper processing of the herb is usually

required to reduce the amount of toxic alkaloids prior to use [38]. Many qualitative

and quantitative methods have been developed for the purposes of quality

control, forensic medicine, and therapeutic drug monitoring of TCMs [39–43].

MALDI-TOF MS, a relatively new analytical technique, with characteristics of

easy sample preparation, high throughput, and strong identification ability, was also

applied to the analysis of alkaloids in TCMs [44–50].

A method for direct analysis of alkaloid profiling in Chinese herbs tissue by

using MALDI-TOF MS was established in our laboratory, which will be discussed

in detail in Sect. 2.5 [45, 46]. Feng and Lu [47] developed a method for analyzing

low molecular weight compounds and applied to the determination of carcinogenic
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areca alkaloids by MALDI-TOF MS with a new matrix, which will be reviewed in

the next section.

TLC combined with MALDI-TOF MS is a powerful technique for fast and high

throughput analysis of compounds in complex samples. However, this technique

usually suffers from dilution of the TLC bands resulting in decreased sensitivity

and masking of signals in the low-mass region because of addition of matrix.

A matrix-free TLC and laser desorption/ionization MS method was developed for

separation and identification of medicinal alkaloids, berberine and palmatine from

Berberis barandana, by Shariatgorji and coworkers [48]. Wang and coworkers [49]

developed a high throughput and robust qualitative MALDI-TOF MS method for

profiling alkaloids in Fuzi, the processed lateral roots of the TCM Aconitum
carmichaeli Debx (A. carmichaeli). Under optimized conditions, a typical

MALDI-TOF MS profiling spectrum of a Fuzi extract using DHB as matrix was

obtained and is shown in Fig. 2. A solid sample analysis method was also

investigated by applying the matrix solution onto the powdered samples directly

on the sample plate. The ratio of sample mass to DHB matrix volume was proved to

have a significant impact on the mass spectrum. When the ratio was 10 mg to 0.5 mL,
similar mass spectra to that with the conventional solvent extraction method was

achieved (Fig. 2a, b). Furthermore, the semi-quantitative potential of MALDI-TOF

MS was studied and compared by using LC-MS as reference.

Fig. 2 (a) Typical MALDI-TOF MS spectrum of Aconitum alkaloids from A. carmichaeli root.
(b) Typical MALDI-TOF MS spectrum of Aconitum alkaloids from direct tissue analysis.

Copyright with permission from Elsevier Science B.V [49]
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AMALDI-TOFMSmethod for rapid and direct profiling of alkaloids in medical

herbs was developed by Lu and colleagues [50]. The dry herbs were ground to

powder and passed through a stainless steel sieve, mixed with DHB matrix solution

to form a homogeneous suspension, and directly subjected to MALDI-TOF MS

analysis. DHB was considered as optimized matrix for analysis of alkaloids in TCM

herbs by MALDI-TOF MS, which agreed with previous work published by Wang

and coworkers [49].

2.3 Determination of Small Molecular Weight Compounds in
TCMs with New Matrices

Since it was first introduced in the late 1980s [12, 13], MALDI-TOF MS has been

successfully applied to the analysis of various types of large molecules such as

peptides, proteins, and polymers. However, using conventional MALDI-TOF MS

for the analysis of small molecular weight compounds is difficult since it suffers

from strong interference in the low-mass range from the matrices. To overcome the

drawbacks of MALDI-TOF MS in analysis of small molecular compounds

(<1,000 Da), many methods and matrices, including various matrix-free desorp-

tion/ionization MS [26, 51, 52], various carbon nano-materials [27, 53, 54], as well

as other inorganic [55, 56] and organic [57, 58] materials, were introduced in recent

years. A method based on oxidized carbon nanotubes as matrix for analysis of a

TCM Psoralea corylifolia by MALDI-TOF MS was developed by Chen and his

coworkers [59]. By using oxidized carbon nanotubes as matrix, all 11 fractions

were analyzed byMALDI-TOFMS in both negative and positive ionization modes.

A large number of individual species of small molecular weight compounds were

detected in the fractions with high detection accuracy and sensitivity by

MALDI-TOF MS (Fig. 3). A total of more than 188 components were isolated

and identified from the extract of P. corylifolia by integration of IEC fractionation

with RPLC-APCI MS and MALDI-TOF MS. Among these compounds, a total of

92 dominant molecular ion peaks could only be detected by MALDI-TOF MS.

Therefore, MALDI-TOF MS with matrix of oxidized carbon nanotubes is a

complementary technique with LC-APCI MS for detection and analysis of small

molecules in a complex sample. Chen and colleagues [60] also established a

hyphenated method (including IEC, RPLC-APCI-MS, and MALDI-TOF MS)

for isolation and identification of components in a TCM of Honeysuckle.

For MALDI-TOF MS analysis, oxidized carbon nanotubes were used as matrix.

A total of 262 components were detected from the extract of Honeysuckle by

UV detector, APCI-MS, or MALDI-TOF MS. Among these compounds, 145

components only could be detected by MALDI-TOF MS alone. Compared with

LC-UV and LC-APCI-MS, MALDI-TOF MS using oxidized carbon nanotubes as

matrix exhibited a very powerful ability in the identification of low-mass

compounds in complex samples, such as TCMs and biological samples. Using
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oxidized carbon nanotubes as matrix, Pan et al. [53] developed a method for

quantitative determination of the concentrations of jatrorrhizine (8.65 mg/mL)

and palmatine (10.4 mg/mL) in an extract of Coptis chinensis Franch. Hu and his

coworkers [61] established a MALDI-TOF MS using carbon nanotubes for the

analysis of low-mass compounds in environmental samples. In this article, two

arsenic speciations (HAsO2 and H3AsO4) in the extracts of TCMs were directly
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Fig. 3 MALDI-TOF MS spectra of the fractions A to K obtained from SCX column separation of

Psoralea corylifolia extract. The mass spectra of all fractions were acquired with laser power

adjusted to slightly above the threshold energy for all of the components with oxidized carbon

nanotubes as matrix and detected in positive ion mode (P) and negative ion mode (N). Copyright

with permission from Elsevier Science B.V [59]
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detected without any further separation and purification by MALDI-TOF MS with

carbon nanotubes as matrix.

Feng and Lu [47] developed a MALDI-TOF MS method with a new matrix

“7-mercapto-4-methylcoumarin” for analyzing low molecular mass compounds

and it was applied to the determination of carcinogenic areca alkaloids. Further-

more, the new matrix was also used for determination of the signals of arecoline and

arecaidine in the MALDI imaging experiment. The established method was

succeeded to trace analysis of arecoline in human plasma at sub-micromolar level.

2.4 Proteomic Analysis Associated with TCMs

TCMs are great sources in which to discover new bioactive compounds with

anticancer, antitumor, antifungal, and/or other biological activities [62–64].

To elucidate their working mechanism(s) in the treatment of various diseases,

a comparative proteomics analysis was usually carried out by 2-DE and

MALDI-TOF MS. Comparisons were made by gel images between TCMs treated

samples and untreated controls. Differentially expressed proteins (usually greater

than twofold difference) between treated samples and untreated controls that were

excised from one or more gels were identified by MALDI-TOF MS.

Some TCMs, such as saponins, have great value as potent cancer prevention and

chemotherapeutic agents. However, the active mechanisms of these compounds

were not clear. Wang and colleagues [65] used a proteomic method to examine

the cytotoxic effect of dioscin, a glucoside saponin, on human myeloblast leukemia

HL-60 cells. Thirty-nine differentially expressed proteins after dioscin treatment for

24 h were identified by separation of the microsomal fraction and subsequently

analyzed by MALDI-TOF MS. Ge and co-workers [66] applied proteomics to

analyze the arsenic trioxide (ATO)-induced protein alterations in multiple myeloma

(MM) cell line U266 and then investigated the molecular pathways responsible for

the anticancer actions of ATO. It is noted that 84 differentially expressed proteins

were excised from 2-DE and identified by MALDI-TOF/TOF MS followed by

database interpretation in this study. Among them, 76 proteins including 29 up-

regulated and 47 down-regulated proteins were identified successfully.

Tubeimoside-1 (TBMS1) is a triterpenoid saponin extracted from Bolbostemma
paniculatum (Maxim.) Franquet (Cucurbitaceae), a Chinese herb with anticancer

potential called “Tu Bei Mu”. Xu et al. [67] studied the cytotoxic effects of TBMS1

on HeLa cells by a comparative proteomics approach to delineate the possible

molecular basis of TBMS1-induced cancer cell death. 2-DE and MALDI-TOF

MS/MS were applied to identify altered proteins related to energy metabolism and

protein synthesis in this research work. To elucidate the anti-tumor mechanism of

Rhizoma Paridis total saponin (RPTS) from the herb Rhizoma Paridis, a proteomic

analysis for studying the change of proteins between the control and RPTS treated

cells was carried out using MALDI-TOF MS by Cheng et al. [68]. The digests

obtained were spotted onto the anchorchips with 1 mL of analyte in duplicate and
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0.05 mL of 2 mg/mL CHCA in 0.1% TFA/33% ACN which contained 2 mM ammo-

nium phosphate. The experiments were performed on a TOF Biflex IV mass spec-

trometer (Bruker Daltonics) in positive ion reflectron mode. The data were searched

against NCBInr database byMASCOT search engine.More than 50 proteins showed a

significant change between control (0.01% DMSO) and RPTS (IC50 approximately

10 mg/mL) treated cells after 48 h. Twelve proteins were identified by MALDI-TOF

MS using peptide fingerprinting from 15 protein spots (density difference greater than

twofold between the control and RPTS-treated groups).

Sanqi, also called tianqi, the root of Panax notoginseng, is an important medici-

nal substance in TCM with blood-stanching and blood-quickening actions.

Notoginsengnosides (NG) isolated from Sanqi could inhibit ADP-induced platelet

aggregation of rat washed platelets. To identify the possible target proteins of NG in

platelets, 2-DE-based comparative proteomics was performed and proteins altered

in expressional level after NG treatment were identified with MALDI-TOF MS/MS

by Yao and coworkers [69]. The proteins were digested with trypsin and the

peptides were analyzed using an ABI 4700 Proteomics Analyzer with delayed ion

extraction. The MS data obtained were investigated using the MASCOT search

engine against the NCBI protein sequence database with a score of more than 50.

To clarify the mechanism regarding the concomitant use of berberine (BBR) and

fluconazole (FLC) could provide a synergistic action against FLC-resistant Can-
dida albicans (C. albicans) clinical strains in vitro, a comparative proteomic study

was performed in untreated control cells and cells treated with FLC and/or BBR in

two clinical strains of C. albicans resistant to FLC by Xu et al. [70]. The peptides

obtained were spotted onto a MALDI target and overlaid with 0.8 mL of matrix

solution (CHCA in 0.1% TFA and 50% ACN). The samples were analyzed on an

Applied Biosystems TOF-TOF Proteomics Analyzer in positive reflection mode.

The MS and MS/MS spectra were searched using the MASCOT engine to identify

the proteins. A total of 16 differentially expressed proteins, most of which were

related to energy metabolisms (e.g., Gap1, Adh1, and Aco1) were identified by

2-DE and MALDI-TOF MS in this research work.

2.5 Direct Analysis of Plant Tissue

In recent years, direct tissue analysis has gained more and more attention

because it does not require complicated and tedious extraction and purification

procedures prior to MS analysis. Although new techniques have been introduced

recently, including desorption electrospray ionization MS (DESI MS) [71] and

surface-enhanced laser desorption ionization TOF MS (SELDI TOF MS) [72],

most reports on direct analysis were focused on MALDI-TOF MS [14, 17, 22,

73–76]. Up to now there are two types of experimental methods usingMALDI-TOF

MS for direct tissue analysis, namely profiling and imaging. According to the type

of experiment being performed, there are also two different methods of matrix

deposition techniques used: spotting and coating. The profiling experiments focus

on comparison of different regions in tissue by analyzing several spots (typically
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ten spots) per tissue section from large numbers of samples. Thus, for profiling

experiments, the matrix is deposited directly onto specific regions of interest in the

tissue section. For imaging experiments, to obtain high-resolution two-dimensional

images, the experiments are usually run on one or two prototypical samples.

Therefore, the matrix must be homogeneously distributed over the entire tissue

section and the individual mass spectra are automatically acquired in a raster

pattern across the entire tissue section. A general scheme for profiling and imaging

sample preparation is shown in Fig. 4 [77].

Fig. 4 Procedures involved in profiling and imaging MS of mammalian tissue samples. Copyright

with permission from American Chemical Society [77]
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The application of MALDI-TOF MS to direct profiling and imaging has made

great progress in tissue analysis. Most of the reports about direct profiling and

imaging tissue were focused on animal tissue for proteins and peptides analysis.

Only a few research papers for direct profiling and imaging plant tissues of TCMs

were reported, probably because most of the compounds in TCMs have a molecular

weight below 1,000 Da. In this mass range it is difficult to identify analytes by using

traditional MALDI-TOF MS because the signals may be interfered with by matrix

background ions. Direct analysis of plant tissue by MALDI-TOF MS has become

more and more applicable with the development of many new matrices for analysis

of small molecular compounds. A method for the direct determination of alkaloid

profiling in plant tissue by MALDI-TOF MS was developed in our laboratory [45].

Four commonly used Chinese medicinal herbs including Aconitum Carmichaeli

Debx. (Fuzi in Chinese), Processed Fuzi, Coptis chinensis Franch. (Huanglian in

Chinese), and Corydalis yanhusuo W.T.Wang (Yanhusuo in Chinese) were studied

for herb differentiation and explanation of the significant differences in their

toxicities. Briefly, plant tissues were cut into slices with a thickness of 10–20 mm
and then these slices were adhered to MALDI target plate. The matrix was depos-

ited onto the tissue surface directly before the sample plant was placed in a vacuum

desiccator to improve crystal homogeneity prior to the MALDI-TOF MS analysis.

Among all commonly used matrices, CHCA and DHB were found to be effective

for analyzing the low-molecular-weight compounds in complex samples [78, 79].

In optimized conditions, alkaloid profiles in Fuzi tissue were investigated by

MALDI-TOF MS with CHCA as matrix and the profiling spectrum is illustrated

in Fig. 5a. To study the differentiation of Fuzi and Processed Fuzi as well as their

toxicity, the direct analysis of Processed Fuzi under the same experimental

conditions was performed and the spectrum is shown in Fig. 5b. The usability of

direct analysis on plant tissue for detecting the alkaloid profiles indicated that

MALDI-TOF MS could be applicable for the discovery of new compounds. In

addition, a rapid and straightforward method for direct alkaloid profiling in crude

and processed Strychnos nux-vomica seeds by MALDI-TOF MS was also used in

our laboratory [46]. Alkaloid profiles in tissues from different parts (endosperm and

epidermis) of crude Semen Strychni and the tissues from different heating processes

(sand and oil) were analyzed and differentiated by direct MALDI-TOF MS (data

not shown here). The spectrum of alkaloid profiles obtained fromMALDI-TOFMS

could provide much valuable information for the differentiation of crude and

processed Strychnos nux-vomica seeds and for explanation of the significantly

different toxicity.

A method for direct spatial profiling of phytochemicals and secondary

metabolites in integrated herbal tissue by MALDI-TOF MS was developed by

Ng and coworkers [80]. Experiment demonstrated that among all the different

matrices used, including CHCA, SA, and DHB, CHCA could form relatively

uniform layers of crystals on the stem tissue and assist the desorption/ionization

of the alkaloids effectively upon N2 laser ablation. For example, the abundance

of alkaloid ions desorbed with CHCA matrix is ten times that of SA and DHB

matrices. The established method was applied to determine the spatial distributions

Advances of MALDI-TOF MS in the Analysis of Traditional Chinese Medicines 157



of the metabolites and measure semiquantitatively their relative abundances in

different tissue regions. A mass spectrum for direct desorption/ionization of

secondary metabolites (alkaloids) from the cortex region of CHCA-coated stem

tissue of Sinomenium acutum by MALDI-TOF MS is illustrated in Fig. 6.

Compared with other techniques for analysis of Chinese herbs, this method showed

some distinguished merits including simple, fast, clear, low sample consumption

without any extraction process.

Fig. 5 MALDI-TOF MS spectra of alkaloids from the direct analysis of Fuzi root tissue

(a) and Processed Fuzi (b) deposited with CHCA in 50:50 acetonitrile/0.1% TFA as matrix,

about 20 mL/cm2 under 22% laser energy. Copyright with permission from John Wiley and Sons

Ltd [45]

158 M. Lu and Z. Cai



2.6 Other Applications of MALDI-TOF MS in TCMs

Chinese gall (Wubeizi), a conventional TCM that contains high levels of

gallotannins, has been mainly used as astringent, haemostatic, antiphlogistic, and

antiseptic agents. Zhu and co-workers [81] demonstrated that MALDI-QIT-TOF MS
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Fig. 6 Direct desorption/ionization of secondary metabolites (alkaloids) from the cortex region of

CHCA-coated stem tissue of Sinomenium acutum. Samples were collected from Shaanxi (a) and

Anhui (b) provinces, China. The solvent composition of CHCA solution (10 mg/mL) used for the

matrix deposition was 80 vol.% acetone and 20 vol.% H2O. (Asterisks denote ion peaks from

CHCA matrix). Copyright with permission from The American Chemical Society [80]
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was a powerful and efficient technique for rapid direct analysis of the gallotannins in

the crude extract of Chinese gall without any troublesome sample pretreatments.

Several matrices such as DHB, 2’,4’,6’-trihydroxyacetophenone (THAP), and CHCA

were initially examined for the measurement of the crude extract from Chinese galls

by MALDI-QIT-TOF MS. Experimental results demonstrated that the use of THAP

provided excellent peak intensity. A series of gallotannins with 4–11 galloyl units

were identified in Chinese galls by MALDI-QIT-TOF MS. Figure 7 shows a typical

MALDI-QIT-TOF positive ion spectrum of the gallotannins in the crude extract of

Chinese galls by using THAP as matrix.

Glycyrrhizin (GC) is the main sweet tasting compound from liquorice root,

which has protein kinase inhibitory, antiulcer, and antiviral activities. It is known

that the hapten number in an antigen conjugate is important for immunization

against small molecular compounds. Shan and coworkers [82] reported an analysis

of hapten-carrier protein conjugates by MALDI-TOF MS that can directly describe

the suitability of hapten number for immunization. By using BAS with molecular

weight 66,433 Da as conjugate, a broad peak coinciding with the conjugate of GC

and BSA appeared at m/z 70021 in the MALDI-TOF MS spectrum. Therefore the

calculated value of the GC component (MW 823) is 3,588, indicating that at least

four molecules of GC conjugated with the BAS.

Lin wa pi, the dried skin of the Heilongjiang brown frog, Rana amurensis, is
commonly used as an ingredient of many medicines, as a general tonic, and as a

topical antimicrobial/wound dressing. By using RP-HPLC and MALDI-TOF MS,

Zhou and colleagues [83] identified components of the peptidome and

transcriptome of the cutaneous granular gland, the source of skin-derived bioactive

peptides in Lin wa pi. The molecular masses of polypeptides in fractionation of skin

extract were detected by using MALDI-TOF MS in positive detection mode with

CHCA as the matrix (data not shown).
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3 Conclusions and Perspectives

MALDI-TOF MS, as a useful and powerful tool, has been successfully applied to

solve a wide range of problems from TCMs analysis, such as rapid identification of

new bioactive compounds, proteomics analysis to elucidate activity mechanism of

TCMs, and direct tissue analysis with easy sample preparation. Compared with

other techniques for analysis of TCMs, MALDI-TOF MS possesses some promi-

nent advantages, including fast analysis, high sensitivity, low sample consumption,

relative high tolerance towards salts and buffers, possibility to store sample on the

target plate, and the ability of direct tissue analysis. Despite the higher salt and

buffer tolerance of MALDI-TOF MS compared to ESI, the technique has

limitations for qualitative and quantitative analysis of low molecular weight

compounds (<1,000 Da). Poor reproducibility (sample to sample and shot to

shot) is the main problem that hampers the application of the MALDI technique

to the analysis of small molecular weight compounds. The presence of “hot spots”

that comes from the co-crystallization process is the main cause of the poor

reproducibility of MALDI-TOF MS. Various approaches have been developed to

improve reproducibility, which can be divided into two main groups, namely the

enhancement of homogeneous matrix crystallization and the averaging out of

variations in instrument response [84]. Another challenge for analysis of low

molecular weight compounds by MALDI-TOF MS is the interferences from matrix

in low-mass range. To suppress or eliminate the interferences from matrix, various

matrix-free methods and new matrices that are suitable for analysis of small

molecular compounds were introduced, including desorption on porous silicon

[51], sol-gel derived film [85], carbon nanostructure [54], and so on.

Direct analysis of plant tissue is another promising direction for analyzing TCMs

by MALDI-TOF MS. The compositions of TCMs are very complicated and they

usually contain hundreds of chemical constituents including flavonoids, alkaloids,

phenols, and so on. The inherent advantages of MALDI-TOF MS, such as high

throughput, easy sample preparation, and rapid analysis ability, make this technique

most suitable for the direct analysis of complex samples. Although little work on

the direct analysis of TCM tissue has been reported so far, it is believed that direct

profiling or imaging of plant tissue by MALDI-TOF MS will be more and more

applicable in future TCMs analysis.
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Chemical and Biochemical Applications

of MALDI TOF-MS Based on Analyzing

the Small Organic Compounds

Haoyang Wang, Zhixiong Zhao, and Yinlong Guo

Abstract This review focuses on the recent applications of matrix-assisted laser

desorption ionization time of flight mass spectrometry (MALDI TOF-MS)

technologies for analysis of small molecular compounds (SMCs) on qualitative

and quantitative levels to provide valuable information for the relative chemical

and biochemical researches. We summarized the approaches to minimize the inter-

ference in low m/z range and ion suppression effects by adding chemical reagents,

sample cleaning and preparation, matrix selection and performing chromatographic

separation before MALDI TOF-MS analysis. Meanwhile, we discussed the

strategies to enhance the MALDI TOF-MS detection sensitivity and selectivity by

derivatization to attach the “charge tags” to SMCs. In addition, the mass spectro-

metric imaging (MSI) methods for locating the target SMCs in bio-tissues

by MALDI TOF-MS were reviewed. Furthermore, the applications of MALDI

TOF-MS for monitoring enzyme reactions and the screening of their inhibitors

were also presented. Finally, the chemical applications of MALDI TOF-MS on

characterization of small molecular transition-metal complexes and monitoring

the organic reactions, especially the polymerization reactions, were discussed.
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1 Introduction

Nowadays, matrix-assisted laser desorption/ionization [1, 2] time-of-flight mass

spectrometry (MALDI TOF-MS) has become a versatile and important soft ioniza-

tion technique in mass spectrometry for the determination of molecular masses of

various fragile and nonvolatile samples, including biopolymers [3] such as proteins

[4, 5], peptides [6], and saccharides [7, 8], and large organic molecules such as

polymers [9], dendrimers [10], and other macromolecules [11], as well as small

molecular compounds (SMCs) [12]. The ability to obtain accurate and high resolu-

tion mass information rapidly with relative ease of sample preparation suggests the

potential of MALDI TOF-MS to become a powerful tool in the analysis of nearly all

types of organic molecules [13]. MALDI has some similar characteristics with

electrospray ionization (ESI) [14] both in relative softness and the ions produced.

However, multiply charged ions always appear in ESI-MS analysis. In traditional

MALDI analysis the sample is dispersed in solid matrices. The matrices are

normally organic aromatic compounds, which are able to efficiently absorb the

laser radiation, transfer laser energy to analytes and achieve rapid desorption/

ionization of analytes into positively or negatively charged ions by using a pulse

of radiation from an ultraviolet/infrared laser. Therefore, mass analyzer of TOF-MS

is well suited to MALDI experiments because TOF-MS is also working in pulse

mode rather than in continuous operation. An MALDI TOF-MS spectrum could be

generated with an individual laser shot or accumulation of several laser shots [15].

Until now, MALDI has also been coupled with TOF/TOF-MS (tandem TOF/TOF

mass spectrometer) [16], Q-TOF-MS (quadrupole-time of flight mass spectrometer)

[17], or Q-IT-TOF-MS (quadrupole ion trap time-of-flight mass spectrometer) [18].

The introduction of the post source dissociation (PSD) and collision induced disso-

ciation (CID) function for the ions generated by MALDI ion source helps the ion

structural assignment and expands the analytic power of theMALDI technique [19].

Today, commercial reflection TOF-MS instruments and Q-TOF-MS instruments

could reach the resolving power m/Dm of about 10,000–20,000 FWHM (full-width

half-maximum, Dm defined as the peak width at 50% of peak height) [20, 21], or

obtain even higher resolution values depending on the operation mode.

Coupling MALDI with TOF-MS instrumentation allows a “virtually unlimited”

mass range to be monitored; therefore MALDI TOF-MS applications have been

focused on the analysis of large biomolecules. However, in recent years reports of

the characterization of SMCs by MALDI TOF-MS have been emerging in large

numbers. Recently some nice reviews have summarized the important and interesting

applications of MALDI TOF-MS using novel strategies to improve the performance

of the MALDI-MS technique in the analysis of SMCs. Cohen reviewed the

applications ofMALDI-MS to provide both qualitative and quantitative determination

of low molecular weight compounds [12, 13]. Just recently Luider reviewed the

biomedical application of MALDI-MS for the analysis of small molecules and

discussed its favorable properties [22]. Higashi reviewed the derivatization of

neutral steroids to enhance their detection characteristics in mass spectrometry [23].
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Wang and Guo summarized the recent applications of MALDI Fourier transform ion

cyclotron resonance mass spectrometry (FTICR-MS) for qualitative and quantitative

analysis of low molecular weight compounds [24]. Schiller reviewed the applications

of MALDI TOF-MS in lipidomics [25] and recent developments of useful MALDI

matrices for the MS characterization of apolar compounds [26]. McIndoe discussed

the utility of MALDI TOF-MS in the characterization of metal clusters [27].

Montaudo reviewed the studies of synthetic polymers by MALDI TOF-MS [28] and

Schubert reviewed the structural assignment of synthetic polymers by tandem mass

spectrometry [29]. Fogg reviewed the utility of inert-atmosphere MALDI TOF-MS

for study of transition metal complexes/catalysts [30].

These published reviews are an excellent background to this account and the

overlapping field will not be discussed again. This review summarizes the most

recent chemical and biochemical applications of MALDI TOF-MS based on

analyzing the SMCs. Besides the technologies for straightforward analysis of

SMCs by MALDI TOF-MS, the corresponding suitable sample preparation [31],

tandem mass spectrometric methods [32], detection-oriented derivatizations

[33, 34], and the related chemical treatments [35, 36] for this purpose are discussed.

These strategies often help to pre-concentrate target analytes before MALDI

TOF-MS analysis to reduce the matrix effects and ion suppression effects, and

also to translate the compounds into MS acceptable and easily MS detectable

species to enhance MS detection selectivity and sensitivity [23]. Further use of

MALDI TOF-MS to monitor enzyme-catalyzed reactions and screen their

inhibitors are also discussed. Meanwhile, the characterization of small organome-

tallic complexes and monitoring organic reaction by MALDI TOF-MS are

presented systemically. Thus, the present review highlights the unique advantages

of MALDI TOF-MS, as a powerful tool, to perform chemical and biochemical

research by analyzing SMCs.

2 Basic Aspects for Analysis of SMCs by MALDI TOF-MS

MALDI TOF-MS experiments can be performed in vacuum or atmospheric

pressure [37]. Atmospheric pressure (AP)-MALDI has a larger tolerance for laser

frequency variations and shows reduced fragmentation due to the collision cooling

of the expanding plume. Therefore, clustering ions between matrix and analyte

sometime could be clearly observed. Dissociation of these clusters can be achieved

by applying higher laser frequency or adapting the parameters of the atmospheric

pressure interface [38]. The ionization of the MALDI process is triggered by a laser

beam, typically using ultraviolet (UV) lasers such as nitrogen lasers (337 nm) or

frequency-tripled and frequency-quadrupled Nd:YAG lasers (355 and 266 nm,

respectively) [39]. Infrared (IR) lasers are also used due to their softer mode

of ionization and greater material removal (useful for biological samples), less

low-mass interference, and compatibility with other laser desorption/ionization

methods [40].
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The matrices generally used have some common characteristics, such as

separating the molecules into the matrix solid solution, protecting the molecules

from being destroyed by direct laser beams, and facilitating vaporization and

ionization [41]. The introduction of organic matrix reduces the ion fragmentation

in the ionization process, which is the basic characteristic of MALDI. The top

three commonly used are 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid),

a-cyano-4-hydroxycinnamic acid (CHCA), and 2,5-dihydroxybenzoic acid (DHB)

[42]. Normally MALDI is able to create singly-charged ions. “Cationized

molecules” are the dominant ionic species in positive ion mode, such as [M+H]+

and [M+Na]+, while the deprotonated molecule [M�H]� is the main ionic species

in negative ion mode. When the matrices, such as para-nitroaniline (PNA) or

9-aminoacridine (9-AA), are used, multiply charged ions [M+nH]n+ might also be

observed [43]. Ion signals of radical cations can also be observed in the analysis of

organometallic compounds and aromatic compounds due to the charge-transfer

process in MALDI-MS ionization [44]. However, the high levels of noise from

the background ions of organic matrices in the low m/z range restricted SMCs

analysis by MALDI TOF-MS [12, 45].

Laser desorption/ionization (LDI) is a mass spectrometric approach normally

performed with TOF-MS but without applying any traditional organic matrices.

In these methods, sample was loaded onto the photoactive but non-desorbable

supports or surfaces. The most attractive advantages of LDI-MS are little or no

signals from the photoactive and modified surfaces observed in the mass spectrum,

as well as the simplified sample preparation without mixing or co-crystallizing of

the analyte with organic matrices [12, 24]. Several LDI-MS techniques have

emerged as important alternative strategies to classic MALDI-MS methods,

such as desorption/ionization on porous silicon mass spectrometry (DIOS) [46],

desorption/ionization on metal films [47, 48], desorption/ionization on oxide plates

[49], nano-assisted laser desorption–ionization (NALDI) [50], and surface-assisted

laser desorption/ionization (SALDI) [51]. Nowadays, LDI methods are still widely

applied in crude oil analysis [52], atmospheric aerosol analysis [53], surface

analysis [54], tissue imaging [55], and inorganic compounds analysis [56].

The ion suppression effect could decrease the sensitivity of target SMCs and

reduce the accuracy and reproducibility of MALDI TOF-MS analysis, which limits

its application to quantification analysis. The ion suppression effect might come

from salts and buffers, ion-pairing agents, ionic detergents, endogenous compounds,

drugs, metabolites, and proteins in biomedical research [57]. When MALDI

TOF-MS is used for the quantification analysis of SMCs, many strategies could be

applied to minimize these problems, such as desalting and sample clean-up, increas-

ing homogeneous sample during matrix crystallization or adding some additive

reagents, applying chromatographic separation, modification or derivatization of

target compounds, using ionic liquid matrices (ILMs), choosing high molecular

matrix or LDI approaches to reduce the chemical interferences caused by organic

matrices. Moreover, applying internal standards and averaging results within spot

and spot-to-spot were also effective methods to enhance the precision of MALDI

TOF-MS analysis [12, 22]. In some cases, the difficulties to analyze SMCs by
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MALDI TOF-MS might cause mass discrimination and low mass cut off effects of

ion transfer optics, such as quadrupole, hexapole, or octopole mass filters, in mass

spectrometers. Under these conditions the parameters of ion transfer optic have to be

optimized to guarantee ion accumulation and the successful passing of ions in the

low mass range through ion transfer optics to the mass detector [13, 24].

The combination of various column and planar separation techniques prior to

MALDI or DIOS TOF-MS analysis could significantly reduce signal suppression

of low-abundance interference species from complicated mixtures and enhance

detection sensitivity [58]. The separation-coupling MALDI methods can be classi-

fied as off-line and on-line modes, respectively. MALDI and relative MS methods

share the advantages of speed, efficiency, and high tolerance to nonvolatile buffers

and impurities [59, 60]; the samples are first separated by chromatographic

methods, such as HPLC [61], GPC [62], CE [63], TLC [64], and gel separations

[65], and are then transferred and applied to solid supports in off-line mode. At the

same time, the on-line MALDI analysis of flowing liquid samples was developed

rapidly due to its high speed, high throughput and lower sample consumption.

In on-line mode, liquid fractions containing analytes from chromatographic

separations and solution of matrices are transported into the TOF-MS by means

of capillaries and deposited on a rotating wheel or ball [66, 67], where the solvent

evaporates to form a thin sample trace containing matrices and analytes on the

position in vacuum condition for further laser desorption/ionization MS analysis

when the wheel or ball rotates.

3 MALDI TOF-MS Analysis of SMCs

3.1 Direct Analysis of SMCs by MALDI TOF-MS

For a typical MALDI TOF-MS, the low-mass range (m/z < 1,000) is dominated by

small molecular matrix ions. Consequently, the most significant problem for

MALDI-MS to analyze SMCs directly is the interference from matrix signals in

low mass range areas. However, in some cases MALDI TOF-MS could be used for

the analysis of SMCs directly. Zou established a MALDI TOF-MS method for

suppressing the matrix related ions background and improving the analysis of

SMCs substantially by adding the surfactant of cetrimonium bromide (CTAB) to

the conventional CHCA matrix [68]. MALDI TOF-MS has proven to be a reliable

and rapid tool to detect and identify microcystin variants in very small amounts of

samples such as single microcystis colonies. Mass signals of microcystin variants

can be characterized and identified by post source dissociation (PSD) fragmentation

[69]. Moreover, quantification of the glucose produced by enzyme hydrolysis of

starch was achieved by MALDI TOF-MS protocol, by using sorbitol as an internal

standard [70].
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Just recently, Liu et al. applied a novel matrix of isoliquiritigenin (ISL), a

flavonoid with a chalcone structure (4,20,40-trihydroxychalcone), to the analysis of

neutral oligosaccharides by MALDI TOF-MS [71]. Compared with widely used

matrices, 2,5-dihydroxybenzoic acid (DHB) and 2,4,6-trihydroxyacetophenone

(THAP), ISL showed several advantages, such as higher homogeneity of crystalli-

zation, higher sensitivity, better spectral quality, better salt tolerance, and enough

fragmentation yield to get richer structural information. Moreover, quantitative

analysis of oligosaccharides was achieved by using ISL matrix.

A fast-drying sample preparation method, using CHCA as a matrix in an

acetonitrile/tetrahydrofuran solvent system, has been used to analyze commercial

canola, castor, and olive oils by MALDI TOF-MS and the resulting MS spectra

showed sodium adduct ions of oil molecules [72]. Furthermore, the relative

percentages of the fatty acids in olive oil were detected and such a MALDI

TOF-MS method is simpler and less time-consuming than the established trans-

esterification method by GC/MS [73]. MALDI-MS/MS could be used for the

studies of oils and lipids [74] due to the abundance of matrix-derived chemical

noise in the mass range of interest. MALDI has also been extensively used in the

analysis of phospholipids [75]. Al-Saad have published an interesting study on the

“prompt” or “in-source” fragmentation and the PSD of MALDI ionized

phospholipids [76]. With the development of MALDI TOF/TOF and MALDI

Q-TOF instruments [16], further applications in studies of lipophilic molecules

are expected [77]. Griffiths reviewed the application of tandem mass spectrometry

in the study of fatty acids, bile acids, steroid conjugates, and neutral steroids [78].

3.2 MALDI TOF-MS Analysis of SMCs with Specific Matrices

Various matrix substances, such as porphyrins, inorganic materials, fullerenes,

porous silicon, carbon nanotubes, ionic (liquid) matrix [79], and nanoparticles

have also been used to eliminate or reduce matrix ion interference during

MALDI TOF-MS analysis [80]. The most important and attractive advance in

this research area is the introducing of specific materials as MALDI matrices,

which could absorb and transfer laser energy to analytes to facilitate ionization in

MALDI TOF-MS analysis.

Luider applied a high molecular weight matrix, mesotetrakis(pentafluorophenyl)

porphyrin, to eliminate chemical noise in the low-mass range and quantify small

molecular drugs, lopinavir and ritonavir (HIV protease inhibitors), by MALDI

TOF-MS. A “brushing” spotting technique in combination with pre-structured

target plates allowed fast preparation of homogeneous matrix crystals and the

addition of Li+ gave rise to intense cationized drug species. These approaches

were applied to quantify opinavir in extracts of small numbers of peripheral

blood mononuclear cells [81]. Ayorinde used meso-tetrakis(pentafluorophenyl)

porphyrin (F20TPP) as a matrix in analysis of some commercial nonylphenol

ethoxylates with sodium ion dopant by MALDI TOF-MS [82]. A comparison of
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the mass spectrometric data with those obtained with CHCA showed less matrix

interference in the low-mass range. Recently, Xiong analyzed small molecules with

metal-phthalocyanines as matrices, which were even capable of forming matrix-

analyte adducts in either the positive or negative ion mode [83].

ILMswere also tested asMALDImatrices for quantification of analysis of SMCs.

Good calibrations with high linearity and reproducibility were achieved over a broad

concentration range for all the tested ILMs in spite of their different physical states.

The experimental results indicated that various ILMs had different sensitivities

owing to changes in their cation components and the hydrophobicity of target

compounds [84]. Fast screening of SMCs was performed by thin-layer chromatog-

raphy (TLC) followed by direct on-spot MALDI TOF-MS identification using a

UV-absorbing ILMwithminimal background ions from the proton donor triethylamine/

CHCA ILM. Three arborescidine alkaloids – anesthetics levobupivacaine and

mepivacaine and the antibiotic tetracycline – were characterized by MALDI

TOF-MS [85]. Moreover, aflatoxins B1, B2, G1, and G2 have been analyzed by

MALDI TOF-MS using a UV absorbing ILM (Et3N-a-CHCA) and addition of NaCl
enhanced the detection sensitivity of aflatoxins to an LOD of 50 fmol [86].

An ionic crystal MALDI matrix, which combined the lipid response enhancing

UV-absorber p-nitroaniline with the protic agent butyric acid, was synthesized and

applied in MALDI TOF-MS analysis of the zwitterionic phosphatidylcholine (PC)

headgroup-containing lipids [87]. Polyanionic oligosaccharides, such as dermatan

sulfate (DS) and chondroitin sulfate (CS), exhibit poor ionization efficiencies

and tend to undergo thermal fragmentation by loss of SO3 under conventional

UV-MALDI conditions. A new ILM, a guanidinium salt of CHCA, facilitates direct

UV-MALDI TOF-MS analysis of underivatized DS and CS oligosaccharides up to

a decasaccharide in their common form as sodium salts. The resulting mass spectra

show a very low extent of fragmentation by loss of SO3 [88].

Buriak first developed the surface-supporting laser desorption method and

reported the use of the pulsed LDI from a porous silicon surface for analysis of

small biomolecules by MALDI TOF-MS [46]. Such a method uses porous silicon to

trap analytes deposited on the surface, and laser irradiation to vaporize and ionize

them, with detection limits at femtomole or attomole levels, inducing little or no

fragmentation as well as exhibiting compatibility with silicon-based microfluidics

and microchip technologies. Later such a method was called desorption/ionization

on porous silicon mass spectrometry (DIOS-MS) [89], which could be applied to

the quantitative analysis of SMCs, organic reaction monitoring, PSD, and for

combining with various chromatographic technologies. Quinoline functionalized

mesoporous silica was applied as a matrix for the MALDI-MS analysis of small

molecules [90], showing several advantages in analysis of small dye molecules,

such as less background interference, high homogeneity, and better reproducibility.

Carbon nanotubes (CNTs) have large surface areas to disperse the analyte

molecules by preventing sample aggregation. The strong ultraviolet laser absorption

characteristics of CNTs allow easy laser energy transfer to the analytes, facilitating

the ionization of analytes. Zou used CNTs as an alternative to conventional organic

matrices for SMCs with MALDI TOF-MS [91]. Guo reported a simple method,
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which immobilized carbon nanotube with a type of polyurethane adhesive

(NIPPOLAN-DC 205), for analysis of SMCs [92]. The strong bonding of CNTs

on the target facilitated experiments such as PSD by providing longer-lasting signals

and even had potential application in urine glucose analysis due to low interference

signals in the low m/z range when using CNTs as the matrix. Moreover, oxidized

CNTs which can form a stable homogeneous suspension in water close to a solution

phase were synthesized and used for analysis of small biomolecules by MALDI

TOF-MS [93] and MALDI FTICR-MS [94, 95]. Impurities including amorphous

carbon, which is one of the main reasons for ion source contamination, were

destroyed by the oxidization. Furthermore, the 2,5-dihydroxybenzoyl hydrazine

functionalized CNTs [96] were synthesized and used as both pH adjustable

enriching reagent and matrix in MALDI TOF-MS analysis of trace peptides. The

high efficiency of adsorption and enrichment towards trace peptides can be achieved

by adjusting pH value of the functionalized CNT dispersion.

Wang used graphene as a matrix for the analysis of SMCs, including: amino

acids, polyamines, anticancer drugs, nucleosides, and nonpolar steroids by using

MALDI TOF-MS [97]. The use of graphene as a matrix avoided the fragmentation

of analytes and provided good reproducibility and high salt tolerance. Compared

with conventional organic matrices, graphene was not only an effective matrix for

nonpolar compounds, but also an adsorbent for solid-phase extraction to improve

the detection limit. Just recently, Cai reported a new interesting approach for

the analysis of SMCs, such as peptides, amino acids, fatty acids, nucleosides, and

nucleotides, with direct negative ion LDI-TOF-MS on graphene flakes [98].

Deprotonated monomeric species [M�H]� ions were achieved on uniform

graphene flake films with better sensitivity and reproducibility in negative ion

mode. However in positive ion mode the analytes could be detected as various

adduct ions, such as [M+H]+, [M+Na]+, [M+K]+, [M+2Na�H]+, [M+2K�H]+, and

even [M+Na+K�H]+. Thus the matrix interference free negative ion LDI on

graphene flakes may be expanded for LDI-MS analysis of various SMCs.

3.3 MALDI TOF-MS Analysis of SMCs with Derivatization

The main objects of analytical derivatization in MALDI TOF-MS analysis for

SMCs were: (1) making the derivatizated SMCs to higher m/z range to reduce the

interference of matrix signals in the low m/z range, which could increase detection

sensitivity; (2) selectively attaching “charge tags” or “easily ionized tags” to the

neutral small molecules, which would significantly increase detection sensitivity

and selectivity; (3) introducing “isotopic tag” compounds as internal standards to

quantify target compounds. Therefore, when MALDI TOF-MS was combined with

suitable derivatization, the whole method would be more powerful to solve the

problems concerning analysis of SMCs.

Heinzle investigated the application of straightforward one-pot derivatization

procedures to analyze alcohols, aldehydes and ketones, carboxylic acids,
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ketocarboxylic acids, and amines by MALDI TOF-MS [99]. A pair of isotopically

coded light and heavy reagents, tris(2,4,6-trimethoxyphenyl)phosphonium acetic

acid N-hydroxysuccinimide esters, were synthesized and used to derivatize small

molecular compounds with primary or secondary amine groups for MALDI

TOF-MS analysis [100, 101]. Such derivatization greatly facilitated MALDI

analysis of SMCs and significantly improved the sensitivity of analysis, allowing

a limit of detection in the low femtomole range and the direct quantification of

SMCs without sample clean-up. Recently Denekamp reported a rapid derivatization

reaction of para-methoxy substituents of tris(2,4,6-trimethoxyphenyl)methyl

carbenium ion with primary and secondary alkyl amines for MALDI TOF-MS

analysis of amines, amino acids, and small C-protected peptides [102]. Meanwhile,

a universal ionization label derivatization reagent containing an anthracene

moiety was developed by Schmitz for the atmospheric pressure laser ionization

APLI-(TOF)-MS analysis of SMCs and small molecular polymers [103].

Guo developed a pyrimidine-based stable-isotope labeling reagent, [d0]/[d6]
4,6-dimethoxy-2-(methylsulfonyl) pyrimidine (DMMSP) [104] for comparative

quantification of protein [105] and small peptides [106]. This was further used as

a derivatization agent in studies of different expression levels of keratins in tongue

coating samples of Hepatitis B patients by MALDI TOF-MS [107]. In addition,

Guo and Wang developed a simple derivatization reaction based on direct

N-alkylpyridinium isotope quaternization (NAPIQ) for mild derivatization of

cholesterol and fatty alcohols [108]. Different from the conventional quaternary

reagents with cations on themselves, the “N-cationic tag” was introduced onto the

target compounds by derivatization reaction with neutral pyridine in the presence of

trifluoromethanesulfonic anhydride (Tf2O). The derivatization significantly

improved the detection limits of analytes by 103-fold in MALDI FTICR-MS

analysis. The NAPIQ method was used in analyses of cholesterol and fatty alcohols

in small amounts of human hair samples (<0.5 mg). Moreover, recently NAPIQ

was further proven to be an efficient method for analyzing steroids and

carbohydrates [109].

MALDI TOF-MS has several advantages over other mass spectrometric methods

in analysis of oligosaccharides. A number of publications have tried to incorporate

derivatization steps prior to MALDI TOF-MS experiments for increasing detection

sensitivity of oligosaccharides [110]. Here we selectively discussed some widely

used methods. In MALDI analysis of small oligosaccharides a very large increase in

sensitivity may be achieved due to introduction of a quaternary ammonium center

(“quaternization”). Such a quaternary ammonium center may be introduced into the

saccharide by reaction with commercially available glycidyltrimethylammonium

chloride (GTMA) [111] or by using Girard’s reagent T. GTMA reacts with alcohol

functionalities, whereas Girard’s reagent T is specific for aldehyde and keto groups.

Reducing saccharides can be derivatized by both GTMA and Girard’s reagent T.

Non-reducing saccharides as well as sugar alcohols can be derivatized using GTMA.

Although sucrose, raffinose, and sorbitol do not react with Girard’s reagent T, they

all produce intense signals after derivatization with GTMA.
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Small oligosaccharides could be derivatized into hydrazone with Girard’s

T reagent in order to introduce a cationic site for detection by MALDI TOF-MS

[112]. The derivative was prepared in high yield and did not require extensive

clean-up prior to MS examination, unlike the products of the more commonly used

reductive amination derivatization. The derivatives gave a tenfold increase in

detection sensitivity over those afforded by the underivatized oligosaccharides.

In addition, the use of these derivatives removed ambiguities caused by the pres-

ence of [M+Na]+ and [M+K]+ from the underivatized sugars. Furthermore, Girard’s

T derivatization overcame problems associated with the reducing-terminal and

N-acetylamino groups, which were introduced when the oligosaccharides were

prepared by cleavage from glycoproteins with hydrazine.

Okamoto demonstrated the usefulness of derivatization to enhance sensitivity

of MALDI TOF-MS analysis of oligosaccharides by tagging maltopentaose with

2-aminopyridine (PA), 4-aminobenzoic acid ethyl ester (ABEE), and trimethyl

(p-aminophenyl)ammonium chloride (TMAPA). Among the derivatives, the sensi-

tivity of the PA-tagged maltopentaose showed a 100-fold improvement over the

native one with DHB matrix, while the oligosaccharide derivatized with ABEE and

TMAPA gave 30- and 10-fold increases in sensitivity over the underivatized one.

Structural information of these derivatized oligosaccharides was obtained by post

source decay (PSD) [113]. Predictable and reproducible fragmentation patterns

could be obtained in all cases and matrix-dependence fragmentation with the

PA-labeled oligosaccharide was observed; with CHCA a simple spectrum ascrib-

able to Y series ions was obtained, while both B and Y series ions were clearly

observed in the DHB case. Oligosaccharides could also be derivatized by reductive

amination with benzylamine followed by N,N-dimethylation with methyl iodide

and analyzed by MALDI-MS and PSD [114] and the approximate detection limit

for the resulting carbohydrate derivatives was 50 fmol. When the derivatives were

analyzed by MALDI-PSD, the fragmentation pattern observed was dominated by

fragment ions retaining the modified reducing terminus, thus simplifying the

interpretation of the mass spectra.

3.4 MALDI TOF-MS for Metabolites and Lipidomics

In the last 10 years, many “omics” techniques have been developed for biomarker

discovery and early diagnosis of human cancers [115]. Considering the relation

between MALDI TOF-MS analysis for SMCs and “omics” techniques, here we

have only discussed the application of MALDI TOF-MS on metabolomics [116]

and lipidomics [117].

Metabolomics is defined as “the quantitative measurement of the dynamic

multiparametric metabolic response of living systems to pathophysiological stimuli

or genetic modification” [118]. In metabolomics research, MS analysis is normally

performed to identify and quantify metabolites after chromatographic separation

[119, 120]. The metabolites could be identified by mass spectral libraries or
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according to their fragmentation patterns. However, the MALDI matrices signifi-

cantly give background chemical noise at <1,000 m/z that complicates analysis

of the low-mass range for metabolites. Thus the use of MALDI TOF-MS as a stand-

alone method for metabolomics was limited. However,MALDI FTICR-MSwith the

higher resolution showed better performance in analysis and quantification of small

molecular metabolites and these applications have been reviewed by Brown [121].

Due to these limitations, some LDI approaches have been applied to the analysis

of biofluids and tissues. Among the technologies being developed to address

this challenge, nanostructure-initiator MS (NIMS) [122, 123] does not require

the application of traditional matrices and thereby facilitates small molecular

metabolites identification.

Lipidomics is a subdivision ofmetabolomics and could be defined as a large-scale

study of pathways and networks of cellular lipids in biological systems [124]. The

progress of modern lipidomics has been greatly accelerated by the development of

the general and soft ionizationMS techniques [116, 125]. Comprehensive detections

of an entire range of lipids within a complex mixture can be correlated to experi-

mental conditions or disease states byMALDI TOF-MS. Schiller recently stated that

MALDI has become increasingly popular for the analysis of nonpolar lipids [126].

Nowadays, MALDI TOF-MS has become a very promising approach for lipidomics

studies, particularly for the imaging of lipids from tissue slides [127, 128].

Recent developments in MALDI TOF-MS methods have enabled direct detec-

tion of lipids in situ and collision-activated dissociation (CAD) of the molecular

ions can be used to determine the lipid family and often structurally define the

molecular species. Such a technique enables MS detection of phospholipids,

sphingolipids, and glycerolipids in tissues such as heart, kidney, and brain. Further-

more, the distribution of many different lipid molecular species often define

anatomical regions within these tissues [129]. Integration of experimental data of

MALDI TOF-MS and relative databases of lipids, as well as with metabolic

networks, offers an opportunity to devise therapeutic strategies to prevent or reverse

these pathological states involving dysfunction of lipid-related processes [130].

4 Monitoring Enzyme Activities and Screening Inhibitors

by MALDI TOF-MS

Screening for inhibitors of pharmacologically-relevant enzymes is one of main

aims nowadays during drug discovery, and mass spectrometric methods have

increasingly been developed for such purposes by measuring enzyme activities

and kinetics [131]. Such methods could be divided into two categories: (1) direct

screening methods isolate and detect the enzyme-inhibitor complexes or the

inhibitors to prove activities on the drug target; (2) indirect screening methods

rely on detection of reporter molecules to measure enzyme-inhibitory activities of

analytes and the assay provides a functional response rather than relying on
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detection of inhibitor binding alone, which is performed by chromatographic and

MS methods [132]. Here, we would focus on discussing indirect methods for

studying enzyme activities and screening of enzyme inhibitors by MALDI

TOF-MS. This could be regarded as the extensive application of MALDI

TOF-MS to the analysis of SMCs, because here the analysis target is not the

enzymes or enzyme-inhibitor complexes but the small molecular substrates and

the products from the enzyme-catalyzed reactions.

The key point for this application is characterizing the signal ratios of substrate/

product by MS; thus MS-based screening methods could screen various kinds of

samples or compound libraries and provide mass information, structural informa-

tion, enzyme activity information, and enzyme-inhibitor affinity data, as well as

achieving high throughputs. Compared with the traditional fluorescence approach,

themass spectrometric label-free method offers direct identification of the substrates

and products in enzyme-catalyzed reactions. Furthermore, MALDI-MS does not

require complicated sample pretreatment procedures and even the enzyme reaction

solution could be directly analyzed by MALDI-MS without chromatographic

separation due to its high tolerance to many buffer salts and chemical reagents.

As an early report, MALDI TOF-MS is combined off-line with rapid chemical

quench-flow methods to investigate the pre-steady-state kinetics of a protein-

tyrosine phosphatase (PTPase) [133]. Furthermore, a digital micro-fluidic system

based on electrowetting has been developed to facilitate the investigation of

pre-steady state reaction kinetics using rapid quenching and MALDI TOF-MS for

the analysis of reaction kinetics that were previously too rapid to analyze by

MALDI TOF-MS [134]. The different effects of chiral isomer inhibitors on the

enzyme could also be studied by MALDI TOF-MS, which showed that butyrylcho-

linesterase (BChE) inhibited by (1R)-isomalathions readily reactivated, while

enzyme inactivated by (1S)-isomers did not. The results indicated that EBChE

inhibition by (1R)-isomalathions proceeded with loss of diethyl thiosuccinate, but

inactivation by (1S)-isomers occurred with loss of thiomethyl as the primary

leaving group, followed by rapid expulsion of diethyl thiosuccinate to yield an

aged enzyme [135].

The MALDI TOF-MS platform for quantitatively monitoring enzyme activities

of acetylcholinesterase and screening enzyme inhibitors has been demonstrated by

Zou and the method described employed a matrix of oxidized carbon nanotubes

[136]. The activity of acetylcholinesterase was quantitatively monitored and the

acetylcholinesterase inhibitors could be screened. Karas developed a MALDI

TOF-MS method for the determination of acetylcholine (ACh) and choline (Ch)

in mouse brain microdialysis samples [137]. An optimized dried droplet preparation

with the CHCA was used with good accuracy and precision. Despite the high salt

content of the perfusion fluid, a direct measurement was also successfully

performed and the experimental results showed that no other compounds, which

were naturally dialyzed from the brain in conjunction with ACh and Ch, caused

interferences with the analysis. Another important advantage of this method was

that no LC preparation of the sample was required.
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Due to the characteristics of high resolution and sensitivity to distinguish the

signals of small molecules with the signals of matrices and other interferences, a

MALDI FTICR-MS-based enzyme activity assay method was also developed for

enzyme kinetic measurements and inhibitor screening of acetylcholinesterase

(AChE) without specific matrix requirement [138]. Recently Guo improved the

MALDI FTICR-MS method to obtain low detection limits of organophosphorus

pesticides (OPs) through the use of external reagents, n-octylphosphonic acid,

which helped to enhance AChE inhibition by OPs. The detection limits were

improved significantly by 102-fold to 103-fold in comparison with conventional

enzyme-inhibited methods [139].

Siuzdak described a nanostructure-initiator mass spectrometry (NIMS) enzymatic

(Nimzyme) assay, in which enzyme substrates were immobilized on the TOF-MS

surface by using fluorous-phase interactions. This “soft” immobilization allowed

efficient desorption/ionization while also allowing the use of surface-washing steps

to reduce signal suppression from complex biological samples. The Nimzyme assay

was sensitive to subpicogram levels of enzyme, detecting both addition and cleavage

reactions (sialyltransferase and galactosidase), was applicable over a wide range of

pHs and temperatures, and could measure activity directly from crude cell lysates

[140]. Villanueva performed a comprehensive detection and functional analysis of

pre-existent peptides and small proteins with the capability of binding to trypsin-like

proteases related to blood coagulation by “intensity fading” MALDI TOF-MS.

Combining “intensity fading MS” and off-line LC prefractionation allowed the

detection of more than 75 molecules present in the leech extract, which interacted

specifically with a trypsin-like protease over a sample profile of nearly 2,000 different

peptides/proteins [141].

MALDI TOF-MS-based methods could also be used for rapid and versatile

characterization of protein kinases and their inhibitors. New kinase substrates

were designed by the modification of common synthetic peptides with mass tag

technology by N-derivatization through stable isotope labeling and C-terminal

conjugation with tryptophanylarginine. Results showed that C-terminal conjugation

with the tryptophanylarginine moiety enhanced the ionization potency of these new

substrates and this radioactive isotope-free quantitative kinase assay would greatly

accelerate the discovery of a new generation of potential kinase inhibitors that

exhibited high selectivity or unique inhibitory profiles [142]. The concept of

indirect screening methods for studying enzyme activity has been applied for

tackling the trace amount of b-lactamase in milk, which showed another promising

development orientation of this research filed. A selective, fast, and effective

enzyme assay based on MALDI FTICR-MS for quantifying b-lactamase, an illegal

additive in milk products, has been reported [143]. The amount of b-lactamase that

could be determined in milk samples is 6 � 10�3 U mL�1 by this approach. It is

assumed that this method might be useful for detection of illegal added enzyme in

foodstuff and other matrices.
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5 MALDI TOF-MS Imaging for SMCs

The concept of MALDI mass spectrometric imaging (MSI) was introduced in 1997

by Caprioli [144] for rapid and direct profiling of the endogenous and exogenous

compounds in tissues by MALDI TOF-MS to obtain their spatial distribution and

orientation. This operation mode was often referred to as the mass microprobe

mode of MALDI TOF-MS imaging with a spatial resolution of 50–200 mm, which

was limited by the laser spot size/resolution available for sample target movement.

The mass microscope approach is the other MALDI TOF-MSI method developed

by Heeran. In this approach, rather than the laser beam being highly focused, a mass

spectrometer that accepted a 150–300 mm diameter ion beam was used to map a

magnified image of the spatial distribution of a selected m/z value onto a two-

dimensional detector [145]. Using such instrumentation a spatial resolution of

4 mm has been achieved but this technique is not commercially available. Thus,

we would focus on discussing the mass microprobe mode of MALDI TOF-MS

imaging.

Mass spectrometric imaging is a powerful tool for localizing compounds of

biological interest with molecular specificity and relatively high resolution. The

determination of the localization of various target compounds in a whole animal is

valuable for many applications, including pharmaceutical absorption, distribution,

metabolism, and excretion (ADME) studies, and biomarker discovery [146]. As for

its applications in SMCs, the two-dimensional visualization of the distribution of a

drug and the relativemetabolites in whole body sections of animals could be achieved

[147]. Utilizing MALDI TOF-MSI for whole-body animal sections offered consider-

able advantages compared to traditional methods, such as sample preparation, matrix

application, signal normalization, and image generation, and provided a molecular

ex vivo view of organs or whole-body sections from an animal. This made possible

the label-free tracking of both endogenous and exogenous compounds with spatial

resolution and molecular specificity [148].

The Caprioli group studied drug distribution of anti-tumor drugs in mouse tumor

tissue and rat brains. In these experiments matrix was applied to intact tissue by

either spotting small volumes of the matrix in selected areas, or by coating the entire

surface by air-spraying. MALDI images were created by using the selected ion

reaction monitoring (SRM) technique to profile the drug under study specifically.

Such an approach minimized the potential for ions arising from either endogenous

compounds or the MALDI matrix and this image indicated that the drug was

present over most of the tumor but was concentrated in the outer periphery [149].

The Caprioli group has recently reported an interesting sample preparation method

involving the use of matrix pre-coated MALDI targets before analysis for tissue

imaging of small molecules [150]. Pre-coated targets were coated with tiny crystals

of approximately 1–2 mm; thus the tissue sections needed only to be transferred

onto the pre-coated target for fast and easy sample preparation without using

solvents, which might lead to analyte delocalization within a tissue section.
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Drug distribution and individual metabolite distribution within whole-body

tissue sections were detected for the first time simultaneously at various time points

following drug administration by Khatib-Shahidi [151]. MALDI TOF-MS/MS

imaging analysis of tissues from 8 mg/kg olanzapine dosed rats revealed temporal

distribution of the drug and metabolites. The emergence of its metabolites were also

detected in tissue and correlated to the loss of parent drug signals. Moreover, the

MALDI-MS/MS imaging data of the parent drug and its metabolites compared well

with published quantitative whole body autoradiography data. In order to detect

SMCs in complex biological tissue sections using MALDI, a tandem mass spec-

trometer was required in order to separate the analyte ions from the background

interference ions from the matrix [152]. For example, a hybrid Q-TOF-MS was

utilized to resolve some of the mass spectrometric interference from the matrix so

that CAD fragmentation of protonated drug molecules could be performed [153].

One favorable feature ofMALDI TOF-MSI over traditional drug image techniques

is the capability to detect a non-radiolabeled molecule with molecular specificity.

Therefore MSI has the ability to differentiate between the intact drug and its

metabolites which may be present within a single tissue section collected at various

time points following drug administration. MALDI signals were found to be propor-

tional to the densities of pharmaceuticals in tissues although different regions within

the same organ section and different types of tissues might demonstrate different

surface properties [154]. The linearity of analyte responses and the ionization

suppression degree due to the heterogeneity within a tissue section was addressed

by making a calibration curve for the semi-quantitation of parent drug and its

metabolite by depositing several droplets with increasing concentrations on a blank

tissue section.

DIOS strategy was also applied inMALDI TOF-MSI. A comparison of the use of

DIOS and 9-aminoacridine for metabolite profiling in Escherichia coli
demonstrated that the sensitivity for such analyses obtainable using DIOS was

superior owing to the reduced chemical background [155]. The use of ion mobility

(IM) has also been reported in conjunction with MALDI TOF-MS as a means to

fractionate lipids [156]. In this technique, ions were first separated by IM and then

analyzed by TOF-MS [157]. The desorbed lipid ions fell on a trend line that was

separate from those of oligonucleosides, peptides, proteins, and drugs and

metabolites having the same nominal mass [158]. This allowed ions originating

from lipids to be distinguished from other small biomolecules. The potential of

MALDI-IMS based on MALDI TOF-MS is great, and advances in the instrumenta-

tion and operating protocols will bring new applications and insights into molecular

processes involving health and disease [159, 160].

Although the important recent developments were achieved in the field of

MALDI TOF-MSI in tissue, the precise identification of compounds still needs

improvement. Fournier developed an on-tissue N-terminal peptide derivatization

strategy to enhance protein identification in MALDI TOF-MSI [161].

Derivatizations made the MS/MS spectra easily interpretable, leading to precise

identification and easy manual reading of sequences for de novo sequencing.

MALDI-MSI studies were limited due to the poor sensitivity of some SMCs.
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The chemical derivatization on tissues for SMCs has rarely been applied. Boutaud

used on-tissue chemical derivatization of 3-methoxysalicylamine (3-MoSA),

a scavenger of gamma-ketoaldehydes, with 1,10-thiocarbonyldiimidazole (TCDI)

to form an oxothiazolidine derivative with much greater sensitivity in MALDI-MS

than 3-MoSA [162]. The 3-MoSA spatial distribution and its pharmacokinetic

profile in different organs were obtained by on-tissue chemical derivatization

with TCDI onto tissues from mice. These results showed that on-tissue chemical

derivatization could be used to improve MALDI TOF-MSI performance for SMCs.

6 Organic Chemical Applications of MALDI TOF-MS

Nowadays, MALDI TOF-MS has an important application and contribution for

research in organic chemistry. Organometallic compounds are challenging analytes

for MS methods. At the same time, these complexes have attracted extensive

research interests of chemists for the discovery of efficient and selective

transition-metal catalysts. The widely used high-energy MS ionization methods

always induced decomposition and dissociation of sensitive organic and organo-

metallic molecules. However the structural elucidation of the sensitive organic and

organometallic complexes could be greatly simplified by applying “soft” ionization

mass spectrometric methods, such as ESI and MALDI, providing their m/z
information and their isotope patterns [163, 164].

In ESI-MS analysis, compounds first have to be prepared into solution, which

would cause the decomposition of some air or water sensitive organic and organo-

metallic complexes. High contamination and residues of transition metal complexes

in the ESI ion source required extensive washing and cleaning. These limitations

restricted the extensive applications of ESI-MS for studying sensitive organic

compounds and organometallic complexes. However the easy cleaning steps and

low or non-existent solvent usage characteristics of MALDI TOF-MS are

advantages in analysis of organometallic complexes. Fogg recently gave a nice

review concerning MALDI TOF-MS analysis of reactive organometallic molecules

for use in studying organic reactions [29]. Here we have summarized some new

advances in this area. This includes MALDI TOF-MS methods for analysis of

fragile organometallic complexes and some air and moisture sensitive organic

compounds, as well as monitoring the process of the chemical transformation.

6.1 DCTB: The Star Matrix for Small Molecular Organometallics

The selection of the appropriate matrix for analysis of organometallic compounds is

important. Most routine matrices, such as DHB and CHCA, often provide plenty of

protons in the MALDI ionization process to form [M+H]+. However, these protic

matrices are poorly suited for analysis of organometallic compounds sensitive to
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protons. Protonolysis of metal–ligand bonds limited the observation of organome-

tallic species by MALDI-MS since many of the ligands offering lone pair electrons

to form the metal–ligand bonds were basic. The dissociation of ligand and ligand

exchange reactions with the matrix may occur in MALDI TOF-MS. Thus, some

aprotic and neutral matrices were developed and tested. Among them, 2-[(2E)-3-4-
(tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) as a neutral

matrix seems to be a promising and excellent matrix for analysis of organic and

organometallic compounds by MALDI TOF-MS.

DCTB is not only a neutral matrix, which maintains intact acid-sensitive organo-

metallic compounds, but is also an effective electron-transfer agent, which promotes

ion formation at considerably reduced threshold laser influence, leading to very

“clean” mass spectra often entirely free of unwanted decomposition of the analyte.

Luftmann found DCTB required extremely low laser intensity to produce positive

and negative ions and it was helpful to retain the integrity of fragile compounds [165].

Moreover, the Drewello group found that DCTB was the best suited matrix for

fullerene derivatives analysis, providing analyte signals in both positive and negative

ion modes at comparatively lower threshold laser influence [166]. The Lou group

characterized some synthetic Ru and Ir complexes by MALDI TOF-MS and found

that DCTB was the best matrix among the ten tested for the complexes that were

prone to ligand exchange by matrix [167]. Among the ten matrices investigated,

DCTB was the only one that gave no detectable signals of substitution products by

ligand exchange reaction with DCTB matrix. This was probably because DCTB was

an aprotic matrix and contains no electron-donating group. It demonstrated that

matrix substitution to the reactive compounds could also occur in the gas phase

initiated by laser irradiation.

The Wyatt group characterized various analytes, especially some organometallics

compounds, by using DCTB as matrix with MALDI TOF-MS [168]. Moreover,

they recently studied the solvent-free MALDI TOF-MS sample preparation

methods for analysis of organometallic and coordination compounds [169]. These

procedures comprised two distinct steps: (1) the “solids mixing” of sample with

matrix; (2) transferring solid sample/matrix mixture to the MALDI target plate.

Suchmethods were desirable for insoluble materials, compounds that are only soluble

in disadvantageous solvents, or complexes that dissociate in solution. Such situations

presented major “difficulties” for most mass spectrometric techniques in sensitive

organic compounds and organometallics analysis. Although DCTB has been

considered to be an excellent matrix, it provided troublesome results for compounds

containing aliphatic primary or secondary amino groups. On the basis of the possible

mechanisms proposed, the unknown strong extra ions in the MALDI mass spectra

were the products of nucleophilic adduction reactions between analyte amino

groups and DCTB molecules or radical cations. Thus, care should be taken in

MALDI TOF-MS when DCTB is used as the matrix for compounds containing

amino groups [170].
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6.2 Inert-Atmosphere CT MALDI TOF-MS

Another major problem for the MS analysis of organometallic complexes is caused

by decomposition of analytes during the sample preparation, introduction, and

analysis when the analytes are air/moisture sensitive. Sample preparation for

some extremely air/moisture sensitive small organic compounds or organometallic

complexes is ideally carried out under inert conditions, generally in a glovebox

under dry and oxygen-free conditions [171]. The matrix must be kept dry and

saturated by inert gas. Sample introduction is the most difficult process to avoid

sample decomposition owing to most MS systems having no facility for protecting

samples from the air during sample transfer. For these reason, various methods have

been proposed to minimize sample decomposition. The Scott group developed a

capillary-seal apparatus to aero-spray the matrix solution and sample onto probe

tips under a nitrogen stream [172]. Other methods generally involve the use of extra

sacrificial additives or thin coating layers of matrix. These methods were helpful for

the relatively robust complexes, but extremely reactive species still remained

susceptible to decomposition.

To solve this problem ideally, the Fogg group connected a MALDI TOF-MS

instrument directly to a glovebox so as to bring both sample preparation and

introduction inside the inert-atmosphere glovebox [173]. Another urgent require-

ment of sample solubility imposes limitations on MALDI-MS analysis. Direct

analysis of solid samples is desirable as a means of characterizing insoluble

compounds or metal complexes. Solvent-free analysis of polymeric solids has

been achieved by grinding with solid matrix and analyzing the powder [174].

Fogg modified this approach by adding paraffin oil (Nujol) to promote matrix-

analyte mixing and subsequently applying a thin layer of the amorphous mull to the

MALDI target plate [173].

Inert-atmosphere charge-transfer ionization (CT) MALDI TOF-MS is strongly

complementary to ESI-MS, enabling analysis of neutral, charged, insoluble metal

complexes with minimal perturbation. Such an idea might be applied to the study of

thermal and thermoxidative decomposition processes of poly(bisphenol A carbonate)

(PC) under inert-atmosphere by MALDI TOF-MS as used by Montaudo [175].

Inert-atmosphere CT-MALDI TOF-MS methods also eliminate the danger of

deactivation of air/water sensitive sample prior to analysis and promises to provide

more structure insights of organometallic complexes. Till now inert-atmosphere CT

MALDI TOF-MS has been widely used to characterize the Ru metathesis catalysts

containing aryloxide ligands [176] and Ru–OAr bonding in a five-coordinate RuII

complex [177], as well as AuIN-heterocyclic carbene complexes bearing biologically

compatible moieties [178].

The CT-MALDI TOF-MS method could exploit the rich redox chemistry of the

transition metals. Juhasz and Costello first performed such a study on analyzing

ferrocene and ruthenocene oligomers by using 2-(4-hydroxyphenylazo) benzoic

acid, quinizarin, dithranol, and 9-nitroanthracene matrices [179]. They noted that

positive radical ions and not protonated species were produced, even with acidic
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polar matrices. These observations were not so surprising given that similar

observations were made when compounds of this type were analyzed by FAB/

LSI MS. They proposed two mechanisms for their generation: (1) the ion may be

generated in the gas phase involving the charge exchange from a matrix radical

cation to the analyte; (2) the direct photoionization of the analyte on the target

surface and the assistance by the matrix to transfer the analyte ions to the gas phase.

Later, Duncan reported observation of the radical cations from low molecular

weight metal macrocyclic complexes [180].

Limbach investigated CT MALDI TOF-MS for analysis of metallocene and

found that the gas phase electron-transfer (ET) mechanism between radical cation

of matrix and analyte to form the radical cation of analyte in MALDI was more

reasonable than the direct photoionization mechanism [181]. They also studied the

influence of ionization energy (IE) on CT ionization and proposed that the condition

for the presence of an analyte radical cation was that analyte had lower IE than

matrix [182]. Vasil’ev reported the determination of the IE of DCTB (8.54 � 0.05

eV) by applying photoelectron (PE) spectroscopy, which was in excellent agree-

ment with the theoretical value of 8.47 eV, obtained by AM1 calculations. The same

level of theory determines the electron affinity (EA) as 2.31 eV. Model analytes of

known thermochemistry (phenanthrene, anthracene, and fluorofullerene) were used

to bracket the CT reactivity in DCTB-MALDI. The formation of radical cations of

the analytes could be expected within the thermochemical framework of DCTB

[183]. The Wyatt group also discussed the influence of the IE values for the ET

ionization mechanism and found that periodic trends of the metal center could also

help to predict the formation of the radical cation of analytes [184].

Furthermore, based on successful detection of the radical cations of the

metal complexes by CT MALDI TOF-MS methods, the accurate mass measure-

ment helped to identify the organometallic compounds effectively by obtaining

their typical elemental compositions. Wyatt group performed accurate mass

measurements for radical ions of organometallics compounds by MALDI

TOF-MS with standard reference materials [185, 186]. Just recently Wyatt made

another breakthrough of analysis of various organic and organometallic compounds

using NALDI-TOF-MS. The experiments showed the NALDI surface of silicon

nanowires was effective for several nonpolar organic, organometallic, and ionic

compounds in positive ion mode, as well as fluorinated compounds in positive and

negative ion mode. NALDI data were compared with MALDI data for the same

compounds, and the higher sensitivity of NALDI was highlighted by the successful

characterization of two porphyrins for a sample amount of 10 amol per spot [187].

Kerton probed the reactions of lanthanide amide reagents Ln(N(SiMe3)2)3
(where Ln ¼ Sm, Gd, Ho, or Yb) with amine-bis(phenol) ligands by using

inert-atmosphere MALDI TOF-MS with anthracene as matrix. This technique

rapidly confirmed ligand coordination and gave an excellent agreement with

theoretical isotope patterns for lanthanide (amine-phenolate) fragments [188].

Karlin used MALDI TOF-MS to characterize a high-spin, five coordinated peroxo

adduct [(6L)FeIII–(O2
2�)–CuII]+ of an ironII–copperI complex, obtained by reaction

of [(6L)FeIICuI]+ with O2 [189]. Such a complex was believed to have a relevant
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role in the heme-copper dioxygen reactivity relevant to cytochrome-c oxidase

O2-reduction chemistry. Thus, based on characterization of the transition

metal complexes by inert-atmosphere CT MALDI TOF-MS, the chemical

transformations of these complexes could also be monitored and studied.

Beside the aromatic and fused-ring aromatic compounds used as the matrix in CT

MALDI TOF-MS analysis, there were reports about the utilization of other charge-

transfer matrices, especially in the characterization of neutral organometallics, which

were susceptible to degradation in the presence of protons and were hard to ionize

and be characterized by other MSmethods. Michalak developed C60 as CTmatrix for

MALDI TOF-MS analysis of biomolecules and obtained their radical ions in both

positive and negative ion mode [190]. Liu studied several series of tungstate ion

clusters formed in MALDI FTICR-MS analysis of Keggin-type silicopolyoxo-

tungstate anions [191]. The experimental results showed that matrix applied in

MALDI FTICR-MS analysis has an influence on the cluster ion production. Brune

applied elemental sulfur as a matrix for analysis of photosynthetic pigments and

fullerenes by MALDI TOF-MS [192]. Recently sulfur was further used as CT matrix

in MALDI TOF-MS to characterize various neutral Grubbs catalysts and some

ferrocene derivatives to give their cationic radical ions [193]. Petković investigated

Pt(II), Pt(IV), Pd(II), and Ru(III) complexes by using flavonoids as matrices for

MALDI TOF-MS [194]. Use of inert-atmosphere CTMALDI-MS as a time-resolved

method offers new ways to simplify the study of transition metal catalyst activation

and deactivation pathways. Such studies deserved attention and usage in the

challenging research on transition metal catalysis.

6.3 Probing Chemical Transformations by MALDI TOF-MS

As an extension of the use of MALDI TOF-MS in analyzing small molecular

organometallics and polymer, some organic reactions involving these species

nowadays could also be monitored and studied by MALDI TOF-MS, especially

polymerization reactions, which were difficult to study by ESI due to high contam-

ination and blocking of capillaries in ESI ion source by newly formed polymer.

Thus the propagation steps of the polymerization reaction could be monitored by

MALDI TOF-MS. Moreover, MALDI TOF-MS spectra give information not only

about the polymers’ molecular weight distribution and polydispersity index (PDI)

but also about the nature of their repeat units and end groups [195, 196]. However,

polymer analysis by MALDI TOF-MS was usually limited to structures containing

heteroatoms or unsaturated functionalities as ionization sites in MS analysis.

In addition, MALDI did not provide accurate determination of the molecular weight

distribution of polydisperse samples since it usually underestimated the molecular

weight, because heavier species are harder to vaporize and detect. Coupling

chromatography (GPC) with MALDI mass spectrometry overcame this limitation

and was widely used for polymer characterization [13, 28].

Harruna studied several polystyrene polymers, which were prepared by

reversible addition-fragmentation chain-transfer (RAFT) polymerization of styrene
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with two different RAFT agent-initiator systems, by nuclear magnetic resonance

(NMR) and size exclusion chromatography (SEC), as well as MALDI TOF-MS

techniques. The structures arising from the intermediate RAFT radicals and their

cross-termination adducts were detected by MALDI TOF-MS, showing narrow

molecular weight distribution and confirming the operation of the Rizzardo

mechanism including the Monteiro intermediate radical termination model for

RAFT polymerization [197]. Kostjuk studied an anionic ring-opening polymeriza-

tion of hexafluoropropylene oxide using the conventional alkali metal fluorides/

tetraglyme catalytic system in the presence of different fluorinated solvents at

various temperatures by MALDI TOF-MS. Polymers with chain ends of methyl

esters were fully characterized by gas chromatography, NMR, and MALDI

TOF-MS [198]. Kamigaito reported the simultaneous chain-growth and step-

growth polymerization via the metal-catalyzed radical copolymerization of conju-

gated vinyl monomers and designed monomers containing unconjugated C═C and

active C–Cl bonds. The polymerization mechanism was studied in detail by NMR

and MALDI TOF-MS for the polymerizations and the model reactions [199].

MALDI TOF-MS has also been applied to the study of ring-opening metathesis

polymerization (ROMP) of 1,3,5,7-cyclooctatetraene (COT) in the presence of a

chain transfer agent with Ru-olefin metathesis catalyst [200]. Astruc used MALDI

TOF-MS to study polycycles, cyclophanes, and capsules, generated by metathesis

reactions of perallylated arenes [201]. Wagener employed MALDI TOF-MS to

examine polymers, generated via acyclic diene metathesis (ADMET) polymeriza-

tion using a Ru-metathesis catalyst, for analysis of ADMET polymers having amino

acid pendant groups placed at specific positions along the polyolefin backbone.

The MALDI spectra clearly showed that olefin isomerization competes with

propagation when different catalysts were employed, which results in the loss of

precise control of polymer structures [202]. MALDI TOF-MS analysis identified

the mass of the oligomeric chains, allowing for increased confidence in assignment

of the possible chain structures. Furthermore, Wagener found competing metathesis

and isomerization during ADMET depended on the structural properties; the

amino acid functionalized olefins and the olefins displayed different selectivity

toward main metathesis or isomerized products. In addition, this study detected

dependence of the product selectivity on the olefin functional group properties. Two

possible product distributions caused by different olefin activities were related,

based on previous literature reports, to different kinetics of the reaction due to

different coordination of the olefins to the catalyst center [203].

Meanwhile, the microfluidic system [204, 205] could be used together with

MALDI TOF-MS to screen and optimize organic reaction conditions on a

submicrogram scale. Ismagilov developed a system, which used discrete droplets

(plugs) as microreactors separated and transported by a continuous phase of a

fluorinated carrier fluid, for performing submicrogram or nanoliter scale reactions

[206]. The evaluation of the reaction efficiency by MALDI-MS could be achieved

by comparing the fraction of peak area of products for each reagent and

reaction condition because MALDI TOF-MS can be used to characterize reactions

quantitatively or semiquantitatively.
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7 Conclusion and Perspectives

This review describes the recent advances and applications of MALDI TOF-MS

analysis for small organic, biochemical and organometallic compounds. The

MALDI TOF-MS analysis strategies for SMCs in a direct manner or in other

methods, such as applying specific matrices, coupling to chromatographic separa-

tion, and chemical derivatization, are highlighted. The tolerance of salt and contam-

ination, as well as the potential automated procedure, represented the orientation for

high throughput characteristics of MALDI TOF-MS technology with easy sample

preparation. Meanwhile the high resolution measurement power and the convenient

tandemmass spectrometric function of modernMALDI TOF-MSmethods provided

high quality and accurate MS characterization for target SMCs, which even allowed

the locating of SMCs on bio-tissues by mass spectrometric imaging. The introduc-

tion of derivatization significantly increased the detection sensitivity and selectivity,

especially by attaching “charge tags” or “isotopically labeled tags,” to profile and

quantify the target SMCs by MALDI TOF-MS. Furthermore, MALDI TOF-MS

methods to study the kinetics of enzyme reactions and to screen enzyme inhibitors

became valuable tools for discovering potential drugs. In addition, chemical

reactions could be monitored by MALDI TOF-MS for evaluating reaction

conditions, screening catalysts, and revealing the details of reaction processes.

Therefore, MALDI TOF-MS technology could provide valuable information and

deep knowledge to explore and imagine new fields of the chemical world, especially

relating to SMCs analysis, as well as offering new opportunities for innovations in

analytical, biochemical, and organic chemistry research.
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58. Fuchs B, Süß R, Nimptsch A, Schiller J (2009) Chromatographia 69:95–105

59. Hillenkamp F, Karas M, Beavis RC, Chait BT (1991) Anal Chem 63:1193A–1203A

60. Hardouin J (2007) Mass Spectrom Rev 26:672–682

61. McComb ME, Perlman DH, Huang H, Costello CE (2007) Rapid Commun Mass Spectrom

21:44–58

62. Dunphy JC, Busch KL, Hettich RL, Buchanan MV (1993) Anal Chem 65:1329–1335

63. Bogan MJ, Agnes GR (2004) Rapid Commun Mass Spectrom 18:2673–2681

64. Therisod H, Labas V, Caroff M (2001) Anal Chem 73:3804–3807

65. Rejtar T, Hu P, Juhasz P, Campbell JM, Vestal ML, Preisler J, Karger BL (2002) J Proteome

Res 1:171–179

66. Preisler J, Foret F, Karger BL (1998) Anal Chem 70:5278–5287

67. Ørsnes H, Graf T, Degn H, Murray KK (2000) Anal Chem 72:251–254

68. Guo Z, Zhang QC, Zou HF, Guo BC, Ni JY (2002) Anal Chem 74:1637–1641

69. Welker M, Fastner J, Erhard M, Von Dohren H (2002) Environ Toxicol 17:367–374

70. Grant GA, Frison SL, Yeung J, Vasanthan T, Sporns P (2003) J Agric Food Chem

51:6137–6144

71. Yang HM, Wang JW, Song FR, Zhou YH, Liu SY (2011) Anal Chim Acta 701:45–51

72. Ayorinde FO, Elhilo E, Hlongwane C (1999) Rapid Commun Mass Spectrom 13:737–739

73. Ayorinde FO, Garvin K, Saeed K (2000) Rapid Commun Mass Spectrom 14:608–615

74. Kaltashov IA, Doroshenko V, Cotter RJ, Takayama K, Qureshi N (1997) Anal Chem

69:2317–2322

75. Harvey DJ (1995) J Mass Spectrom 30:1333–1346

76. Al-Saad KA, Zabrouskov V, Siems WF, Knowles NR, Hannan RM, Hill HH Jr (2003) Rapid

Commun Mass Spectrom 17:87–96
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Bioinformatic Analysis of Data Generated

from MALDI Mass Spectrometry for

Biomarker Discovery

Zengyou He, Robert Z. Qi, and Weichuan Yu

Abstract In this chapter we first describe the applications of matrix-assisted laser

desorption/ionization (MALDI) mass spectrometry (MS) in biomarker discovery.

After a summary of the general analysis pipeline of MALDI MS data, each step

of the pipeline will be elaborated in detail. In particular we try to provide a

categorization of existing solutions with the hope that the reader can obtain a global

picture on this topic. In addition we show how to apply such an analysis pipeline in

protein and glycan profiling for biomarker discovery and for a deeper understanding

of diseases. Finally we discuss the limitations of current analysis methods and the

perspectives of future research.

Keywords Biomarker Discovery • Data Mining • Feature Selection • MALDI MS

Data • Peak Detection
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1 Introduction

In order to facilitate diagnosis and prognosis of diseases, biomarker identification

by proteomic profiling of human tissue or cell specimens has become popular in

clinical proteomics [1]. Mass spectrometry (MS) has proved to be the most

promising tool for generating protein profiles of tissue, serum, and urine samples.

In particular, the matrix-assisted laser desorption/ionization (MALDI) MS and its

variants (e.g., SELDI and MALDI-TOF/TOF) have often been employed for such a

purpose [2].

Ideally, the MALDI device should only generate signals that correspond to

ionized proteins or peptides. However, the acquired spectra contain not only

“true” peaks that represent proteins or peptides of scientific interest but also

baseline drift and substantial background noise. The baseline is formed by the

matrix materials and impurities that enter the analyzer as by-products of ionization.

As the matrix materials are often fragmented to have small masses, the baseline

shows a slowly decreasing trend along the mass-over-charge axis. The background

noises are produced by electronic disturbances and impurities from the samples,

with rapid fluctuations randomly varying over small mass ranges.

As a consequence, the identification of biomarkers from MALDI MS data

becomes a very challenging task. It requires the management and analysis of

large amounts of data in quite complex ways. One common practice is to divide

the analysis efforts into different stages and thus to reduce the complexity. In

general, it consists of the following three steps:

1. Feature extraction: Fundamental to any analysis of MS data is the extraction of

“signals” or “features” from each spectrum.

2. Feature alignment: Feature alignment establishes the correspondence among

biological features extracted from different spectra. In other words, the aim of

feature alignment is to produce a two-dimensional table that can be used in

biomarker selection.

3. Feature selection: Feature selection is to find a set of features as biomarkers to

distinguish specimens from health and disease.

Existing review articles on MALDI MS data analysis either cover every analysis

steps (e.g., [3]) or focus on particular methods (e.g., [4, 5]). This chapter

concentrates on the categorization of recent developments and methodological
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rationale. With the understanding of discussed methods, one may rapidly construct

a precise computational pipeline for particular applications. We also discuss the

limitations of current analysis methods and explore the use of case-based reasoning

(CBR) as a remedy to facilitate data analysis.

MALDI MS produces singly charged ions from target samples, thus simplifying

the interpretation of the spectra. Note that some analysis methods such as baseline

removal are unique to MALDI MS data, while other methods are applicable to

different kinds of MS data. The scope of the present chapter focuses on the

bioinformatic methods used for analysis of MALDI MS data.

2 Overview of Currently Used Methods

2.1 Framework

A schematic overview ofMALDIMS data analysis steps is given in Fig. 1. In feature

extraction, each mass spectrum is preprocessed with smoothing and baseline removal

before peak detection and quantification. Feature alignment takes features from

multiple spectra as inputs to generate a set of consensus features. Feature selection

reports a subset of common features with high classification accuracy as biomarkers.

Furthermore, both statistical and biological validation need to be performed on

reported biomarkers. First, the feature selection results should be able to pass the

statistical test. Next, a new set of samples should be measured independently to test

the marker sensitivity. Finally, we need to conduct experiments to determine

biological validity. Since the current chapter focuses on data analysis, we will

concentrate on statistical validation in the forthcoming sections.

2.2 Feature Extraction

All current MALDI MS feature extraction methods share the same goal: to extract

and quantify peaks of interest accurately and make the result applicable for further

analysis [6]. In general, a feature extraction procedure consists of four steps:

smoothing, baseline removal, peak detection, and peak quantification. Note that

some steps such as smoothing and baseline removal may switch their locations in

the pipeline [4]. Furthermore, it is also possible that some steps are merged or some

additional steps such as calibration are included.

Feature extraction is the most important step and has a great impact on the

accuracy of biomarker identification. This is because all subsequent analysis steps

have to utilize the output of feature extraction as input. In other words, this is

probably the only opportunity to recover real signals from noisy raw MS data in the

whole analysis flow.
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For each sub-procedure in feature extraction, people have developed many

computational methods. These methods can be categorized differently according

to different dimensions. Here we wish to create multiple hierarchical frameworks

that are systematic and expandable, and attempt to cover all existing methods. With

these considerations in mind, we propose two hierarchical frameworks in Figs. 2

and 3. Note that these two categorization methods are independent of each other. In

each framework we use one specific classification criterion to organize all existing

feature extraction methods.

Mass Spectrum

from Sample 1

Smoothing

Baseline Removal

Peak Detection

Smoothing

Baseline Removal

Peak Detection

Smoothing

Baseline Removal

Peak Detection

Peak Quantification Peak Quantification Peak Quantification

Feature  Extraction

Feature  Subset

Feature Alignment

Feature Selection

Mass Spectrum

from Sample 2

Mass Spectrum

from Sample n
… ...

… ...

… ...

… ...

… ...

Fig. 1 A typical MALDI MS data analysis pipeline and its major components. This includes

feature extraction, feature alignment, and feature selection. The reported markers will be subject to

both statistical and biological validation. Commonly used feature extraction methods are intensity-

based approaches, wavelet-based approaches, model-based approaches, and dimension reduction

approaches. Feature alignment methods take either raw MS data or pre-processed MS data as

input. Various clustering algorithms are the most widely methods for feature alignment. Existing

feature selection approaches include filter methods, wrapper methods, and embedded methods
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In the first framework for categorizing available feature extraction methods, we

use the underlying algorithmic technique as the classification criterion. As shown in

Fig. 2, existing feature extraction methods may be broadly classified into four

categories:

1. Intensity-based approaches: These approaches use certain thresholds to filter

weak peaks and keep themost intense peaks [7]. Such intensity-based approaches

are probably the most widely used feature extraction methods, e.g., [8–10]. Their

main advantage is that numerous signal processing techniques are available to

facilitate feature extraction. However, real peptide signals may be weaker than

spectrum noise. Thus, they sometimes fail to extract true features, leading to a

significant decrease in the performance of downstream analysis.

2. Wavelet-based approaches: These approaches can be further divided into two

categories – continuous wavelet (CWT) methods (e.g., [11, 12]) and discrete

wavelet (DWT) methods (e.g., [13–16]). Here we shall use CWT as an example

to illustrate the basic idea of wavelet-based approach. Mathematically, the CWT

can be expressed as [11]

Cða; bÞ ¼
ð
R

SðtÞCa;bðtÞ dt; Ca; bðtÞ ¼ 1ffiffiffi
a

p C
t� b

a

� �
; (1)

where S(t) is the signal, a is the scale (a > 0), b is the translation,C(t) is the mother

wavelet, Ca,b(t) is the scaled and translated wavelet, and C is a two-dimensional

matrix of wavelet coefficients. The wavelet coefficients can be used to measure the

fitness between signal S(t) and wavelet Ca,b(t). Higher coefficients reflect better

matching and hence indicate the possible existence of biologically meaningful

features. As shown in a recent comparison study [4], the wavelet-based approach

generally exhibits good performance in practice. However, it should be noted that

there is no model-based approach in the performance comparison. In this regard, a

more comprehensive comparison study is still necessary.

Intensity-Based
Approaches

Feature Extraction
Methods 

Wavelet-Based
Approaches

Model-Based
Approaches

Dimension
Reduction

Fig. 2 The first framework for categorizing feature extraction methods. The classification criterion

is the underlying algorithmic techniques used
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3. Model-based approaches: These approaches provide a better representation of the
MS signals by incorporating information about isotopic distributions and peak

shapes [17]. In high-resolution MS, the model-based approach is more appealing

since peaks and wavelet functions may not directly correspond to the underlying

molecules of interest. Recently, more and more research efforts have been

conducted in this direction (e.g., [17–20]). The essential idea of such a model-

based approach is to represent the observed spectrum as a linear combination of

theoretical isotope distribution patterns. Therefore most model-based techniques

are computationally expensive since they usually need to solve a large-scale

optimization problem. We believe that the model-based approach will become

the most reliable feature extraction method since it incorporates prior knowledge

from sequence database into the detection process.

4. Dimension reduction: This approach utilizes dimension reduction techniques to

extract features. For instance, the independent component analysis (ICA) has

been applied to MALDI mass spectra in [21]. This method is less generally

adopted since the generated features are hard to interpret biologically.

The second framework shown in Fig. 3 is application-oriented. To date, most

feature extraction methods are independent of the MS instruments used. Such

independence is plausible if we are able to reliably extract true biological signals

from the data. However, when these instrument-independent approaches cannot

achieve satisfactory performance, we may switch to instrument-dependent methods.

Due to the different properties of spectra from different types of MS instruments,

it is very difficult to provide a feature extraction method that can always achieve

good performance on all MS devices. Therefore, one alternative strategy is to use

Instrument-Dependent
Approaches

Feature Extraction
Methods 

Low-Resolution
MS Data

High-Resolution
MS Data

Instrument-Independent
Approaches

Fig. 3 The second framework for categorizing feature extraction methods. The classification

criterion is the dependence of extraction algorithms on the MS instruments. Instrument-

independent approaches are applicable to any spectra. In contrast, instrument-dependent

approaches utilize some auxiliary information that is specific to the MS platform. Low resolution

mass spectrometry data record masses to only unit mass resolution. This means that ions of the

same nominal mass would be inseparable. In high resolution MS data, coincident ions are fully

resolved
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algorithms that are designed for specific platforms [22]. For instance, the prOTOF

2000 (PerkinElmer), an orthogonal MALDI-TOF MS, has high mass accuracy and

resolution over a wide mass range. The prOTOF MS spectra show a unique noise

pattern in the background [23], making it possible to design more effective feature

extraction methods specific to the instrument.

2.3 Feature Alignment

All alignment approaches fall into one of two very broad categories [24, 25]: they

are based either on raw MS data or on pre-processed MS data. In the first alignment

strategy, one attempts to compare the complete MS spectra directly so as to find an

alignment with the minimal overall difference between intensities of all MS spectra

and the reference spectrum. Alternatively, the second strategy utilizes only features

from the feature extraction step as input. As a result, the performance of the overall

alignment process strongly depends on the performance of the feature extraction

[25]. To overcome this limitation, one may combine feature extraction and

alignment in a feedback loop [26]. That is, when aligning all the identified

features (including false-positive ones) from multiple spectra together, those

false-positive features are not as consistent as true features. Thus, iteratively

performing feature alignment and removing false-positive features could improve

the quality of feature extraction and alignment simultaneously. More importantly,

the discovery of cancer biomarkers also benefits from this improvement [26].

Despite their differences on the target data, both alignment strategies follow the

same computational principle: formulating the alignment problem as a specific

optimization problem and solving it using techniques from different domains. For

instance, this problem has been addressed from the viewpoint of cluster analysis

[27] and scale-space representation [28], respectively.

2.4 Feature Selection

Feature selection has been widely studied in statistics and machine learning for a

long time. In the context of biomarker discovery, the objective of feature selection

is to find a small set of features (markers) that best explains the difference

between the disease and the control samples. Existing feature selection approaches

can be organized into three categories [29]: filter methods, wrapper methods, and

embedded methods. The filter method assesses the relevance of features by looking

only at the intrinsic properties of the data. The wrapper method evaluates the

goodness of feature subsets using the performance of a classification algorithm.

The embedded method combines feature selection and classifier construction into

an integrated procedure.
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To date, various feature selection algorithms have been exploited for identifying

biomarkers from MALDI data [30–34]. For a recent review of feature selection

techniques for proteomic biomarker studies, one may refer to [35].

As biomarker discovery applications pose many new challenges, traditional

feature selection approaches often fail to detect true markers consistently. This is

because only classification accuracy is used as the selection criteria for marker

identification. In high dimensional MS data, one may find many different subsets of

features that can achieve the same or similar predictive accuracy. If there is only

one real marker, it is obvious that such accuracy-based strategy cannot distinguish

true marker from false ones effectively.

Therefore, the non-reproducibility of reported markers has become one major

obstacle in biomarker discovery. Surprisingly, the analysis of the stability or

robustness of feature selection techniques is only a topic of recent interest, and

has not yet made it into mainstream methodology for biomarker discovery [36].

There are three main sources of instability in biomarker discovery [37]:

1. Algorithm design without considering stability: Traditional feature selection

approaches concentrate on discovering a minimum subset of features that can

achieve the best predictive accuracy, but often ignore “stability” in designing the

algorithm.

2. The existence of multiple sets of true markers: It is possible that there are

multiple sets of true markers in the MS data.

3. Small number of samples in high dimensional data: In the analysis of MALDI

MS data, there are typically only hundreds of samples but thousands of features.

To improve the marker reproducibility, stable feature selection methods begin to

receive more and more attention. Existing stable feature selection algorithms fall

into four categories [37]:

1. Ensemble feature selection: This first uses different feature selectors and then

aggregates the results of component selectors to generate the final output.

2. Feature selection with prior feature relevance: In most biomarker discovery

applications, we assume that all features are equally relevant. Actually, some

prior knowledge may be available to differentiate their relevance.

3. Group feature selection: This treats feature cluster as the basic unit in the

selection process to improve the robustness.

4. Sample injection: This tries to increase the sample size to address the small-

sample size vs large-feature-size issue.

Here we argue that future biomarker applications should incorporate “stability”

into the feature selection process.

After feature selection, statistical and biological tests should be conducted to

validate the identified markers. To reduce validation cost, a good feature selector

is expected to report only a small subset of candidate markers without missing the

true target.
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2.5 Statistical Validation

To assess the statistical significance of a single biomarker, a permutation test

permits us to choose the test statistic best suited to the task at hand [38]. In a

permutation test, one basic operation is to reassign randomly class labels to samples

so as to generate an uninformative data set of the same size as the original data. It

repeats the above procedure multiple times to create many permutations of the data.

Testing biomarkers on these permutations provides a null distribution of the

performance found by chance, to which the performance on the original data can

be compared. More precisely, we first compute the test statistic based on original

data: tobj. Then we generate B independent new data sets by randomly permuting

the class label. We obtain the permuted statistic T(b) of target marker using the same

procedure from the permuted data sets, where 1 � b � B. Finally, the permutation

p-value of the biomarker is calculated as

1=B
XB
b¼1

IðTðbÞ > tobjÞ; (2)

where I(�) is the indicator function.
In fact, the biomarker discovery investigation unusually generates multiple

markers for validation. Suppose we need to validate m biomarkers independently

and the p-value of each marker is si. If si < a (a is a pre-defined significance

threshold), one can reject the null hypothesis that the ith marker has the same

distribution for cases and controls and argue that there is a detectable or significant

difference between the compared groups with respect to marker i. However, note that
every time a test is conducted independently on each biomarker, there is a possibility

that an error will be made. For instance, if a ¼ 0.01 and m ¼ 100, one can expect

that at least one claimed biomarker is actually not significantly differently expressed.

In other words, if m biomarkers are tested simultaneously, some markers that are

detected as “significant” could actually be false positives. Therefore, one has to

address such “multiple hypothesis testing” problems in the validation of biomarkers.

To date, the most effective strategy is to control the false discovery rate (FDR) [39].

In the context of biomarker discovery, the FDR is the expected rate of false

positives among the markers that are deemed to be true. To control FDR, many

methods and tools have been proposed after Benjamini and Hochberg’s landmark

paper in 1995 [39], as summarized in [40]. However, there is still no consensus on

the best FDR control method and one has to choose the tool according to the

analysis requirements and data characteristics.

Cross-validation is also widely used for validating biomarkers. It splits the data

into different parts with approximately equal size. Each part is masked in turn as the

test set, while the remaining parts are used to as the training set. The classifier built

on the training set is then applied to predict the test set. This process is repeated

until all parts have been masked once, and then the error made in all blinded test sets

is combined to give an independent performance estimate.
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There are many variants of cross-validation. Leave-one-out cross-validation

uses only one sample as the test set. The k-fold cross-validation partitions the

data into approximately k parts. The stratified cross-validation preserves the ratio

of the class sizes in the training and test sets so as to make them accurate

representations of the original data. These cross-validation procedures are available

in many data mining tools (e.g., Weka [41]).

Note that a statistically valid biomarker should always be subject to biological

validation since it can be biologically irrelevant. Even the most thorough statistical

procedure cannot safeguard against this type of findings [42].

3 Case Studies

3.1 Protein/Peptide Profiling

Most clinical proteomics studies are designed to measure proteins and peptides

in human body fluids. The analysis of protein profiling data uses the pipeline we

have discussed in the previous section. In practice, the user needs to specify the

algorithm used in each step. We use the work by Ressom et al. [31] as an example to

elaborate on the data analysis process.

The objective in [31] is to identify candidate markers that distinguish hepatocel-

lular carcinoma (HCC) from cirrhosis through analysis of enriched low-molecular-

weight (LMW) serum samples. Through the removal of proteins >50 kDa, it

improves quality of the spectra and allows the analysis of around 300 peptides.

There are 215 non-replicate spectra, which were generated using 84 sera from

HCC patients, 51 sera from cirrhotic patients, and 80 sera from healthy individuals.

Before actual data analysis, the authors used outlier screening to exclude spectra

whose total ion current (TIC) differed by more than two standard deviation from the

median TIC. In addition, each remaining spectrum was binned with a size of

100 ppm to reduce the dimension size. The mean of the intensities within each

bin was used as the expression variable.

In feature extraction, spline approximation was applied to regress the baseline

and the regressed baseline was smoothed using the lowess smoothing method. The

resulting baseline was subtracted from the spectrum and each spectrum was

normalized by dividing by its total ion current. Then the slope of the peaks is

used as the criterion for peak detection.

In feature alignment, the list of detected peaks and combined peaks that differed

in location by no more than seven bins or in relative mass no more than 0.9% was

pooled.

In feature selection, a wrapper approach that combines ant colony optimization

and support vector machine (SVM) was exploited. The proposed algorithm selected
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a panel of eight peaks as markers. An SVM classifier built with these peaks

achieved 94% sensitivity and 100% specificity in distinguishing HCC from cirrhosis

in a blind validation set of 69 samples. Area under the receiver operating

characteristic (ROC) curve was 0.996.

3.2 Glycan Profiling

For decades cancer has been known to be associated with changes in glycosylation

at different levels [43]. Glycan profiling has advantages over traditional peptide or

protein profiling since it only focuses on glycosylated proteins, reducing the

potential number of biomarkers that need to be examined [44]. In fact, protein

profiling data analysis and glycan profiling data analysis are very similar. Here we

will use [44] as an example to illustrate this point.

By profiling oligosaccharides cleaved from glycosylated proteins shed by tumor

cells into the blood stream, it is hoped that the effect analysis of glycan profiles will

help identify cancer patients using a simple blood test [44]. The analysis procedure

consists of six steps: baseline correction, data transformation, peak location, peak

selection, normalization, and statistical analysis. Note we use the original terms and

notations in [44] for each step. Actually, the first three steps correspond to feature

extraction, peak selection corresponds to feature alignment, and statistical analysis

corresponds to feature selection.

The analysis reported several masses that are significantly different between

cancer and control patients. The significantly different masses form two isotope

series representing known glycans (Hex3HexNAc4Fuc1 and Hex5HexNAc4Fuc1)
that are structurally related by the addition of two hexose groups.

Further investigation on the detected glycans showed that there is a difference

in the responses of men and women to cancer [44]. The relative levels of

the discovered glycans in prostate cancer are approximately the same, while in

breast and ovarian cancers they switched from highly over-expressed to highly

under-expressed in cancer as the glycans become more massive. Hence, the

analysis of glycan profiling data is able to discover new glycan markers, which

are complementary to peptide markers.

3.3 Integrated Peptide and Glycan Profiling

It is also feasible to generate peptide and glycan profiling simultaneously. In [45],

the serum samples of 203 participants from Egypt were used: 73 HCC cases,

52 patients with chronic liver disease consisting of cirrhosis and fibrosis cases,
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and 78 population controls. Two complementary sample preparation methods were

applied before generating mass spectra:

1. LMW enrichment was carried out for MALDI-TOF quantification of peptides.

2. Glycans were enzymatically released from proteins and permethylated for

MALDI-TOF quantification of glycans.

In data analysis, the same procedure was applied to identify biomarkers from

both peptide and glycan profiling. The analysis steps are similar to those in [31],

which have been discussed in the previous section.

In this study, the selection of peptide and glycan features was performed

separately. A very interesting result is that the combination of peptide features

and glycan features together leads to a slight improvement in diagnostic capability.

This suggests that it is beneficial to perform an integrated data analysis procedure in

biomarker discovery. Here the “integrated” analysis is conducted on MALDI MS

data from the same serum with respect to peptides and glycans. Potentially, it is also

feasible to perform an “integrated” analysis using data generated from samples of

different body fluids such as serum and urine.

4 Limitation and Perspective

MALDI MS has been widely used in proteomics for high-throughput biomarker

discovery and drug target identification. Such applications require the management

and analysis of data in large amounts and in quite complex ways. To date, both

commercial and free academic software are provided to perform data analysis in

different contexts. Though existing algorithms and software toolkits have been

provided to analyze MALDI MS data, they still deserve attention regarding certain

drawbacks:

• While some steps in the analysis pipeline are common to all applications, the

organization of these steps is highly dependent on the kind of experiments being

conducted. Hence, the overall data analysis pipeline is often subject to large

variations. The design of an optimal pipeline is critical to the success of

data analysis. However, the currently available methods are far from being

optimized.

• In each step of the data analysis pipeline, various algorithms can be employed for

the task. However, the performance of different algorithms can vary significantly

and such uncertainty will propagate to subsequent analysis modules. For example,

we have compared four public peak detection algorithms and found that even the

same peak picking method can exhibit significant performance variations under

different parameter settings [4]. To obtain good performance, users are required to

be familiar with algorithmic details. This is unfeasible for most users.
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In summary, most users cannot easily use data analysis tools to solve their

biological problems due to the complexity of the data analysis process and software

toolkits. Currently, it still often depends on data analysis professionals with relevant

experience to provide successful solutions. In order to alleviate these issues, it would

be desirable to have a flexible software platform that enables new users to construct

rapidly a precise computational workflow for the analysis of MALDI MS data.

To overcome current limitations, we suggest the development of a

knowledge-based data analysis platform using case-based reasoning (CBR). CBR

is the process of solving new problems based on the solutions of similar past

problems [46]. Such CBR-based data analysis toolkits may enable users to conduct

their own data analysis pipeline easily and quickly using similar past cases of

proteomics applications. The knowledge-based data analysis follows the normal

CBR process: retrieve, reuse, revise, and retain:

• Retrieve: Given a new MS data analysis problem, we retrieve similar cases from

the repository. We assume there are enough cases in the repository.

• Reuse: Map the solution from the previous case to the target problem. The user

can check retrieved candidate cases manually and select one as template to solve

the new analysis problem.

• Revise: The previous solution needs to be modified in order to fit the target

situation better.

• Retain: After the solution has been successfully adapted to the target problem,

we add this new solution to case repository for future reuse.

In addition, we would like to discuss several key issues in the implementation of

such data analysis platform: case design, case initialization, and process

optimization.

From the viewpoint of CBR, a case is a knowledge container. In our context, we

may model each MALDI MS data analysis problem and its solution pipeline as a

case. As shown in Fig. 4, each case consists of four basic elements: task, data,

operator, and process.

The task element defines the objective of our data analysis. For instance, the

“problem type” could be “protein biomarker discovery” or “glycan biomarker

discovery.” The data element includes information about MS data storage and

metadata in different stages. The operator element contains atomic algorithms

used in the pipeline, e.g., feature alignment, feature selection. Finally, the process

element describes the analysis workflow, i.e., the sequential relations of data/

operators.

The initialization of case-base includes two tasks: the first is to implement

various basic operators and the second is to provide some typical MS data analysis

cases.

To fulfill the first task, one may use available data analysis algorithms as the

basic operators in the initialization stage. Any other newly proposed algorithms

could also be plugged into the system.

To build high-quality MALDI MS analysis cases, the analysis pipeline can be

optimized at two levels: operator and parameter.
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Since there are multiple algorithms available for each type of operator, the

exhaustive search may be used to test all potential combinations in the system so

as to obtain a better configuration.

Since the parameter space is much larger than the operator space, it is infeasible

to test all parameter settings. To optimize parameters, it would be a better practice

to use heuristic methods to find local optimal parameters efficiently.

Such a case-based platform can simplify the data analysis process and reduce the

dependency on expert. More precisely, it may provide the following salient

features:

• It possesses a knowledge-base of domain specific MS data analysis processes.

Such a knowledge-base contains typical analysis workflows of different bio-

marker discovery applications on different MS instruments.

• It makes use of the knowledge captured in past data analysis cases to formulate

semi-automatic solutions for typical MS data analysis problems. Knowledge

reuse is key to this case-based analysis platform, making it possible to obtain

very good data analysis results without the intervention of MS experts and

statisticians.

• The case-based system design enables us to easily integrate externally developed

algorithms into the software.

We believe future biomarker discovery studies will benefit from the develop-

ment of such a case-based MS data analysis platform.

Task

Data

Process

Operator

Problem Type

Biological Objective

Analysis Objective

Data Type

Data Name

MS Instrument

Data Precision

Number of Replicates

Operator Type

Operator Name

Operator Parameters

Set of Operators

Set of Data 

Connection Pointers

Fig. 4 The basic components of an MS data analysis case
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Transition-metal organometallic

compounds,165

Triacylglycerols, MALDI-MSI, 130

Trifluoromethanesulfonic anhydride

(Tf2O), 174

Trihydroxyacetophenones (THAP),

11, 90, 171

Trimethyl(p-aminophenyl)ammonium chloride

(TMAPA), 175

Triosephosphate isomerase, 49
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Tris(2,4,6-trimethoxyphenyl)methyl

carbenium ion, 174

Tris(2,4,6-trimethoxyphenyl)phosphonium acetic

acid N-hydroxysuccinimide esters, 174

Tropane alkaloids, 148

Tryptophan repressor (TrpR), 24

Tubeimoside-1 (TBMS1), 154

U

Ultraviolet (UV) lasers, 39

V

Vinblastine, 130

4-Vinylpyridine, 84

Viola yedoensis anti-HIV activity, 147

Viruses, pathogenic, 71

W

Wavelet-based approaches, 197

Whitmania pigra,147
Willebrand factor, 9
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