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Preface

As we move solidly into the 21st century, it is amazing to see that molecular biology and
its related disciplines are advancing at an ever-increasing pace. Today, it is commonplace
to use bioinformatic techniques to identify a gene encoding a protein of interest and then
pay a company to synthesize it, codon optimized, and receive it already inserted into the
expression vector of choice. This is all the more incredible when one considers that less
than 100 years ago scientists were still trying to identify the substance responsible for
inherited traits, a little over 50 years ago the first DNA polymerase was discovered, and
only about 40 years ago the first restriction enzyme was purified.

It was the 1970s and 1980s that saw the expansive application of the prior basic
research findings lead to the commonplace expression of proteins in a heterologous host.
During this time recombinant DNA was first produced and shown to be stably maintained
and replicated in Escherichia coli. The first recombinant protein, E. coli DNA polymerase
I, was made commercially available from New England Biolabs, Inc., and a company,
Genentech, was formed around the potential of recombinant DNA technology. It was also
during this period that the first recombinant human protein, somatostatin, was produced.

Traditionally, E. coli has been the organism of choice to express proteins. Many pro-
teins, however, were found to be insoluble or needed post-translational modifications that
do not occur in E. coli. These issues are more likely to arise when eukaryotic proteins are
expressed in E. coli. To address these problems, new expression hosts were developed to
more effectively produce human proteins. These expression systems included insect and
human cells. Although effective, these new expression systems were not as easy to manip-
ulate or maintain as E. coli.

Currently, there is no perfect expression host. Membrane proteins constitute a sig-
nificant percentage of the total cellular proteins but are very difficult to overexpress in
a heterologous host. Furthermore, the ideal host would have the ability to express any
protein, with relevant post-translational modifications, and still be as easy to work with as
E. coli.

This volume is focused on this goal. The chapters herein describe methods, for exam-
ple, to successfully express proteins in E. coli that would otherwise form aggregates in
this host, to add post-translational modifications, to incorporate non-standard amino acid
residues or moieties into E. coli expressed proteins, to identify binding partners, and to
express membrane proteins. Although there is still no perfect expression host, and there
may never be a perfect host, the work described herein moves E. coli closer to that ideal. In
addition, a review of E. coli expression hosts is presented to help familiarize the researcher
with the myriad of E. coli expression strains available. Finally, the strength of the Methods
in Molecular Biology series is that the chapters are written in detail by scientists intimately
familiar with the relevant techniques and protocols.

I hope that the reader finds the protocols described herein helpful to their research.

Thomas C. Evans, Jr.
Ming-Qun Xu
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Chapter 1

Adjustment of Codon Usage Frequencies by Codon
Harmonization Improves Protein Expression and Folding

Evelina Angov, Patricia M. Legler, and Ryan M. Mease

Abstract

Over the past two decades, prokaryotic expression systems have been widely exploited for the biopro-
duction of many therapeutic proteins. Much of the success can be attributed to the implementation of
basic principles of prokaryotic protein translation and protein folding to the problems of heterologous
expression (e.g. codon usage substitutions, tRNA isoacceptor co-expression, chaperone co-expression);
however, expression in a heterologous host still remains an empirical process. To improve heterologous
protein expression further we have developed an algorithm termed “codon harmonization” that best
approximates codon usage frequencies from the native host and adjusts these for use in the heterologous
system. The success of this methodology may be due to improved protein folding during translation.
Although so far exclusively applied to Escherichia coli, codon harmonization may provide a general strat-
egy for improving the expression of soluble, functional proteins during heterologous host expression.

Key words: Codon harmonization, codon usage, codon optimization, expression, solubility,
protein translation, protein structure, protein folding, circular dichroism.

1. Introduction

Biomedical research and biotechnological production processes
rely on successful heterologous gene expression for the devel-
opment of key reagents and biomolecules. Over-expression of
target genes in Escherichia coli remains the preferred method due
to the vast knowledge of E. coli genetics, the versatility in choice
of vectors and expression host strains, the ease of use and low

The opinions or assertions contained herein are the private views of the authors
and are not to be construed as official or as reflecting true views of the Depart-
ment of the Army or the Department of Defense or the U.S.Army.

T.C. Evans, M.-Q. Xu (eds.), Heterologous Gene Expression in E. coli, Methods in Molecular Biology 705,
DOI 10.1007/978-1-61737-967-3_1, © Springer Science+Business Media, LLC 2011
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2 Angov, Legler, and Mease

cost, and often the high yields of protein produced. However, the
primary reported causes for failures in efficient heterologous pro-
tein production include biased codon usage, gene product toxi-
city, solubility, mRNA secondary structure, and mRNA stability
(reviewed in (1, 2)). The focus of this chapter is on one of the
key factors leading to these failures, which are attributed to the
degeneracy of the genetic code and the resultant species-specific
codon usage frequencies (2). For E. coli as well as other organ-
isms, synonymous codons are non-randomly utilized and a clear
preference exists for particular codons which directly correspond
to specific cognate isoacceptor tRNA molecule intracellular con-
centrations (3–6). Thus, for heterologous system expression, a
high degree of discordance in codon usage between the species of
the target gene and the heterologous expression host can lead to
poor expression levels, solubility and product recovery, e.g. 80%
AT bias in the structural genes from Plasmodium falciparum (7)
compared with E. coli, which has a more balanced AT:GC genome
content.

Various strategies have been used to minimize codon usage
bias. One extensively used strategy has been generally termed
as “codon optimization”. In this method the codons most fre-
quently used by the expression host are substituted at every posi-
tion within the target gene sequence. The hypothesis for this
strategy is that by introducing the most frequently used codons
unilaterally throughout the length of the sequence; the resultant
protein will be expressed at high levels primarily because the cog-
nate isoacceptor tRNA molecules will not be rate limiting dur-
ing protein synthesis (1, 2). This approach has led to success-
ful production of some products (8); however, in some cases the
very high expression levels have yielded insoluble protein local-
ized to inclusion bodies, requiring denaturation and refolding
strategies for purification (9, 10). Another strategy adjusts intra-
cellular tRNA isoacceptor molecule concentrations by using spe-
cific plasmids which encode for rare tRNAs for that organism
(reviewed in (1)). This approach resolves codon usage disparities
in a very limited way and may lead to some, but not necessarily
sufficient, amelioration in expression levels and product yield. In
all cases the success or failure of these approaches used to optimize
expression is sequence dependent and cannot be theoretically
predicted.

Nascent polypeptide folding occurs co-translationally, which
may be influenced by the kinetics of protein folding, the environ-
ment of the ribosomal tunnel, chaperone assistance, and the rate
of tRNA binding (11–14). Less frequent codons within an RNA
sequence may provide appropriate delays during protein synthesis,
which enable longer periods for conformational sampling, thereby
increasing the probability of finding the correct conformer (15,
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4). On this premise, we developed an alternative approach for
recoding target gene sequences for optimal heterologous expres-
sion in E. coli, which we refer to as “codon harmonization” (16).
In this strategy, codon usage frequencies of the expression host
are closely matched with the target gene’s host codon usage fre-
quencies. Particular attention is given to regions predicted to be
slowly translated (i.e. “link/end” segments, defined as regions
between domains or at the C-termini (17), where synonymous
codons having usage frequencies either equal to or less than the
respective codon usage frequency in the target gene’s host are
selected to ensure translational “pausing”.

Using comparative analysis of E. coli gene sequences and their
respective protein structures, Thanaraj and Argos (18) showed
that sequences coded by higher usage frequency codons were
mainly associated with secondary structural elements such as alpha
helices, while sequences having one or more clusters of lower
usage frequency codons tended to be associated with the linking
residues between these elements. Furthermore, of the 20 possi-
ble amino acids, only 10 have a higher propensity of occurring
within these link/end regions of E. coli proteins. These findings
led to speculations that the positioning and clustering of low-
and high-frequency usage codons were nonrandom and purpose-
ful (19, 20). Clusters of low-frequency codons may have a spe-
cific role in slowing the rate of protein folding by providing the
correct “pauses” in translation (5, 21). Thus, translation does
not progress at a uniform rate but proceeds in pulses and the
kinetics of protein folding is indirectly modulated by intracellu-
lar tRNA levels and codon usage frequencies (15, 22). Further-
more, control of nascent polypeptide synthesis and folding within
the environment of the ribosomal tunnel would minimize the
potential for partially folded polypeptides interacting with newly
synthesized segments, thus minimizing deleterious aggregation
and precipitation.

A flow chart of the steps from design to final product char-
acterization is shown in Fig. 1.1. Protein expression profiles of
native sequence compared to codon-harmonized P. falciparum
3D7 strain MSP142 indicate a significant overall increase in
protein expression levels (see Fig. 1.2). The increased protein
expression may be attributed to balancing the codon usage fre-
quencies to the tRNA isoacceptor molecule availability found
in the heterologous expression host. Furthermore, we hypoth-
esized that adjusting the codon usage frequency of the target
gene led to translation kinetics that more closely mimic the
endogenous folding kinetics of the target. Evidence of protein
fold and thermal denaturation differences between the native and
codon-harmonized sequence products were analyzed by circular
dichroism (see Figs. 1.3 and 1.4).
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Fig. 1.1. Flow chart describing experimental plan.

Fig. 1.2. Comparison of expression levels of native (N) and full gene codon-harmonized
(CH) MSP142 gene fragment from 3D7 strain Plasmodium falciparum in Escherichia
coli: U, cell lysates from uninduced cells; I3 h, lysate prepared 3 h post-induction (T3),
respectively, after induction with 0.1 mM IPTG. Samples were separated by SDS-PAGE
and stained with Coomassie Blue. The arrow indicates position of MSP142 migration.
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Fig. 1.3. Circular dichroism (CD) spectra of the Plasmodium falciparum MSP142 pro-
tein expressed from a codon-harmonized DNA sequence (—) versus the native DNA
sequence (---) in 1X PBS pH 7.4 at 10◦C. At 222 nm the �ε of protein produced from
the native DNA sequence is 42% of the �ε of the protein produced from the codon-
harmonized DNA sequence, showing a higher percentage of alpha helical content in the
protein expressed from the codon-harmonized DNA sequence.

Fig. 1.4. Comparison of the irreversible thermal denaturation of MSP142 expressed from
the native DNA sequence (upper curve) versus the codon-harmonized DNA sequence
(lower sigmoidal curve) monitored by CD at 222 nm in 1X PBS pH 7.4 between 10
and 80◦C. The broad transition and lower percentage of alpha helical content of the
protein produced from the native DNA sequence suggests that the protein exists as a
heterogeneous population of partially folded structures. The more cooperative transi-
tion and higher percentage of alpha helical content in the protein produced from the
codon-harmonized DNA sequence suggests a more homogenous population of folded
structures.
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2. Materials

2.1. Target Gene
Design and Synthesis

1. Target gene sequence (project specific)
2. Codon harmonization algorithm or alternative algorithm for

recoding
3. Web-based sequence analysis software
4. Species-specific codon usage tables (http://www.kazusa.

or.jp/codon/)

2.2. Protein
Expression in E. coli

1. Bacterial culture media (e.g. Terrific Broth): Prepare 1 L by
addition of 12 g tryptone, 24 g yeast extract, 4 mL glyc-
erol in 800 mL H2O. Autoclave to sterilize, cool to room
temperature and then add 100 mL of filter-sterilized 0.17 M
KH2PO4 and 0.72 M K2HPO4 solutions

2. Antibiotic (dependent on plasmid selected for expression)
used to propagate plasmids in bacteria

3. IPTG: Isopropyl-β-D-thiogalactopyranoside. Used to
induce expression of genes under control of the lac operon.
Store solid at –20◦C with desiccant

4. Amerex Instruments, Gyromax 767R Orbital Incubator
shaker

2.3. Protein Analysis
Reagents
(SDS-PAGE)

1. Xcell SureLockTM MiniCell (Invitrogen)
2. Tris-glycine running buffer (containing SDS): 25 mM Tris-

HCl, 192 mM glycine, 0.1% SDS, pH 8.3
3. Pre-cast minigels, 4–20% Tris-glycine (Invitrogen)
4. 2X loading sample buffer: 126 mM Tris-HCl, 20% glycerol,

4% SDS, 0.005% bromophenol blue, pH 6.8
5. SeeBlue protein marker (Invitrogen)
6. Gel staining solution [Coomassie Blue Stain]: 25% iso-

propanol, 10% acetic acid, 65% H2O, 0.5 g Coomassie Bril-
liant Blue dye R-250. Dissolve and filter through 0.45 μm
bottle top filter unit

7. Gel destaining solution [Coomassie Blue Destain]: 10% iso-
propanol, 10% acetic acid, 80% H2O

8. DryEase Mini-Gel Drying System (Invitrogen)

2.4. Purification of
Expressed Protein
Product

1. Affinity chromatography using Ni2+-NTA Sepharose
(QIAGEN)

2.5. Protein Analysis
by Circular
Dichroism

1. 1X PBS: In 800 mL dissolve 9 g NaCl, 0.144 g KH2PO4,
0.795 g Na2HPO4. Adjust the pH to 7.4; add volume up to
1 L
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2. PD-10 columns (GE Healthcare)
3. 1 mm quartz cuvette
4. Jasco J-815 Spectrometer fitted with Peltier temperature

control unit

3. Methods

3.1. Design and
Synthesis of Target
Gene Sequence

1. Obtain the target gene nucleotide sequence for heterolo-
gous expression.

2. Apply the basic principles of the codon harmonization algo-
rithm, which first matches the codon usage frequencies of
the heterologous expression host with that of the species
of the target gene. This can be done by evaluating the tar-
get nucleotide sequence codon usage preferences based on
compiled species-specific codon usage tables for the native
gene sequence and the heterologous expression host (codon
usage tables found at http://www.kazusa.or.jp/codon/).
Compilation of target sequences can be done electronically
by the Codon Harmonization Algorithm through WRAIR
investigator collaborations or can be performed manually
by evaluating codon usage frequencies and usage tables for
each, the target gene host and the expression host.

3. Identify putative link/end segments requiring slower trans-
lation progression by scanning for segments containing one
or more of the 10 amino acid residues most frequently found
in the intervening regions between domain structures in
E. coli proteins (Trp, Tyr, His, Ile, Leu, Val, Ser, Thr, Cys,
Pro) (17). If one or more of these amino acid residues is
predicted to occur within a link/end segment then ensure
that a lower frequency codon is substituted. However, in the
absence of known crystal or NMR structures of the target
protein these predictions are theoretical and may not neces-
sarily reflect the native protein structure.

4. Determine if any “rare” codons (i.e. frequencies of <0.001)
are introduced that would significantly limit translation
kinetics leading to detrimental ribosomal stalling and/or
early termination by the introduction of these extremely
low-frequency tRNA isoacceptor molecules (see Note 1).

5. Design appropriate restriction sites on the 5′- and 3′-
ends of the synthetic gene for subcloning into the
desired expression vector. Ensure that no extraneous restric-
tion sites that would interfere with subsequent cloning
steps are included within the newly re-coded, harmo-
nized sequence. To do this, perform restriction enzyme
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mapping for the length of the codon-harmonized sequence
(using http://tools.neb.com/NEBcutter2/index.php or
other restriction site analysis methods).

6. Evaluate the codon-harmonized nucleotide sequence using
protein translation tools to ensure that the reading frame
has not been altered (e.g. using ExPASy Translate Tool at
http://ca.expasy.org/tools/dna.html) and that all codon
changes are silent synonymous substitutions.

7. For affinity chromatography using metal chelating
chemistries, design N-terminal or C-terminal linker
sequences that include six histidine residues.

8. Synthesize the codon-harmonized gene sequence. Cur-
rently, contracting the nucleotide synthesis step is compet-
itively priced and cost-effective. Several commercial vendors
are available, including Retrogen, Inc., Genescript, Inc., and
Blue Heron Biotechnology’s proprietary GeneMaker [R]
platform (Invitrogen). Conversely, gene synthesis can be
performed by a process of assembling overlapping oligonu-
cleotides followed by amplification using PCR. The final
assembled PCR product is subcloned into a suitable screen-
ing vector and verified by DNA sequencing (23).

9. Clone the re-coded target gene into the desired
expression vector (i.e. the pET expression system,
http://www.emdbiosciences.com/html/NVG/home.html).
The pET expression plasmid is a popular bacterial plasmid
designed especially for the production of high levels of the
desired final protein product.

3.2. Evaluate
Expression Levels

1. Standard molecular techniques are used to ligate the coding
region into the expression vector and transform the plasmid
DNA into bacterial cells (e.g. Molecular Cloning: A Labora-
tory Manual, fee-based website online laboratory manual at
www.MolecularCloning.com).

2. Inoculate selected media using a bacterial cell glycerol stock
(cryo-preserved cells). Incubate culture overnight under
established optimal growth conditions (e.g. using rich cul-
ture media, the appropriate antibiotic for propagation of
plasmid, at optimal temperature and agitation to promote
maximum cell density) (Amerex Instruments, Gyromax
767R Orbital Incubator shaker) (see Note 2).

3. To evaluate expression levels of target protein, inoculate
fresh culture media containing the appropriate antibiotic
with cells grown overnight from Step 2 (1% of the volume of
fresh media). Allow the cells to grow at the established opti-
mal temperature, usually in the range of 30–37◦C with agita-
tion (200 rpm) until a UV-vis absorbance reading at 600 nm
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(OD600) of between 0.6 and 1.0 is obtained. Reserve 1 mL
of uninduced culture (adjust to an OD600 of 0.5) to prepare
for polyacrylamide gel analysis. This sample is representative
of the T0 or uninduced cell sample. Pellet by centrifugation
at 5000 rpm for 5 min, remove supernatant and store the
pellet at –20◦C.

4. Induce expression of protein by adding isopropyl β-D-1-
thiogalactopyranoside (IPTG) to the culture to obtain a final
concentration of 0.1–2.0 mM IPTG (determined experi-
mentally) (see Note 3).

5. Remove 1 mL of culture at each hour throughout the induc-
tion period for analysis of expression levels. To prepare sam-
ples for gel electrophoresis reserve 0.5 OD600 of cells from
each time point (T0, T1, T2, T3, etc.) (being sure that the
number of cells collected at each time point is identical so
that equal amounts of protein are loaded per lane, e.g. 0.5
mL of culture with an absorbance of 1.0 OD600 equals 0.5
OD600 of cells), pellet the cells by centrifugation (5000 rpm
for 5 min), decant media and add 50 μL H2O, 50 μL for-
mamide and 100 μl 2X sample buffer to the pellet. Vor-
tex. Heat samples at 95◦C for 2–5 min until fluid to prepare
lysates. Store at 4◦C until use.

3.3. Running
Pre-cast
Polyacrylamide Gels
(SDS-PAGE)

1. For ease of handling and reproducibility, we prefer pre-cast
minigel systems for analysis of protein expression and purity
profiles, for example, 4–20% Tris-glycine gels from Invit-
rogen, although any SDS-PAGE standard format or other
minigel systems can easily be substituted (24).

2. Select the appropriate percentage gel for the protein of inter-
est and use a compatible buffer throughout the process.
Remove gel from plastic pouch, take out comb and remove
adhesive strip from foot of gel. Slide gels into Invitrogen
Xcell SureLock Mini-cell with wells facing into central cham-
ber. Close the seal and fill central chamber with the appropri-
ate running buffer. Add running buffer to outside chamber
until buffer is higher than the foot of the gel. Ensure that
the seal is not leaking before loading samples. The wells of
a 15 well × 1.5 mm gel can accommodate up to 15 μL
of sample if loaded carefully with gel-loading pipette tips.
Flush out any residual storage buffer from the wells with
running buffer before loading samples. Load 5 μL SeeBlue
pre-stained standards in lane 1. Load 5 μL of each lysate pre-
pared. The marker serves as a protein size reference to com-
pare with the expressed product. Load an aliquot of each
sample from each time point (i.e. T0, T1, T2, T3, etc.) into
consecutive wells (∼5 μL each lysate). Separate proteins by
running the gel system at 130 V (constant) for 90 min.
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3. After completion of protein separation by SDS-PAGE,
remove gel from pre-cast frame and place into the
Coomassie Blue stain solution for 90 min with gentle rock-
ing at room temperature to allow the dye to bind to the pro-
tein. Once staining is complete (approximately 1–2 h), place
the gel in Coomassie Blue destain solution for 60 min with
gentle rocking at room temperature. This solvent removes
all dye in the gel that is not bound to protein. The expressed
protein should be visible in the gel along with the protein
marker. In an expression profile, the expressed protein can
decrease over the period of the induction due to proteolysis
or toxicity of the gene product (for an example of an expres-
sion profile see Fig. 1.2). The stained gel can be scanned
for quantitative densitometry using, for example, BioRad
VersaDoc 4000 Imager (which captures digital images
from single and multicolor fluorescence, chemifluorescence,
chemiluminescence and colorimetric samples).

4. Dry the gel using DryEase Mini-Gel Drying System (Invit-
rogen) for permanent storage.

3.4. Purification of
Expressed Protein
Product

1. For each target antigen, it is necessary to develop
appropriate purification processes. We used Ni2+-charged
NTA sepharose affinity chromatography to purify the
desired protein to homogeneity. See specific proce-
dures for bacterial cell lysis and application of cleared
lysates for affinity chromatography (http://www1.qiagen.
com/literature/handbooks/literature.aspx?id=1000137).

3.5. Protein
Secondary Structural
Analysis by Circular
Dichroism

1. Protein samples (1 mL of ∼1 mg/mL) were loaded onto
PD-10 gel filtration columns equilibrated with three column
volumes of 1X PBS, pH 7.4.

2. Protein was eluted with the same buffer and 1 mL fractions
were collected and kept on ice.

3. The absorbance at 280 nm was measured and the
concentration of protein was determined using a cal-
culated extinction coefficient (ProtParam Tool on
http://ca.expasy.org/tools/protparam.html (25) and
Beer’s law (A=εcl, where A is the absorbance at 280 nm,
ε is the calculated extinction coefficient in M−1 cm−1, c
is the molar concentration of protein, l is the path length
of the cuvette in centimetres). Protein was diluted with
1X PBS pH 7.4 until an absorbance at 280 nm of 0.2 was
reached.

4. CD spectra were collected using a Jasco J-815 spectrome-
ter fitted with a Peltier temperature control unit. A 1 mm
quartz cuvette was used and three spectra were averaged.
All spectra were collected at 10◦C. Spectra were collected
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between 190–250 nm. Analysis of proteins by CD reviewed
in (26). Buffers other than PBS can interfere with measure-
ments below 200 nm. A large negative minima correspond-
ing to the random coil state occurs between ∼196–198 nm
and can be missed if data are not collected below
200 nm (27).

5. To make comparisons between protein samples for a given
protein sequence, the ellipticity (in millidegrees (mdeg)) was
converted into �ε using the following equation:

�ε = θ
(0.1 × MRW)

(P × CONC × 3298)

where θ is in millidegrees, MRW is the mean residue
weight (i.e. the molecular weight of the protein in dal-
tons divided by the number of amino acid residues in
the protein), P is the path length in centimetres and
CONC is the protein concentration in milligram per millil-
itre determined using a calculated extinction coefficient
and the molecular weight of the protein. The units of �ε

are mdeg M−1 cm−1. Representative spectra are shown
in Fig. 1.3. If the structure of the protein is known,
the percentage of alpha helical content can be compared
to a predicted value (28, 29) (e.g. http://www.embl-
heidelberg.de/∼andrade/k2d/) using these data.

6. Thermal denaturation curves were collected between 10 and
80◦C; the temperature was increased at a rate of 2◦C/min.
The ellipticity (mdeg) at 222 nm was measured versus tem-
perature to monitor the loss of alpha helical structure dur-
ing the course of the melt. If denaturation is irreversible
thermodynamic parameters cannot be calculated from these
data. For comparisons the concentrations of protein should
be within 10% of one another as the thermal denatura-
tion curves also reflect the kinetics of aggregation which is
concentration dependent. Data should be converted to �ε

units to account for differences in concentration (see Fig.
1.4); points can be fit to a four-parameter logistic function
to determine the melting temperature, Tm, using graphing
software (Grafit 5.0.13 from Erithacus Software Limited).

4. Notes

1. The presence of codons that require rare isoacceptor tRNA
molecules can lead to ribosomal pausing during translation
and early termination of protein synthesis resulting in either
low expression or a truncated product.
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2. Cell culture growth conditions should be optimized for
each clone before beginning an expression experiment. This
includes temperature for growth (22–37◦C), desired cell
density for induction (0.6–2.0 OD600), IPTG concentration
(0.1–2 mM) and the duration of the induction period (2–4 h
at 37◦C or up to 20 h at 17◦C). The concentration of antibi-
otic included must be high enough to allow for growth of
only the desired clone, but not so high as to inhibit all bac-
terial growth.

3. Prior to induction, glucose can be added to cultures in
concentrations ranging from 0 to 2%. For expression plas-
mids containing a T7 promoter, glucose can improve growth
prior to induction by limiting basal expression of toxic gene
products.
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Chapter 2

SUMO Fusion Technology for Enhanced Protein Expression
and Purification in Prokaryotes and Eukaryotes

Raymond J. Peroutka III, Steven J. Orcutt, James E. Strickler,
and Tauseef R. Butt

Abstract

The preparation of sufficient amounts of high-quality protein samples is the major bottleneck for struc-
tural proteomics. The use of recombinant proteins has increased significantly during the past decades.
The most commonly used host, Escherichia coli, presents many challenges including protein misfolding,
protein degradation, and low solubility. A novel SUMO fusion technology appears to enhance protein
expression and solubility (www.lifesensors.com). Efficient removal of the SUMO tag by SUMO protease
in vitro facilitates the generation of target protein with a native N-terminus. In addition to its physiologi-
cal relevance in eukaryotes, SUMO can be used as a powerful biotechnology tool for enhanced functional
protein expression in prokaryotes and eukaryotes.

Key words: SUMO, Smt3, SUMO protease1, protein expression, protein solubility, protein
purification SUMOstar, SUMOstar protease.

1. Introduction

SUMO proteins are covalently attached to and removed from
specific protein substrates in eukaryotic cells. SUMOylation as a
reversible post-translational modification process has been shown
to be involved in many cellular processes, such as nuclear-cytosolic
transport (1), apoptosis (2), protein activation (3) and stability
(4), response to stress (5), and progression through the cell cycle
(6). A SUMO fusion system using yeast SUMO (Saccharomyces
cerevisiae Smt3) as the N-terminal tag appears to enhance the
expression and solubility of partner proteins and decrease pro-
teolytic degradation (see Fig. 2.1) (7–13). After expression in
E. coli, an N-terminal His 6 SUMO tag facilitates purification of
the fusion protein. This tag can be efficiently removed by SUMO
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Fig. 2.1. Comparison of protein expression and solubility properties among GDF8 derivatives containing various
N-terminal fusions (SUMO, GST, MBP, TRX, NusA, and Ub). All genes were expressed in a pET24 background. Equal
amounts of protein from uninduced culture (UN), induced (IN), soluble fraction (S), and inclusion bodies (IB) were ana-
lyzed by 10% SDS-PAGE. Gels were stained with Coomassie blue. For details, please see the text. GDF8 fused with SUMO
or NusA consistently showed higher amount of expression and solubility, whereas the GDF8 derivatives tagged with GST,
MBP, or TRX were least effective in expression and solubility properties. GDF8 is expressed relatively poorly in E. coli as
an unfused protein.

protease 1 (S. cerevisiae Ulp1), which recognizes the 3D structure
of SUMO as well as the C-terminal sequence. Cleavage after the
conserved C-terminal Gly–Gly motif of SUMO generates a part-
ner protein with a native N-terminus and the capability of being
re-purified and used for many biomedical or biopharmaceutical
purposes.

SUMO fusion technology is an excellent tool for prokary-
otic expression systems; however, the SUMO tag will be cleaved
by SUMO proteases in a eukaryotic organism. LifeSensors,
Inc. recently engineered a novel mutant SUMO tag, called
SUMOstar, which is resistant to cleavage by SUMO protease
in eukaryotic expression systems. This SUMOstar tag also main-
tains enhanced protein expression and solubility as shown in yeast
(S. cerevisiae and Pichia pastoris, unpublished data), insect, and
mammalian cells (14, 15). In addition, a novel SUMOstar-specific
protease has been developed by LifeSensors, Inc. which is able to
cleave the SUMOstar tag in vitro from the fusion protein. This
novel SUMOstar fusion technology can be utilized for a variety
of prokaryotic and eukaryotic expression systems.

Here, we will provide detailed protocols on how to construct
a SUMO tag with a gene of interest, express this gene fusion in E.
coli and purify the gene product from either the soluble fraction
or inclusion bodies. We will also demonstrate how to cleave the
SUMO tag in vitro using a SUMO-specific protease and purify
the target protein with a native N-terminus.

2. Materials

2.1. Cloning into the
pSUMO Vector

1. pSUMO vector (www.lifesensors.com) (see Fig. 2.2)
2. DNA containing the gene of interest
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Fig. 2.2. The cloning vector pSUMO. (a) A feature map of the vector. Expression of a
SUMO fusion protein is driven by an inducible T7 promoter. The pSUMO vector is a low
copy plasmid with kanamycin selection. (b) The DNA sequence encoding the SUMO tag.
The restriction digestion site of enzyme BsaI is illustrated. Digestion with BsaI results in
two unique overhangs for directional cloning of the gene of interest.

3. PCR kit (High Fidelity DNA polymerase, 10x reaction
buffer, dNTP nucleotide mix)

4. Appropriate DNA restriction enzymes and reaction buffers
5. PCR purification kit
6. 50◦C water bath
7. DNA gel extraction kit
8. TAE buffer: 40 mM Tris, 1 mM EDTA, 20 mM acetic acid,

pH 8.5
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9. Agarose
10. T4 DNA ligase and reaction buffer
11. Competent Escherichia coli TOP10 cells
12. LB medium: 1% (w/v) bacto-tryptone, 0.5% (w/v) yeast

extract, 1% (w/v) NaCl, pH 7.0
13. LB agar plates with appropriate antibiotic
14. Plasmid DNA miniprep kit

2.2. E. coli
Transformation
and Induction

1. SOC medium: 2% (w/v) bacto-tryptone, 0.5% (w/v)
bacto-yeast extract, 0.05% (w/v) NaCl, 2.5 mM KCl,
20 mM glucose, pH 7.0

2. LB medium: 1% (w/v) bacto-tryptone, 0.5% (w/v) yeast
extract, 1% (w/v) NaCl, pH 7.0

3. Appropriate antibiotics
4. Propane torch and flint striker
5. Bucket of ice
6. Shaking 37◦C incubator
7. Sterile 2.5 l flasks
8. Water bath heated to 42◦C
9. Sterile spreader

10. Automatic pipettor
11. Centrifuge with a rotor capable of holding 250 or 500 ml

bottles

2.3. Preparation of
Soluble and Inclusion
Body (IB) Fractions

1. Sterile 35 ml centrifuge tubes
2. PBS: 2 mM KH2PO4, 8 mM Na2HPO4, 137 mM NaCl,

2.7 mM KCl, pH 8.0
3. Lysis buffer: 2 mM KH2PO4, 8 mM Na2HPO4, 287 mM

NaCl, 2.7 mM KCl, 10 mM imidazole, 1% (v/v) Triton
X-100, pH 8.0

4. IB wash buffer: 2 mM KH2PO4, 8 mM Na2HPO4,
287 mM NaCl, 2.7 mM KCl, 10 mM imidazole, 0.5%
(v/v) Triton X-100, 1 mM EDTA, 1 M urea, pH 8.0

5. IB solubilization buffer: 50 mM CAPS, 0.3 M NaCl, 0.3%
(w/v) N-laurylsarcosine, 1 mM DTT, pH 11

6. DNase: 50 mg/ml stock of deoxyribonuclease I from
bovine pancreas (store at –20◦C)

7. RNase: 50 mg/ml stock of ribonuclease A from bovine
pancreas

8. PMSF: 1 M phenylmethylsulfonyl fluoride
9. IPTG: 1 M isopropyl β-D-thiogalactopyranoside
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10. Dialysis buffer: 20 mM Tris, 150 mM NaCl, 10% (v/v)
glycerol, pH 8.0

2.4. Affinity
Purification

1. Ni-NTA resin
2. Lysis buffer: 2 mM KH2PO4, 8 mM Na2HPO4, 287 mM

NaCl, 2.7 mM KCl, 10 mM imidazole, 1% (v/v) Triton
X-100, pH 8.0

3. Wash buffer 1: 2 mM KH2PO4, 8 mM Na2HPO4,
287 mM NaCl, 2.7 mM KCl, 5 mM imidazole, and 1%
(v/v) Triton X-100, pH 8.0

4. Wash buffer 2: 2 mM KH2PO4, 8 mM Na2HPO4,
287 mM NaCl, 2.7 mM KCl, 15 mM imidazole, pH 8.0

5. Elution buffer: 2 mM KH2PO4, 8 mM Na2HPO4,
287 mM NaCl, 2.7 mM KCl, 300 mM imidazole, pH 8.0

6. Strip buffer: 20 mM Tris, 100 mM EDTA, and 0.5 M
NaCl, pH 7.9

7. IB solubilization buffer: 50 mM CAPS/KOH, 300 mM
NaCl, and 0.3 % (w/v) N-laurylsarcosine, pH 11

8. Charge buffer: 50 mM NiCl2
9. 20% (v/v) ethanol

10. Dialysis buffer: 20 mM Tris, 150 mM NaCl, 10% (v/v)
glycerol, pH 8.0

2.5. SUMO Tag
Cleavage

1. SUMO protease 1: 10 unit/μl (LifeSensors, Inc.)
2. PBS: 2 mM KH2PO4, 8 mM Na2HPO4, 137 mM NaCl,

2.7 mM KCl, pH 8.0
3. Refolding buffer: 20 mM Tris, 150 mM NaCl, 1% (w/v)

CHAPS, 10% (v/v) glycerol, pH 8.0
4. 1 M DTT
5. 3.5 kDa MWCO (molecular weight cut-off) dialysis tubing

3. Methods

3.1. Directional
Cloning into pSUMO
Vector Using BsaI

Here we describe the strategy of generating a SUMO tag fused
gene of interest using the pSUMO vector and a single restriction
enzyme for in-frame cloning (see Notes 1 and 2):

1. Design PCR primers to amplify the gene of interest. For
the forward and reverse primers, use the sequences 5′-
NNN GGT CTC NAG GTX XXX XXX XXX XXX XX–3′
and 5′-NNN GGT CTC TCT AGA TCA YYY YYY YYY
YYY YYY-3′ as templates, respectively. Within these PCR
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templates, “X” corresponds to nucleotides at the 5′-end of
the gene of interest and “Y” to the reverse complement of
nucleotides at its 3′-end. “N” is any nucleotide, the BsaI
site is in bold, and the XbaI site is in bold and italics (see
Note 3).

2. Amplify the gene of interest with the designed primers in a
PCR reaction using a thermostable high-fidelity DNA poly-
merase.

3. Clean up the PCR reaction using a PCR purification kit.
4. Digest the pSUMO vector and the generated PCR product

separately in reaction tubes with BsaI restriction endonu-
clease (10 U) for 1 h at 50◦C (see Notes 4 and 5) and
separate the reaction samples on a 1% (w/v) TAE agarose
gel by running for 30 min at 10 V/cm.

5. Isolate (excise) both restricted DNA molecules, the
pSUMO vector and the PCR fragment, from the agarose
gel using a DNA gel extraction kit.

6. Mix the vector and the PCR fragment in the ratio 1:3
(mol:mol) and set up a 20 μl ligation reaction.

7. Incubate at room temperature for 2 h.
8. Use 5 μl of the ligation mixture to transform 50 μl of

competent E. coli TOP10, DH5α, or other strains suitable
for cloning according to the transformation protocol in
Section 3.2.

9. Inoculate 3 ml culture with the positive colonies on LB-
based selection plates and grow with shaking at 37◦C
overnight.

10. Spin down bacteria at 4000×g for 5 min and discard the
supernatant.

11. Isolate the plasmid using a plasmid DNA miniprep kit.
After sequence confirmation proceed to the transformation
of the E. coli expression strain.

3.2. Transformation
and Protein
Expression

In this section, we describe how to express the SUMO fusion
construct in E. coli BL21(DE3) cells. This strain is commonly
used for inducible, T7 RNA polymerase-driven, high-level gene
expression. Genes of two major proteases, OmpT and Lon, are
deleted from the genome of this strain in order to decrease cellular
degradation.

1. Gently thaw chemically competent cells on ice and keep the
cells as cold as possible at all times. Always work aseptically
when transforming and culturing E. coli cells.
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2. Add 1 μl of DNA (approximately 0.1 μg) to 50 μl of
chemically competent cells while on ice in a sterile 1.5 ml
microfuge tube.

3. Mix gently with a pipette tip and let incubate on ice for
15–30 min.

4. Following incubation on ice, heat shock the cells by remov-
ing tube from the ice and immediately immersing in a 42◦C
water bath for 40 s. Place them back on ice after this heat
shock period.

5. After 2 min on ice, add 200 μl of SOC pre-warmed to
37◦C.

6. Leave the cells for recovery in the 37◦C shaker for 1 h.
7. Aseptically transfer 0.1 ml of transformation culture to an

LB plate containing 30 μg/ml kanamycin.
8. Spread transformation culture evenly with sterile spreader.
9. Place the plate into a 37◦C incubator and incubate

overnight.
10. Pipette 5 ml LB medium containing 30 μg/ml kanamycin

into sterile, 15 ml snap cap tubes.
11. Inoculate the 5 ml LB with a single E. coli colony using an

inoculation loop.
12. Incubate with shaking (250 rpm) at 37◦C overnight.
13. Transfer 1 l of LB containing 30 μg/ml kanamycin to ster-

ile 2.5 l flask.
14. Inoculate the 2.5 l flask with the 5 ml starter culture
15. Incubate with shaking (rpm = 250) at 37◦C for approx-

imately 3 h until the cell density reaches an OD600 nm of
0.6–0.8.

16. When the OD600 nm of 0.6–0.8 is reached, remove 1 ml of
culture to serve as a negative induction control. Store this
culture at –80◦C.

17. Add IPTG to a final concentration of 1 mM. Incubate
either at 37◦C with shaking for 3 h or at 20◦C for 16 h.
Harvest cells by centrifugation at 4000×g for 15 min at
4◦C. Store the pellet at –80◦C. The typical wet weight of
cultured cells is approximately 10–12 g−1/l culture.

3.3. Cell Lysis and
Protein Preparation

Overexpressed proteins in E. coli usually accumulate in the soluble
fraction or form insoluble inclusion bodies. The SUMO fusion
system significantly increases protein solubility and expression;
therefore, SUMO-tagged proteins are usually present in the sol-
uble fraction. However, in some cases, even SUMO-tagged pro-
teins form inclusion bodies. Preparation of a soluble fraction and
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insoluble inclusion bodies from bacterial cells will be described
here.

3.3.1. Preparation of
Soluble Protein Fraction
from E. coli Cells

1. Resuspend the cell pellet in lysis buffer (approximately 3 ml
lysis buffer per gram cell paste).

2. Lyse cells by sonication (75% output for 10 × 15 s, with 30 s
intervals between the pulse cycles) on wet ice (see Note 8).

3. Add DNase and RNase (20 μg/ml) to the lysates and incu-
bate for 20 min on wet ice (see Note 9).

4. Add Triton X-100 to the sample to a final concentration of
1% (v/v) and incubate at 4◦C for 1 h.

5. Centrifuge the sample (20,000×g, 30 min at 4◦C) and
pool the supernatant as the soluble protein fraction and
keep the pellet for preparation of insoluble proteins (see
Section 3.3.2).

3.3.2. Preparation of
Insoluble Protein
Fraction from Inclusion
Bodies

1. Wash the pellet prepared above from the 1 l cultured cells
with 30 ml IB wash buffer by resuspension and centrifuga-
tion at 10,000×g for 10 min at 4◦C.

2. Discard the wash supernatant and repeat wash steps twice as
described above.

3. Add 30 ml IB solubilization buffer to the pellet and incubate
with shaking for 1 h at room temperature to extract insoluble
proteins.

4. Centrifuge the sample at 15,000×g for 30 min at 4◦C and
collect the supernatant as the insoluble protein fraction.

5. Analyze the soluble and insoluble fractions prepared above
using an SDS-PAGE according to the molecular weight of
the gene product.

6. Use the protein samples immediately for purification or store
them at 4◦C for a short period of time (less than 10 days).
For long-term storage keep the protein samples at –80◦C
and avoid repeated freeze–thaw cycles.

3.4. Affinity
Purification Using
Ni-IMAC Resin

The N-terminal His 6 tag of SUMO allows the affinity purifi-
cation of SUMO fusion proteins using a Ni-IMAC resin (see
Fig. 2.3). This method is an efficient and inexpensive way of
purifying proteins from bacterial lysates. In this section, we will
demonstrate the procedures of purifying SUMO fusion proteins
from the soluble fraction and insoluble inclusion bodies.

3.4.1. Purification from
a Soluble Extract

1. Pipette 25 ml Ni-IMAC resin into a column and allow to
drain by gravity (here and in all subsequent purification
steps allow the column to drain by gravity).

2. Wash the column with 5 column volumes (CV) of water.



SUMO Technology for Protein Expression 23

Fig. 2.3. Flow chart for purification and cleavage of His 6-SUMO-tagged proteins.

3. Charge the column with 5 CV charge buffer. If using a
new Ni resin, the resin is pre-charged and this step may be
omitted.

4. Equilibrate column with 10 CV of wash buffer 1.
5. Load sample onto Ni-IMAC resin. Make sure that the pro-

tein extract contains 5 mM imidazole. If not, add 1.7%
(v/v) elution buffer to the protein sample and mix gently
(see Note 10).

6. Wash column with 10 CV of wash buffer 1.
7. Wash with 10 CV of wash buffer 2.
8. Elute the bound SUMO fusion protein with 4 CV of elu-

tion buffer.
9. Strip column by adding 5 CV of strip buffer.

10. Wash column with 5 CV water.
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11. Apply 5 CV 20% (v/v) ethanol to the column, allow 1/2 the
volume to drain by gravity, and store the column at 4◦C.

3.4.2. Purification from
an Insoluble Extract

1. Equilibrate the pre-charged column with 10 CV of IB solu-
bilization buffer containing 5 mM imidazole.

2. Load sample onto Ni-IMAC resin. Make sure the pro-
tein extract contains 5 mM imidazole as mentioned in
Section 3.4.1.

3. Wash column with 10 CV IB solubilization buffer contain-
ing 5 mM imidazole.

4. Wash with 10 CV IB solubilization buffer containing 15 mM
imidazole.

5. Elute with 4 CV IB solubilization buffer containing 300 mM
imidazole.

6. Strip column by adding 5 CV strip buffer.
7. Wash column with 5 CV water.
8. Wash the column with 5 CV storage buffer as described in

Section 3.4.1.

3.5. Removal of
SUMO Tag

Unlike other proteases, SUMO protease 1 not only recognizes its
specific amino acid sequence “x-Gly-Gly|x,” but also the tertiary
structure of the SUMO tag. SUMO proteases have been found to
completely cleave a wide range (6–110 kDa) of proteins fused to
SUMO and approximately 100 SUMO fusions have been cleaved
without erroneous digestion (7, 9, 11). Variable conditions have
also been tested on SUMO protease activity (7) (see Fig. 2.4).
SUMO protease is capable of cleaving the SUMO-GFP fusion
under a wide range of conditions such as in the presence of up to
2 M urea, 0.1 M guanidine-HCl, 300 mM imidazole, 1% Triton,

Fig. 2.4. Effect of temperature and various chemicals on SUMO protease 1 activity. Purified SUMO-GFP fusion (15 μg)
and one unit of SUMO protease were combined in PBS buffer with indicated additives and the reactions were stopped
after 20 min. Reaction products were resolved by SDS-PAGE and stained with Coomassie blue.
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0.5 M NaCl, temperature from 4 to 37◦C, and pH from 6 to 9
(7). Another important advantage of using SUMO as a fusion tag
is the capability of generating the native N-terminus of a target
protein which is particularly critical for producing proteins whose
activity relies on their specific N-terminus (e.g. chemokines). The
recombinant form of SUMO protease includes an N-terminal His
6 tag and so it can be easily removed using Ni-IMAC chromatog-
raphy.

1. Dialyze a purified SUMO-fused protein using 3.5 kDa
MWCO dialysis tubing against either 500 ml PBS for solu-
ble fusions or 500 ml refolding buffer for insoluble SUMO-
fused proteins for 24 h at 4◦C with at least four fresh buffer
exchanges.

2. Add SUMO protease 1 to the SUMO fusion protein sample
in appropriate buffer (conditions are listed in Table 2.1) at
a ratio of 1 unit enzyme per 100 μg substrate and incubate
at 30◦C for 1 h (see Note 11).

Table 2.1
Influence of various chemicals on the activity of SUMO
protease 1

Chemical Concentration
Percent of
cleavage

Phosphate-buffered saline
(PBS)

See Section 2.3 100

DTT or β-mercaptoethanol 20 mM 100
NaCl 150 mM 100

500 mM 60
1 M 30

Urea 1 M 100
2 M 95
3 M 5

Guanidine hydrochloride 500 mM 60
1 M 0

Triton X-100 1% 100
Imidazole 300 mM 100

GSH (reduced glutathione) 20 mM 100
Maltose 20 mM 100

Glycerol 20% (v/v) 100
Ethylene glycol 20% (v/v) 100

Sucrose 20% (w/v) 100
Ethanol 10% (v/v) 100
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3. Add DTT to the enzyme–substrate mixture to a final con-
centration of 2.0 mM. Do not exceed 2 mM if nickel affin-
ity resin (Ni-IMAC) will be used for subtracting SUMO in
the downstream purification, because high concentrations of
DTT can disassociate the metal from the resin.

4. Incubate the mixture at 30◦C for 1 h with slight shaking.
Typically, >95% of SUMO fusions can be cleaved under these
conditions. (To maximize cleavage, continue to incubate the
mixture at 4◦C overnight.)

5. Check the cleavage using SDS-PAGE. If the SUMO fusion
is not approx. 95% cleaved, add more SUMO protease 1 and
incubate for a longer time.

6. Dialyze the cleaved SUMO fusion with proper buffer for the
next purification step and subtraction of SUMO and SUMO
protease 1 for pure target proteins (see Note 12).

7. For the subtraction step, reapply the digestion mixture to the
5 ml Ni-IMAC column. Add two column volumes of PBS
to the column. While the gene product of interest, which
does not harbor a His 6-tag, flows through the column, both

Fig. 2.5. Expression and purification of His 6-SUMO-3CL and protein. Escherichia coli
grown in LB medium was induced at 20◦C for 6 h. Proteins were purified on Ni-IMAC
resin and eluted (lanes as described in Section 3.4). Cleavage and dialysis of 2 mg
of each fusion were performed overnight at 4◦C with 10 units of SUMO protease 1.
Following dialysis, His 6-SUMO and SUMO protease 1 were subtracted by passing the
proteins through a miniature Ni-IMAC column. Protein fractions were resolved by SDS-
PAGE and stained with Coomassie blue.
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the SUMO fusion and SUMO protease contain a His 6-tag
and thus bind to the Ni-IMAC resin and become subtracted
from the mixture.

8. Analyze the protein samples by SDS-PAGE (see a sample
purification and cutting analysis in Fig. 2.5).

4. Notes

1. To take full advantage of SUMO fusion technology includ-
ing the removal of the SUMO tag by SUMO protease, it
is critical to make a fusion protein without any additional
sequence between SUMO and the desired gene. SUMO
protease recognizes the structure of the SUMO moiety and
cleaves at the C-terminal end of a conserved – Gly–Gly
sequence (16). Therefore, SUMO protease never cleaves
inside the partner protein.

2. SUMO protease can cleave the SUMO moiety in any
amino acid context except that in which a proline residue
follows immediately after the last two glycines of SUMO.

3. In designing DNA primers for the amplification of the
open reading frame, make sure to add at least two extra
nucleotides at the 5′-end of the primer. Otherwise the
restriction enzymes will not cleave PCR-amplified DNA
efficiently.

4. If the gene of interest contains an inherent BsaI site,
one can use an alternate type IIS restriction endonucle-
ase. Below are recommended ways to incorporate these
enzymes into the DNA primers.
AarI: 5′ – CACCTGCNNNNAGGTXXXXXXXXXXX

XXXX – 3′
BbsI: 5′ – GAAGACNNAGGTXXXXXXXXXXXX

XXX – 3′
BbvI: 5′ – GCAGCNNNNNNNNAGGTXXXXXXXXX

XXXXXX – 3′
BfuAI: 5′ – ACCTGCNNNNAGGTXXXXXXXXXXXX

XXX – 3′
BsaI: 5′ – GGTCTCNAGGTXXXXXXXXXXXXX

XX – 3′
BsmAI: 5′ – GTCTCNAGGTXXXXXXXXXXXXXXX – 3′
BsmBI: 5′ – CGTCTCNAGGTXXXXXXXXXXXXX

XX – 3′
BsmFI: 5′ – GGGACNNNNNNNNNNAGGTXXXXXX

XXXXXXXXX – 3′
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BtgZI: 5′ – GCGATGNNNNNNNNNNAGGTXXXXX
XXXXXXXXXX – 3′

FokI: 5′ – GGATGNNNNNNNNNAGGTXXXXXXX
XXXXXXXX – 3′

SfaNI: 5′ – GCATCNNNNNAGGTXXXXXXXXXXXX
XXX – 3′

where N represents any nucleotide and X represents the
sequence of the gene of interest. The enzyme recognition
sequence is underlined and in bold.

5. When performing the restriction digest, make sure not to
use too much enzyme for an extended period of time.
Over-digestion of the vector could result in inefficient
cloning.

6. For the protein expression use E. coli expression strain
freshly transformed with expression plasmid (<2 weeks
old). Using older plates entails the risk of significant reduc-
tion in protein expression as compared with expression
using freshly transformed plates.

7. When inducing the culture for protein expression it is
important to know that even with the SUMO fusion
tag some proteins are insoluble when expressed at 37◦C.
Lowering the temperature during the induction ensures a
higher yield of soluble protein. Induction can be performed
at 20◦C overnight, in which case the preinduction cell den-
sity must be 0.8 OD instead of 0.5.

8. When sonicating, it is critical to not overheat the lysate. If
a large bacterial pellet is being sonicated, it is wise to use a
metal container for the best heat transfer from the lysate to
the iced water.

9. The DNase I solution must be freshly prepared because
freeze/thaw cycles significantly decrease DNase I enzy-
matic activity and the cell lysate might be too viscous after
centrifugation.

10. During column purification it is critical to have imidazole
in the lysis and wash buffers to ensure a clean protein
preparation. However, if the protein starts to elute dur-
ing the second wash, replace the wash buffer II with wash
buffer I.

11. SUMO protease is a very robust enzyme and it can cleave
in a variety of buffers and additives. Figure 2.4 and Table
2.1 summarize some tested conditions for the cleavage
efficiency.

12. It is noteworthy that with SUMO the fusion partners are
more soluble; however, after cleavage with SUMO protease
the cleaved off protein might fall out of solution.
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13. Due to the lack of endogenous SUMO protease in E. coli
cells, SUMO fusion expression system is well established
in prokaryotic cells (LifeSensors, Inc.). However, SUMO
tag will be cleaved by endogenous SUMO protease after
translation in eukaryotic cells (9). We recently engineered a
novel SUMO tag, called SUMOstar, which is not removed
from the fusion partner in eukaryotic cells. We have shown
that the SUMOstar system enhances expression of pro-
teins in yeast, P. pastoris, insect cells, and mammalian cells.
In addition to enhancing intracellular expression, novel
SUMOstar tags have been developed that enhance secre-
tion of proteins in insect and mammalian cells. Thus, the
SUMOstar fusion could be utilized for enhanced expres-
sion of functional proteins not only in prokaryotes but also
in eukaryotic systems. After affinity purification of fusion
proteins, SUMOstar tag can be cleaved in vitro by a spe-
cific SUMOstar protease (LifeSensors, Inc.).
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Chapter 3

Molecular and Chemical Chaperones for Improving
the Yields of Soluble Recombinant Proteins

Ario de Marco

Abstract

Molecular chaperones and chemical compounds like amino acids and osmolytes share the capability to
prevent protein aggregation and can contribute to rescue in vivo aggregated proteins. Therefore, both
overexpression of the molecular folding machinery and induced accumulation of chemical chaperones are
options to improve the correct folding of recombinantly expressed proteins. These two parameters may
show synergistic effects, although success remains protein specific and, therefore, several combinations
of molecular and chemical chaperones should be compared. However, proteins can fail to fold correctly
even in optimized culture conditions. In this case, protein aggregates can be recovered and their refolding
assisted by an osmolyte/chaperone-dependent system. The selection of aggregates with different degrees
of complexity can be exploited to maximize the yields of native proteins at the end of the refolding
process.

Key words: Molecular chaperones, osmolytes, protein refolding, protein aggregates, osmotic stress,
heat-shock response, trehalose overproduction engineering.

1. Introduction

Any protein possesses the information necessary to reach its native
structure coded into its linear amino acid sequence, as described
by Anfinsen (1). However, in the absence of foldases and molecu-
lar chaperones, some proteins would be trapped in unproductive
folding intermediates during their folding. When not prevented
by cell proteolytic activity, the accumulation of unstable, partially
unfolded intermediates leads to protein aggregation. The chance
to form aggregates becomes higher in heterologous expression
systems since unstable protein intermediates do not find suitable

T.C. Evans, M.-Q. Xu (eds.), Heterologous Gene Expression in E. coli, Methods in Molecular Biology 705,
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folding machinery elements in the new expression host to com-
plete their folding process.

The co-expression of recombinant chaperones can improve
the folding efficiency of host cells and the yields of soluble
target proteins, as initially demonstrated by Goloubinoff et al.
(2). The accurate elucidation of the molecular background rel-
ative to the functional co-ordination of the chaperone network
(3, 4) has recently allowed a systematic survey for identifying
optimal conditions to exploit molecular chaperones for biotech-
nological applications (5, 6). This approach overcame the past
empiric attempts of stimulating heat-shock protein accumulation
by inducing metabolic stress using heat treatments and high salt
concentrations or causing cell membrane perturbation by the
addition of chemicals like ethanol and benzoic alcohol (7, 8).

Another attempt to improve protein stabilization during het-
erologous protein expression involved adding chemical chap-
erones to the cell culture media. These substances, such as
osmolytes or amino acids, minimize unproductive interactions
and have been successfully used both in vivo and in vitro to
prevent protein aggregation and to stabilize protein intermedi-
ates during refolding (9). Furthermore, the enzymes involved
in trehalose biosynthesis have been overexpressed in genetically
engineered bacterial cells, enabling the induction of trehalose
accumulation directly in the bacterial cytoplasm (10).

There are also examples of synergistic activities between
molecular and chemical chaperones (7). Such observations sug-
gest that molecular chaperones stabilize the protein substrates by
interactions that are different or only partially overlapping with
respect to the chemical chaperone mode of action and, there-
fore, the single contributions of both chaperone components can
be exploited for improving the overall system functionality (see
Fig. 3.1).

Nevertheless, there are still several cases in which none of
the proposed approaches leads to substantial improvements in
the recombinant protein folding. Nevertheless, protein aggre-
gates can always be recovered and successively forced to refold
in vitro under specific conditions.

We have previously shown that recombinant proteins form
aggregates characterized by increasing levels of complexity (11)
and that culture conditions, expression constructs, and molecular
chaperone co-expression could contribute to the structural fea-
tures of the aggregates (12). For instance, the same GST–GFP
construct extracted from bacteria grown at different temperatures
and variable DnaK availability formed soluble aggregates in shape
of few nanometer rods, large nets of several hundreds of nanome-
ter in diameter, and structured fibrils (see Fig. 3.2, (11, 12)).
This information is relevant since both aggregate complexity and
kinetics of (re)aggregation are crucial factors in the success of the
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Fig. 3.1. Synergistic interactions between molecular and chemical chaperones. Large
protein aggregates can co-precipitate with small chaperones IbpA and IbpB (IbpA/B) that
prevent the formation of tight inclusion bodies. Such aggregates can be disassembled
into soluble form by the disaggregation activity of ClpB (B) and DnaK (K) system (DnaK
plus the regulative co-chaperones DnaJ [J] and GrpE [E]) and the protein intermediates
can recover their native structure through the action of chaperonins GroEL (EL) and
GroES (S), and the DnaK system. Protein intermediates can be stabilized by osmolytes
that impair the interactions among still exposed hydrophobic regions. Osmolytes can
also contribute to the unfolding of large aggregates and, consequently, in facilitating the
molecular chaperone-dependent refolding route. Osmolytes are represented by closed
circles and IbpA/B chaperones by shaded triangles.

refolding strategies (11, 12). The following protocols will focus
on the possibility to use molecular chaperones and osmolytes,
both alone and in combinations, to limit recombinant protein
aggregation in bacteria and to improve the yields of productive
refolding starting from precipitated proteins.

2. Materials

2.1. Vectors and
Strains

1. Expression vectors pETM14, pETM22, pETM33,
pETM44, pETM66, pETM80, and pETM82 with selective
kanamycin resistance and pETM20 and pETM90 with
selective ampicillin resistance (see Note 1).

2. BL21(DE3) bacterial cells (no resistance), Rosetta (DE3)
strain (chloramphenicol resistance, Novagen) that enables
the overexpression of tRNAs for rare codons, and Origami
(DE3) strain (kanamycin resistance, Novagen) that allows
the cytoplasmic formation of disulfide bonds (see Note 2).
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Fig. 3.2. Recombinant proteins produce aggregates of variable complexity. Bacteria
overexpressing a GST–GFP fusion protein were cultured overnight at 20◦C after IPTG
induction and finally pelleted. Total lysate was loaded onto a sucrose gradient and sep-
arated by centrifugation. The protein fractions accumulated at the interfaces between
solutions of different sucrose concentrations were recovered and analyzed by electron
microscopy (11).

2.2. Chaperone
Overexpression

1. Molecular chaperone vectors pBB528 (chloramphenicol),
pBB530 (chloramphenicol), pBB535 (spectinomycin),
pBB540 (chloramphenicol), pBB541 (spectinomycin),
pBB542 (spectinomycin), pBB550 (spectinomycin), and
pBB572 (ampicillin) (see Fig. 3.3 and Note 3).

2. Antibiotic stock solutions (1000x) for chlorampheni-
col (10 mg/mL dissolved in ethanol), carbenicillin
(100 mg/mL), kanamycin (30 mg/mL), and spectinomycin
(50 mg/mL). Filter sterilize the solutions and store in
single-use aliquots at –20◦C.

3. Luria Bertani (LB) medium (10 g tryptone, 5 g yeast extract,
10 g NaCl × 1 L H2O).

4. 100 mM isopropyl-beta-D-thiogalactopyranoside (IPTG)
dissolved in H2O; 1 mL aliquots are stored at –20◦C.

5. SDS-PAGE running device.
6. Thermostatic orbital shaker with tube racks and bottle adap-

tors.
Use the frozen stocks of bacteria harboring the suitable

chaperone combinations to prepare chemically competent
cells. Stocks remain competent for several months.



Molecular and Chemical Chaperones 35

Fig. 3.3. Chaperone plasmid representation. Origin, promoters, resistance, and chaper-
one sequences present in each plasmid are reported.

2.3. Cell Culture 1. LB medium (10 g tryptone, 5 g yeast extract, 10 g NaCl ×
1 L H2O) and glycerol (70%)

2. 15 mL disposable tubes
3. 96-Well microtiter plates (Eppendorf) with permeable seal-

ing membrane (Nunc)
4. Autoinducible growth medium prepared according to

Studier (13)
5. Plastic inoculation tips (Sarstedt)
6. Thermostatic orbital shaker with tube racks (New Brawn-

swick)
7. Bench centrifuge (Eppendorf)
8. Trehalose (Sigma): Dry powder
9. Glycine betaine (Sigma): 1 M betaine in water. Store

at –20◦C
10. K-Glutamate (Sigma): 1 M glutamate in water. Store

at –20◦C
11. Hydroxyectoine (bitop AG): Dry powder
12. Di-myo-inositol 1,1′-phosphate (DIP) (bitop AG): Dry

powder
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2.4. Analytical
Protein Purification

1. Lysis buffer: 50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 5 mM
MgCl2, 1 mg/mL lysozyme.

2. Lysozyme: 100 mg/mL lysozyme (L7651) in water. Store
at –20◦C.

3. DNase I: 1 mg/mL in 50% glycerol, 50 mM NaCl. Store
aliquots at –20◦C.

4. Washing buffer: 50 mM Tris-HCl, pH 8.0, 0.5 M NaCl,
15 mM imidazole, 0.02% triton X-100. Prepare stock solu-
tions of Tris-HCl (1 M), NaCl (5 M), and imidazole (2 M).
Store triton X-100 in the dark.

5. Ni Sepharose beads. The beads are stored at 4◦C in the pres-
ence of preservatives and must be washed at room temper-
ature before use. Pipet 25 μL of Ni Sepharose beads into a
1.5 mL Eppendorf tube in the presence of 300 μL of
PBS buffer. Carefully mix the tube by repeated top/bottom
inversions and separate the beads from the supernatant by
centrifugation (2 min at 3300×g in a bench minifuge).
Gently aspire the supernatant for preventing bead removal.
Repeat the procedure twice and, finally, add 30 μL of fresh
lysis buffer to cover the beads and protect them from drying.

6. SDS-sample buffer (2X): 100 mM Tris, pH 6.8, 4% SDS,
5 mM DTT, 20% glycerol, bromophenol blue (4.8 mg/100
mL). Aliquots can be stored at –20◦C.

7. Rotating wheel (Intercontinental, Catania, I).
8. Colloidal blue dye: Instant Blue (Expedeon, Cambridge,

UK) (see Note 4).
9. Water bath sonicator.

2.5. Inclusion Body
Purification

1. Lysozyme: 100 mg/mL lysozyme (L7651) in water. Store
at –20◦C.

2. DNase I: 1 mg/mL in 50% glycerol, 50 mM NaCl. Store
aliquots at –20◦C.

3. Triton X-100 (Sigma, T8787).
4. MgCl2: 1 M in water, stored at room temperature.
5. EDTA: 0.5 M disodium ethylenediaminetetraacetate,

50 mM Tris-HCl, pH 8.0.
6. Sucrose (Sigma).
7. Deoxycholate: 10% sodium deoxycholate in water. Store at

4◦C in the dark.
8. Triton X-100: 10% triton X-100, 20 mM Tris-HCl,

pH 8.0.
9. NaCl: 5 M NaCl in H2O.
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10. DTT: 1 M dithiothreitol, X mM dithioerythrol (DTT) 1 M
in PBS, store at –20◦C.

11. IPTG: 1 M isopropyl-beta-D-thiogalactopyranoside,
X mM phosphate, pH X, X mM NaCl. Aliquots can be
stored at –20◦C.

12. 50 mL plastic tubes.
13. 2 L Erlenmeyer flasks.
14. Water bath sonicator.
15. Resuspension buffer: 50 mM Tris-HCl, 25% sucrose, 1 mM

NaEDTA, 10 mM DTT, 100 μL lysozyme, 250 μL DNase
I, 50 μL of MgCl2.

16. Solubilization buffer: 50 mM Tris-HCl, 100 mM NaCl, 1%
triton X-100, 1% Na deoxycholate, 10 mM DTT.

17. Washing buffer 1: 50 mM Tris-HCl, 200 mM NaCl, 0.5%
triton X-100, 1 mM DTT.

2.6. Chaperone-
Assisted Refolding

1. ATP: 100 mM ATP, 10 mM Tris-HCl, pH 7.5. Store
aliquots at –80◦C.

2. Phosphoenolpyruvate: 100 mM in water, store at –80◦C.
3. Pyruvate kinase: 2 mg/mL pyruvate kinase, 10 mM Tris-

HCl, pH 7.5, 10% glycerol. Store at –80◦C.
4. Refolding buffer: 50 mM Tris-HCl, pH 7.5, 20 mM MgCl2,

150 mM KCl, 2 mM DTT. Add DTT just before use.
5. Purified chaperones ClpB, DnaK, DnaJ, and GrpE (see

Section 3.1).

2.7. Biophysical
Characterization of
the Purified Proteins

1. Superose 12 10/300 GL column (GE Healthcare).
2. SEC buffer: 25 mM Tris-HCl, pH 8.0, 250 mM NaCl.
3. ÄKTA-FPLC system (GE Healthcare).
4. Spectrofluorimeter (Jasco).
5. Cuvette for spectrofluorimetry: cat. no. 105.250 QS, light

pass 10 mm (Hellma).

3. Methods

Both osmolytes and molecular chaperones can contribute to the
accumulation of soluble and correctly folded recombinant pro-
teins expressed in bacteria (7). However, the response is pro-
tein specific and, therefore, it is useful to compare several con-
ditions in parallel, using small-volume systems. Here we focus
on the advantage of exploiting chemical and molecular stabilizers



38 de Marco

rather than on describing high-throughput methods. However,
the single proposed protocols can be combined together to
give a large number of conditions to test. Ninety-six deep-well
microplates are a suitable platform to grow bacteria for initial
screening steps.

3.1. Recombinant
Chaperone
Production

1. His-tagged recombinant chaperones were expressed in
BL21(DE3) bacteria and purified by ion metal affinity chro-
matography. For each chaperone, 10 mL of LB medium
+ 1% glycerol were inoculated with a stock solution of
frozen-transformed cells and grown overnight at 30◦C. The
pre-culture was diluted into 1 L LB medium and the bacte-
ria were grown at 30◦C in an orbital shaker at 180 rpm until
the OD600 reached 0.4. The shaker temperature was low-
ered to 20◦C and the recombinant expression was induced
after 30 min by adding 0.1 M IPTG. The overnight culture
was pelleted 30 min at 12,000×g and the resulting pellet
frozen in liquid nitrogen and stored at –80◦C.

2. Pellets were re-suspended in 4 volumes of buffer (20 mM
Tris-HCl buffer, pH 8.0, 500 mM NaCl, 10 mM imidazole,
5 mM MgCl2, and 1 mM PMFS) and sonicated 5 min in a
water bath (Diagenode). A volume of 1 mg/mL lysozyme
and 1 μg/mL DNase I were added and the lysates were
incubated with shaking at room temperature for 30 min.
The samples were centrifuged at 90,000×g for 35 min,
the supernatants filtered and loaded onto a pre-equilibrated
Hi-Trap chelating column (GE Healthcare) charged with
CoCl2 connected to an FPLC system (GE Healthcare).
The elution was performed using 20 mM Tris-HCl, pH
8.0, 250 Mm imidazole. The purified proteins were buffer
exchanged into 50 mM PBS containing 10% glycerine using
a HiTrap Desalting column (GE Healthcare), and the pro-
tein concentration was calculated after measurement of the
absorbance at 280 nm.

3.2. Protein
Expression in the
Presence of Betaine

1. The template DNA is amplified by PCR using primers
that insert the sequence recognized by NcoI at the 5′-site
and another endonuclease sequence for any of the remain-
ing restriction enzymes available in the multicloning site
of pETM vectors at the 3′ end. The PCR product is lig-
ated in parallel into all the pre-digested pETM vectors.
After ligation, plasmid purification, and sequencing to ver-
ify the construct quality, the vectors are transformed into
chemically competent BL21(DE3) and Rosetta(DE3) (see
Note 5). Only plasmids conferring resistance to ampicillin
can be effectively used with Origami(DE3) cells (Kan resis-
tance).
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2. Single colonies are used to infect growth medium. Autoin-
ducible medium is more time-consuming to prepare than
LB, but strongly simplifies the procedures during the expres-
sion phase of T7-dependent plasmids and enables more
comparable yield data when many cultures are performed
in parallel with clones/strains having different growth rates.

Use no more than 3 mL of medium in a 15 mL tube
(230–250 rpm in an orbital shaker), possibly using a rack
oriented with a 30◦ angle. Aeration becomes the limiting
step when using microtiter plates. The medium volumes are
calibrated considering the maximal operative speed of the
shakers. For instance, the microplate vortexer incubator
(Glass-Col LLC) can reach 1000 rpm and it is compatible
with 600 μL of medium loaded in each well. We suggest to
start the cell culture at 37◦C and to slow down the tempera-
ture to 20◦C after 2 h. At the same moment, add betaine and
NaCl to a final concentration of 5 mM and 0.4 M, respec-
tively. Betaine can be substituted with potassium glutamate
(see Note 6).

3. Bacteria grown in LB must be induced with IPTG (100 μM)
when their OD600 reaches the value of 0.4–0.6, but growth
in autoinducible medium obviates the need for IPTG
addition. After protein expression, collect 1.5 mL of the
overnight cultures into an Eppendorf tube, centrifuge 3 min
at 16,000×g, and save the pellet.

4. The pellets from different samples corresponding to con-
structs with different tags expressed by the pETM vectors
and grown into strains with specific features are used for the
analytical protein purification as described at the Section 3.7
to determine their yields (see Note 7).

5. The combination of strain and vector that results in maxi-
mal yields of soluble target protein will be used for large-
scale production using 2 L flasks filled with 500 mL of
culture medium. Purified protein must be analyzed for its
monodispersity by measuring its aggregation index and by
gel filtration analysis (described in Section 3.8) to con-
firm that the increased solubility was not merely the result
of material transfer from precipitated protein to soluble
aggregates.

3.3. Protein
Expression in the
Presence of
Trehalose

1. The culture of bacteria harboring expression vectors in
medium enriched in trehalose is performed similar to that
previously described for betaine addition. However, it must
be considered that trehalose is not very soluble and, there-
fore, it is not possible to use a concentrated stock solution.
Add trehalose powder directly to the bacterial culture at a
final concentration of 10 mM in the presence of 0.4 M NaCl.
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3.4. Protein
Expression Using
Trehalose
Overexpressing
Proteins

1. Clone the cDNA sequences corresponding to otsA
(trehalose-6-phosphate synthase) and otsB (trehalose-6-
phosphate phosphatase) into a bicistronic expression vec-
tor under the control of an IPTG-inducible promoter and
transform it into BL21(DE3), Rosetta (DE3), and Origami
(DE3) E. coli strains. Grow the cells and make them compe-
tent for further transformation with the vector harboring the
target protein (see Note 5). We used a pCDFDuet-1 vector
(Novagen) (10) because it confers spectinomycin resistance
and, consequently, is compatible with most of the expres-
sion vectors and strains that use ampicillin, kanamycin, and
chloramphenicol for selection.

2. Doubly transformed bacteria are grown as described above.
IPTG-dependent recombinant expression induces both tre-
halose and target protein accumulation, resulting in a lower
degree of aggregation.

3.5. Protein
Expression Using
Molecular Chaperone
Overexpression

1. Transform chemically competent wild-type BL21(DE3) cells
with the suitable vectors to obtain bacteria overexpressing
different chaperone combinations. Plate and grow overnight
at 37◦C and use single bacterial colonies for inoculating
3 mL of LB medium in a 15 mL tube. Culture inocu-
lated media at 30◦C until the OD600 reaches 0.4. Recover
1.4 mL from the cell suspension and supplement with
600 μL of 80% glycerol and prepare 4 × 500 μL aliquots.
Freeze them in liquid nitrogen and store at –80◦C.

Induce recombinant chaperone expression in the remain-
ing cultured bacteria by the addition of IPTG to 0.2 mM.
Culture the bacteria for further 4 h at 30◦C, pellet the cells
by centrifugation (3 min at 16,000×g), and directly boil
them in 100 μL of SDS loading buffer. Verify the chaperone
accumulation by colloidal staining (Instant Blue, Novexin)
of the proteins separated by SDS-PAGE to determine the
transformation efficiency. GroEL, DnaK, and ClpB should
be visible as sharp bands at 60, 70, and 90 kDa, respectively
(see Note 8).

3.6. Osmolyte and
Molecular Chaperone
Combinations for
Soluble Protein
Accumulation

1. Transform competent BL21(DE3) cells overexpressing suit-
able molecular chaperone combinations (14) with a plasmid
harboring the target protein. Note that it is crucial to use a
plasmid encoding the target protein that confers a resistance
different from the selective markers used by the chaperone
vectors. Kanamycin is compatible with all the chaperone
combinations, while ampicillin resistance limits the applica-
tion possibilities. Molecular chaperone plasmids are IPTG
inducible. Therefore, two strategies can be identified for the
target protein expression.
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2. lac promoter-dependent target protein expression. A single
colony picked from the dish on which the transformation
material has been plated is used to inoculate 3 mL of LB
medium supplemented with 1% glucose and the appropriate
antibiotics in a 15 mL tube. Grow the bacteria overnight at
30◦C and use 100 μL to inoculate tubes filled with 3 mL
of LB medium containing the requisite antibiotics. Grow
at 37◦C for 2 h, add 5 mM betaine (or other osmolyte)
plus 0.4 M NaCl, and switch the temperature to 20◦C.
At OD600 of 0.8 induce both chaperone and target pro-
tein expression with 0.2 mM IPTG and incubate overnight
using a rack with 30◦ angle in an orbital shaker (240 rpm).
Recover the bacteria by centrifugation (3 min at 16,000×g),
remove the supernatant, and freeze the pellet. Analyti-
cal small-scale purification is performed as indicated in
Section 3.7.

3. Arabinose-dependent target protein induction. Overnight
culture from transformation colonies is performed as above.
Use 100 μL of the pre-culture to inoculate 3 mL of fresh
medium in a 15 mL tube, grow bacteria at 37◦C until the
OD600 reaches the value of 0.4, and add 5 mM betaine
(or other osmolyte) plus 0.4 M NaCl. Reduce the tem-
perature to 20◦C and, after 30 min (OD600 around 0.6),
induce the molecular chaperone accumulation by the addi-
tion of 0.2 mM IPTG. After a further 20 min (OD600
around 0.8), add 1.5 mg/mL arabinose to induce the tar-
get protein expression. In such a way, the selected com-
bination of chaperones will be already accumulated in the
cells in suitable amounts before the target protein will
start to be expressed. Output analysis is performed fol-
lowing the analytical purification protocol described in
Section 3.7.

3.7. Small-Scale
Screening for
Evaluating Protein
Expression

Resuspend the bacteria pellet in 400 μL of lysis buffer and incu-
bate at room temperature under constant mixing using a wheel
(20 rpm). Sonicate in a water bath for 5 min, add 50 μg/mL
DNase I, incubate 20 min under constant mixing, and centrifuge
5 min at 16,000×g. Transfer the supernatant to an Eppendorf
tube with pre-equilibrated Ni Sepharose. Incubate 30 min under
constant rotation (30 rpm) at room temperature. Recover the
beads by centrifugation (2 min at 3300×g), discard the super-
natant, and resuspend the beads in 500 μL of washing buffer.
Incubate and centrifuge using the same conditions as above,
remove the supernatant, and repeat the complete washing pro-
cedure. Add 30 μL of SDS sample buffer to the beads recovered
after the second washing step and boil them before running an
SDS-PAGE.
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3.8. Biophysical
Characterization of
the Purified Proteins

1. Protein polymerization and aggregation can be evaluated by
size exclusion chromatography (SEC). Superose 12 10/300
GL column (GE Healthcare) has a suitable separation for
most of the proteins and small complexes. Columns are
stored in 20% ethanol at 4◦C and must be carefully washed
in water before beginning the measurements. Use initially
low flow rates (0.20–0.25 mL/min) to avoid overpressure
due to the resin volume changes. The flow rate can be later
set at 0.5 mL/min for optimal peak separation. After wash-
ing with 5 column volumes of water, equilibrate the column
with 5 column volumes of SEC buffer (25 mM Tris-HCl,
pH 8.0, 250 mM NaCl). The accuracy of SEC depends
on the reliability of the pumps controlling the liquid flux
through the column. We use an ÄKTA-FPLC system (GE
Healthcare).

2. Spectrofluorimeter (J-810, Jasco). The working temperature
(25◦C) is maintained by a water bath. Therefore, remind
to switch on the equipment plus thermostated water bath
at least 30 min before recording data. This will enable to
perform the measurements in stable conditions. Fix the exci-
tation at 280 nm, the scan rate at 3, and the range between
260 and 400 nm. The monochromators are set to 280 (exci-
tation) and 340 (emission). The aggregation index is given
by the ratio between the scattering signal at 280 nm and the
emission at 340 nm. Values close to zero indicate negligible
aggregation in the samples (15).

3.9. Inclusion Body
Purification

Grow transformed bacteria in 1 L LB medium + suitable antibi-
otics at 37◦C (500 mL medium for each flask) until OD600
reaches 0.6 and induce recombinant expression with 1 mM IPTG.
After 3 h collect the bacteria yielding insoluble protein by cen-
trifugation (15 min at 3000×g) at 4◦C, resuspend the pellet in
40 mL PBS, load a 50 mL tube, and centrifuge again (10 min at
4500×g) at 4◦C (see Note 9). Freeze the pellet in liquid nitrogen
and store at –80◦C.

Thaw the pellet in 12.5 mL of resuspension buffer (50 mM
Tris-HCl, 25% sucrose, 1 mM NaEDTA, 10 mM DTT) on ice by
alternating vortexing and sonication. Add 100 μL of lysozyme,
250 μL of DNase I, and 50 μL of MgCl2. Mix gently by inver-
sion and add 12.5 mL of 50 mM Tris-HCl, 100 mM NaCl, 1%
triton X-100, 1% Na deoxycholate, 10 mM DTT. Mix gently and
incubate 1 h at room temperature using a wheel for homogeneous
rocking. Freeze in liquid nitrogen and thaw in water bath at 37◦C.
Repeat the freezing/thawing cycle, add 200 μL of MgCl2, and
incubate 1 h at room temperature with gentle rocking. No vis-
cous phase would be visible in the suspension (see Note 10). Add
300 mL of NaEDTA and transfer on ice.
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Centrifuge the suspension 10 min at 12,000×g at 4◦C,
remove the supernatant, and resuspend the pellet 10 min in 10
mL of 50 mM Tris-HCl, 200 mM NaCl, 0.5% triton X-100,
1 mM DTT by using a water bath sonicator. In case of poor
resuspension, avoid intensive vortexing that will result in foam
formation, but prefer a manual homogenizer with potter and pis-
ton. After a second step of centrifugation at the same conditions,
resuspend the pellet in 20 mL of the same buffer without deter-
gent. Centrifuge again and remove carefully the supernatant. At
this point the pellet would be white and sandy and would contain
mostly purified inclusion bodies. Dissolve the inclusion bodies in
urea 9 M, pH 8.0, check a sample by SDS-PAGE, and store the
remaining material at –20◦C (see Note 11).

3.10. Chaperone-
Assisted In Vitro
Refolding of Unfolded
Proteins

Proteins recalcitrant to in vivo solubility improvement through
the employment of chemical and molecular chaperones can be
recovered as inclusion bodies and solubilized in 9 M urea (see
Note 12). Here we propose four variants of a refolding protocol
based on the use of molecular chaperones as refolding helpers.
The aggregate-binding chaperones ClpB and DnaK are made
equimolar with respect to the substrate, while the regulative DnaJ
and GrpE chaperones are present at lower concentrations. A com-
mon preliminary step is the removal of the chaotropic salt since
at high concentrations it would denature the chaperones and pre-
vent their activity. Unfolded proteins show a different aggrega-
tion dynamic when the chaotropic agent is progressively removed
(see Fig. 3.4). A small-scale test with dilutions to 5, 2, and 1 M
urea is sufficient to detect macroscopic precipitation and turbidity
increase. Protocol number 1 is suitable only for unfolded proteins
that do not precipitate when the urea concentration passes from
9 to 1 M, a concentration compatible with molecular chaperone
activity (see Note 13).

Fig. 3.4. Reaggregation kinetics of different protein constructs. Recombinant proteins
were isolated as inclusion bodies and resuspended into 9 M urea to obtain their complete
unfolding. The degree of monodispersity was calculated by means of the aggregation
index (14) and monitored during the progressive dilution of the protein suspension in
50 mM Tris-HCl. A larger aggregation index corresponds to more aggregation.
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3.10.1. Refolding
Protocol 1

Dilute 4 aliquots of 1 μM unfolded protein resuspended in 9 M
urea to 1 M urea using refolding buffer (50 mM Tris-HCl, pH
7.5, 20 mM MgCl2, 150 mM KCl, 2 mM DTT), add the molec-
ular chaperones (1 μM ClpB, 1 μM DnaK, 0.2 μM DnaK, and
0.1 μM GrpE), and the ATP recycling mixture (2 mM ATP,
3 mM phosphoenolpyruvate, 20 ng/μL pyruvate kinase) (see
Note 14). Try to use a volume ratio >2 between protein sus-
pension and chaperone solution to avoid further chaotropic dilu-
tion. The addition of trehalose (10 mM) or other osmolytes to
the buffer can help stabilize partially unfolded intermediates and
prevent non-productive folding. The presence in the buffer of
reduced and oxidized glutathione (5 and 0.5 mM, respectively) is
necessary to successfully complete the refolding of proteins stabi-
lized by disulfide bonds. Incubate the four samples at 30◦C for 1,
2, 4, and 16 h, respectively, before recovering and analyzing the
folding of the target protein (see Note 15).

3.10.2. Refolding
Protocol 2

Bind the 4 aliquots of 1 μM unfolded His-tagged protein resus-
pended in 9 M urea to a metal ion activated resin. Remember
that DTT can interfere with the binding capacity and, therefore,
it should be limited to 1 mM in the inclusion body resuspension
medium (see Note 16). Resuspend the resin three times in refold-
ing buffer plus osmolytes to wash it and then add the glutathione
redox system, the molecular chaperones, and the ATP recycling
mix. Incubate the four samples at 30◦C for 1, 2, 4, and 16 h,
respectively, pellet the resin (3 min at 3,300×g), and remove the
supernatant. Wash the resin twice in 50 mM Tris-HCl, pH 8.0,
0.5 M NaCl, 20 mM imidazole, 1 mM DTT, and then elute the
target protein in 50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 200 mM
imidazole, 1 mM DTT. Elution can be performed in batch or
after having collected the resin into an empty column. Analyze
the recovered protein by appropriate activity and structural tests
(Section 3.7).

3.10.3. Refolding
Protocol 3

Dilute 4 aliquots of 1 μM unfolded protein resuspended in 9 M
urea into refolding buffer until its precipitation. Recover the
aggregates by centrifugation (3 min at 16,000×g), wash them in
refolding buffer, and pellet them again. Resuspend in the refold-
ing mixture and check the output as above.

3.10.4. Refolding
Protocol 4

In the appropriate centrifuge tube, load 1 mL of unfolded pro-
tein resuspended (1 mg/mL) in 9 M urea onto a density step-
gradient system composed of refolding buffer containing sucrose
at four concentrations (80, 70, 50, and 30%, Fig. 3.3). Cen-
trifuge 15 h at 180,000×g at 4◦C using an SW40TI swing-
ing bucket rotor and an ultracentrifuge (Beckman). Urea is
diluted during centrifugation and protein samples composed of
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aggregates of increased complexity and density will separate at
the interfaces between successive sucrose cushions. Recover the
aggregates using a Pasteur pipette with the tip bent of 90◦ (use
a flame to warm up the glass to make it workable). The different
protein fractions can be diluted into the refolding mixture and
analyzed as above (see Note 17).

4. Notes

1. The yield comparison of the same coding region fused to
different tags improves the chance to identify a construct
with enhanced solubility. Several strategies have been pro-
posed to sub-clone or recombine a single PCR product into
vectors with peculiar features (purification tags, fusion part-
ners, protease cleavage sites differently organized at the N-
and C-termini). The pETM collection offers a particularly
large choice of expression vectors (16).

2. Redox conditions are crucial for the folding of several pro-
teins. The bacterial cytoplasm is a strongly reducing envi-
ronment and the formation of disulfide bonds that typi-
cally stabilize the structure of eukaryotic secreted proteins
is prevented in these conditions. In contrast, the E. coli
periplasm is sufficiently oxidizing and contains disulfide
isomerases. Therefore, proteins sensitive to the reducing
environment of the cytoplasm can be forced to accumulate
in the periplasm by adding a leader peptide to the target
sequence. This strategy is widely used, but not limited, to
express recombinant antibodies. Otherwise, double mutant
strains (trxB−, gor−) have been proposed that provide an
oxidizing cytoplasm (17). Target proteins, especially when
expressed as fusions to thioredoxin or DsbC, can form
correct disulfide bridges in the cytoplasm of trxB−, gor−
E. coli. Nevertheless, these mutants grow at a significantly
lower rate than the wild type and this aspect must be
considered when evaluating the induction time of strains
grown in parallel (and, in certain situations, the need for
independent incubators at different temperatures).

3. The pBB chaperone vectors (Fig. 3.3) have been
conceived to permit modular expression combinations
and allow the maintenance of stoichiometric ratios
among the chaperones that resemble the physiologi-
cal accumulation during heat shock (6). The author
will deliver the vectors to researchers working in
non-profit institutes (ario.demarco@ifom-ieo-campus.it).
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For-profit organizations should contact Dr. B. Bukau
(bukau@zmbh.uni-heidelberg.de). As an alternative, cold-
induced chaperones have been coexpressed to improve the
folding efficiency of recombinant proteins at low tempera-
tures (18).

4. Colloidal blue is more sensitive and rapid than conven-
tional Coomassie staining. Furthermore, gel fixation is not
requested and the washing is done in water (no methanol
and acetic acid in the lab!).

5. Chemically competent cells are prepared by standard pro-
tocols. Online initiatives make them available and easy to
improve for the user community. An example is reported
at the following link: http://openwetware.org/wiki/
Preparing_chemically_competent_cells.

6. The addition of osmolytes to bacterial cultures will result in
their partial accumulation in cells. However, their cytoplas-
mic concentration can remain relatively low. In contrast,
inducing osmotic stress will result in rapid and efficient
accumulation of osmolytes inside the cell and the final cyto-
plasmic concentration can reach two orders of magnitude
more than the external one (Fig. 3.5a). As an alternative
to avoid metabolic rearrangement due to osmotic shock, it
is possible to engineer the cell metabolic pathways to force
the bacteria to produce higher amounts of osmolytes them-
selves (Fig. 3.5b).

It must be remembered that osmotic shock can induce
a detectable accumulation of molecular chaperones that

Fig. 3.5. Osmolyte accumulation into bacteria cells. (a) Osmolytes present in the culture medium slowly accumulate in
the cell cytoplasm, but the addition of salt to the medium accelerates their uptake to counterbalance the osmotic shock.
(b) Bacteria can be directly engineered to overproduce osmolytes that accumulate in the cytoplasm.
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can partially contribute to the increased solubility of the
overexpressed target proteins (7). Nevertheless, a spe-
cific osmolyte effect is supported by different independent
observations. Salt alone and in combination with betaine or
glutamate induced molecular chaperone accumulation to
the same extent, but the effect on the target protein solubil-
ity varied in the three cases (7). In contrast, osmotic shock
induced a more significant molecular chaperone accumula-
tion, but had less positive effect on target protein solubil-
ity. Finally, there is a synergistic effect when both glutamate
and betaine were added to the bacterial culture, indicating
that the different chemical features of the two osmolytes
could have only partially overlapping stabilizing effect (7).

Other osmolytes can be successfully used as chemical
chaperones to improve recombinant protein solubility and
folding, both in vivo and in vitro, among these, amino acids
like arginine, glutamic acid, glycerol, or sucrose. Of par-
ticular interest are saccharides isolated from extremophilic
organisms, like hydroxyectoine and di-myo-inositol 1,1′-
phosphate (DIP), since they contribute to protein stability
in vivo in very challenging environmental conditions.

7. It is useful to have the possibility to follow the development
of protein aggregates during recombinant expression. The
fusion of a fluorescent protein reporter at the target pro-
tein C-terminus has been proposed assuming that the lack
of folding of the target protein at the N-terminus would
prevent the fluorescent protein from reaching its native
structure (19). As an alternative, we used a β-galactosidase
reporter plasmid, the IbpB promoter of which is specifi-
cally activated by the presence of protein aggregates. Its
enzymatic activity can be measured and used to infer the
variation of aggregates during the culture and at different
growth conditions (20).

8. The suitability of chaperones in helping substrate protein
folding remains a matter of trial and error. We did not find
any correlation between proteins with specific structural
features and chaperone combinations and, therefore, so far
it is impossible to predict them once known the protein
sequence. Data reported in the literature do not contribute
to identify consensus and the fact that they are very hetero-
geneous impairs to widen the pool of results to analyze for
inferring general conclusions. However, we have observed
that more complete chaperone combinations are in average
more effective than combinations in which only one single
chaperone group is overexpressed. A common annotation
system for protein expression experiments might be partic-
ularly beneficial to discover more general rules (21).
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9. Protein expression conditions can strongly influence the
quality of the inclusion bodies in terms of dimension,
composition, and interchain organization. Incubation tem-
perature, IPTG concentration, and expression time are
the main available parameters suitable for modulating
the target protein aggregation. Specifically, high temper-
ature (37–42◦C) and saturating concentrations of IPTG
(>100 μg/mL) favor significant inclusion body yields
(>100 mg/L) in few hours of cell culture. Tags can also
strongly vary the aggregation kinetics of recombinant pro-
teins (12).

10. A common problem during inclusion body preparation
is incomplete nucleic acid elimination. The presence of
nucleic acids results in viscous structures in the suspen-
sion. Nucleic acids can be removed by enzymatic digestion
(DNase I plus its co-factor MgCl2) or by mechanical dis-
ruption using sonication or potter homogenizers.

11. The quality of the protein recovered from inclusion bod-
ies depends on the solubilization conditions. The pellet
can have a jelly-like consistency due to polysaccharide and
nucleic acid deposition and these contaminants can be par-
tially resuspended together with the proteins. Three to four
freeze–thaw cycles followed by centrifugation (5 min at
16,000×g) can help in specifically precipitating debris and
contaminants, while the monodispersed protein will remain
in the soluble fraction.

Guanidinium (8 M) is a more effective solubilization
agent than urea, but it is not compatible with SDS-PAGE
and, therefore, its use prevents the protein separation and
identification on a gel. This analysis is useful to estimate the
purity of the target protein since contaminants can interfere
during refolding and, therefore, they should be removed.
His-tagged proteins can be affinity purified even under
denaturing conditions, but take into consideration that
DTT used during resuspension to prevent disulfide bond
formation can interfere with the metal ion affinity binding
capacity. As an alternative, the differential solubility of tar-
get protein and contaminants at decreasing chaotropic salt
concentrations can be exploited. The solution is progres-
sively diluted and both the pelleted and soluble fractions
after centrifugation (5 min at 16,000×g) are analyzed by
SDS-PAGE to detect any specific partitioning between the
two phases of the target protein and contaminants.

Finally, inclusion body yields can largely vary and, there-
fore, the resuspension volumes must be optimized to avoid
excessive dilutions. About 3 mL of chaotropic agent can be
initially used and, in case of poor resuspension detectable
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by opalescence, further urea/guanidinium will be added.
Strong detergents like sarcosyl (0.2%) can help in dissolv-
ing inclusion bodies, but are difficult to remove and can
interfere during protein refolding.

12. In vivo protein refolding of precipitated proteins mediated
by chaperones is a physiological mechanism to recover pro-
tein functionality after environmental stress. This peculiar-
ity has been exploited to improve the solubility of recom-
binant proteins in combination with molecular chaperone
overexpression (5, 6).

In vitro foldase-assisted protein refolding has also been
proposed in a version that uses the chaperone system
bound to a matrix while the misfolded protein is present
in the mobile phase (22).

13. Protein refolding is performed by progressive dilution
of unfolded protein to change the concentration of
chaotropic agent in the refolding buffer. The most sensi-
tive refolding step is the one in which there is a folding
intermediate with exposed hydrophobic patches because it
is prone to aggregate with similar molecules. There are sev-
eral proposed method variants that use either dialysis or
dilution strategies. Furthermore, the unfolded proteins can
be bound to a substrate to minimize non-productive inter-
actions before the buffer is exchanged to induce refolding.

However, less studied is the reaggregation process of
each construct during chaotropic salt dilution and its influ-
ence on productive folding. We have previously reported
that the same cloning region fused to different tags or
expressed under variable conditions showed reaggrega-
tion patterns resembling those schematically shown in Fig.
3.4 (12). Some constructs start aggregating at minimal
chaotropic salt dilutions while others remain monodisperse
even at extremely elevated dilutions. The knowledge of
such a parameter is useful for the choice of both the mate-
rial to use for refolding and the strategy to apply. For
instance, a preliminary dilution of the denatured protein
without incurring aggregation is compatible with the addi-
tion of foldases that would themselves denature in buffers
containing high urea concentration.

14. As an alternative, the ATP necessary for chaperone activity
can be generated using a mix of ATP (5 mM, pH 7.0),
phosphocreatine (10 mM), and phosphocreatine kinase
(100 μg/mL).

15. The efficiency of refolding protocols can be easily evaluated
when the native protein has a measurable activity. Other-
wise, biophysical analyses on purified proteins are neces-
sary to determine the folding state of proteins for which
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no functional test is available. Since the target protein is
only one among several proteins present in the reaction
medium, it is beneficial to have it labeled with an exclu-
sive small tag such as hexa-histidine, FLAG, myc, or HA to
facilitate purification and analysis. We have produced the
recombinant chaperones in pETM vectors and removed
the tags by 3C protease digestion after purification to avoid
interferences.

16. Nowadays several resins are available on the market and
some of them would maintain their binding capacity for
His-tag at DTT concentrations up to 4–5 mM.

17. A preliminary isolation of inclusion bodies is not strictly
necessary. It is possible to selectively recover aggregates
with a wide range of structural complexity also from
total lysate (Fig. 3.2) and to start refolding with frac-
tions enriched in aggregate subsets of different mass. This
approach resulted in more efficient disaggregation when
low-density aggregates were used, probably because of the
weaker inter-chain bonds in such precipitates (11).
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Chapter 4

Genetic Selection of Solubility-Enhanced Proteins Using
the Twin-Arginine Translocation System

Adam C. Fisher, Mark A. Rocco, and Matthew P. DeLisa

Abstract

The expression of heterologous proteins in robust hosts such as Escherichia coli is often plagued by
the tendency of the protein of interest to misfold and aggregate. To engineer and improve the folding
properties of virtually any protein of interest, the quality control process inherent to the bacterial twin-
arginine translocation (Tat) pathway can be exploited. The Tat pathway preferentially transports folded
substrates across the inner membrane of E. coli with remarkable quality control that can provide selection
pressure for protein folding and solubility. By fusing desired proteins to the N-terminus of mature TEM-1
β-lactamase and using an N-terminal signal peptide to target the fusion to the Tat pathway, it is possible
to perform genetic selections for folded, soluble proteins. Here, we present a method for exploiting
the folding quality control process associated with the Tat pathway for engineering folding-enhanced
proteins.

Key words: Protein engineering, protein folding, Tat pathway, solubility, selection.

1. Introduction

The twin-arginine translocation (Tat) pathway in Gram-negative
bacteria is primarily responsible for secreting cofactor contain-
ing proteins and protein complexes into the periplasm (1, 2).
Genetic and biochemical studies have revealed that the translo-
cation machinery (translocon) for this pathway is comprised
minimally of the Tat(A/E)BC proteins (3, 4), which together
promote export of folded proteins from the cytoplasm. The
existence of this pathway was originally hypothesized by Ben
Berks after observing that several periplasmic enzymes required
cytoplasmic cofactors (e.g., iron–sulfur clusters, molybdopterin
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cofactors) to function properly (5). Closer inspection of these
precursor proteins revealed N-terminal signal peptides that pre-
served the structural organization of export signals specific for
the general secretory (Sec) pathway, but contained a characteristic
n-region sequence motif (S/TRRXFLK) that included two con-
secutive and invariant arginine residues. It was later observed that
the export of cofactor-containing proteins by the bacterial Tat
pathway was hindered when the incorporation of the cofactor was
blocked in the cytoplasm (6). Since cofactor attachment occurs at
a relatively late stage of the folding process, it was hypothesized
that precursors were folded in the cytoplasm and subsequently
exported in a folded or at least partially folded conformation (7).
In support of this notion, several recent reports have demon-
strated that only proteins exhibiting native-like characteristics are
exported by the Tat pathway (8–11). Further, a technique was
developed for genetic selection of soluble proteins from combina-
torial libraries exploiting this folding quality control mechanism
of the Tat pathway (12). The growing body of literature on mech-
anistic and applied aspects of the Tat system is answering several
fundamental questions regarding the Tat system’s unique ability
to export folded proteins. First, how can the translocon transport
fully folded proteins without disruptive leakage of ions across the
inner membrane? Second, what are the specific folding require-
ments for Tat pathway transit? Third, what cellular components
are responsible for proofreading and quality control of precursors
of the Tat pathway?

The structure of the translocon complex provides some clues
as to how fully folded proteins can transit the inner membrane
without disrupting the ionic gradient or the structural integrity
of the cell envelope. In E. coli, the integral membrane proteins
TatA (and its paralog TatE), TatB, and TatC form the necessary
components of the Tat translocon. The TatB and TatC proteins
form a stable unit that appears to act as the receptor element of
the translocation pathway (13, 14). In particular, TatC has been
shown to contain the primary binding site for the signal peptide
(15). TatA forms a separate oligomeric ring-like structure thought
to be the protein-conducting channel (16) that assembles with
TatBC following the binding of a Tat substrate (17). TatA chan-
nel complexes exhibit variable diameters with central pores that
can reach up to 70 Å in diameter (16). It is notable that the range
of variation in channel diameter between individual TatA com-
plexes (30–70 Å) matches the range of diameters found in native
E. coli Tat substrates (18). Therefore, the channel may change
diameter to allow TatA to pack tightly around substrates of differ-
ing sizes while preventing ion leakage during transport. Further,
purified TatA complexes contained a ‘lid’ region that might oper-
ate as a gate, preventing solute access and regulating substrate
entry (16).
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Ever since the supposition that the Tat system exports folded
proteins (7), an intriguing question is whether the Tat pathway is
able to accept both folded and unfolded polypeptides as substrates
or if only proteins that have reached a substantially native state
in the cytoplasm are competent for translocation. Because initial
assembly of many native Tat substrates requires careful coordina-
tion of cofactor synthesis and insertion, subunit recruitment, and
protein targeting, it is critical that Tat transport not take place
before cofactor insertion. Indeed, it was initially shown that cer-
tain native Tat substrates were transport incompetent when lack-
ing necessary cofactors (6). This observation led to the hypoth-
esis that there is a substrate ‘proofreading’ mechanism inherent
to the transport process whereby correct assembly (e.g., cofac-
tor/subunit attachment) is ‘sensed’ prior to export. This pro-
cess of proofreading is in part achieved by dedicated molecular
chaperones (e.g., E. coli DmsD and TorD) that coordinate cofac-
tor insertion with protein export by binding twin-arginine sig-
nal peptides and preventing premature export (19). While the
chaperone-mediated ‘proofreading’ of substrate proteins conve-
niently explains how transport of cofactor-containing enzymes is
regulated, it does not account for the fact that proteins with-
out cofactors are also transported by the Tat pathway (5). For
many of these proteins, it has been shown that export via the
Tat system also requires some degree of folding. In one notable
case, it was shown that heterologous proteins that require disul-
fide bonds for proper folding (e.g., E. coli alkaline phosphatase)
were transport incompetent in E. coli strains deficient in disulfide
bond formation (9). This study demonstrated that only proteins
that have attained native conformations in vivo are exported by
the Tat translocon, suggesting that a general ‘folding quality con-
trol’ mechanism is intrinsic to the export process. But how would
such discrimination between folded and misfolded proteins be
accomplished?

It is likely that a quality control mechanism that accepts or
rejects substrates based on fundamental folding (9) would be dis-
tinct from or overlap with the ‘proofreading’ mechanism. Thus,
we expect that the Tat ‘folding quality control’ system would be
in operation for all substrates of the Tat pathway, while the ‘proof-
reading’ system provides an additional checkpoint in the biosyn-
thesis of complex cofactor-containing proteins and protein com-
plexes (19). Moreover, since the Tat translocon is necessary and
sufficient for protein export, and because certain Tat substrates
do not contain cofactors, the folding quality control might reside
with the membrane Tat(A/E)BC components (9). Of course, at
least some ‘folding quality control’ may occur prior to the interac-
tion between the substrate and TatBC (e.g., proteolytic degrada-
tion, chaperone interaction). Nonetheless, it was observed that
unfolded alkaline phosphatase (PhoA) fused to a Tat-specific
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signal peptide (ssTorA) was targeted to the TatBC complex in vivo
but transport could not be completed (20). More recent in vitro
experiments showed that even though both folded and unfolded
ssTorA-PhoA were found to physically associate with the Tat
translocase, a perturbed interaction was observed for the signal
sequence of unfolded ssTorA-PhoA with the TatBC receptor site
as compared to that of folded ssTorA-PhoA (21). These results
are consistent with some degree of quality control by TatBC. Fur-
ther evidence for the direct involvement of the translocon in qual-
ity control was observed when two FeS-containing substrates that
receive cofactors in the cytoplasm were mutated in their FeS bind-
ing (10). As expected, transport was completely blocked. How-
ever, these mutants were rapidly degraded only via interaction
with the Tat translocon, suggesting that the Tat apparatus directly
initiates the turnover of rejected substrates. Further, turnover of
the mutant substrates was completely dependent on the TatA/E
subunits that are involved in the later stages of translocation.
One explanation for this behavior is that cytoplasmic ‘proof-
reading’ factors remain associated with native substrates and
inhibit translocation once bound to the Tat components. In this
scenario, translocation may render the substrate protease sen-
sitive. Alternatively, the substrate may become trapped in the
translocon in a transport-incompetent state and the system may
recruit necessary degradation machinery. This would represent
a more active role for the Tat system in disposing of misfolded
substrates.

More recently, it was shown that folding speed and sur-
face hydrophobicity also govern the transport of Tat substrates,
as faster folding substrates (22) and substrates with buried
hydrophobic residues are preferred (11). In the latter case, an
artificial Tat substrate of 10 repeats of a 19-residue, unstructured,
flexible peptide appended with 6 consecutive histidine residues
could be transported through the pathway. Though transport
became less efficient with increasing size, it was concluded in this
instance that translocation of small, soluble, hydrophilic polypep-
tides is possible despite the lack of folded structure. Even in this
unnatural case, the absence of an exposed hydrophobic core motif
was the critical factor in determining whether a protein could
be translocated by the Tat system. Since an exposed hydropho-
bic core is the typical hallmark of misfolded, aggregation-prone
proteins, one possible explanation for how the Tat system might
monitor the folding state of its substrates is via hydropho-
bic interactions between the Tat components and the substrate
itself.

Taken together, the results of these prior studies support
the use of the Tat pathway as a tool to isolate correctly
folded, aggregation-resistant proteins. Here, we present a detailed
method for utilizing the Tat pathway and its intrinsic ‘folding
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Fig. 4.1. Genetic selection for folded proteins using the Tat pathway’s ‘folding quality
control’ mechanism. (a) Schematic of pSALect showing the ssTorA signal peptide fol-
lowed by a mini-multiple cloning site (MCS) and finally the TEM-1 Bla sequence. The
arrow indicates the IPTG-inducible promoter. The plasmid carries the cat gene for chlo-
ramphenicol resistance. (b) Schematic showing the basis for the folding selection where
ssTorA is the Tat-specific signal peptide from the E. coli trimethylamine-N-oxide reduc-
tase TorA enzyme and POI is the protein of interest. (c) The Amp resistance phenotype
of cells expressing a well-folded single-chain Fv antibody variant, scFv13-R4, specific
for β-galactosidase, and the poorly folded scFv13wt. Each was cloned in the selection
vector and plated on selective (Amp+) and non-selective (Amp-) media. Cells were seri-
ally diluted 10-fold (indicated by white triangle) from an overnight culture such that the
most dilute (right-most spot in each image) is a 106 dilution of overnight culture.

quality control’ mechanism to engineer folding-enhanced pro-
teins. This method relies on C-terminal TEM-1 β-lactamase (Bla)
as a selectable marker for substrate transport to the periplasm
mediated by the Tat pathway (Fig. 4.1a and b). We have
used this method, in conjunction with laboratory protein evo-
lution, to improve the in vivo solubility of the aggregation-prone
Alzheimer’s Aβ42 peptide (12) as well as a poorly folded single-
chain Fv antibody fragment (23) (Fig. 4.1c). We have laid out
the method that has proven to be most effective for engineering
solubility-enhanced proteins and we have provided notes to guide
the application of this selection strategy to any future protein of
interest (POI).



58 Fisher, Rocco, and DeLisa

2. Materials

One of the benefits of using the Tat pathway to perform in vivo
selections in E. coli is that standard microbiology techniques and
very common materials are used.

2.1. Determining
Selection Conditions

1. Parental selection plasmid pSALect encoding the POI and a
selection control plasmid (pSALect) encoding a well-folded
protein such as the E. coli maltose-binding protein (MBP) or
green fluorescent protein (GFP). Briefly, pSALect encodes
the Tat-specific signal peptide ssTorA and TEM-1 Bla with
several restriction sites between (Fig. 4.1a). The plasmid
carries the cat gene for chloramphenicol (Cm) resistance.
The pSALect plasmid is described in more detail elsewhere
(12) and available on request.

2. MC4100 (or any other strain of E. coli commonly used for
protein expression such as BL21, TG1) and a Tat-deficient
isogenic mutant of that strain (e.g., B1LK0; �tatC (24)).
These strains are available on request.

3. Luria–Bertani (LB) agar medium (∼12.5 mL for each 100-
mm plate).

4. Sterile 100-mm Petri dishes (one for each antibiotic concen-
tration tested).

5. LB liquid medium (approximately 2 mL for each strain
tested plus sufficient volume for serial dilutions).

6. 100-mg/mL ampicillin (Amp) in sterile water (carbenicillin
(Carb) is an alternative) (see Note 1).

7. 25-mg/mL chloramphenicol in ethanol.
8. Sterile 96-well plate (centrifuge tubes could substitute).
9. Multichannel or standard pipettor (with accuracy down to

5 μL).

2.2. Library
Transformation
and Selection

1. Plasmid library under investigation (several micrograms) and
the parental plasmid (∼100 ng) (both are pSALect deriva-
tives).

2. Electrocompetent MC4100 (or comparable E. coli strain) in
270-μL aliquots stored at –80◦C.

3. Electroporation cuvettes with a 2-mm gap (VWR Scientific).
4. Pre-warmed (37◦C) SOC liquid medium (3 mL for each

transformation).
5. LB liquid medium (with 0.2% glucose) (250 mL for each

transformation).
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6. LB agar medium (∼25 mL for each 150-mm plate plus
∼12.5 mL for each 100-mm dilution plate).

7. Sterile 150-mm Petri dishes (sufficient for antibiotic concen-
trations used during selections).

2.3. Cell Culture and
Counter-Screening

1. Sterile 96-well plates (sufficient for number of colonies
under investigation)

2. LB liquid medium (∼55 mL for each 96-well plate)
3. LB agar medium (∼25 mL for each 150-mm plate)
4. Sterile 150-mm Petri dishes (minimum 3 required for each

96-well plate)
5. Multichannel pipettor (with accuracy down to 5 μL)

3. Methods

The methods described herein are based on a genetic selection
for protein folding and solubility that exploits the quality control
feature of the E. coli Tat pathway (12). This selection employs
a tripartite sandwich fusion of a POI with an N-terminal Tat-
specific signal peptide and C-terminal TEM-1 Bla, thereby cou-
pling antibiotic resistance with Tat pathway export. If the POI
is correctly folded, the ssTorA-POI-Bla chimera is localized in
the periplasm where the Bla moiety confers resistance to β-lactam
antibiotics such as Amp or Carb. In contrast, if the POI is mis-
folded, the ssTorA-POI-Bla chimera is incapable of Tat export
and cells are sensitive to β-lactam antibiotics. Here, we will focus
on effective methods for using the Tat pathway to improve the
folding and solubility of heterologous proteins in E. coli. The
selection for soluble, folded proteins from recombinant libraries
seems – and in many ways is – relatively straightforward (see
Fig. 4.2). Here, we outline the specific steps critical to the success
of this particular form of selection (see Fig. 4.3).

3.1. Determining
Selection Conditions

1. The gene encoding a POI should be cloned into pSALect
(25) between the regions encoding the Tat-specific signal
peptide (ssTorA) and mature TEM-1 Bla (see Fig. 4.1a).
For comparison, a plasmid should be cloned encoding a
well-folded protein (e.g., E. coli maltose-binding protein
(12), but preferably similar in nature to the POI) in this
same position.

2. These plasmids should be transformed into cells with a
functioning Tat pathway (e.g., MC4100) and isogenic
mutants lacking a functioning Tat pathway (e.g., B1LK0).
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Fig. 4.2. Flowchart for the selection of folded proteins using the Tat folding reporter.

3. Each strain of transformed cells should be plated on an
LB agar plate containing chloramphenicol and incubated
at 37◦C overnight.

4. Colonies from these plates should be picked and cul-
tured overnight at 37◦C in Luria–Bertani (LB) medium in
the presence of antibiotics selective for the plasmid (25-
μg/mL chloramphenicol, Cm).

5. An array of 100-mm LB agar plates should be prepared
with Amp concentrations ranging from ∼25 μg/mL to
1 mg/mL (see Note 2). Additionally, an LB agar plate with
25 μg/mL Cm should be prepared. Each plate should be
marked with a distinctive symbol indicating the ‘top’ (12
o’clock position) of the plate. These can be prepared the
next morning or prepared and stored overnight at 4◦C.

6. The next morning aliquots of the culture should be spun
down and washed in fresh equivolume LB medium with
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Fig. 4.3. Detailed strategy for the isolation of folded proteins (e.g., scFv antibodies) from
recombinant libraries using the Tat folding reporter. Cells were serially diluted 10-fold
(indicated by white triangle) from an overnight culture such that the most dilute cells
(bottom spots in each image) are a 106 dilution of overnight culture.

25 μg/mL Cm. Take an OD600 measurement of the
overnight culture for reference.

7. In a sterile 96-well plate (or multiple sterile tubes) prepare
a dilution series of the cultures in fresh LB medium with
25 μg/mL Cm. Seven consecutive 10-fold dilutions (to a
dilution factor of 107) are recommended. About 5 μL of
each dilution is needed for each Amp concentration tested.

8. In a hood or over a flame, use a multichannel pipettor (or
a standard pipettor) to place 5-μL droplets of each dilu-
tion of each sample on each LB agar plate. Be sure the cells
are properly suspended before application to the plates. By
starting with the most dilute sample and working up, one
set of tips can be used for the entire spot plating experi-
ment. See Fig. 4.1c for an example of what the spotting
will look like after growth.



62 Fisher, Rocco, and DeLisa

9. Allow the spot plates to dry by a flame until surface droplets
are no longer visible (approximately 15 min). Place the
plates upside down in a 30◦C incubator and observe cell
growth between 12 and 24 h. The growth on the spot
plates will be used to confirm Tat specificity and to specify
the parameters of selection. There should be a clear phe-
notypic difference between (a) MC4100 and B1LK0 cells
expressing the POI (see Note 3) and (b) MC4100 cells
expressing the POI and the well-folded control, especially
if the POI has poor solubility. The difference in antibiotic
resistance between cells expressing the POI and well-folded
control represents the ‘distance’ that may be covered dur-
ing laboratory evolution.

10. Each spot on the plates is representative of a certain num-
ber of total cells. By using the approximation that in 1 mL
there are ∼109 cells/OD600 unit, an estimate of the num-
ber of cells in each spot can be obtained. Note that this
is only an estimate as the actual number of cells may vary
significantly depending on a number of variables. However,
this estimate only provides the basis for future dilutions and
therefore accuracy is not necessary.

11. Provided that the number of cells per surface area is kept
constant, the behavior on Amp plates scales up (Fig. 4.4).
For reference, typically a 5-μL droplet is ∼6 mm in diam-
eter. These data determine the approximate size of the

Fig. 4.4. Amp-resistant phenotype of cells expressing scFvs in the Tat selection assay. (a) Spot plates of cells expressing
a well-folded single-chain Fv antibody variant, scFv13-R4 (right), specific for β-galactosidase, and the poorly folded
scFv13-wt (left). Scale-up is evidenced by similar growth phenotypes of equivalent cells/cm2 on LB agar with 50 μg/mL
Amp grown on 100-mm plates (left) versus 5-μL spots (right). (b) Three rounds of scFv mutagenesis and selection and
the resultant Western blot of the soluble fraction (top) and the Amp-resistant phenotype of cells on spot plates (bottom).
Western blot was probed with anti-c-myc antibodies that recognize affinity epitopes on the scFvs.
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library that can be selected on each concentration of Amp.
For an example, see Fig. 4.3.

3.2. Selecting for
Enhanced Folding

1. The next step is the construction of a diverse mutant
library from which to select solubility-enhanced proteins.
There are numerous methods of library synthesis which are
beyond the scope of this protocol, although we prefer to
generate diversity using random mutagenesis PCR (26) or
with the GeneMorphII Random Mutagenesis Kit (Strata-
gene) (see Note 4).

2. Once a library of sufficient diversity (see Note 5) has been
constructed and isolated in solution at a concentration
>50 ng/μL, frozen electrocompetent cells (e.g., MC4100)
(see Note 6) in glycerol should be thawed on ice. About
270 μL of electrocompetent cells can be transformed with
30 μL of DNA plasmid library solution in 2-mm gap elec-
troporation cuvettes. In parallel, 45 μL of electrocom-
petent cells should be transformed with up to 5 μL of
the parental POI plasmid in 1-mm gap electroporation
cuvettes.

3. Following electroshock, recover the contents of each 2-mm
gap cuvette in a glass tube containing 3 mL of pre-warmed
SOC medium. The contents of the 1-mm gap cuvettes can
be recovered in 1 mL of SOC medium. Shake at 37◦C
for 1 h.

4. Following recovery, plate a series of 10-fold dilutions on
LB agar plates supplemented with 25 μg/mL Cm. For
example, take 20 μL of recovered cells and dilute in 180
μL of fresh LB, take 20 μL of this diluent and dilute fur-
ther into 180 μL LB; repeat at least six times. This will
define the total number of transformants in the tube (see
Note 7).

5. With the remaining library transformants, inoculate 250
mL of LB containing 25 μg/mL Cm and 0.2% glucose for
each tube recovered. About 50-mL cultures can be used to
do the same for the control transformants. Shake at 37◦C
overnight (see Note 8).

6. An array of 150-mm LB agar plates should be prepared
with Amp concentrations ranging above and below the
ideal selection concentration. These can be prepared the
next morning or prepared and stored overnight at 4◦C.

7. Count colonies on dilution plates to ensure that sufficient
library diversity has been conserved during transformation
in light of (a) the diversity of the constructed library and
(b) the number of cells that were calculated to plate on
selective Amp plates. If insufficient, retry the transforma-
tion.
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8. Take OD600 measurements of overnight cultures; typically
∼3 units. Use this as a basis for diluting to the correct cell
concentration for plating.

9. Plate the appropriate number of cells on 150-mm LB
plates supplemented with the appropriate Amp concentra-
tions. This should be done for the library and the control
(parental) culture. Incubate plates at 30◦C overnight.

10. Compare the antibiotic resistance of cells expressing the
library to the antibiotic resistance of cells expressing the
parental POI. To avoid false positives, colonies should
be picked from plates that (a) have the least Amp, to
ensure selection along a continuum of antibiotic resistance
(see Ref. (23) for further details); and (b) show a signif-
icant difference from the parental resistance phenotype.
Colonies from this plate can be picked as desired with ster-
ile toothpicks and used to inoculate 200 μL of LB supple-
mented with Cm in 96-well plates. Shake the plates at 37◦C
overnight.

3.3. Selective Spot
Plating and
Counter-Screening

1. The purpose of spot plating is to (a) confirm that selected
colonies display the desired resistance phenotype and (b)
ensure that false positives beyond the continuum distribu-
tion are excluded (see Note 9). To do this, begin by diluting
each well from step 10 of Section 3.2 by 104; 102 dilutions
can be performed twice in 96-well plates to accomplish this.
Place 5-μL drops of each diluted sample onto 15-cm LB
agar plates in the same orientation on each plate. Again, a
mark should be used to indicate the top (12 o’clock) posi-
tion on the plate. Minimally, plates should be as follows:
plate A: LB with 25 μg/mL Cm; plate B: LB with the Amp
concentration used for selection; and plate C: LB with dou-
ble the Amp concentration used for selection. Allow droplets
to evaporate over a flame and incubate at 30◦C overnight.

2. The next morning spots should be selected that grow on
plates A and B, but not plate C. These spots represent can-
didates to pick, culture, miniprep, and sequence to identify
mutations.

3. More than one round of laboratory evolution may be needed
to meet the desired folding objective(s) (see Note 10). How-
ever, before beginning a new round of laboratory evolution
the following should be performed:
a. Transform isolated plasmids back into MC4100 and

B1LK0 cells. Confirm that the Amp resistance phenotype
is specific to the Tat pathway (see Note 3).

b. Sequence the entire mutated gene to confirm presence of
mutations and absence of frameshifts or other abnormal-
ities.
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4. Notes

1. We have noticed little difference in the assay whether using
Amp or Carb, overnight incubation of plates is at 30◦C
and relatively short. Although we have never found it nec-
essary, longer incubation times may require Carb due to
its greater stability. We suggest making one concentrated
stock of Amp and storing aliquots at –20◦C until needed.
Aliquots should be thawed on ice only once.

2. There is no clear guideline for the range of Amp concen-
trations that need to be tested. In our experience, cells
expressing poorly folded targets typically do not confer sig-
nificant resistance above ∼50 μg/mL Amp. It is important
to figure out the appropriate conditions for library selec-
tion, so err on the side of testing excess Amp concentra-
tions.

3. There are two possibilities that we have observed. In one
case, the general growth phenotype (i.e., on the Cm plate)
of Tat mutant cells will be attenuated by expressing the
POI. In the other case, Tat mutants display a normal
growth phenotype, but sensitivity to Amp. In both cases,
the growth on selective plates is dependent on a functional
Tat pathway and justifies moving forward.

4. In our experience, random mutagenesis PCR is simple, but
it is difficult to control the error rate and there are inherent
biases in the types of errors that are generated. The Gene-
MorphII Random Mutagenesis Kit from Stratagene is the
least biased method of generating errors. It is also simple,
but more expensive.

5. There is no way to determine a priori the diversity needed
for a directed evolution experiment. However, we generally
strive for libraries of >106 clones with ∼1% error rate at the
amino acid level.

6. Briefly, a 1-L culture of MC4100 in YenB medium should
be iced and spun down between OD600 0.5 and 0.8. At
4◦C, cells should be resuspended and washed three times
with sterile water and finally concentrated in <5-mL ster-
ile 15% glycerol. Aliquots should be stored at –80◦C and
thawed on ice just prior to use. When transforming, the
volume of plasmid solution should not exceed 10% of the
total volume.

7. These dilution plates will indicate how many cells were
transformed with plasmid. For example, if 10 colonies
resulted from plating 100 μL of a 106 dilution of a 1 mL
culture, one could estimate that there were 108 cells
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transformed with plasmid: 10 × (1 mL/100 μL) × 106.
Multiple-fold coverage of each library clone is possible if
the number of transformed cells is higher than the diversity
of the constructed library. If it is lower, then full coverage
of the library is not possible. Regardless, the number of
cells to be plated has already been calculated and should
not be changed.

8. This is an enrichment that selects for transformants. Do
not plate the transformants on Cm plates and then scrape
the plates to collect the library. For libraries above 105 in
diversity, plating is grossly insufficient for selecting trans-
formants.

9. Selections will provide surprising false positives, consistent
with the adage ‘you get what you select for’ (27). By elimi-
nating events that far exceed the selection conditions, many
if not most false positives can be avoided.

10. It is possible to continue this directed evolution until there
are no longer observable, authentic gains in antibiotic resis-
tance. The appropriate endpoint will be determined by the
user and might include surpassing a threshold of soluble
cellular expression (g/L) or achieving observable crystal-
lization.
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Chapter 5

Protein Folding Liquid Chromatography

Quan Bai and Xindu Geng

Abstract

A method for carrying out protein folding with simultaneous separation by protein folding liquid chro-
matography (PFLC) is described herein. Furthermore, a two-dimensional chromatographic column,
termed a 2D column, which can be independently employed for accomplishing PFLC in either weak
cation exchange mode or hydrophobic interaction chromatography mode is reported. The content of
this chapter describes the most commonly employed methods and operations of PFLC, such as the use of
urea or guanidine hydrochloride as a denaturant with the protein in either the reduced or oxidized state
and solving problems caused by the formation of the precipitates during protein folding. The PFLC can
be performed using conventional chromatographic columns and a new chromatographic cake. A pro-
tocol for fast renaturation with simultaneous purification of inclusion body protein of the recombinant
human interferon-gamma to obtain purity ≥95% and high specific bioactivity in a single step and in 1 h
is introduced.

Key words: Protein folding liquid chromatography, proinsulin, granulocyte colony-stimulating
factor, protein refolding.

1. Introduction

Protein folding is vital not only for theoretical studies in molec-
ular biology but also for lowering the cost of therapeutic pro-
teins in industry. Many kinds of recombinant proteins have been
produced in different hosts, especially E. coli, but the overex-
pression of heterologous proteins in bacteria often results in the
accumulation of the protein product in inactive and insoluble
deposits inside the cells called the inclusion bodies. A challenge
is how to convert the insoluble inclusion body proteins into sol-
uble and bioactive ones, or proteins in the native state (N state),
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i.e., solving the problem of protein refolding (renaturation) (1).
Commonly employed methods for the renaturation of inclusion
body proteins include dilution and dialysis; however, these meth-
ods usually result in very low recoveries, typically 5–20%, of the
expected total mass or bioactivity.

Fifteen years ago, one of the authors first reported high-
performance hydrophobic interaction chromatography (HPHIC)
to be a powerful tool for protein refolding (2). Since then many
kinds of liquid chromatography (LC) have been employed for
protein folding (3–5). When LC is used for protein folding, the
recovery of bioactivity and mass increases significantly and per-
mits the rapid assessment of protein folding efficacy. This is a
new field in both LC and molecular biology and was termed pro-
tein folding liquid chromatography (PFLC) (5–7). It is defined as
“a kind of liquid chromatography, incorporating various kinds of
biochemical and/or physicochemical processes originally accom-
plished in solution, which can result in either raising the efficiency
or shortening the time of protein folding” (5–7). Hydrophobic
interaction chromatography (HIC), ion exchange chromatogra-
phy (IEC), size exclusion chromatography (SEC), and affinity
chromatography (AFC) have been employed for PFLC at labo-
ratory or industrial scales (5, 6, 8).

An ideal PFLC would have the following four characteristics
as shown in Fig. 5.1: (a) complete removal of the detergents, (b)
renaturation of several proteins, (c) separation of the target pro-
tein from impure proteins, and (d) easily recycling waste dena-
turing reagent (3). The principle of protein folding by PFLC was
explained from chemical equilibria to be valid for each kind of LC
(5, 6, 8) and molecular mechanism only valid for HIC (3, 6, 8).

Fig. 5.1. Scheme of an ideal protein folding liquid chromatography having four func-
tions simultaneously (3, 5, 6). Four functions: removal of denaturants, refolding of target
proteins, separation from contaminant proteins including misfolded intermediates of the
target protein, and easy recovery of denaturants.
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Different aspects of PFLC have been the subject of a number of
recent reviews (5, 8–12).

Although PFLC has so many advantages, several problems
still exist. If proteins have strong hydrophobicity, some aggre-
gates may form when loading the denatured protein solutions
onto an LC column, resulting in increased back pressure of the
employed column, perhaps even blocking it. Additionally, mass
and bioactivity recoveries of the target protein would decrease.
These problems are much more serious in large-scale protein
renaturation. To alleviate this issue, a series of units for simul-
taneous renaturation and purification of proteins (USRPP), also
called chromatographic cake (see Fig. 5.2), were manufactured
and employed to replace the conventional column (3, 13). This
“cake” has a very short length ranging only 1.0–5.0 cm in size,
but a very large diameter ranging from 2.0 to 50 cm. Due to
the large cross-sectional area of the “cake,” the back pressure
increases insignificantly when some protein precipitates accumu-
late on the filter or on top of the column bed. It was reported that
this unit has very good resolution for protein separation at both
laboratory and large scales and has been applied successfully for
the renaturation with simultaneous purification of some recombi-
nant proteins produced by E. coli, such as recombinant human
interferon-gamma (rhINF-γ) (14), recombinant human proin-
sulin (15), recombinant human granulocyte colony-stimulating
factor (rhG-CSF) (16), and recombinant human stem cell factor
(rhSCF) (17). Compared to conventional methods, the recov-
ery of bioactivity of these renatured recombinant proteins was
increased two- to threefold with a purity of ≥95% with only one
step. With milligram amounts of target protein the whole process
to purify and refold the protein can be accomplished in 1 h.

Fig. 5.2. Photo of a set of USRPP or chromatographic cakes in laboratory and prepara-
tive scales (3, 13).
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The high efficiency of the renaturation with simultaneous
separation of unfolded proteins depends on the optimization of
PFLC conditions including the selection of the kind of LC, sta-
tionary phase, mobile phase, flow rate, and pH value (14, 18).
The first important thing is to select the kinds of LC. Gener-
ally speaking, any kind of LC can be employed for carrying out
protein folding; thus various kinds of chromatographic columns
are required to storage for this selection. To satisfy the simulta-
neous renaturation and separation of proteins, reverse phase liq-
uid chromatography (RPLC) cannot be used for most proteins,
because the RPLC conditions denature most proteins. Affinity
chromatography (AFC) is only valid for a subset of proteins, lim-
iting its broad application. SEC, IEC, and HIC are popularly
employed for this purpose, although SEC is the worst resolution
in LC.

It was reported that a single column having two orthogonal
retention mechanisms of HIC and weak cation exchange (WCX)
was first employed for fast protein separation separately with the
two modes (19, 20) and this type of column is termed a 2D
column. If the 2D (HIC, WCX) column can be employed for
protein refolding also with the two modes of HIC and IEC,
respectively, this column should be the first choice for accom-
plishing PFLC (see Note 1). In this chapter, the 2D column is
initially employed for carrying out both the renaturation of the
urea reduced/denatured lysozyme (Lys) by WCX mode alone
and establishing a new methodology for the renaturation with
simultaneous separation of a pair protein of Lys and ribonuclease
A (RNase A) together by HIC mode (see Notes 2 and 3).
A real recombinant human protein drug, recombinant human
interferon-gamma (rh-IFN-γ), by PFLC is also introduced.

In addition to PFLC, this chapter will touch upon popu-
lar methods to denature proteins using chemical denaturants,
disulfide reduction/formation, issues stemming from protein pre-
cipitation at the mobile phase, and chromatography using stan-
dard column or cake technologies. Furthermore, a protocol for
fast renaturation with simultaneous purification of heterologously
expressed, therapeutic proteins from inclusion bodies to obtain
a purity ≥95%, and high specific bioactivity in one step and less
than an hour is described.

2. Materials

2.1. Liquid
Chromatography

1. Shimadzu LC-10A high-performance liquid chromato-
graph (Shimadzu, Japan) including two pumps, a gradient
elution system, a Rheodyne 7725i manual sample injector,
and an SPD-10Avp UV detector.
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2. 2D (HIC, WCX) chromatography column (100 × 4.6 mm
ID) was purchased from Xi’an Aolan Technology Devel-
opment Co. Ltd (Xi’an, China, http://www.aulast.com).
The particle diameter and average pore diameter are 7 μm
and 30 nm, respectively.

3. HPHIC-USRPP (10 × 50 mm ID) was purchased from
Xi’an Aolan Technology Development Co. Ltd (Xi’an,
China). The particle diameter and average pore size is
7 μm and 30 nm, respectively, and the end group is
PEG600.

4. Solution A: 10 mM potassium dihydrogen phosphate
(PBS), 1 mM EDTA, 3.0 mM reduced glutathione (GSH,
Sigma, USA), 0.6 mM oxidized glutathione (GSSG,
Sigma, USA), 2 M urea, pH 7.0.

5. Solution B: 10 mM PBS, 1.0 M NaCl, 1 mM EDTA,
3.0 mM GSH, 0.6 mM GSSG, and 2 M urea,
pH 7.0.

6. Solution C: 3.0 M (NH4)2SO4, 50 mM PBS, pH 7.0.
7. Solution D: 50 mM PBS, pH 7.0.
8. Denaturation buffer: 7.0 M guanidine hydrochloride.
9. Reduced/denatured buffer: 8.0 M urea, 0.1 mM Tris-HCl,

1 mM EDTA, 30 mM dithiothreitol, pH 8.5.
10. E. coli cleaning buffer: 20 mM PBS, 1 mM EDTA,

0.2 mg/mL lysozyme (chicken egg white, Sigma),
pH 7.4.

11. Inclusion body cleaning buffer I: 20 mM PBS, 1 mM
EDTA, 2 M urea, 1 M NaCl, pH 7.4;

inclusion body cleaning buffer II: 20 mM PBS, 1 mM
EDTA, 0.5% Triton X-100, 1 M NaCl, pH 7.4;

inclusion body cleaning buffer III: 20 mM PBS, 1 mM
EDTA, 1 M NaCl, pH 7.4.

2.2. Enzyme Assays 1. Lysozyme assay buffer: 20 mM sodium phosphate,
pH 7.0.

2. RNase A assay buffer: 0.1 M sodium acetate, pH 5.0.
3. 0.5% yeast solution: 0.05 g yeast ribonucleic acid (source)

dissolved in 100 mL RNase A assay buffer.

2.3. Bradford
Dye-Binding Assay

1. Bradford reagent: dissolve 100 mg Coomassie Blue G-250
(Fluka, MO, USA) in 50 mL 95% ethanol. Add 100 mL
85% (w/v) phosphoric acid to this solution and dilute the
mixture to 1 L with water. Filter with filter paper and store
at 4◦C.

2. BSA standard: 0.2 mg/mL bovine serum albumin.
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3. Methods

3.1. Simultaneous
Refolding and
Separation of
Proteins with PFLC
with WCX Mode

1. Dissolve 5 mg lysozyme (Lys, chicken egg white, Sigma,
USA) and 5 mg RNase A, separately in 1.0 mL denatura-
tion solution containing 7.0 mol/L GuaHCl and incubated
at room temperature for 24 h.

2. Dissolve 5 mg Lys in 1.0 mL reduced/denatured sam-
ple solution, then add DTT to 30 mM, and incu-
bate at 40◦C for 3 h. Store this solution at 4◦C. This
DTT step reduces disulfide bonds to facilitate complete
denaturation.

3. Inject 20 μL of the urea reduced/denatured Lys solu-
tion directly into the 2D (HIC, WCX) column equili-
brated in solution A for 20 column volumes. Eluted with
a linear gradient from 100% of solution A to 100% of
solution B within 30 min and with a 10 min delay. Use
a flow rate of 1.0 mL/min and a detection wavelength
of 280 nm. The obtained chromatogram is shown (see
Fig. 5.3b).

4. Inject 20 μL native Lys (N state) into the 2D (HIC, WCX)
column and run with the same conditions as described
in Step 3. The obtained chromatogram is shown (see
Fig. 5.3a). It can be seen that peak 1 in Fig. 5.3a contains
only solvent, but peak 1′ in Fig. 5.3b is much higher than
that of peak 1, because peak 1′ contains both solvent and
Lys in the unfolded state (U state) and/or dimer. Peak 2 in
Fig. 5.3 is Lys only in the N state.

Based on the retention of the renatured proteins, the fraction
containing Lys corresponding to peak 2′ of Fig. 5.3 should be
the refolded Lys. From peaks 1′ and 2′ of the chromatogram “b,”
the reduced/denatured Lys is not only renatured but also sep-
arated from its U state completely; the chromatogram obtained
from the 2D column, therefore, is an assay to determine the
efficiency of protein refolding. Interestingly, compared to the
peak height and shape of peak 2 shown in chromatogram “a,”
that of the refolded Lys corresponding to the peak 2′ is lower
and broader. It is easy to understand that the mass loss of the
refolded Lys can be attributed to a fraction of Lys that converts
to its U state. The broader peak of peak 2′ is due to the fact
that Lys only partially carries out refolding due to the dynamic
request for the oxidation of the two –SH. Based on the enzymatic
activity experiment, it, at least, takes 8 h to incubate at room
temperature after adjusting the fraction solution pH to 8.0 (see
Notes 4–8).
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Fig. 5.3. Simultaneous refolding and separation of reduced/denatured lysozyme with
WCX. Conditions: initial concentration: 5.0 mg/ml; linear gradient elution (dash line),
100% solution A to 100% solution B, 30-min linear gradient and with a 10-min delay;
flow rate, 1.0 mL/min; chromatogram “a,” Lys in N state; sample size: 20 μL; chro-
matogram “b,” the WCX mode-renatured Lys which was originally reduced–denatured
by 8.0 M urea solution; sample size: 20 μL; peak 1: solvent, peak 1′ solvent and Lys in
U states; peak 2: Lys (N state), peak 2′ refolded Lys.

3.2. Renaturation
with Simultaneous
Separation of
Denatured Lysozyme
and RNase A by HIC
Mode

1. Inject 20 μL Lys and 30 μL RNase A denatured by 7.0 M
GuaHCl solution directly into the 2D (HIC, WCX) column
equilibrated with solution C and renatured with simultane-
ous separation by HIC mode. Elute with solution D by a
linear gradient elution 30 min with a 10-min delay. The
obtained chromatogram “b” is shown (see Fig. 5.4b) and
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Fig. 5.4. Simultaneous refolding and separation of denatured lysozyme and RNase A
with HIC. Conditions: initial concentration: 5.0 mg/mL; linear gradient elution (dash line):
100% solution C to 100% solution D for 30 min with a 10-min delay; flow rate, 1.0
mL/min; chromatogram “a,” native RNase A and Lys; chromatogram “b,” the HIC mode-
renatured RNase A and Lys which was originally denatured by 7.0 M GuaHCl solution;
peaks, 1, solvent; 2, native RNase A; 3, native Lys; 1′ and 2′, solvent and unfolded
RNase A and Lys; 3′, refolded RNase A; 4′, refolded Lys.

the two proteins in the N state were also run under the same
chromatographic condition as in the U state. The obtained
chromatogram “a” is also shown (see Fig. 5.4a). It can be
seen that three peaks of 1–3 in Fig. 5.4a and four peaks of
1′–4′ in Fig. 5.4b were obtained.

2. From Fig. 5.4, the peak 1 is solvent and 1′ and 2′ are solvent
and unretained of the two proteins in U state; 2, 3′ sepa-
rately denote RNase A in N state and the refolded RNase A;
3, 4′ represent Lys in N state and the refolded one, respec-
tively. This fact indicates that the denatured Lys and RNase
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A can not only be renatured but also be completely sepa-
rated with each other and also separated from their unfolded
states, respectively.

3. The fractions 3′ and 4′ were separately collected and subse-
quently were tested by the assay of their enzymatic activities
(21).

4. The mass and the bioactivity recoveries of the renatured Lys
and RNase A with this manner of HIC mode can reach to
85%, respectively.

3.3. Lys Bioactivity
Assay

1. The measurement of the enzymatic activity of the refolded
Lys was routinely done at 20◦C by following the decrease in
absorbance at 450 nm of a Micrococcus lysodecticus cell wall
suspension in 20 mM sodium phosphate (pH 7.0) (22).

2. Dissolve the M. lysodecticus cell wall in 20 mM sodium phos-
phate (pH 7.0).

3. Adjust OD value of the buffer about 0.5–0.7.
4. Pipette 3.0 mL of the M. lysodecticus cell wall suspension

buffer in the cuvette and then pipette 100 μL of the HPLC
fraction solution containing lysozyme and mix it well rapidly.

5. With distilled water as the reference buffer, monitor the
decrease of OD value at 450 nm for 3 min, and note the
data per 20 s.

6. When measuring the time dependence of the recovery of
activity, aliquots were taken and directly analyzed for activity.

7. Activities were normalized to a native Lys solution of known
concentration.

3.4. RNase A
Bioactivity Assay

1. The measurement of the enzymatic activity of the refolded
RNase A was routinely carried out at 20◦C by following the
decrease in absorbance at 300 nm of 0.05% yeast solution in
0.1 M sodium acetate (pH 5.0).

2. Pipette 2.5 mL of the 0.05% ribonucleic acid from yeast
buffer in the cuvette and then pipette 100 μL of the HPLC
fraction solution containing RNase A, and mix it well rapidly.

3. With distilled water as the reference buffer, monitor the
decrease of OD value at 300 nm for 3 min, and note the
data At per 30 s.

4. After 30 min, measure the OD value at 300 nm again, and
note the data Af. Af is the final OD value at 300 nm.

5. When measuring the time dependence of the recovery of
activity, aliquots were taken and directly analyzed for activity.

6. Activities were normalized to a native RNase A solution of
known concentration.
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7. With the linear relationship of log(At − Af), the slope (S)
can be obtained from the line.

8. Based on the slope S, calculate the recovery of enzymatic
activity.

9. Following the equation, calculate the enzymatic activity
ratio:

Unit/mg = S(−2.3) × 4/W

where W is the amount of RNase A in the sample.

3.5. Determination
of Protein
Concentration

The concentration of Lys and RNase A in both U and N states
was done at 280 nm (E1% = 2.63 and 2.37, respectively).

3.6. Renaturation
of rhIFN-γ with
Simultaneous
Purification
by USRPP

3.6.1. Disruption of
E. coli Cells Containing
rhIFN-γ by Sonication

1. rhIFN-γ was expressed in E. coli (pBV220/DH5α). About
30 g wet E. coli cells containing rhIFN-γ was added in 300
mL cleaning buffer (1:10, W/V) containing 20 mM PBS
(pH 7.4), 1 mM EDTA, 0.2 mg/mL lysozyme. After clean-
ing, the cells were centrifuged at 18,000 rpm for 20 min at
4◦C.

2. Remove the supernatant and clean the cells again as in
Step 1.

3. Recover the cells and store at –20◦C overnight.
4. After unfreezing the cells, 30 g cells were disrupted by son-

ication with intermissive mode in 300 mL cleaning buffer
(1:10, W/V) in the ice-water bath.

5. Until the dope become like rheumy and no babble appears,
the rhIFN-γ inclusion bodies was recovered by centrifuga-
tion with 18,000 rpm at 4◦C.

6. To clean the inclusion bodies with the cleaning buffer (see
Section 2.1.10) again, the rhIFN-γ inclusion bodies were
stored at –20◦C.

3.6.2. Preparation of
Crude rhIFN-γ Extract
(see Notes 9 and 10)

1. The rhIFN-γ inclusion bodies were washed twice using
buffer I (see Section 2.1, Step 11). After stirring gently at
4◦C for 1 h, centrifuge it at 18,000 rpm for 20 min and
removed the supernatant.

2. Wash the inclusion bodies twice with buffer II (see
Section 2.1, Step 11), and then centrifuge it and remove
the supernatant.
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3. Wash the inclusion bodies twice with buffer III (see
Section 2.1, Step 11).

4. The cleaned inclusion bodies were recovered by centrifuga-
tion at 18,000 rpm for 15 min.

5. About 10 g of the cleaned inclusion bodies were solubilized
in 100 mL 7 M GuaHCl (1:10, W/V).

6. Adjust pH value to 8.0 with 0.1 M HCl and stirr the solution
gently at 4◦C overnight.

7. The supernatant after centrifugation at 18,000 rpm was
crude rhIFN-γ extract.

3.6.3. Renaturation with
Simultaneous
Purification of rhIFN-γ
with “Cake” (see Notes
11–16)

1. The chromatographic cake (“cake”) has very short length
and very large diameter. Figure 5.5 shows the resolution
of seven standard proteins with an HIC “cake” of 1.0 cm
in thickness and 5.0 cm in diameter under flow rate of 8.0
mL/min. It is seen that the protein resolution is excellent.
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Fig. 5.5. Chromatogram of standard proteins by chromatographic cake (10 × 50 mm).
Stationary phase: PEG-600; linear gradient elution (dash line): 100% solution C to 100%
solution D for 30 min with a 10-min delay; flow rate, 8.0 mL/min; peak: 1, cytochrome-
C; 2, myoglobin; 3, RNase A; 4, lysozyme; 5, α-chymotrypsin; 6, α-amylase; 7, insulin.
Total mass of proteins, 2.1 mg.

2. About 500 μL rhIFN-γ extract solution (500 μL contain-
ing about 500 μg total proteins) was loaded on the “cake”
initially equilibrated with buffer solution A by means of a
cumulative manner, for example, 100 μL for each injection
and totally five times. Subsequently a 35-min non-linear gra-
dient elution of 0–100% buffer solution B (0–15 min, 0–50%
B; 15 min, curve –2; 15–23 min, 50–40%B; 23 min, curve
2; 23–35 min, 40–100%B) was performed at a flow rate of
5.0 mL/min. The chromatogram is shown (see Fig. 5.6).
The eluted fractions of aim protein were collected for the
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Fig. 5.6. Renaturation with simultaneous purification of rhINF-γ by using semi-scale
preparative USRPP (10 mm × 50 mm ID). Chromatographic conditions: Sample size: 500
μL (5 × 100μL injections); mobile phase A, 3.0 mol/L ammonium sulfate + 0.05 mol/L
potassium dihydrogen phosphate, pH 7.0; mobile phase B, 0.05 mol/L potassium di-
hydrogen phosphate, pH 7.0; 35-min non-linear gradient elution of 0–100% B (dash
line), 0–15 min, 0–50% B; 15 min, curve –2; 15–23 min, 50–40% B; 23 min, curve 2;
23–35 min, 40–100% B; flow rate, 5.0 mL/min; detection wavelength, 280 nm.

measurements of the recoveries of bioactivity and mass of
the rhIFN-γ and SDS-PAGE analysis after desalting (see
Note 11).

3.6.4. “Cake” Cleaning
(see Note 17)

1. Because of very strong hydrophobicity, the precipitate of
rhIFN-γ can be formed when the sample loaded on “cake.”
It can not only block the column but also lead to the very
serious loss of the recombinant proteins.

2. A “cake” cleaning buffer containing denaturing agent, such
as 8.0 M urea solution, in the presence of DTT should be
used to periodically dissolve the precipitates deposited on the
stationary phase to prolong the USRPP life.

3. The “cake” or column was washed with the cleaning buffer,
or let the cleaning buffer to stay in the “cake” or column
overnight, and then wash it next day and collect the fractions
containing the target proteins.

4. With re-injecting the washed out solution containing the
rhIFN-γ (of course, it is in unfolded state) into the “cake”
to be renatured again, the losses of the mass and bioactivity
of the rhIFN-γ would decrease (see Notes 18 and 19).
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3.7. Bradford Protein
Assay

1. Preparation of Bradford reagent: dissolve 100 mg Coomassie
Blue G-250 (Fluka, MO, USA) in 50 mL 95% ethanol, add
100 mL 85% (w/v) phosphoric acid to this solution, and
dilute the mixture to 1 L with water. After filtration with
filter paper, store at –4◦C (23).

2. Pipette 0, 20, 40, 60, 80, 100, 120 μL of BSA (0.2 mg/mL)
into individual 5 mL Eppendorf tube.

3. Add 0.15 M NaCl to all tubes to bring the final volume to
200 μL.

4. Add 2 mL of Bradford reagent into all tubes containing stan-
dard or sample.

5. Read absorbance at 595 nm without any prior incubation.

3.8. Determination of
Bioactivity of rhIFN-γ

The bioactivity assay for the rhIFN-γ was done by CPE inhibitor
with WISH cell and VSV virus (24).

4. Notes

1. The separation principle of a 2D (HIC, IEC) column
is briefly explained as that under low salt concentration
in mobile phase, protein renaturation, and separation by
IEC mode, while under high salt concentration, that by
HIC mode. From standpoint of stoichiometric displace-
ment theory for retention of proteins, the changes in salt
concentration cause the changes in the concentration of
two displacers, salt for IEC mode and water for HIC mode
(18, 20, 25).

2. Because proteins have different properties and molecular
structures with each other, it is very difficult to employ
same experimental conditions for the folding of all protein
with PFLC. To any target proteins, the experimental con-
ditions for the renaturation and purification simultaneously
with PFLC must be optimized, including the selection of
the kinds of LC, stationary phase, mobile phase, flow rate,
pH value. The first important thing is to select the kinds
of LC. The 2D (HIC, WCX) column should be the first
choice for accomplishing PFLC, because IEC is suitable
for the oxidation refolding of reduced/denatured proteins,
while HIC is valid for the refolding of the proteins with
very strong hydrophobicity. Because some aggregates and
precipitates in refolding process can block, even damage
the employed column, the chromatographic cake is the best
way to replace the conventional column.
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3. As a powerful tool for the investigation of protein fold-
ing, scientist may design any kinds of stationary phase by
means of bonding ligands or adsorbing substances on the
surface of stationary phase to assisted protein folding, and
also selecting some buffers as the employed mobile phase
and screening a suitable concentration for the optimization
of protein folding.

4. Based on the molecular mechanism of protein refolding
in HIC, the refolding process occurs instantaneously (3),
while that for the reduced–denatured proteins in IEC, it
involves to carry out oxidation–reduction reaction which
needs an enough time. Thus the obtained peak shape,
peak height, even retention of the refolded proteins in
this instance may be a little different from that of the
same proteins in N state. Furthermore, it takes a certain
time, even over 10 h, to accomplish the whole process
of the oxidation–reduction reaction. The contribution of
the IEC column is to prevent from the aggregates of
the unfolded protein molecules and make the –SH cor-
rectly closed together by the recognition of some spe-
cific amino acid residues to the stationary phase of the
IEC and subsequently wait for accomplishing oxidation.
Because of this, compared to HIC, the selection of the kind
of IEC is more important. How to accelerate the oxida-
tion of two –SH and correctly bond together is a puzzle in
PFLC (5).

5. For a successful oxidative refolding, one of the main points
is how to depress the formation of both protein aggregates
and intermolecular inappropriate disulfide bonds. If the
intermediate states, which have native-like tertiary struc-
ture, are separately trapped from each other, the subse-
quent formation of the disulfide bonds may proceed suc-
cessfully. Generally, urea decreases Lys and RNase A reten-
tions. The presence of urea in mobile phase, on the one
hand, can diminish the aggregate forming, being favorable
to protein refolding. On the other hand, urea can increase
the eluting strength of mobile phase and destroy the three-
or four-dimensional molecular structure of protein, being
unfavorable to protein refolding. A suitable range of urea
in mobile phase ranges from 2 to 4 mol/L (21).

6. In IEC, sodium chloride is usually used as a common
displacer. Ammonium sulfate is a stronger eluting agent.
When the same concentration of urea is used, the mass
recovery of protein refolding with ammonium sulfate as
displacer is more than that of using sodium chloride, espe-
cially when using lower urea concentrations in the mobile
phase.
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7. As expected, the renaturation of Lys by using IEC can
be performed at a much higher protein concentration
comparing with renaturation in solution under the same
conditions.

8. By comparison, dilution method was used at the same
time. The denatured Lys and RNase A were more rapidly
diluted with the renaturation buffer and renatured by
dilution method. The pooled fractions of mobile phase,
which ran the same gradient except the sample was not
loaded, were used as the renaturation buffer of dilution
method, and enzymatic activity of reduced/denatured Lys
was measured also after 4- to 5-h incubation for kinetics
request.

9. The selection of denaturant for dissolving protein inclu-
sion bodies based on the employed kinds of LC. Because
GuaHCl is a kind of salt, it is never employed for IEC
mode. Theoretically, urea solution can be valid for dis-
solving protein inclusion bodies for the renaturation and
separation of both HIC and IEC modes, but the dena-
tured extent for a specific protein may be weaker than
GuaHCl.

10. In terms of the bioactivity recovery of the renatured rh-
IFN-γ by HIC, the denaturant, 7.0 mol/L GuaHCL solu-
tion for dissolving its inclusion body, is experimentally
proved to be better than 8.0 mol/L urea.

11. The molecules of the rhIFN-γ have very strong hydropho-
bicity and do not contain disulfide bonding. On the one
hand, the refolding of rhIFN-γ should be mainly domi-
nated by hydrophobic interaction forces and has no other
problem of misbinding of disulfide bond. On the other
hand, the strong hydrophobicity of rhIFN-γ makes it to
have strong retention, resulting in a favorable separation
from impure proteins with weak or middle hydrophobicity.
Thus, HIC would be first chosen.

12. To prevent protein precipitates from either entering the
soft media of the cake or from being trapped in the intersti-
tial spaces in the cake it is advisable to use packing material
with a rigid matrix. These trapped precipitates can lead to
high column pressures and result in protein aggregates that
are difficult to dissolve for refolding.

13. An ideal “cake” simultaneously having four functions
shown in Fig. 5.1 should be used. In case of precipitates
formed, the “cake” back pressure does not raise up seri-
ously, and thus working well in this instance. They are
to completely remove denaturing agent, to renature the
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aim protein, to separate the renatured proteins from
impure proteins, and to recycle waste denaturing agent
easily.

14. The rhIFN-γ originally in the extract of 7 mol/L GuHCl
solution can be directed into the HIC “cake,” and only
with one step and within 40 min, the obtained purity and
the specific bioactivity can approach to 95% and 8.7× 107

IU/mg, respectively.
15. Comparing the total bioactivity in the extract, or before

that it was injected into the “cake”-HIC, the bioactivity
recovery is 62-fold of the original total bioactivity in the
extract of GuHCl solution.

16. A solution containing denaturing agent, such as 8.0 urea
solution, in the presence of dithiothreitol (DTT) should
be used to periodically dissolve the precipitates deposited
on the stationary phase to prolong the “cake” life.

17. In addition, when re-injecting the washed out solution
containing the rhIFN-γ (of course, it is in unfolded
state) into the “cake” to be renatured again, the losses
of the mass and bioactivity of the rhIFN-γ would
decrease.

18. In order to increase the mass recovery of protein refolding
by PFLC, the un-retained proteins usually are eluted out
together with or nearby the solvent. It can be collected and
re-injected for the second chromatographic run for recov-
ering the target protein. However, some aggregates and/or
precipitates of the target proteins are so tightly adsorbed
and/or deposited on the stationary phase that the strong
solution of the employed gradient elution cannot elute out
them, resulting in mass loss and gradual increase in the col-
umn back pressure, even blocking the column. The column
can be re-dissolved by a very strong washing solution and
to recover it (17, 18).

19. The column regeneration for obtaining a reproducible and
clean surface of the employed stationary phase of a col-
umn is an indispensable step. Compared to conventional
separation of native proteins by LC, it is quite different
in this instance that some precipitates from either target
proteins or impure proteins may form not only on the fil-
ter surface of the column enter side but also on the sur-
face of particles of the packing materials. It is absolutely
necessary periodically to clean up the column with very
strong washing solutions, such the reduced/denatured
buffer for dissolving protein inclusion bodies shown in
Section 2.1.
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Chapter 6

Site-Specific Protein Labeling by Intein-Mediated Protein
Ligation

Inca Ghosh, Nancy Considine, Elissa Maunus, Luo Sun, Aihua
Zhang, John Buswell, Thomas C. Evans, Jr., and Ming-Qun Xu

Abstract

Intein-mediated protein ligation (IPL) employs an intein to create a protein possessing a C-terminal
thioester that can be ligated to a protein or peptide with an amino-terminal cysteine via a native peptide
bond. Here we present a procedure to conduct isolation and labeling of recombinant proteins expressed
in E. coli using synthetic short peptides possessing a fluorescent moiety. This approach can be readily
utilized for site-specific conjugation of a fluorophore to the C-terminus of a protein of interest, without
the drawback of non-specific chemical labeling. This chapter also gives a general review of the critical
parameters of intein-mediated cleavage and ligation reactions.

Key words: Intein-mediated protein ligation, expressed protein ligation, intein, protein labeling.

1. Introduction

E. coli is preferred for heterologous protein production because
of its fast growth, simple fermentation, uncomplicated nutritional
and sterility requirements, and extensive characterization (1). A
protein expression system, IMPACT (intein-mediated purifica-
tion with an affinity chitin-binding tag), was developed by New
England Biolabs by exploiting inteins (2). Inteins were initially
engineered as fusion partners with inducible cleavage activity for
isolation of recombinant proteins in E. coli (3).

There are various methods to site-specifically label a pro-
tein, one of which is intein-mediated protein ligation. Intein-
mediated protein ligation (IPL) or expressed protein ligation

T.C. Evans, M.-Q. Xu (eds.), Heterologous Gene Expression in E. coli, Methods in Molecular Biology 705,
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(EPL) employs an intein, to create a protein possessing a
C-terminal thioester that can be ligated to a protein or peptide
possessing an N-terminal cysteine to form a native peptide bond
(4, 5). A variety of intein-enabled approaches have broken down
the size limitation barrier of traditional chemical methods in pro-
tein semisynthesis and has opened new avenues of site-specific
labeling of proteins. Unlike some chemical methods of labeling,
IPL uses a thiol reagent which can be easily removed. Another
advantage is that the ligated peptide or protein needs only to
contain an N-terminal cysteine and can be synthesized with var-
ious non-standard chemical moieties. Furthermore, a peptide as
small as two amino acids can be added to your protein of interest,
thus reducing possible perturbations to the native structure of the
protein.

1.1. Thiol-Induced
Removal of the Intein
Tag

In order to conduct IPL, the gene encoding a protein of interest
is cloned into an expression vector in which the target protein is
fused to the N-terminus of a modified intein and a small chitin-
binding domain (CBD, 6 kDa) (see Note 1). Following expres-
sion and affinity purification of the three-part fusion protein from
E. coli, the intein cleavage is induced with a thiol reagent, such as
2-mercaptoethanesulfonic acid (MESNA), to release the protein
of interest. The resulting thioester-tagged protein is mixed with
a peptide or protein possessing an amino-terminal cysteine and
ligation occurs spontaneously to produce a native peptide bond
between the two proteins or the protein and the peptide (see
Fig. 6.1). In general, for protein purification 1,4-dithiothreitol
(DTT) is used as the intein cleavage reagent; however, the
ligation efficiencies were significantly higher when MESNA or
thiophenol was used in place of DTT for inducing cleavage
(4–6). We have examined the critical parameters of intein-
mediated cleavage and ligation reactions. The choice of amino
acid residues at the intein cleavage site and their effect
on cleavage and ligation efficiency are presented. We also
describe the selection of thiol reagents, 2-mercaptoethanesulfonic
acid or 1,4-dithiothreitol, for protein purification and ligation
reactions.

Furthermore, in vivo and thiol-induced cleavage at the
N-terminus of an intein can be dramatically affected by target
protein sequence and, in particular, by the C-terminal amino acid
residue of the target sequence (7). It is believed that each intein
has evolved in its own host protein context and thus may dis-
play different reaction rates in response to non-native amino acid
residues adjacent to the scissile peptide bond. A diverse choice
of inteins allows cleavage and ligation reactions to be optimized
depending on the protein of interest to be isolated.
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Fig. 6.1. Schematic of intein-mediated protein ligation (IPL). The target carrier protein
(CP) is expressed at the N-terminus of an intein–chitin binding domain (CBD) protein
fusion. The expressed fusion protein is bound to the chitin resin and cleavage between
the CP and the intein is carried out by the thiol reagent 2-mercaptoethanesulfonic acid
(MESNA) to release the CP with a C-terminal thioester. The peptide Cys-Gly-Cys (Dye),
which contains a free N-terminal cysteine, is ligated to the thioester-tagged protein by
a peptide bond to produce a CP protein tagged with a dye.

1.2. Target Protein
Effect on Intein-Tag
Cleavage

Table 6.1 summarizes the cleavage and ligation efficiencies with
regard to different amino acid residues preceding the cleavage site
(termed the –1 position) when a modified Mycobacterium xenopi
GryA intein (198 residues) was used as a fusion partner (7). This
corresponds to the C-terminal amino acid of the target protein
when it is fused to the Mxe GyrA intein tag. In general, cleavage
of a target protein–intein fusion with DTT is more efficient than
cleavage with MESNA and therefore is preferred for the purpose
of protein isolation in most cases. However, ligation efficiencies
using MESNA-tagged paramyosin proteins and a PB1 peptide are
generally higher than those with DTT-tagged proteins, probably
due to higher stability and reactivity of a MESNA thioester tag.
If the target protein possesses an unfavorable residue at its car-
boxyl terminus, the insertion of a preferred residue at the cleav-
age site may improve cleavage and ligation efficiency. These data
are similar to the data published previously on native chemi-
cal ligation (8) with a few differences. The variation may arise
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Table 6.1
Amino acid residue effect on thiol-induced cleavage and ligation: Effect of the
C-terminal residue of a target protein on DTT- or MESNA-induced cleavage

cleavage 16 h cleavage 40 h cleavage 16 h cleavage 40 h
C-Terminal
residue 4◦C 23◦C 4◦C 23◦C 4◦C 23◦C 4◦C 23◦C DTT MESNA

Tyr ++ ++ ++ +++ +++ +++ +++ +++ ++ +++

Leu∗ ++ +++ +++ +++ +++ +++ +++ +++ − −
Phe ++ +++ +++ +++ +++ +++ +++ +++ ++ +++

Met ++ +++ +++ +++ +++ +++ +++ +++ − ++
Lys ++ +++ +++ +++ +++ +++ +++ +++ ++ ++

Gln +++ +++ +++ +++ ++ +++ +++ +++ ++ +++
Arg ++ +++ ++ +++ ++ +++ +++ +++ ++ ++

Trp ++ +++ ++ +++ ++ ++ ++ +++ − +++
His ++ +++ +++ +++ ++ +++ +++ +++ ++ +++

Val ++ ++ ++ +++ + ++ + ++ N/D −
Glu ++ +++ ++ +++ + + + ++ − N/D

Thr ++ +++ ++ +++ + + + ++ − −
Asn ++ +++ ++ +++ − + + ++ ++ ++

Ile ++ ++ ++ ++ − + + ++ − −
Ala ++ ++ ++ ++ − + − ++ ++ +++

Cys ++ ++ ++ ++ − − − ++ ++ ++
Gly − ++ − ++ − − − ++ ++ ++

Asp∗ − − − − − − − − N/D ++
Ser − ++ − ++ − − − − − −
Pro − − − − − − − − N/A N/A

Note: Paramyosin protein was expressed in pTXB1 vector and mutagenesis was performed to introduce various amino
acid residues at the position preceding the cleavage site of the intein. Cleavage of various mutant proteins was induced
with DTT or MESNA. Less than 25% (−); 25%–49% (+); 50%–75% (++); 75%–100% (+++). In addition, the presence
of Leu at the cleavage junction showed ∼50% in vivo cleavage when induced at 15 C; at 37 C in vivo cleavage was less
than 5%; Asp showed in vivo cleavage at 15 C and 37 C. N/A, protein concentration no sufficient for ligation. N/D,
ligation product not detectable on SDS PAGE gel.

due to the differences in experimental design, thiol reagent, and
temperature.

The IPL procedure is very easy to perform. The product con-
tains a native peptide bond between the reactants at the point of
ligation and can be used in a variety of biochemical studies. For
example, by using IPL for ligation of peptides to carrier proteins
a number of limitations of peptides are overcome, resulting in
enhanced sensitivity in protein array and ELISA analysis (9). IPL
can also be used to generate phosphorylated substrates to study
phosphatase activity by western blot analysis (10). We express a

DTT % DTT % MESNA % MESNA %
IPL
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carrier protein as an intein fusion using the IMPACTTM system
and purify it by inducing cleavage of the fusion protein with
MESNA. The purified carrier protein possessing a C-terminal
thioester is mixed with a peptide containing an amino-terminal
cysteine and a phosphorylated residue at room temperature for
4 h or overnight at 4◦C, resulting in a ligated product with a
peptide bond between the carrier protein and the phosphorylated
peptide for subsequent enzymatic assays (see Fig. 6.1).

The C-terminal amino acid of the target protein, paramyosin,
was mutated immediately upstream of the Mxe GyrA intein cleav-
age site. Cleavage was induced with 40 mM DTT or 40 mM
MESNA. Percent cleavage was determined by Coomassie stained
SDS-PAGE analysis of chitin beads before and after thiol cleav-
age. Note that boiling in SDS Sample Buffer containing DTT can
cause partial or complete cleavage, resulting in an overestimation
of in vivo cleavage. If substantial in vivo cleavage is observed, the
cell extract should be evaluated in a SDS Sample Buffer contain-
ing no DTT.

Using IPL, a semisynthesis method has been developed to
create and join small or large polypeptides. The IPL approach has
been used in various applications including production of toxic
proteins; introduction of non-coded amino acids, fatty acids, or
chemically modified amino acid residues; segmental protein label-
ing; generation of positive controls for western blot analysis; pro-
duction of substrates for enzymatic assays; and epitope mapping
(4, 9, 11–19).

In this work we discuss bacterial expression of intein fusion
proteins, the effect of the amino acid adjacent to the intein cleav-

Fig. 6.2. Analysis of intein-mediated protein ligation (IPL) by Coomassie blue-stained
SDS-PAGE. PB1 was synthesized with an N-terminal cysteine (CTRSRHSSYPNEY-
EEDEEMEEEL; MW 2862 Da) and ligated to the C-terminal thioester-tagged carrier
protein 39. The reaction times and temperatures are indicated. The samples were elec-
trophoresed on a 12% SDS polyacrylamide gel and examined by Coomassie blue stain-
ing. Lanes 1 and 5 are controls (C) that contain only carrier protein 39.
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age site, and the effect of using DTT or MESNA on cleavage and
ligation (see Table 6.1). We give an example of labeling a pro-
tein with a specific peptide (see Fig. 6.2) or a peptide containing
a fluorescent dye (see Fig. 6.3) as well as immunoblot analysis to
check an anti-peptide antibody of interest (see Fig. 6.4).

Fig. 6.3. The C-terminal thioester-tagged CP39 was incubated with 0, 25, 50, 100, or
200 μM CGC-549, CGC-649, or Flu-P1 peptide overnight at 4◦C. The samples were
electrophoresed on a 12% SDS polyacrylamide gel and electroblotted to a nitrocellulose
membrane. The membrane was scanned using the Typhoon fluorescent imager with
the 532/580 nm excitation/emission filter set for CGC 549 (green), 633/670 nm excita-
tion/emission filter set for CGC 649 (red), and 488/520 nm for Flu-P1 (blue). The merged
image for the three channels is shown.

Fig. 6.4. Western blot analysis of the peptide PB1 ligated to the carrier protein
(CP39) using anti-PB1 antiserum. PB1 was synthesized with an N-terminal cysteine
(CTRSRHSSYPNEYEEDEEMEEEL; MW 2862 Da) and ligated to the C-terminal thioester-
tagged carrier protein 39. The reaction times and temperatures are indicated. The sam-
ples were electrophoresed on a 12% SDS polyacrylamide gel and transferred to nitro-
cellulose. Anti-PB1 peptide antibody was used as the primary antibody. Lanes 1 and 5
are controls (C) that contain only carrier protein 39.
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2. Materials

2.1. Cloning and
Expression

1. IMPACT C-terminal fusion vector, pTXB1, pTXB3,
pTYB1, pTYB2, pTYB3, pTYB4, pTWIN1, or pTWIN2 (2).
These vectors are commercially available from New England
BioLabs, Inc.

2. Restriction enzymes (New England BioLabs, Ipswich, MA).
3. PhusionTM Site-Directed Mutagenesis Kit (New England

BioLabs).
4. E. coli strain T7 Express (New England BioLabs).
5. Ampicillin: 100 mg/mL stock (American Pharmaceutical

Partners, Schaumburg, IL). Filter sterilize and store in 1 mL
aliquots at –20◦C.

6. Luria–Bertani (LB) media: 10 g tryptone, 5 g yeast extract,
and 10 g NaCl are added to H2O and the pH adjusted to 7.0
with NaOH. After adjusting the pH bring the final volume
to 1 L and sterilize by autoclaving.

7. IPTG: Isopropyl β-D-thiogalactopyranoside (American Bio-
analytical, Natick, MA). Make up a stock solution of
100 mM, filter sterilize, aliquot, and store at –20◦C.

2.2. Purification 1. Chitin resin (New England BioLabs).
2. Column buffer: 20 mM Tris or HEPES, 0.5 M NaCl, pH

8.5 at 25◦C.
3. MESNA: 2-mercaptoethanesulfonic acid (Sigma, St. Louis,

MO).
4. DTT: 1,4-dithiothreitol (JT Baker, Mallinckrodt Baker, Inc.,

Phillipsburg, NJ).
5. Protein assay kit (Bio-Rad, Hercules, CA).
6. 10X IPL reaction buffer: 100 mM Tris-HCl, 250 mM NaCl,

10 mM MESNA, pH 8.5 at 25◦C.

2.3. SDS
Polyacrylamide Gel
Electrophoresis
(SDS–PAGE)

1. 12 or 10–20% Tris glycine gels (Invitrogen, Carlsbad, CA).
2. ColorPlus Prestained Protein Ladder, broad range (10–

230 kDa) (New England BioLabs).
3. Protein ladder (10–250 kDa) (New England BioLabs).
4. Biotinylated protein marker (Cell Signaling Technology,

Danvers, MA).
5. Fluorescent marker (Thermo Fisher Scientific Inc. Waltham,

MA).
6. Blue loading buffer pack (New England BioLabs): 3X

sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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reducing sample buffer (3 mM NaCl, 70 mM Tris-HCl,
1 mM EDTA, 2% (w/v) SDS, 0.01 % (w/v) phenol red,
10% glycerol, pH 6.8 at 25◦C, 40 mM dithiothreitol).

7. SDS-PAGE Tris glycine buffer: 0.1% sodium dodecyl sulfate
(SDS), 0.19 M glycine, 0.025 M Tris, pH 8.3.

2.4. Electroblotting
and Western Blotting

1. Transfer buffer: 0.15% ethanolamine, 25 mM glycine, and
20% methanol.

2. Coomassie blue: Brilliant Blue R (Sigma).
3. Anti-biotin horse radish peroxidase (HRP)-linked antibody

(Cell Signaling Technology).
4. Anti-peptide antibody.
5. Filter paper, 3 MM (Whatman Inc., Piscataway, NJ).
6. Non-fat dry milk powder.
7. Anti-mouse IgG, horse radish peroxidase (HRP)-linked

antibody (Cell Signaling Technology).
8. Anti-rabbit IgG, HRP-linked antibody (Cell Signaling

Technology).
9. LumiGLO Reagent and Peroxide (Cell Signaling

Technology).
10. Amersham Hyperfilm ECL (GE Healthcare Life Sciences,

Chalfont St. Giles, UK).

2.5. Peptide
Synthesis

1. PB1: Synthetic peptide with the sequence CTRSRHSSYP-
NEYEEDEEMEEEL. This sequence was derived from
mouse Bad protein (see Section 3.2.1).

2. Bio-P1: Commercially available synthetic peptide of
sequence CDPEK(Bt)DS, Bt represents biotin (New Eng-
land BioLabs) (see Section 3.2.1).

3. Flu-P1: Commercially available synthetic peptide of
sequence CDPEK(Fl)DS, Fl represents fluorescein (New
England BioLabs) (see Section 3.2.1).

4. CGC 549: A commercially available synthetic peptide of
sequence CGC 549 where C549 represents a fluorophore
covalently attached to the C-terminal cysteine (New Eng-
land BioLabs). The maximum absorption and emission
wavelengths of the fluorophore are 553 and 566 nm,
respectively, in water (see Section 3.2.2).

5. CGC 649: A commercially available synthetic peptide of
sequence CGC 649 where C649 represents a fluorophore
with maximal absorbance at 649 nm covalently attached
to the C-terminal cysteine (New England BioLabs). The
maximum absorption and emission wavelengths of the flu-
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orophore are 655 and 676 nm, respectively, in ethanol (see
Section 3.2.2).

6. Lys(5/6–FAM)–OH (N-α-Fmoc-N-ε-(5/6-carboxy-
fluorescein)-L-lysine) amino acid: Anaspec, San Jose, CA)
(see Section 3.2.1).

7. Lys(Biotin–LC)–OH (N-α-Fmoc-N--(d-biotin-6-amido-
caproate)-L-lysine) amino acid: (Anaspec) (see Section
3.2.1).

8. Acetonitrile (EMD Chemicals, Gibbstown, NJ).
9. TFA: Trifluoroacetic acid solution (American Bioanalyti-

cal).
10. Maleimide-activated Dyomics 549 (DY549) and Dyomics

649 (DY649) (Dyomics GmbH, Jena, Germany).

2.6. Equipment 1. Innova 4230 floor incubator/shaker (New Brunswick Sci-
entific, Edison, NJ).

2. Beckman J2–21 centrifuge (Beckman, Ramsey, MN).
3. Cell disruptor (Active Ultrasonics, La Chaux-de-Fonds,

Switzerland).
4. Centriprep YM-10 concentrator (Millipore, Billerica, MA).
5. HPLC system (Waters Corp, Milford, MA).
6. ABI 433A Peptide Synthesizer (Applied Biosystems, Foster

City, CA).
7. Vydac semi-preparative RP-C18 column (W.R. Grace and

Co., Columbia, MD).
8. Waters MALDI Micro MX (Waters Corp.): The MALDI

micro MXTM is a high-performance, matrix-assisted laser
desorption/ionization time-of-flight mass spectrometer
(MALDI-TOF-MS).

9. 10–20% Novex Tris-Glycine Mini gel (Invitrogen).
10. XCell Surelock Mini-Cell (Invitrogen).
11. TE22 Mini Tank Transfer Unit (Hoefer Scientific Instru-

ments, Harvard Biosciences, Horsham, PA).
12. PowerPac power supply (Bio-Rad, Hercules, CA).
13. Power Supply (VWR, West Chester, PA).
14. Typhoon Imager 9400 (GE Healthcare, Piscataway, NJ).

2.7. Reagent Setup 1. Dissolve the peptide, with the N-terminal cysteine, in water
to a concentration of 1–10 mM. If the peptide is insol-
uble in water, dissolve it in dimethyl sulfoxide (DMSO,
Sigma).
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2. Column buffer: 20 mM Tris-HCl, pH 8.5 at 25◦C, 500 mM
NaCl.

3. Cleavage buffer: 50 mM 2-mercaptoethanesulfonic acid or
50 mM DTT in column buffer.

4. 10X IPL reaction buffer: 1 M Tris-HCl, 2.5 M NaCl,
100 mM MESNA, pH 8.5 at 25◦C.

5. Coomassie blue staining solution: 0.1% Brilliant Blue R, 10%
glacial acetic acid, 50% methanol.

6. Destain: 10% glacial acetic acid, 50% methanol.
7. Transfer buffer: 0.15% ethanolamine, 25 mM glycine, 20%

methanol.
8. TBSTT: Tris-buffered saline Triton Tween, 20 mM Tris, pH

7.5 at 25◦C, 150 mM NaCl, 0.2% Tween 20, 0.05% Triton
X-100.

9. Blocking solution: 5% non-fat dry milk powder in TBSTT.

3. Methods

For IPL, a protein with a C-terminal thioester is generated by
expressing the protein as an intein fusion (see Note 1). To this
protein, a peptide or protein with a N-terminal cysteine can be
ligated by simply mixing the two components at pH 8.5–9. The
reaction can be carried out at room temperature or 4◦C (see
Fig. 6.1).

Carrier Protein 39 (CP39) and Carrier Protein 27 (CP27) tar-
get proteins were expressed as intein fusions and used as thioester-
tagged proteins in the IPL reaction. CP39 is a 39 kDa recom-
binant protein from Haemophilus haemolyticus while CP27 is a
27 kDa recombinant protein from Dirofilaria immitis; both have
low cross reactivity with mouse and rabbit sera (13).

CP39 and CP27 are expressed as target proteins as C-terminal
intein fusions. The C-terminal thioester-tagged protein CP27
is purified after cleavage with a thiol reagent, either DTT or
MESNA, and ligated to the PB1 or Bio-P1 peptides. The ligated
products are detected by adding 3X SDS sample buffer, subject-
ing them to electrophoresis on an SDS-PAGE gel and staining
with Coomassie blue. The efficiency of cleavage with the DTT
and MESNA and the subsequent ligation efficiency is evaluated
(see Table 6.1).

To fluorescently label proteins, CP39 is purified using
MESNA as a cleavage reagent and subsequently used for IPL.
Fluorescent peptides containing an N-terminal cysteine, such as
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Flu-P1, CGC 549 or CGC 649, are ligated to the protein
overnight at 4◦C and then run on a gel. The fluorescent proteins
are detected by fluorescent scanning of the gel or after blotting to
a nitrocellulose membrane (see Fig. 6.3).

3.1. Expression and
Purification of a
Thioester-Tagged
Protein

1. Clone a protein of interest into a suitable C-terminal
IMPACT vector (for example, the pTXB or pTYB series)
following standard molecular biology procedures and the
instruction manual (2). For more information on the vec-
tors please see the IMPACT manual and FAQs at http://
www.neb.com/nebecomm/products/productE6901.asp.

The C-terminal residue of the target protein, adjacent
to the intein, plays an important role in cleavage and lig-
ation (see Note 2). For the study of the effect on cleav-
age of the amino acid adjacent to the intein the target
protein CP27 was used. The mutations were made with
the PhusionTM Site-Directed Mutagenesis Kit following
the manufacturer’s instructions. The plasmid constructs
were sequenced to verify the construct. For the label-
ing of a protein with a PB1 peptide, CP39 was used (see
Note 3).

The expression of the fusion protein may be affected by
a variety of factors such as the E. coli host strain, induction
temperature, cell density at induction, IPTG concentra-
tion, toxicity of the target protein, codon usage and mRNA
stability.

2. Transform the plasmid bearing the target gene into E. coli
T7 Express or another suitable E. coli expression strain that
expresses T7 RNA polymerase.

3. Inoculate a freshly grown colony into LB medium contain-
ing 100 μg/mL ampicillin and grow the cells at 37◦C.
When the OD600 of the culture reaches 0.5–0.7, induce
protein expression by adding IPTG to a final concentration
of 0.3–0.5 mM. Remove an aliquot of the culture before
induction and let it incubate under the same conditions
as the induced cells; this will serve as an uninduced con-
trol. Incubate the induced cells at 15–37◦C (see Note 4).
For an ‘uninduced’ and ‘induced’ sample remove 40 μl of
the culture and add 20 μl of 3X SDS sample buffer (see
Note 5).

4. Pellet the cells by centrifuging at 5,000×g at 4◦C for
20 min.

5. At 4◦C equilibrate a chitin column (20–40 mL chitin slurry
for 1 L culture) with 5 packed column volumes of water.
Decant the water and then wash with 5 volumes of column
buffer (see Note 6).
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6. Break the induced cells by sonication in column buffer
and slowly load the clarified lysate onto the chitin
column.

7. Wash the column with at least 20 bed volumes of column
buffer to thoroughly remove any unbound proteins.

8. Take a sample of the chitin beads by removing 200 μl
of chitin resin and mixing with 100 μl of 3X SDS sam-
ple buffer; this is a ‘before cleavage’ sample. Quickly wash
the column with 3 bed volumes of cleavage buffer [column
buffer containing 50 mM DTT (for purification) or 50 mM
MESNA (for IPL)].

9. Stop the flow and leave the column at 4–23◦C for 16–40 h
(see Note 7).

10. Elute the target protein by continuing the column flow
with column buffer and collect fractions. The fractions size
should be approximately 3–5 mL.

11. For the study of the effect of the –1 amino acid on cleav-
age and ligation after cleavage at 4◦C for 16 h the protein
was eluted and IPL was conducted by adding PB1, an N-
terminal cysteine containing peptide (see Section 3.3.3).
The samples were incubated at 4◦C for 16 h and analyzed
by Coomassie blue-stained SDS-PAGE. For samples where
inadequate protein was eluted, IPL was conducted on the
chitin column by adding peptide directly to the chitin resin.

12. Dialyze the target protein into an appropriate storage
buffer for long-term storage (see Note 8).

13. To examine cleavage efficiency, remove 200 μl of chitin
resin and mix with 100 μl of 3X SDS sample buffer. After
boiling for 5 min, the supernatant is analyzed on SDS-
PAGE to determine the cleavage efficiency (see Note 9).

14. To regenerate the chitin resin wash the column with 3 bed
volumes of 0.3 M NaOH (stripping solution). Allow resin
to soak 30 min and wash the resin with an additional 7 bed
volumes of 0.3 M NaOH. Wash with 20 bed volumes of
water, followed by 5 bed volumes of column buffer.

3.2. Synthesis
of Peptides

3.2.1. Synthesis of
Peptides PB1, Bio-P1,
and Flu-P1

1. Peptides were synthesized using an ABI model 433A peptide
synthesizer using FastMoc chemistry.

2. Lysines containing fluorescein (for Flu-P1) or biotin (for
Bio-P1) modifications were coupled with an extended acti-
vation step on the synthesizer. The peptide Lys(5/6–FAM)–
OH was used for Flu-P1 and Lys(Biotin–LC)–OH for
Bio-P1.
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3. Cleave/deprotect peptides from support using the appropri-
ate cleavage cocktail.

4. Purify the peptides using standard HPLC conditions: a
Vydac semi-preparative RP-C18 column using a 60 min lin-
ear gradient, 10–100% B at a flow rate of 2 mL/min. Buffer
A: 0.1% TFA/H2O (V/V) and buffer B: 0.1% TFA/60%
acetonitrile/40%H2O (V/V/V). Detection is conducted at
214 nm.

3.2.2. Synthesis of
Peptides CGC 549 and
CGC 649

Two peptides, CGC 549 and CGC 649, were synthesized
using maleimide-activated DY-549 or DY-649. The N-terminal
cysteine residue has an unmodified sulfhydryl group whereas the
C-terminal cysteine residue possesses a sulfhydryl group linked to
DY-549 or DY-649:

1. Peptides were synthesized using an ABI model 433A pep-
tide synthesizer using FastMoc chemistry.

2. Synthesize tripeptide NH2-cysteine-glycine-cysteine-
CONH2 with the sulfhydryl group of the amino-terminal
cysteine residue protected with t-butylthio.

3. Cleavage/deprotection is carried out in only TFA/water
to leave the N-term Cys(t-buthio) group intact.

4. Confirm mass by mass spectrometry.
5. Conjugate the dye (DY-549 or DY-649) to the sulfhydryl

group of the carboxyl-terminal cysteine residue.
6. Purify the labeled peptides using standard HPLC condi-

tions: A Vydac semi-preparative RP-C18 column using a
60 min linear gradient, 10–100% B at a flow rate of 2
mL/min. Buffer A: 0.1% TFA/H2O (V/V) and buffer B:
0.1% TFA/60% acetonitrile/40%H2O (V/V/V). Detec-
tion is conducted at 214 nm.

7. Confirm mass by mass spectrometry.
8. Lyophilize product.
9. Deprotect the sulfhydryl group of the amino-terminal

cysteine residue using tris(hydroxypropyl) phosphine.
The deprotection of Cys(tButhio) is carried out accord-
ing to manufacturer’s instructions (Novabiochem)
(20, 21).

10. Purify the labeled peptides with free sulfhydryl group
using standard HPLC conditions; a Vydac semi-preparative
RP-C18 column using a 60 min linear gradient, 10–100%
B at a flow rate of 2 mL/min. Buffer A: 0.1% TFA/H2O
(V/V) and buffer B: 0.1% TFA/60% acetonitrile/40%H2O
(V/V/V). Detection is conducted at 214 nm.

11. Confirm mass by mass spectrometry.
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12. Determine the amount of peptide using the extinction
coefficient and absorption spectra of the specific fluo-
rophore used.

13. Prepare a 10 mM peptide stock and store at –20◦C
until use.

3.3. Intein-Mediated
Protein Ligation (IPL)

3.3.1. Ligation of a
Peptide to a Carrier
Protein

1. Dissolve the peptide (containing an N-terminal cysteine) in
water to a final concentration of 1 mM (see Note 10).

2. Thaw the carrier protein (CP) and 10X IPL reaction buffer
at room temperature and place on ice.

3. Mix the water, buffer, carrier protein and peptide together.
Include an unligated control reaction of CP protein (see
Note 11).

4. Place at room temperature for 15 min to 1 h or overnight at
4◦C (see Note 12).

5. Add 3X SDS-PAGE sample buffer and load onto an SDS-
PAGE gel (see Note 13).

3.3.2. For
Immunoblotting

1. Thaw at room temperature the carrier protein, peptide, and
ligation buffer and place on ice.

2. To a microcentrifuge tube add 1 μL of carrier protein
(0.2 mg/mL), 12.5 μL of 2X peptide stock (1–2 mM),
2.5 μL of 10X peptide ligation buffer and sterile water for
a total volume of 25 μL. The peptide should be at a final
concentration of 0.5–1 mM (see Note 14).

3. Incubate at room temperature for 15 min to 4 h or at 4◦C
overnight.

4. Add 12.5 μL of 3X SDS-PAGE sample buffer and store at
–20◦C.

3.3.3. For Coomassie
Blue-Stained SDS–PAGE

1. Thaw at room temperature the carrier protein, peptide, and
ligation buffer and place on ice.

2. To a microcentrifuge tube add 10 μL of carrier protein
(0.2 mg/mL), 12.5 μL of 2X peptide stock (1–2 mM), 2.5
μL 10X peptide ligation buffer, and sterile water for a total
volume of 25 μL.

3. Incubate at room temperature for 15 min to 1 h or 4◦C
overnight.

4. Add 12.5 μL of 3X SDS-PAGE sample buffer and store at
–20◦C.

3.3.4. For Detection of
Fluorescently Labeled
Proteins

1. Mix the thioester-tagged protein and dye-conjugated pep-
tide (CGC 549, CGC 649, or Flu-P1) in the presence of
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1X IPL buffer. Use the protein at a final concentration of
10 μM (or 0.4 mg/mL) and peptide at 25–200 μM.

2. Perform a control reaction in the absence of peptide.
3. Perform the reactions overnight at 4◦C in the dark.
4. Add 3X SDS-PAGE sample buffer to a final concentration of

1X and store at –20◦C.

3.4. SDS–PAGE

3.4.1. For
Immunoblotting

1. Heat the samples for 5 min at 95–100◦C.
2. Load 5–15 μL of ligation reaction/lane (∼25–75 ng) on

a 10–20% or 12% tris-glycine gel for immunoblotting (see
Note 15).

3. Electrophorese samples by SDS-PAGE (see Note 16).
4. Place gel into transfer buffer before immunoblotting.

3.4.2. For Coomassie
Blue Staining

1. Load 15 μL of ligation reaction/lane (∼0.8 μg carrier pro-
tein) on a 10–20 or 12% tris-glycine gel (see Note 17).

2. Electrophorese samples by SDS-PAGE.
3. Stain with Coomassie blue staining solution for at least

30 min (see Fig. 6.2).

3.4.3. For Fluorescent
Detection

1. If necessary, dilute each ligation sample in 1X SDS sample
buffer to 10 ng/μL.

2. Heat the samples for 5 min at 95–100◦C.
3. Boil each reaction sample for 5 min.
4. Apply approximately 100 ng of each sample to a SDS-PAGE

gel (see Note 18).
5. Following electrophoretic separation the gel is scanned by a

fluorescence imager with appropriate laser and filter settings.
Alternatively the proteins can be electroblotted onto a mem-
brane and the membrane scanned by a fluorescent imager
(see Fig. 6.3).

3.5. Immunoblotting 1. Wearing gloves, cut two pieces of filter paper and one piece
of nitrocellulose slightly larger than the gel (see Note 19).

2. Soak the filter paper in a solution of transfer buffer (see
Note 20).

3. Soak the nitrocellulose membrane in water for 1 min
and then in transfer buffer. Where appropriate treat the
nitrocellulose membrane according to the manufacturer’s
instructions.

4. Set up the immunoblot transfer with the gel toward the
negative electrode so that the proteins are transferred to
the nitrocellulose near the positive electrode.
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5. On the transfer cassette, which will lie near the positive
electrode, place a porous pad or sponge. On it place a sheet
of filter paper and then nitrocellulose.

6. On the nitrocellulose membrane place the gel, filter paper,
and then the porous pad or sponge (see Note 21).

7. Transfer in the cold (4◦C), stirring the solution at 225 mA
for 2 h (see Note 22).

8. After transfer, open the cassette carefully. Lightly mark the
nitrocellulose with a ball-point pen or pencil outlining the
dimensions of the gel and the wells.

9. Remove the gel and mark the positions of the prestained
molecular weight marker bands.

10. Incubate the membrane in 50–100 mL of blocking solu-
tion for 1 h at room temperature (see Note 23).

11. Wash once with wash buffer.
12. Dilute the antibody in a TBSTT solution containing 2%

non-fat dry milk according to the manufacturer’s recom-
mended concentration.

13. Incubate the membrane in the primary antibody overnight
at 4◦C.

14. Wash the membrane three times for 10 min each with
TBSTT.

15. Incubate the membrane with HRP-conjugated secondary
antibody for 45 min at room temperature. The secondary
antibody should be diluted in a 2% non-fat dried milk in
TBSTT (see Note 24).

16. Wash the membrane three times for 10 min each with
TBSTT.

17. Use a chemiluminescent substrate to detect the signal.
18. Expose X-ray film to visualize the signal (see Note 25) (see

Fig. 6.4).

3.6. Detection of
Fluorescent Proteins

1. For in-gel detection by a fluorescent imager, subject 100–
250 ng of the carrier protein ligation reaction to elec-
trophoretic separation by SDS-PAGE. Alternatively, the
protein bands can be electroblotted onto a 0.45 μm nitro-
cellulose membrane. Store the moist gel or blot in the dark.

2. Scan the gel or blot with a fluorescent scanner, such as
the Typhoon Imager 9400, following the manufacturer’s
instructions. Position the blot with the protein-side down
onto the clean glass platen.

3. Select the instrument settings for imaging fluorescent pro-
teins in gels or blots (see Fig. 6.3). Focal plane: platen; PMT
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voltage: 300 V; pixel size: 100 μm. Choose the filter settings
for the following fluorescent substrates.

Flu-P1: 488/526 nm, excitation/emission filter set; CGC
549: 532/580 nm excitation/emission filter set; CGC 649:
633/670 nm excitation/emission filter set.

4. Notes

1. For cloning of the gene of interest in to the IMPACT
vector please refer to the NEB web site: http://www.
neb.com/nebecomm/tech_reference/protein_expression_
purification/impact_vectors.asp

2. For IPL the intein tag should be at the C-terminus of the
target protein. It is possible to add extra amino acids to
the target protein’s C-terminus, if necessary, to ensure effi-
cient cleavage. The cleavage is influenced by the amino acid
residues at the C-terminus as well as the folding of the
entire protein, so it is difficult to predict if a certain fusion
protein will spontaneously cleave in vivo; different inteins
and induction conditions can be tried to optimize expres-
sion and cleavage.

3. We have tested two carrier proteins for IPL, CP27 is a
27 kDa carrier protein, whereas the molecular mass of
CP39 is 39 kDa; both have a reactive C-terminal thioester.
Ligation of CP27 to a peptide (for example, small pep-
tides of 10 amino acids) can be readily detected by a 12%
Coomassie blue-stained SDS-PAGE. The ligated CP39-
peptide product can be detected by Western blot using an
anti-peptide antibody; however, its detection by Coomassie
staining of an SDS-PAGE is difficult when the size of the
peptide is smaller than 1.5 kDa. For production of posi-
tive controls for Western blot analysis the size of the carrier
protein is not important unless you wish to create a dif-
ferent size fusion protein or if you need to determine the
ligation efficiency for a small peptide (<10 amino acids).
The mobility shift of CP27 after ligation to a small peptide
is more easily detected on a 12% Coomassie blue-stained
SDS-PAGE, as compared to the mobility shift with CP39.
Additionally, it has been observed that in some cases, CP27
is a preferred carrier protein for generating an optimal pep-
tide substrate for kinase assay, arrays, etc. (22). The optimal
carrier protein for a particular assay may be determined by
testing the different carrier protein–peptide substrates.

4. To optimize expression and solubility for the fusion pro-
tein different induction conditions can be tried, such as
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15◦C overnight, 30◦C for 4–6 h or 37◦C for 2–4 h, as
well as varying IPTG concentrations (from 0.05 to 0.5 mM
IPTG). If the protein is folded incorrectly it maybe neces-
sary to try using another intein and/or change from an
N- to a C-terminal fusion or vice versa.

5. If the fusion protein is not expressed there are many pos-
sible reasons. The DNA should be sequenced to ensure
that the reading frame is correct. We also recommend
the use of a fresh colony from an overnight transforma-
tion. The control plasmid pMYB5 or pMXB10 (New Eng-
land BioLabs) should be used as an expression control.
If the cell culture is overgrown before induction (OD600
is over 0.7) it is possible that the protein will not be
overexpressed.

6. If some fusion protein is detected in the flow-through frac-
tion it could be that not enough chitin resin was used; the
binding capacity of the resin is approximately 2 mg/mL.
The cell extract may be very concentrated; we recommend
resuspending the pellet from 1 L of culture in at least 100
mL of column buffer and loading slowly.

7. For the study of the effect of the −1 amino acid on
cleavage and ligation 40 mM thiol reagent was used and
the column was left to incubate at 4 or 23◦C for 16 or
40 h.

8. To store the thioester-tagged protein, dialyze into the
buffer 5 mM Bis-tris, pH 6, 0.25 M NaCl. Store at
–80◦C and avoid repeated freeze–thaw cycles. Greater than
50% ligation is observed when the carrier protein (CP)
is stored at –80◦C in the storage buffer for greater than
12 months.

9. The comparison of the before cleavage chitin bead sam-
ple and the after cleavage chitin bead sample allows for an
estimation of cleavage efficiency with the thiol reagent by
comparing the amounts of the fusion protein and the target
protein.

10. Ligation efficiency is optimal when the final peptide con-
centration is 0.5–1 mM. This peptide concentration will
help drive the IPL reaction to completion.

11. The IPL reaction is optimal at pH 8.5–9. The reaction
is conducted with the protein concentration of 0.01 mM
or higher and the peptide concentration between 0.5
and 1 mM. As a control reaction protein alone, with-
out any peptide, should be included. A peptide with-
out an N-terminal cysteine can be included as a control
for IPL.
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12. For maximum ligation we have found 4◦C overnight or
23◦C for 4 h to be optimal.

13. The causes of inefficient ligation could be the following:
(A) Peptide does not possess an N-terminal cysteine or the

sulfhydryl group is oxidized.
(B) The peptide solution may be very acidic and cause the

pH of the reaction to drop significantly. Check the pH
of your peptide solution. If the pH is below 6 dissolve
the peptide in 1 M Tris (pH 9.0).

(C) Peptide preparation contains impurities. Purify the
peptide. The purity of the peptide effects the extent
of ligation. We have found ligation to work with both
crude and purified peptides. However, more consistent
results are obtained when peptide purity is above 30%.
To ensure the greatest amount of ligated product we
recommend using a purified peptide.

(D) Concentration of peptide is incorrect. If the molecular
mass of the peptide is 2862 Da then the calculation is
as follows:
1 M = Mr g/l
1 M = 2862 g/l
1 mM = 2.862 mg/mL

(E) Peptide or ligation product is insoluble. If a peptide
is not soluble, you may first dissolve the peptide in
dimethyl sulfoxide (DMSO) and then add water to
make a 2–10 mM stock solution. The peptide solution
should be stored at –80◦C.

(F) The carrier protein has lost its ligation capability due
to repeated freeze–thaw cycles or long-term storage at
–20◦C. Repurify the target protein and dialyze it into
the storage buffer, if it is not going to be ligated imme-
diately.

14. Carrier proteins and IPL can be used in array analysis but
should be used at a higher concentration of 1 mg/mL
which is necessary for increased sensitivity in array analy-
sis (9). The use of a lower concentration of carrier protein
in array analysis resulted in decreased signal.

15. In Western blot analysis, even a small amount of ligated
product will give a positive signal; the detection limit pri-
marily depends on the quality of antibody (27 ng of CP39
was loaded per well) (Ghosh, I., unpublished observa-
tions).

16. For a Western blot a number of controls can be carried
out. Run a prestained protein marker to monitor elec-
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trophoresis and transfer on to the nitrocellulose membrane
and run a biotinylated marker as a positive control for the
immunoblotting and detection.

17. Run a protein marker to monitor electrophoresis and
staining.

18. Run a fluorescent marker, if necessary, and a prestained
protein marker to monitor electrophoresis and transfer
onto the nitrocellulose.

19. Wear gloves, especially when handling nitrocellulose. Use
forceps to handle the membranes.

20. All components of the blot should be kept moist at all
times. The transfer buffer should be at 4◦C.

21. Make sure there are no bubbles between the gel and the
membrane. Squeeze out the air bubbles using a pencil or
glass pipette as a roller.

22. The transfer buffer should not be used for more than five
to ten transfers.

23. All incubations should be done with gentle agitation.
24. Fluorescently labeled secondary antibodies can also be used

to detect signal.
25. The chemiluminescent signal can be captured digitally with

an instrument such as a FujiFilm LAS 1000-plus.
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Chapter 7

Efficient Expression of Human Aromatase (CYP19) in E. coli

Norio Kagawa

Abstract

Human aromatase (CYP19, P450arom) is responsible for the conversion of androgens to estrogens. In
addition to the estrogen biosynthesis in gonads and adrenals in a classical endocrine manner, this enzyme
is widely expressed in various tissues and locally regulates the estrogen level or estrogen/androgen ratio
in an intracrine manner. Since estrogen biosynthesis is involved in many essential biological events in
humans, aromatase is an attractive target for investigations in basic biomedical and pharmacological sci-
ences. Aromatase is a membrane protein localized on the endoplasmic reticulum, and its instability and
hydrophobic nature has hampered the investigation of this important biological system. To investigate
the structure–function relationship of human aromatase by obtaining quantities of the purified enzyme,
we have developed the expression system of human aromatase in E. coli. The human aromatase has two
major forms from its genetic polymorphism, arginine (264R) and cysteine (264C) at the amino acid
position 264. Although there is only one amino acid difference between the two forms of aromatase,
the 264C form was expressed in E. coli with the cold stress response induced by chloramphenicol while
the 264R form was expressed by the coexpression of heat shock proteins GroES/GroEL. In the case of
human aromatase, a clear protocol is important to determine the expression levels by the reduced CO-
difference spectrum. Therefore, the expression methods for the two forms of human aromatase as well as
a method for the determination of the reduced CO-difference spectrum will be described.

Key words: Aromatase, CYP19, P450, cold stress response, heat shock protein, chloramphenicol,
GroES/GroEL, molecular chaperone.

1. Introduction

Aromatase, a member of the cytochrome P450 superfamily, cat-
alyzes the conversion of androgens to estrogens through three
consecutive reactions using three molecular oxygens and the
equivalent electrons from NADPH via an NADPH-dependent
cytochrome P450 reductase. Estrogens play essential roles in
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many biological events as well as in the growth of cancer cells.
As known in classical endocrinology, estrogens are mostly pro-
duced in gonads and adrenals by aromatase and delivered through
the blood to organs and tissues in the body where estrogens
are required for the development and/or maintenance of nor-
mal organ function. In mice, the number of alveoli decreased in
the lungs of ovariectomized female mice and it was recovered by
the administration of estrogen (1), suggesting that estrogens pro-
duced in ovaries may be essential for the maintenance of lungs.
On the other hand, aromatase is also expressed in normal lungs,
which suggests the capacity of lungs to produce estrogens for
the maintenance of lung function in an intracrine manner (2).
In addition to the regulation of normal biological events in the
body, production of estrogens mediated by aromatase expressed
in adipose tissues in the breast is associated with the development
of breast cancer. Since over 70% of breast cancers are estrogen
dependent, aromatase and estrogen receptors are key therapeutic
targets for the treatment of breast cancer. Aromatase is a mem-
brane protein located on the endoplasmic reticulum through an
N-terminal membrane anchor. Since human aromatase is abun-
dantly expressed in placenta, the purification of the enzyme from
placenta was intensively investigated in the 1980s (3–5). How-
ever, instability and the hydrophobic nature of aromatase ham-
pered the purification of the enzyme in quantities sufficient for
in-depth analyses.

Because of the increasing interest in aromatase, we have
developed a heterologous expression system of the human aro-
matase in E. coli to obtain enough of the purified enzyme for
biochemical characterization. The human aromatase is a heme-
protein consisting of 503 amino acids. There are two major forms
of human aromatase derived from genetic polymorphism, 264C
and 264R forms. Both forms have been expressed by the trun-
cation of the N-terminal membrane anchor and the addition of
a histidine tag at the C-terminus (6). Although there is only one
amino acid difference in 503 amino acid residues between the
two forms, the human aromatase 264C was optimally expressed
by inducing the cold stress response using chloramphenicol while
the 264R form requires the coexpression of heat shock molecular
chaperones GroES/GroEL for the efficient expression in E. coli.

2. Materials

2.1. E. coli Cell
Culture

1. Chemically competent BL21(DE3) cells.
2. Expression vector pET17b (Novagen, Darmstadt,

Germany).
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3. GroES/GroEL coexpression vectors, pGro12 and pGro7
(Takara Bio Inc., Otsu, Japan)

4. Terrific Broth (1 l): 12 g tryptone (tryptone, pancre-
atic, without sulfonamide antagonists, powder (VWR, West
Chester, PA, USA)), 24 g BactoTM yeast extract technical
(Becton Dickinson, Franklin Lakes, NJ, USA), and 4 ml
glycerol are dissolved in 900 ml distilled (or Millipore-
filtrated) water and autoclaved at 121◦C for 20 min.
10X phosphate buffer (1 l) is made by dissolving 23.1 g
KH2PO4 (anhydrous) and 125.4 g K2HPO4 and is sep-
arately autoclaved. One liter Terrific broth (TB) medium
can be made by mixing 900 ml of the media and 100 ml
10X phosphate buffer before use (see Note 1).

5. Fernbach culture flasks (2.8 l): Pyrex R© 2800 ml Fernbach-
style culture flask (product #4420-2XL) can be purchased
from Fisher Scientific, Pittsburgh, PA, USA. When the
Pyrex flask is not available, the Fernbach flask from Nal-
gene (2.8 l polycarbonate, Sigma-Aldrich, St. Louis, MO,
USA) is also useful.

6. Culture incubator with refrigeration: Innova 43R or 44R,
New Brunswick Scientific, Edison, NJ, USA

7. Ampicillin stock solution (20 mg/ml): 1 g sodium ampi-
cillin (Sigma, St. Louis, MO, USA) is dissolved in 50 ml
autoclaved water and stored at –20◦C.

8. Kanamycin stock solution (25 mg/ml): 1.25 g kanamycin
(Sigma, St. Louis, MO, USA) is dissolved in 50 ml auto-
claved water and stored at –20◦C.

9. Chloramphenicol stock solution (1 mg/ml in water):
50 mg chloramphenicol (Sigma, St. Louis, MO, USA) is
dissolved in 50 ml autoclaved water and stored at –20◦C.

10. δ-Aminolevulinic acid: δ-aminolevulinic acid (Fluka
Chemie AG, Buchs, Switzerland) is dissolved at 1 M in
autoclaved water (10 ml) and stored at –20◦C.

11. L-(+)-Arabinose: L-(+)-arabinose (Sigma, St. Louis, MO,
USA) is dissolved at 0.2 g/ml in autoclaved water
(100 ml), sterilized by filtration (0.2 μm), and stored at
4◦C.

12. IPTG: Isopropyl β-D-1-thiogalactopyranoside (Sigma, St.
Louis, MO, USA) is dissolved at 100 mM in autoclaved
water (50 ml) and stored at –20◦C.

2.2. Cell Lysis and
Protein Extraction

1. Lysozyme buffer: 50 mM Tris–HCl pH 7.2, 250 mM
sucrose, 0.5 mM EDTA.

2. Extraction buffer: 50 mM potassium phosphate, pH 7.4,
500 mM sodium acetate, 0.1 mM EDTA, 0.1 mM DTT,
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20 % glycerol, 1.5% sodium cholate, 1.5% Tween 20, and
100 μM PMSF.

2.3. Reduced
CO-Difference
Spectra

1. Sodium dithionite (sodium hydrosulfite) is a powder and
needs to be stored in a desiccator.

2. CO gas: The smallest CO tank should be placed in the ven-
tilation hood, and CO bubbling should be carried out in the
hood for safety.

3. 2-Hydroxypropyl-β-cyclodextrin (Sigma, St. Louis, MO,
USA) is dissolved at 45% in autoclaved water (1 ml) and
stored at −20◦C.

4. 19-Norandrostenedione is dissolved at 50 mM in 45%
2-hydroxypropyl-β-cyclodextrin and stored at −20◦C.

5. DL-Dithiothreitol is dissolved at 1 M in water and stored
at –20◦C.

6. Sample dilution buffer: 50 mM potassium phosphate
(pH 7.4), 20% glycerol, 0.1 mM EDTA, 500 mM sodium
acetate, 1% sodium cholate, 1% Tween 20, 0.1 μM PMSF.

3. Methods

3.1. Plasmid Design
for Expression of
Human Aromatase

In this section, we describe several key points that are required
for the plasmid design to achieve an efficient expression of human
aromatase in E. coli. As shown in Fig. 7.1, the amino-terminus of
microsomal P450s consists of three regions, membrane anchor,
basic region, and proline-conserved region followed by the core
catalytic domain. In most cases, P450s can be expressed in
E. coli either with or without the membrane anchor although the
membrane anchor truncated forms are usually expressed at higher
levels than the full-length forms (7). The truncation of membrane
anchor was required for the expression of human aromatase.

After the truncation of membrane anchor, several P450s have
been expressed in E. coli with the replacement of the basic region
by the corresponding region from other P450s that are well
expressed in E. coli. Although either the basic region from the
bovine CYP17 or that from the rat CYP2C11 was useful, the basic
region from the rat CYP2C11 stably produced the human aro-
matase in E. coli (8). Therefore, the basic region of rat CYP2C11
was used for the expression of human aromatase as shown in
Fig. 7.2.

In the E. coli expression system, the second codon preference
has been known (9). Although AAA (Lys) is the most prefer-
able second codon, GCT (Ala) was most frequently used as a sec-
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Fig. 7.1. Basic structure of P450 and aromatase. (a) Schematic structure of human aromatase. Human aromatase
anchors on the endoplasmic reticulum with the membrane anchor domain consisting of 39 amino acids, followed by
the basic region (amino acid at 40–46) and the proline-conserved region (amino acid at 47–54). This characteristic
N-terminal sequence is followed by core catalytic domain of the human aromatase. (b) Amino terminal sequences
and conserved structure of human microsomal P450s. Human microsomal P450s have three characteristic domains
at their N-termini. The membrane anchor domain inserted into the endoplasmic reticulum is followed by the basic region
(B-region) that is rich in basic amino acids. After B-region, an 8-amino acid domain having conserved prolines (P-region)
is present and this domain is followed by the core catalytic sequence.

ond codon for the construction of mammalian P450 expression
vectors. Therefore, we used GCT (Ala) as a second codon for
the construction of aromatase expression plasmid. Therefore, the
N-terminus of the aromatase expression plasmid was designed to
start the translational initiation codon ATG (Met), GCT (Ala),
followed by the basic region from rat CYP2C11 as shown in
Fig. 7.2.

To facilitate the purification of aromatase, the sequence
encoding the 4×His tag (HisHisHisHis) was inserted right
upstream of the translational termination signal at the C-terminus
since the C-terminal His tag is frequently used for the expression
of P450s. Although 4×His tag was used in the original paper,
we now use 6×His tag because 6×His tag is more efficient for

Fig. 7.2. N-terminal modification used for the expression of human aromatase in E. coli.
For efficient expression, the N-terminal sequence of human aromatase up to the position
46 Ser is replaced with RQSFGRGKL, the basic region from the rat 2C11. The translation
initiation codon ATG (Met) and a preferred second codon for the E. coli expression, GCT
(Ala), were added at the N-terminus, producing 2cA constructs.
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purification. In addition to the facilitation of purification, the
C-terminal His tag may have a protective effect on the proteins
during the expression (10).

3.2. Transformation
of BL21 and
Small-Scale
Expression for the
Selection of Colony

1. The E. coli BL21(DE3) cells are cotransformed with 2cAr-
pET and pGro12 (or the 2cAcpET for the expression
of 264C form), and transformants are screened on a LB
plate supplemented with 100 μg/ml ampicillin (Amp) and
50 μg/ml kanamycin (Kan) (or a LB plate supplemented
with 100 μg/ml ampicillin (Amp) for the 264C form).

2. Several isolated colonies (4–5 colonies) are picked up, inoc-
ulated in 1 ml TB medium with 100 μg/ml Amp and
50 μg/ml Kan (or in 1 ml TB medium with 100 μg/ml
Amp for the 264C form), and incubated overnight at 37◦C.

3. The overnight cultures (0.2 ml each) are mixed with 0.2 ml
autoclaved 60% glycerol and stored at –80◦C. The cultures
are also diluted into 25 ml TB media with 100 μg/ml
Amp and 50 μg/ml Kan (or into 25 ml TB media with
100 μg/ml Amp for the 264C form) in 125 ml Erlenmeyer
flasks and the expression level of aromatase of each colony
is examined in the small-scale experiment. (Since the expres-
sion method is similar to the large-scale expression, please
refer the large-scale expression.)

4. The frozen stock of the colony showing the highest expres-
sion is saved, and other frozen stocks should be discarded.
Overnight culture for the large-scale expression is always
inoculated from this frozen stock for reproducibility. It
works at least several years when it is always frozen in liq-
uid N2.

3.3. Coexpression
of Heat Shock
Molecular Chaperone
GroES and GroEL for
the Expression of
Human Aromatase
264R

E. coli cells respond to a higher temperature and produce a series
of heat shock proteins. Some of the heat shock proteins are molec-
ular chaperones involved in the protein folding. These molecular
chaperones facilitate to fold proteins that are not properly folded
at a higher temperature. GroES and GroEL are well-investigated
molecular chaperones and the major components of the protein
folding machinery. The coexpression of GroES/GroEL is often
effective for the E. coli expression of foreign proteins (11–14) and
also essential to the expression of aromatase 264R form (6, 15).

In the expression experiment using a given flask and shaker
incubator, time course of pH in the culture medium is critical for
the efficient expression of foreign proteins. The time course of
pH is affected by providers of tryptone and yeast extract, induc-
tion timing, concentration of inducers, and culture conditions
(shaking speed, temperature, shape of flask, and volume of the
medium, etc.). As shown in Fig. 7.3a, pH of the TB medium
goes down to around 6.0 in the first 10 h after induction and
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Fig. 7.3. Time course of medium pH and expression of aromatase during the expres-
sion culture. (a) The time course of pH of TB medium during the expression culture is
schematically presented. In preincubation of a large-scale expression culture at 37◦C
for 3–4 h, pH of TB medium slightly decreases to approximately 7.2. After the addition
of inducers, pH gradually goes down to around 6.0 and goes back to 7.0 and quickly
increases to a higher pH. (b) During the large-scale (250 ml) expression, 10 ml cul-
ture media were transferred into test tubes. The expression level of aromatase and
pH of each sample were determined. The relationship between the expression of aro-
matase and pH clearly demonstrates that the culture should be harvested at pH 7.0
for the best expression of aromatase. (The data were obtained from seven independent
experiments.)

again goes up above 7.0. Although a detectable amount of aro-
matase is expressed in the first 10 h after induction, it disappears at
lower pH. The expression level of aromatase again increases along
with the pH increase, reaches to a peak at pH 7.0, and the accu-
mulated aromatase quickly disappears when the pH goes higher
than 7.0 (Fig. 7.3b).

1. 1 μl of the frozen stock is inoculated in 5 ml TB sup-
plemented with 100 μg/ml ampicillin and 40 μg/ml
kanamycin in a 50 ml conical tube. The culture is
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incubated at 37◦C overnight. (The culture may be started
at 6:00–7:00 PM of day 1.)

2. 4 ml overnight culture is diluted in 400 ml TB (pH 7.2)
with 100 μg/ml ampicillin and 40 μg/ml kanamycin in a
2.8 l culture flask (see Note 2).

3. The culture is incubated at 37◦C for 3.5 h with a vigorous
shaking (at 240 rpm, Innova 44R) (The incubation may be
started at 2:30–3:00 PM of day 2.) (see Notes 2 and 3).

4. The culture is added with 0.5 mM IPTG for the transcrip-
tional induction of aromatase, 50 μg/ml Amp, 4 mg/ml
arabinose for the induction of GroES and GroEL, and
1 mM δ-ALA (a precursor of heme biosynthesis) and fur-
ther incubated at 27–28◦C for 14.5 h with a reduced shak-
ing (190 rpm) (This will be at 6:00–6:30 PM of day 2.) (see
Note 4).

5. A sample (8 ml) of the culture is taken from the flask, spun
down, and pH of the media determined (This will be at
8:00–9:00 AM of day 3.) (see Note 5).

6. When pH reaches 7.0, cells are harvested by a low-speed
centrifugation at 4000 rpm × 15 min (tabletop centrifuge
Allegra X-15R, Beckman Coulter, Fullerton, CA, USA) at
4◦C (see Note 6).

7. E. coli cell pellet is suspended in 40 ml lysozyme buffer with
0.5 mg/ml lysozyme, left on ice for 10 min, spun, and the
supernatant is discarded. (After lysozyme treatment, cell
pellets can be frozen in liquid N2 and stored at –80◦C.)

8. The cell pellet is carefully sonicated in 30 ml extraction
buffer at 4◦C without formation of bubbles (see Note 7).

9. The sonicated solution is fractionated by ultracentrifuga-
tion (Beckman TL100; 95,000 rpm × 10 min at 4◦C).
The supernatant is pooled, frozen in liquid N2, and stored
at –80◦C. (The supernatant pool will be approximately
40 ml at this step for a 400 ml culture.)

10. The supernatant (100 μl) is diluted with 5 volumes
(500 μl) of the sample dilution buffer for the determina-
tion of expression level of human aromatase by the reduced
CO-difference spectrum.

3.4. Cold Stress
Response Induced
by Chloramphenicol
for the Expression of
Human Aromatase
264C

In response to a lowered temperature, E. coli cells repress a
series of heat shock proteins and produce cold shock proteins.
These proteins help the cell to adapt and survive at low temper-
atures. CspA is the major cold shock protein of E. coli. There
is a family of nine CspA homologues in E. coli although only
some of them are cold shock inducible. CspA and its homologues
destabilize secondary structures in both RNA and DNA and are
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therefore referred to as nucleic acid chaperones (16). One of the
detrimental effects of temperature downshift is the stabilization of
secondary structures in RNA. This leads to hindering of transcrip-
tion and translation as solid secondary structures in RNA cause
inhibition of transcription elongation by RNA polymerase and
movement of ribosomes during translation. CspA and its homo-
logues, CspC and CspE, act as transcription antiterminators by
virtue of their RNA chaperone activity (17), and the secondary
structure destabilization activity of CspA family proteins is essen-
tial for cold acclimation of cells (18).

A subclinical concentration (1 μg/ml) of chloramphenicol
and tetracycline, protein synthesis inhibitors, partially inhibits the
E. coli translation by the interaction with translating ribosomes.
This partial translational inhibition by the antibiotics mimics cold
shock and induces a series of cold shock proteins including CspA
in E. coli (19). Intriguingly, the induction of cold stress response
by chloramphenicol was required for the expression of aromatase
264C form (6, 8). Based on the DNA sequence of 264 Cys,
TGC, compared with that of 264 Arg, CGC, the secondary struc-
ture of aromatase 264C mRNA is not more stable than that of
the 264R form. Therefore, CspA may not be a key protein at
the rate-limiting step for the expression of aromatase 264C form
although CspA is induced by chloramphenicol. The molecular
mechanism of the expression of aromatase 264C form remains
obscure. However, the low concentration (1 μg/ml) of chlo-
ramphenicol or tetracycline mimics cold shock, resulting in the
cellular response to produce a series of cold shock proteins that
enhances the expression of foreign proteins (20). This method is
particularly useful for the expression of foreign proteins when the
coexpression of GroES and GroEL is not efficacious.

1. 1 μl of the frozen stock is inoculated in 5 ml TB supple-
mented with 100 μg/ml ampicillin in a 50 ml conical tube.
The culture is incubated at 37◦C overnight. (The culture
may be started at 6:00–7:00 PM of day 1.)

2. 4 ml overnight culture is diluted in 400 ml TB (pH 7.2)
supplemented with 100 μg/ml ampicillin in a 2.8 l culture
flask (see Note 2).

3. The culture is incubated at 37◦C for 4 h with a vigorous
shaking (at 240 rpm, Innova 44R) (The incubation may be
started at 10:30–11:00 AM of day 2. Instead of determina-
tion of cell density by OD600 (approximately 1.0), induc-
tion timing may be determined by the incubation time.) (see
Note 2).

4. The culture is added with 0.5 mM IPTG for the expression
of aromatase 264C form, 50 μg/ml Amp, 1 μg/ml chlo-
ramphenicol for the induction of cold stress response, and
1 mM δ-ALA (a precursor of heme biosynthesis) and further
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incubated at 27–28◦C for 14.5 h with a reduced shaking
(190 rpm) (This will be at 2:30–3:00 PM of day 2.) (see
Notes 3 and 4).

5. A sample (8 ml) of each culture is taken from the flask, spun
down, and the pH of the media determined. (This will be at
8:00–9:00 AM of day 3.) When pH of each culture reaches
7.0, cells in each flask are separately harvested by a low-speed
centrifugation at 4◦C (see Notes 5 and 6).

6. E. coli cell pellet is suspended in 40 ml lysozyme buffer with
0.5 mg/ml lysozyme, left on ice for 10 min, spun, and the
supernatant is discarded. (After lysozyme treatment, cell pel-
lets can be frozen in liquid N2 and stored at –80◦C.) After
this step, follow steps 7–10 in “Section 3.3” (see Note 8).

3.5. Determination
of P450 by the
Reduced
CO-Difference
Spectrum (See
Note 9)

1. The extracts are diluted with 5 volumes of the sample dilu-
tion buffer with 4 mM DTT in a cuvette. (DTT is freshly
added for the stabilization of P450.) Substrates may be
added at this step when required (see Note 10).

2. A small amount of sodium dithionite (20–40 grains of
dithionite powder) is added to the cuvette. The cuvette is
covered with parafilm and the sample is mixed by repeatedly
inverting the cuvette.

3. The sample is quickly scanned (400–500 nm) for baseline
memorization.

4. Small bubbles of CO using a Pasteur pipette are introduced
in the sample.

5. The sample cuvette is covered with parafilm and repeatedly
scanned (400–500 nm) until the peak at 450 nm reaches
plateau (see Note 11).

6. The absorbance value at 450 nm is subtracted from the value
at 490 nm. This value �A450–490 of 1 mM P450 solution
should be 91 cm−1 mM−1.

7. The expression level is calculated as below:

�A450−490 × (total volume of the solution in the cuvette/
the volume of extract aadded to the cuvette)
= �A450−490 of the extract before dilution

�A450−490 of the extract before dilution/91 × 1000
= concentration of P450arom in the extract(μM)
= Cext (μM)

When the given extract was 40 ml and was extracted from
400 ml culture, the amount of P450 in the 40 ml extract is
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Cext (μM) × 0.04 (1) = 0.04Cext (μmol) × 1000
= 40Cext (nmol)

The amount of aromatase was expressed in 400 ml cul-
ture. Therefore, the expression level (nmol/l culture) of aro-
matase in this given experiment is

40Cext (μmol) × 1000/400 = 100Cext (nmol/l)

4. Notes

1. Qualities of media are quite different from maker to maker.
Because the quality of media is very critical for foreign
protein expression, the providers and catalog numbers are
indicated.

2. The adequate culture volume may be different among incu-
bators, flasks, and the shaking speed. Using an Innova 43R
model, we shake the Fernbach flasks at 240 rpm as a max-
imum shaking speed. At a shaking speed, we determine an
adequate culture volume for an individual system by watch-
ing the movement of different volumes of water (such as
250, 300, 350, 400, 450, and 500 ml).

3. Instead of determination of cell density by OD600, induc-
tion timing may be determined by the incubation time of
preculture. Because the measurement of OD600 often takes
more than 10 min and a 10-min longer incubation results
in a faster time course of pH, we determine the incubation
timing by the time of preculture.

4. The culture temperature has to be decreased below 30◦C
to avoid the formation of inclusion bodies. The shaking
speed is important to obtain an efficient aeration and mini-
mize the formation of bubbles on the surface of media since
the viscosity increases with the growth of bacteria. We use
a reduced shaking speed (190 rpm) to avoid or minimize
the formation of bubbles.

5. When more than one flask is incubated at a time, media
pH of each flask should be monitored. Since E. coli growth
varies depending on the position of flasks, probably because
of temperature distribution within the chamber, the pH
time course of each flask shows a considerable differ-
ence. Therefore, when cultures are harvested at a time the
mean expression level is much lower than the maximum



120 Kagawa

expression level. Based on the media pH, we separately
harvest E. coli cells in each flask to obtain the maximum
expression of aromatase.

6. After determination of pH, the culture (8 ml) can be
treated with lysozyme followed by extraction of proteins.
When samples are taken several times, time course of pH
and aromatase expression can be determined. The pH
value 6.9–7.1 shows the highest expression level of the
human aromatase. When pH is higher, P420 increases
with a concomitant decrease of P450. When pH is lower,
P450 decreases without the formation of P420. The time
course of media pH can be adjusted to be slower when
the preculture is shortened by 10 min and to be faster
when the preculture is elongated by 10 min for the
induction.

7. Introduction of air in the buffer at sonication causes serious
denaturation of proteins, resulting in the loss of P450 and
the formation of P420. Using a tapered microtip (1.6 mm
diameter) for sonication, we manually sonicate the cell
pellet with always keeping the top of the microtip in an
enough depth of the extraction buffer.

8. Compared with the culture for the expression of aro-
matase 264R form using the GroES and GroEL coexpres-
sion, the growth of E. coli cells is slow with a subclin-
ical dosage of chloramphenicol. Therefore, the cell pel-
let for the 264C form is usually less than that for the
264R form.

9. The reduced CO-difference spectrum can be determined
using either single beam or double beam spectrophotome-
ters. In this section, we describe a method of the reduced
CO-difference spectrum using a single beam spectropho-
tometer.

10. The human aromatase is unstable and quickly converted
to P420 in the presence of sodium dithionite. DTT stabi-
lizes the human aromatase under the reducing condition,
perhaps because DTT could protect P450 from hydrogen
peroxide or oxygen radical that is produced by P450 using
the reducing reagent and oxygen molecule.

11. Human aromatase shows an atypical reduced CO-
difference spectrum in the presence of androstenedione
(or a substrate having the 19-methyl group). As shown in
Fig. 7.4, human aromatase shows a large 420 peak
with a considerably reduced 450 peak in the presence
of androstenedione, which is a characteristic of human
aromatase. This atypical spectral property of human
aromatase may be due to the space of its heme pocket. The
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Fig. 7.4. Representative reduced CO-difference spectra of human aromatase using the
E. coli extract. Proteins were extracted from E. coli (400 ml culture) with 40 ml extrac-
tion buffer. The extract (100 μl) was diluted in the sample dilution buffer (500 μl) in
the absence of substrates (free), in the presence of 250 μM 19-norandrostenedione
(19-norAD), or 250 μM androstenedione (AD). The reduced CO-difference spectra were
determined as described in Section 3.

heme pocket in human aromatase may not have enough
space for the CO binding to the heme iron under the steric
hindrance of 19-methyl group of substrates. Therefore,
unnatural substrates having no 19-methyl group do not
cause steric hindrance and can stabilize the CO-aromatase
complex, resulting in production of the highest 450 peak
during the determination of the reduced CO-difference
spectrum. In general, substrates of P450s are added
during the purification and determination of reduced
CO-difference spectrum, in particular, for stabilization of
unstable P450s. However, the addition of androstenedione
or testosterone to human aromatase considerably reduced
the production of CO-P450 complexes although it may
stabilize this enzyme. Because of instability of human
aromatase, many investigators tried to purify aromatase
from human placenta in the presence of androstenedione
or testosterone and had difficulty in obtaining a typical
spectrum of CO-P450 complex. Human aromatase is
also unstable for the reduced CO-difference spectral
analysis, resulting in a quick production of P420 with a
concomitant decrease of P450. Therefore, the highest 450
peak can be obtained when the spectrum is determined
in the presence of 0.25 mM 19-norandrostenedione.
(19-norandrostenedione is dissolved in 45%
2-hydroxypropyl-β-cyclodextrin at 50 mM and stored
at 4◦C).
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Chapter 8

Expression of Recombinant Cytochromes c in E. coli

Yuri Y. Londer

Abstract

Answering questions about proteins’ structures and functions in the new era of systems biology and
genomics requires the development of new methods for heterologous production of numerous pro-
teins from newly sequenced genomes. Cytochromes c – electron transfer proteins carrying one or more
hemes covalently bound to the polypeptide chain – are one of the most recalcitrant classes of proteins
with respect to heterologous expression because post-translational incorporation of hemes is required
for proper folding and stability. However, significant advances in expression of recombinant cytochromes
c have been made during the last decade. It has been shown that a single gene cluster, ccmA–H, is
responsible for cytochrome c maturation in Escherichia coli under anaerobic conditions and that consti-
tutive co-expression of this cluster under aerobic conditions is sufficient to provide heme incorporation
in many different types of cytochromes c, regardless of their origin, as long as the nascent polypeptide
is translocated to the periplasm. Using conditions that result in sub-maximal protein induction can dra-
matically increase the yield of mature protein. The intrinsic peroxidase activity of hemes can be used
as a highly selective and sensitive detection method of mature cytochromes in samples resolved by gel
electrophoresis.

Key words: Cytochrome c, Escherichia coli, heterologous expression, periplasmic expression,
peroxidase reaction, UV–Vis spectroscopy.

1. Introduction

Cytochromes are electron transfer proteins carrying one or more
hemes as prosthetic groups. They function in aerobic and anaero-
bic respiratory chains as well as in photosynthetic electron trans-
port. In cytochromes c, unlike other cytochromes, hemes are
covalently bound to the polypeptide chain. Cytochromes c have a
characteristic sequence pattern CXXCH, where the cysteines form
two thioether bonds to the heme and the histidine serves as one

T.C. Evans, M.-Q. Xu (eds.), Heterologous Gene Expression in E. coli, Methods in Molecular Biology 705,
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of the two axial (extraplanar) ligands to the heme iron. The other
ligand is usually a methionine or another histidine located far-
ther away in the amino acid sequence (1, 2). A single polypeptide
chain can have multiple hemes covalently attached, in some cases
as many as 35–40.

A major challenge of post-genomic biology is the develop-
ment of efficient methods for heterologous production of hypo-
thetical proteins from newly sequenced genomes – an important
enabling feature for structural and functional studies of proteins.
Cytochromes c are one of the most recalcitrant classes of pro-
teins with respect to heterologous expression due to the necessity
of post-translational modification (covalent heme attachment) for
proper folding and stability. Although overproduction of recom-
binant proteins in Escherichia coli has proven successful for numer-
ous proteins from eukaryotic and prokaryotic organisms, attempts
of heterologous expression of cytochromes c often failed, mainly
due to the low efficiency of post-translational covalent modifica-
tion (e.g., 3, 4). Indeed, an organism producing cytochromes c
faces a number of challenges during the biogenesis of these pro-
teins. First, all known cytochromes c are extracytoplasmic pro-
teins. They are either soluble periplasmic proteins (or soluble
proteins residing in the intermembrane space of mitochondria)
or membrane-anchored (in the inner or outer membrane) via an
N-terminal transmembrane helix or a lipid anchor. There are also
examples of cytochrome c-like domains that are anchored by two
transmembrane helices, at the N- and C-termini of the domain1

(e.g., 5, 6). Regardless of a cytochrome’s final topology, both the
apoprotein and free heme must be translocated through the inner
membrane. After the translocation of the apoprotein, the cys-
teines destined to covalently bind heme(s) must be kept reduced
in the oxidative periplasmic environment. Finally, the apopro-
tein and heme(s) are brought together and thioether bonds are
formed in an enzyme-catalyzed step (see refs. 2, 7–9 for detailed
review).

All organisms studied to date use one of three pathways, or
systems, to make c-type cytochromes (8, 10). E. coli (as well as
many other Gram-negative bacteria) employs the so-called sys-
tem I, which includes an ABC transporter, a thioredoxin-like

1 By definition, cytochromes c are electron transfer proteins in which heme is
covalently bound to the polypeptide. This definition excludes proteins that con-
tain covalently bound heme(s) but have functions other than electron transfer,
such as nitrite reductase or a recently described family of sensor proteins (5, 6).
However, the E. coli expression system described here has been shown to pro-
vide covalent heme attachment in many different types of proteins, regardless of
their function. For the purpose of brevity, the term “cytochrome c” will be used
throughout this chapter but all approaches described here should be applicable
to all proteins containing covalently bound hemes.
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redox system, heme chaperone, and heme lyase. Normally, E. coli
has eight proteins, consecutively named CcmA through CcmH,
involved in maturation of cytochromes c (2, 7–9). These pro-
teins are located in the inner membrane and on the periplasmic
side of the inner membrane. They are encoded by gene cluster
ccmABCDEFGH that is a part of the aeg46.5 operon and is active
only under anaerobic conditions (11). Cloning of this cluster
into pACYC184 (a plasmid compatible with many commercially
available expression vectors) allowed its constitutive co-expression
under control of the tetracycline promoter (12) and made possi-
ble the production of properly matured c-type cytochromes in
E. coli under normal aerobic conditions (13, 14, and references
therein). The only other major requirement for successful syn-
thesis of recombinant cytochromes (besides co-expression of the
ccm genes) is the presence of a leader peptide to target the nascent
polypeptide to the periplasm (15). For expression in rich medium,
such as 2×YT, it is not necessary to supply extra iron or heme
precursors.

2. Materials

2.1. Bacterial Strains
and Plasmids

1. Typical cloning strains, such as DH5α (Invitrogen), XL1-
Blue (Stratagene), NEB 5-alpha (New England Biolabs), or
the like.

2. Expression strains, such as BL21(DE3), JCB7123, HM125,
and SF110. Other strains that are not chloramphenicol-
resistant and do not harbor pACYC or other plasmids with
p15A replicon can be used as well.

3. Plasmid pEC86, a pACYC derivative that carries the ccm
gene cluster. The plasmid carries the gene for chlorampheni-
col transferase providing resistance to chloramphenicol.

4. The cloning vector(s) of your choice. Several vectors
specifically designed for periplasmic targeting include
pET-22b(+)2 (Novagen), pLBM, pLSM2, and pFCM21
(ligation-independent vectors designed by the author; 14,
16). pLSM2 and pFCM21 carry constitutively expressed
genes for periplasmic chaperones Skp (17–19) and FkpA
(20, 21), respectively. Dedicated vectors for periplasmic tar-
geting of proteins fused to affinity handles are available (see
Note 1).

2 pET-22b(+) has the T7 promoter (see Section 3.1 below).
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2.2. Expression 1. 2×YT medium: 16 g/L tryptone, 10 g/L yeast extract,
5 g/L NaCl. Pre-mixed powder is also available from sev-
eral vendors, e.g., Fisher Scientific (see Note 2).

2. Ampicillin (or carbenicillin): 100 or 200 mg/mL in water
(see Note 3). Store at –20◦C.

3. Chloramphenicol: 34 or 68 mg/mL in ethanol. Store at
–20◦C.

4. IPTG3: 100 mM and 1 M in water (see Notes 3 and 4). Both
stock solutions should be stored at –20◦C.

2.3. Cell Lysis 1. TES buffer: 100 mM Tris–HCl, pH 8.0, 20% sucrose,
0.5 mM EDTA. Store at 4◦C.

2. Chicken egg lysozyme: 50 mg/mL in water. Lyophilized
protein can be purchased from several suppliers, e.g., Sigma.
The stock solution should be stored frozen at –20◦C as
single-use aliquots (100–600 μL).

3. Rubber policemen attached to a glass rod or a glass/plastic
pipet (see Fig. 8.1).

4. Protease inhibitors of your choice (see Note 5).
5. Benzonase Nuclease: Available from Novagen. This reagent

is optional.
6. Sodium chloride: 1 or 5 M solution (optional).
7. Detergent (see Section 3.5).

2.4. Gel Separation,
Transfer, and Heme
Staining

1. Polyacrylamide gels of appropriate percentage, depending
on the size of the protein of interest. Pre-cast gels are
fine; 4–20% gradient gels are almost perfect one-size-fits-
all solution.

Fig. 8.1. Rubber policemen (top) and a rubber policeman attached to a 1 mL glass pipet (bottom).

3 Abbreviations: CAPS, 3-(cyclohexylamino)-1-propanesulfonic acid; CMC, crit-
ical micelle concentration; IPTG, isopropyl-β-D-thiogalactoside; MBP, maltose-
binding protein; TEV, tobacco etch virus; TM, transmembrane.
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2. Running buffer: 25 mM Tris, 192 mM glycine, 0.1%
(w/v) SDS. Running buffer can be prepared as a 5X
or 10X stock solution and stored at room tempera-
ture. Alternatively, a pre-mixed stock solution can be
purchased from several manufacturers, e.g., Bio-Rad (see
Note 6).

3. SDS-PAGE sample buffer: 50 mM Tris–HCl, pH 6.8, 2%
SDS, 0.1% bromophenol blue, 10% glycerol. No reducing
agents should be used. It is usually made as a 2X stock solu-
tion and stored at room temperature.

4. Transfer buffer: 10 mM 3-(cyclohexylamino)-1-
propanesulfonic acid (CAPS) in 10% methanol, pH
11.0 (see Notes 7 and 8). Store at 4◦C.

5. Hybond-C Extra nitrocellulose membranes (GE Health-
care, formerly Amersham Biosciences) (see Note 9).

6. Filter paper (cut to size slightly larger than the size of the
gel).

7. Transfer apparatus.
8. PBS buffer: 1 mM KH2PO4, 10 mM Na2HPO4, 137 mM

NaCl, 2.7 mM KCl. Large packs (e.g., 4 L) of a pre-mixed
10X stock solution are available from several manufactur-
ers, e.g., Roche Applied Science.

9. SuperSignal West Femto Maximum Sensitivity Substrate
(Pierce Biotechnology). It is actually a kit containing two
reagents: stabilized hydrogen peroxide solution and lumi-
nol. Store at 4◦C.

10. Ziploc bags of size slightly larger than the size of the gels
you plan to use for SDS-PAGE analysis of your samples (see
Note 10).

11. X-ray film cassette.
12. X-ray films (CL-XPosure films from Pierce produce consis-

tently good results but other brands can be used as well).
13. X-ray film processor (optional but highly desirable; see

Notes 11 and 12).

2.5. Spectral
Measurements

1. UV–Vis spectrophotometer.
2. UV transparent quartz cuvettes, 0.5–1.0 mL, with a path

length of 10 mm (see Note 13).
3. Sodium dithionite. Also known as sodium hydrosulfite,

NaO2SSO2Na, it can be purchased from several manufac-
turers, e.g., Sigma. This is a strong reducing agent used to
ensure the complete reduction of the hemes, regardless of
their redox potential (see Note 14).
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3. Methods

3.1. Choice of Vector
and Cloning

When considering heterologous expression of a cytochrome c,
one should address the following issues:

(a) Choice of expression strain. BL21(DE3) works very well
with many cytochromes c, both in lac promoter- and
T7 promoter-based systems. However, for polyheme
cytochromes E. coli strain JCB7123 (22) may be a better
option. This strain has a narL– genotype, which results in
a derepression of the aeg46.5 operon and increased expres-
sion of the ccm genes from the chromosome (22). If pro-
teolytic degradation in the periplasm is an issue, strain
SF110 or HM125 deficient in different periplasmic pro-
teases may be used (23). These last three strains should
not be used with T7 promoter-based vectors as they do
not have the gene for T7 RNA polymerase. Other E. coli
strains may be employed as long as they do not have intrin-
sic chloramphenicol resistance (plasmid pEC86 harboring
the ccm genes carries chloramphenicol transferase as a selec-
tive marker).

(b) Purification approach. Many cytochromes c have a high
isoelectric point, which makes it possible to isolate them
from the periplasmic fraction in a single cation-exchange
step (the overwhelming majority of periplasmic proteins are
acidic and they do not even bind to a cation exchanger at
circumneutral pH). If this is not the case, affinity tags can be
used, but with caution. His-tag may present a problem as
it has been reported that histidine clusters seem to inter-
fere with proper maturation of cytochromes c, especially
those with multiple hemes (24, 25), apparently because the
histidines compete with the native heme ligands for bind-
ing the iron atom(s). However, a hybrid 6×His/MBP tag
has been successfully used for expression of recombinant
cytochromes c (5, 16). MBP acts as a spacer that prevents
the His-tag from interacting with the cytochrome compo-
nent of the fusion. Moreover, MBP is a known solubility
enhancer and can facilitate the expression of some targets in
the soluble form. MBP alone (without a His-tag) can also
be used as an affinity handle as it binds to amylose. Tags
containing cysteine residues (e.g., GST-tag) are not recom-
mended as it has been shown that extra cysteines in the
polypeptide interfere with cytochrome maturation (Y.Y.L.,
unpublished data), apparently, due to formation of incor-
rect disulfide bonds between the extra cysteines and the cys-
teines supposed to bind the hemes. If this is the case, adding
a spacer domain, such as MBP, may alleviate the problem.
However, this has not been experimentally tested.
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(c) Presence of a signal peptide, TM helix (helices), or lipid
anchor. If a cytochrome of interest is (or predicted to
be) membrane-bound, for the majority of physicochem-
ical studies it is more convenient to express and purify
the soluble domain only, which will require predicting the
exact location of the membrane anchor in the sequence
(especially its C-terminus). The predicted soluble domain
then can be cloned into a vector containing a signal
peptide.

All the above considerations will dictate the choice of expres-
sion vector. It is likely that more than one vector has to be
tested before optimal expression and purification protocols can
be developed. In the author’s opinion, the anticipated purification
approach is the most important criterion determining the choice
of vector. As mentioned above, the majority of cytochromes dis-
covered and studied so far are relatively basic, with pI > 6.5,
and can be purified by simple cation exchange as a large frac-
tion of other cellular proteins have pI in the range 4–6. In addi-
tion, the cytochromes are purified from the periplasmic fraction
rather than the whole cell lysate, which automatically eliminates
a number of basic DNA- and RNA-binding cytoplasmic proteins.
Therefore, if a cytochrome of interest is predicted4 (or experimen-
tally shown) to have a relatively high pI, any vector for periplas-
mic targeting would be suitable (though, as mentioned above,
vectors with T7 promoters would have a limited range of host
strains). Alternatively, if the cytochrome has its own cleavable sig-
nal sequence (rather than a membrane anchor), it can be cloned
into any expression vector as the mechanisms of Sec-dependent
translocation are well conserved in bacteria. If the above strategy
does not work or if the cytochrome is acidic, then affinity tags
should be seriously considered.

Cloning of the target should be performed according to
standard procedures. PCR amplification of the target gene from
genomic DNA is usually the most straightforward approach.
When designing the primers, it is imperative to make sure that
the leader sequence targeting the recombinant protein to the
periplasm is present in the cloned product, either from the vec-
tor or from the original gene (but not both!). If the genomic
DNA is not easily available or amplification repeatedly fails, the
gene can be assembled de novo from oligonucleotides (which also

4 It should be noted that theoretically predicted pI is less accurate for
cytochromes than for other proteins as heme group contains iron that can be
in oxidation state +2 or +3, depending on the redox potential of the given heme
(which is determined by many factors, including the heme environment, its lig-
ands, and the degree of its exposure to solvent) and two carboxylic groups, whose
pI can vary significantly, depending on their environment and degree of exposure
to solvent.
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allows codon-optimizing it for E. coli). There are free Web-based
tools to facilitate the design of oligonucleotides for gene assem-
bly, e.g., DNAWorks (http://helixweb.nih.gov/dnaworks/, 26).
Gene synthesis can also be outsourced, though it may be the most
expensive alternative (∼ $1 per bp).

3.2. Transformation Since expression of cytochromes requires the presence of two
plasmids in the cell, pEC86 that carries the ccm gene cluster
and the plasmid with the gene of interest, two rounds of trans-
formation are necessary. It is convenient, especially when con-
sidering expression of several cytochrome targets, to prepare a
stock of competent cells of the expression strain already harbor-
ing pEC86 and then transform them with the expression con-
structs (see Notes 15 and 16). Competent cells, both with and
without pEC86, can be prepared by any method (a typical cal-
cium chloride protocol is adequate). All growth procedures for
strains harboring pEC86 should be performed in medium con-
taining chloramphenicol 34 μg/mL (except during the post-heat
shock recovery step).

1. Transform pEC86 into an expression strain of your choice
following standard protocols for plasmid transformation and
plate onto LB or 2×YT agar containing chloramphenicol.
Incubate the plate overnight at 37◦C (see Notes 17 and 18).

2. Prepare competent cells of the expression strain harboring
pEC86. In parallel, prepare frozen stocks, at least 2–3 sep-
arate vials (aliquots of the culture intended for preparation
of competent cells can be used for the frozen stocks). Com-
petent cells can be frozen as 200 μL aliquots and stored
at –80◦C (see Note 19).

3. Transform the expression construct into the expression
strain harboring pEC86 and plate onto LB or 2×YT agar
containing both ampicillin (100 μg/mL) and chloram-
phenicol (see Note 20). Incubate the plate overnight at
37◦C (see Notes 17 and 18).

3.3. Expression
and Analysis

Even with co-expression of the ccm genes, functional holocy-
tochromes are produced in E. coli at relatively low levels, which
makes it difficult or impossible to analyze expression clones using
Coomassie-stained polyacrylamide gels. One indication of suc-
cessful expression is coloration of the cell pellet – depending on a
particular target and expression levels, the color may vary from
pink to brown/rust-red. However, the presence of color only
confirms heme incorporation but is not informative as to whether
the protein is soluble and whether it has the correct molecu-
lar weight. The color of the periplasmic fraction (as well as its
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UV–visible spectrum) can indicate the presence of a soluble heme
protein or, strictly speaking, the presence of heme in the solu-
ble form. One particular unfortunate case when this distinction is
relevant is when the protein of interest is degraded by proteases
to fragments, one or more of which still have covalently bound
hemes. Much more accurate results can be obtained by separat-
ing cell lysates in a denaturing polyacrylamide gel and applying a
shortcut version of Western blotting. Heme possesses peroxidase
activity that is not affected by the protein denaturation and can
be used for detection of cytochromes c in the presence of chemi-
luminescent peroxidase substrates, e.g., those used for ELISA or
Western blotting (27). Detection of chemiluminescence as a result
of heme peroxidase activity can be performed using X-ray films or
a charge-coupled device.

Another advantage of this approach with respect to expression
of recombinant cytochromes c in E. coli is that E. coli does not
make its own cytochromes c under aerobic conditions. Therefore,
all bands observed after gel separation, transfer, and development
are due to expression of foreign c-type cytochromes. A limita-
tion of this method is that heme must be in the ferric (oxidized)
state and, therefore, reducing agents, such as DTT or mercap-
toethanol, CANNOT be used in the sample buffer (or anywhere
in the procedure). A consequence of this is that immunoblotting
with peroxidase-conjugated antibodies cannot be carried out on
the same gel (or membrane) as used for heme “staining” (if the
samples are treated with a reducing agent, then there will be no
signal from the hemes; if there is no reducing agent, the signal
from the hemes would interfere with the signal from peroxidase).
Using alkaline phosphatase conjugated antibodies is an option if
both an immunoblot and heme staining of a given gel are desired.

The procedure also requires special molecular weight mark-
ers, such as several (or at least one) purified cytochromes
c. Monoheme mitochondrial cytochromes c (MW ∼ 13 kDa) can
be purchased from different manufacturers, e.g., Sigma. Several
cytochrome constructs of different molecular weights are avail-
able from the author:

– Geobacter sulfurreducens cytochrome c7 (9.5 kDa; 24)
– G. sulfurreducens dodecaheme cytochromes GSU0592 and

GSU1996 (40.5 and 42 kDa, respectively; 14)
– the N-terminal half of the latter (tandem AB, 21.5 kDa; 13)
– MBP fusion with heme-containing sensor domain of G. sul-

furreducens sensor protein GSU0303 (63 kDa; 5)
In principle, heme detection can be performed directly in

gels, although it will require very careful handling of the gel
to preserve its integrity and significantly greater amounts of the
reagents. The advantage of direct in-gel staining is that pre-
stained protein markers can be used. The protocol described
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below does assume that the proteins will be transferred onto
a nitrocellulose membrane and the chemiluminescence will be
monitored using X-ray films. If digital image capture is preferred,
the method described by Feissner and coworkers can be used
(27).

In the case of multiheme cytochromes c and affinity-purified
monoheme cytochromes, the completeness of heme incorpora-
tion should be eventually determined. Although the presence of
heme(s) is usually indispensable for proper folding and stabil-
ity, occasionally isoforms containing fewer hemes are co-purified,
especially if affinity chromatography has been used as the only
purification step (24). A convenient way to assess heme con-
tent is mass-spectrometry. Each covalently bound heme adds
616 Da to the molecular weight of the polypeptide and, there-
fore, the mass numbers obtained from mass-spectrometry exper-
iments allow precise determination of the number of hemes per
polypeptide. If immature species are present in the sample, they
will show up as separate peaks with masses less than that of the
fully mature protein by 616 Da (or 2×616, 3×616, etc.).

This chapter will present protocols for large-scale (1 L cul-
tures) and small-scale (25 mL or less) expression and analysis of
cytochromes. The choice between large- and small-scale test for-
mats is predominantly determined by the need to optimize con-
ditions for a given expression construct in a given strain versus a
simultaneous analysis of multiple samples, at least 5–10 or more
(e.g., several different cytochromes or expression in different vec-
tors and/or strains). It is strongly recommended not to conduct
large-scale experiments until a small-scale experiment confirms
the expression of a cytochrome with the desired molecular weight.
The expression levels of many cytochromes are very sensitive to
the IPTG concentration used for induction, with the best con-
centration often in the low micromolar range (13, 24). However,
results of small scale tests do not always scale up to larger volumes,
that is, if small-scale experiments show that the highest expression
level is achieved at, for instance, 25 μM IPTG, it is not necessarily
the case after switching to large-scale cultures. One reason for that
may be differences in oxygenation levels between the large-scale
and small-scale cultures. Therefore, it is highly desirable to set up
optimization experiments under exactly the same conditions as
will be used for the eventual large-scale growth and purification –
the same flasks, shakers, batches of IPTG stock solutions, etc.

3.3.1. Small-Scale
Expression and Analysis

This procedure was developed for 25 mL cultures grown in 50
mL Erlenmeyer flasks but can be scaled down, if necessary, to
as little as 2–3 mL in 10 mL culture tubes (especially if spec-
tral measurements are not a high priority or if small cuvettes,
100–200 μL, are available).
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1. Transform the expression construct into the chosen expres-
sion strain harboring pEC86 as described above (see
Note 21).

2. Use a single colony to inoculate a 2 mL culture in 2×YT
containing both ampicillin (100 μg/mL) and chloram-
phenicol (34 μg/mL). Incubate overnight at 30◦C and
250 rpm.

3. Next morning, use 250 μL of the overnight culture to
inoculate 25 mL of 2×YT containing ampicillin and chlo-
ramphenicol. Incubate at 30◦C and 250 rpm for 8–10 h.
Before leaving for the day, add IPTG to a final concentra-
tion of 30 μM (e.g., 7.5 μL of a 100 mM stock solution),
reduce the shaking speed to 200 rpm, and allow to grow
overnight at the same temperature (see Note 22).

4. Next morning take out a 100 μL aliquot from each cul-
ture, centrifuge 5 min in a benchtop centrifuge, discard the
supernatant, and freeze the pellet (it will be used to prepare
gel samples of total cell lysate).

5. Harvest the bulk of the cells by centrifugation for 15 min
at 4000 rpm at 4◦C and then remove the supernatant (see
Notes 23 and 24).

6. Resuspend the pellets (by gentle pipetting) in ice-cold TES
buffer containing the amount of protease inhibitors recom-
mended by the manufacturer (see Note 25). Use 2 mL of
the buffer to resuspend the pellet from 25 mL of culture.

7. Add lysozyme to a final concentration of 0.5 mg/mL (20
μL of a 50 mg/mL stock for 2 mL suspensions) and incu-
bate 15 min at room temperature (see Note 26).

8. Add an equal volume (2 mL) of ice-cold water, place the
tubes horizontally in a bucket of ice, and shake gently
(∼100 rpm) for 15 min.

9. Centrifuge at 12,000×g for 20 min at 4◦C (see Notes 27
and 28).

10. Transfer the supernatant to a fresh tube (see Note 28). It
is the soluble periplasmic fraction that can be used for gel
analysis and spectral measurements.

11. Mix 10 μL aliquots of each periplasmic fraction with 10 μL
of 2× sample buffer and boil (see Note 29).

12. Resuspend the pellets from the 100 μL aliquots collected
in step 4 in 20 μL of 1× sample buffer by pipetting and/or
vortexing. Make sure that there are no visible clumps. Boil
for 5 min and centrifuge in a benchtop centrifuge for 1 min.

13. Apply 10 μL of each sample to the gel, together
with the molecular weight markers, and run under the
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manufacturer-recommended conditions for this type of gel
(see Notes 30 and 31).

14. While the gel is running, spectral measurements of the
periplasmic fraction(s) can be taken (see Section 3.4).

15. Disassemble the gel cassette and cut a small piece off one
corner of the gel (e.g., the lower right corner) to track the
gel orientation at all times.

16. Assemble the transfer unit according to the manufacturer’s
instructions (see Note 32).

17. Run a transfer procedure under conditions specified by the
manufacturer.

18. Disassemble the transfer unit and wash the membrane in
PBS for 5–10 min with gentle shaking (100–150 rpm).

19. Blot the membrane with filter paper.
20. Place the membrane in a Ziploc bag. Add 2 mL of hydro-

gen peroxide solution and 2 mL of luminol solution (both
from SuperSignal West kit). Close the bag, making sure
that the membrane is completely covered with the solution
and there are no air bubbles. Place the bag flat on a shak-
ing platform and incubate for 5–10 min with gentle shaking
(100–150 rpm) at room temperature.

21. Open the bag and take out the membrane (see Note 33).
Blot the membrane with filter paper. Place the membrane
between two transparent plastic sheets and put the sheets
with the membrane into an X-ray film cassette. Make sure
that the side of the membrane that has been in contact with
the gel is facing upward.

22. The following steps must be done in a dark room with a safe
light. Take an X-ray film and cut off a corner. Place the film
on top of the plastic sheet covering the membrane, making
sure that the cut-off corner of the film corresponds to that
of the membrane. Lock the cassette.

23. Expose for 30 s, then take the film out, and develop it in
the X-ray film processor. The relative intensities of heme
signals for the total cell lysate and for the corresponding
periplasmic fraction can give an estimate of the percentage
of the heme-containing protein that is soluble: if the bands
are of comparable intensity, the protein is mostly soluble; if
the band in the periplasmic fraction is significantly weaker
than the band in the total cell lysate, that means either the
protein forms inclusion bodies or it strongly associates with
the cell membranes. If the latter is the case, the protein may
be solubilized in the presence of detergents and/or NaCl
(see Section 3.5).
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3.3.1.1. Troubleshooting It is likely that more exposures will be needed, either to resolve
overexposed bands or to observe weak bands. If the lanes are
clearly overloaded (Fig. 8.2a), then several more exposures can be
taken every 15–30 min, until the bands are resolved. The chemi-
luminescent signal weakens over time (compare panels A–C in
Fig. 8.2) and disappears completely after 2–4 h, depending on
the amount and the nature of the protein in the band (therefore,
do NOT postpone further exposures until next morning). It is
possible that different bands will become resolved after different
exposures.

If there are weak bands or no bands at all on the developed
film, it may mean that either the transfer procedure or peroxidase

Fig. 8.2. Time dependence of the chemiluminescent signal. Total cell lysates and
periplasmic fractions of E. coli cells expressing several cytochromes c from Shewanella
oneidensis were separated in a 4–20% gradient gel, transferred onto a Hybond-C mem-
brane, and treated with the SuperSignal Femto Kit reagents as described in the text.
Thirty-second exposures were taken in 3 min (a), 30 min (b), and 1 h 20 min (c) after
treatment with the SuperSignal reagents.
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reaction or film development failed. Lanes with molecular weight
markers can serve as positive controls for transfer/peroxidase
reaction/development steps: if the markers are hardly visible,
obviously something went wrong with the procedure. The suc-
cess of the transfer procedure can be monitored by the appear-
ance of “rusty” stains on the membrane in marker lanes (see Note
34). The SuperSignal kit reagents are stable for 6 months at 4◦C.
If there is a reason to believe that the kit is significantly older or
that it has been left at room temperature for a prolonged period
of time, a new kit should be ordered and tested. Finally, there may
be a problem with the X-ray processing machine. If other people
(who are doing different experiments) have problems with it as
well, a service technician should be called.

If the marker bands are strong but lanes with actual expres-
sion samples have no bands at all, that indicates low expression
levels of heme-containing species or no expression at all (see Note
35). To distinguish between the two possibilities, another expo-
sure should be taken as soon as possible, for 3–5 min. If after a
5-min exposure there is still no band of the appropriate molecular
weight, it is safe to assume that no stable heme-containing protein
(or no soluble protein) has been produced (see Note 36).

3.3.2. Large-Scale
Expression and Lysis

This procedure was developed for 1 L cultures grown in 2 L
Erlenmeyer flasks. The protocol described here involves four cul-
tures induced with different IPTG concentrations. The recom-
mended cell density for induction is A600=1.0 (see Note 37).
Suggested IPTG concentrations for the first experiment are 10,
20, 30, and 50 μM (see Note 22). When the optimal IPTG con-
centration is established, use the same amount of IPTG for all
cultures. The periplasmic fractions after a large-scale experiment
that have relatively high cytochrome content can be combined
and used for optimization of purification conditions.

1. Use a single colony to inoculate a 50 mL culture in 2×YT
containing both ampicillin (100 μg/mL) and chloram-
phenicol (34 μg/mL). Incubate overnight at 30◦C and
250 rpm.

2. Prepare and autoclave four flasks with 1 L of 2×YT
medium per flask.

3. Next morning use 10 mL of the overnight culture to inoc-
ulate each 1 L culture containing ampicillin and chloram-
phenicol. Let the cultures grow at 30◦C and 250 rpm for
∼ 4 h.

4. Measure A600 for each culture.
5. Continue monitoring A600 every 30–60 min (see Note 38).
6. When A600 for a given culture reaches the range of

0.9–1.0, induce the culture with the appropriate amount
of IPTG.
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7. After all cultures have been induced, reduce the shaking
speed to 200 rpm and continue incubation overnight at
the same temperature.

8. Next morning take out a 100 μL aliquot from each cul-
ture, centrifuge 5 min in a benchtop centrifuge, discard the
supernatant, and freeze the pellet.

9. Harvest the bulk of the cells by centrifugation for 15 min
at 4000 rpm at 4◦C and then remove supernatant (see Note
23).

10. Resuspend the cells with a rubber policeman (see Note 39)
in ice-cold TES buffer containing the amount of protease
inhibitors recommended by the manufacturer (use 30 mL
of TES buffer per pellet from 1 L of culture).

11. Transfer the suspension to 250 mL centrifuge bottles
(see Note 40). Add lysozyme to a final concentration of
0.5 mg/mL (300 μL of a 50 mg/mL stock solution per
bottle) and incubate for 15 min at room temperature (see
Notes 26 and 41).

12. Add an equal volume (30 mL/bottle) of ice-cold water.
Make sure that the lids are closed tightly and put the bottles
horizontally in a bucket of ice. Shake gently (∼ 100 rpm)
for 15 min.

13. Centrifuge at 12,000×g for 20 min at 4◦C. Transfer the
supernatants to fresh tubes or beakers (see Note 42).

14. Determine the spectra and A280 for each sample
as described below (see Section 3.4). Calculate the
ratio of the Soret band absorbance over A280 (see
Note 43).

3.4. Spectral
Measurements

Spectral measurements can be taken while the gel and/or trans-
fer is run. The following instructions are for a two-beam spec-
trophotometer with 1 cm/1 mL cuvettes but can be easily modi-
fied for other instruments. Before measurements, make sure that
all samples are clear (do not have visible particles suspended in
the solution). Centrifuge 1.5 mL aliquots 10 min in a benchtop
centrifuge at 4◦C, if necessary.

The spectral measurements described in this chapter include
two components: (1) recording of the UV–visible spectra of
each periplasmic fraction in oxidized and reduced forms and
(2) measuring absorbance of each fraction at 280 nm. The lat-
ter is a measure of the number of cells in a given culture and the
efficiency of lysis of the corresponding pellet (for A280 measure-
ments periplasmic fractions should be diluted at least fivefold – see
step 11 of this section). Sometimes cultures grown in the same
conditions and induced at the same cell density yield periplasmic
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lysates with A280 differing by a factor of 2 or more. Therefore,
even though the Soret band absorbance is the primary measure of
the cytochrome expression level for a given construct/culture, it
should be interpreted together with A280 for the periplasmic frac-
tion. In other words, A280 is a “common denominator” used to
compare lysates prepared from different cultures. As expression
levels for cytochromes c are low, they do not contribute signifi-
cantly to the total A280 of the periplasmic fraction.

The steps below describe the measurements for a single
periplasmic sample. Usually, there are several samples to be ana-
lyzed and in this case it is convenient to measure both oxidized
and reduced spectra for all of them (steps 1–8), then re-blank the
spectrophotometer at 280 nm, and measure A280 for all samples
(steps 9–15).

1. Fill two cuvettes with the same buffer as was used to
prepare the periplasmic fraction(s) under investigation (see
Note 44).

2. Blank the spectrophotometer over the range of wave-
lengths from 200 to 800 nm (see Notes 45 and 46).

3. Remove the buffer from the cuvette in the sample position
(it is convenient to use a Pasteur pipet with a rubber bulb
or a mechanical pipetting device). It is not necessary to take
out the cuvette but make sure that all the buffer is removed.

4. Fill the cuvette with 1 mL of a given periplasmic fraction,
make sure that the cuvette compartment lid is closed, and
record a spectrum.

5. The major band (Soret band) is expected to be between
∼ 400 and 420 nm. If the maximum absorbance in this
range exceeds 1–1.5, it is recommended that the sample be
diluted, usually somewhere between twofold and fivefold,
to bring the Soret band absorbance to within the linear
range of the instrument (see Note 47).

6. Transfer a small amount of sodium dithionite to the cuvette
(see Note 48).

7. Place the cuvette back in the cuvette compartment, make
sure that the compartment lid is closed, and record a
reduced spectrum (see Note 49). Normally reduction
results in a red shift for the Soret band (∼ 10–20 nm)
and a replacement of a broad peak around ∼ 530 nm by
two sharper peaks at ∼ 550 and 520 nm (known as α- and
β-bands, respectively). Typical spectra for reduced and oxi-
dized forms of a cytochrome c are shown in Fig. 8.3 (see
Note 50).

8. If there is little or no change in the spectrum, sev-
eral more aliquots of dithionite may be added (see
Note 51).
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Fig. 8.3. Reduced (solid line) and oxidized (dashed line) spectra of the periplasmic
fraction of E. coli cells expressing tri-heme cytochrome PpcA from Geobacter sulfurre-
ducens. Note a large peak below ∼ 360 nm in the reduced spectrum (products of
dithionite oxidation).

9. Take the sample out of the cuvette and fill the cuvette with
1–1.5 mL of deionized water to rinse it (this step is impor-
tant for removing traces of sodium dithionite). Remove the
water with a Pasteur pipet.

10. Remove the blanking buffer from the cuvette in the
“blank” position. Rinse it with water as described
above.

11. Take a 200 μL aliquot of the rest of the periplasmic
fraction (that has not been treated with sodium dithion-
ite) and transfer to a fresh microtube. Add 800 μL
of 20 mM Tris–HCl with circumneutral pH (see Note
52). This constitutes a fivefold dilution of the given
sample.

12. Prepare 2 mL of the buffer for blanking at 280 nm: mix
400 μL of the buffer used in step 1 and 1600 μL of the
buffer used in step 11 for diluting, briefly vortex, and cen-
trifuge for 5–10 s.

13. Add 1 mL of the blanking buffer to both cuvettes and fol-
low the instructions for the spectrophotometer to blank it
at a single wavelength, 280 nm.
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14. Remove the buffer from the cuvette in the sample position.
Fill the cuvette with the diluted periplasmic sample, close
the compartment lid, and take absorbance readings.

15. If the absorbance at 280 nm exceeds 1–1.5, the sample
should be further diluted (see Note 47), and new readings
should be taken.

3.5. Solubilization
Experiments

If small-scale tests show that a large fraction of the target
cytochrome is associated with the spheroplast pellet (whether or
not the protein has a membrane anchor), solubilization with dif-
ferent agents may be attempted. While extraction of membrane-
anchored proteins is traditionally done with various detergents,
there is also a possibility that the protein of interest is strongly
associated with membranes indirectly, due to its interactions with
other membrane-anchored proteins, and these interactions may
be predominantly electrostatic in nature. Therefore, solubilization
may be accomplished by simply increasing the salt concentration
in the lysis buffer to 0.5 M (14). This solubilization method is
also much more selective than detergent-driven extraction (14).
However, it is not possible to predict a priori which approach
will work best and, therefore, both should be attempted. More-
over, the solubilization efficiency of different detergents varies
depending on the particular protein to be solubilized and the
selection of the best detergent is usually done by a trial-and-
error method. Several most popular detergents include Triton
X-100, lauryldimethylamine-N-oxide (LDAO), dodecylmalto-
side (n-dodecyl-β-D-maltoside), and octylglucoside (n-octyl-β-D-
glucopyranoside). These chemicals can be purchased from a num-
ber of manufacturers, e.g., Sigma. Anatrace (www.anatrace.com)
specializes in surfactants and offers the largest selection of ionic,
non-ionic, and zwitter-ionic detergents. The recommended work-
ing concentration for a detergent is 10X the critical micelle con-
centration (CMC). CMC numbers can be found in the manufac-
turer’s catalog.

The instructions below assume the expression has been car-
ried out in 25 mL cultures but the protocol can be easily scaled
up or down (see Note 53).

1. Take out a 100 μL aliquot from each culture, centrifuge
5 min in a benchtop centrifuge, discard the supernatant, and
freeze the pellet (it will be used to prepare gel samples of
total cell lysate).

2. Harvest the bulk of the cells by centrifugation for 15 min
at 4000 rpm at 4◦C and then remove the supernatant (see
Note 23). Pictures of the pellets can be taken at this point.

3. Gently resuspend the pellets in ice-cold TES buffer contain-
ing the amount of protease inhibitors recommended by the
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manufacturer (see Note 25). Use 2 mL of the buffer per
pellet from 25 mL of culture.

4. Add lysozyme to the final concentration of 0.5 mg/mL (20
μL of a 50 mg/mL stock for 2 mL suspensions) and incu-
bate 15 min at room temperature (see Note 26).

5. Add 2 mL of ice-cold 1 M NaCl or a detergent solution at
20X CMC (see Note 54). Place the tubes horizontally in a
bucket of ice and shake gently (∼ 100 rpm) for 15 min.

6. Centrifuge at 12,000×g for 20 min at 4◦C (see Notes 27
and 28). Transfer the supernatant to a fresh tube. Continue
with gel/Western blot analysis and spectral measurements as
described above.

4. Notes

1. The pMAL system (New England Biolabs) features MBP as
a carrier protein. In the latest generation of pMAL vectors a
genetically engineered version of MBP is used that was spe-
cially designed for tighter binding to amylose resin. Vectors
pMAL-p5X, pMAL-p5E, and pMAL-p5G include recogni-
tion sites for site-specific proteases Factor Xa, Enterokinase,
and Genenase I, respectively, which allows the protein of
interest to be liberated from the affinity tag after purifica-
tion. Another vector, pMKL1 (developed by the author),
has a hybrid 6×His/MBP tag, a cleavage site for highly
specific TEV protease, and a ligation-independent cloning
site (16).

2. Other media, such as LB, TB, or CircleGrow, can be
used. LB usually produces lower yields than 2×YT. In case
isotopic or selenomethionine labeling is required, expres-
sion in a minimal medium is feasible if the medium is
supplemented with 1 mM δ-aminolevulinic acid, a heme
precursor (28).

3. The protocol assumes that the expression vector used
provides resistance to ampicillin and contains an IPTG-
inducible promoter, such as T7, lac, or tac. If the vector car-
ries the resistance to another antibiotic and/or promoter
induced with other compounds, e.g., anhydrotetracycline,
then the protocol should be adjusted accordingly. It should
be noted that the arabinose promoter (PBAD) is not suitable
for a tunable induction due to its “all-or-nothing” (auto-
catalytic) behavior (29).
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4. As discussed in Section 3.3, the highest expression lev-
els are often obtained with IPTG concentrations in a low
micromolar range. This is why a more dilute stock solution
(100 mM) may be useful.

5. Do not use protease inhibitor cocktails that contain EDTA
if a nickel (or cobalt) affinity resin is to be used for purifi-
cation of the target protein.

6. If you have pre-cast gels for which the manufacturer sug-
gests a different buffer, then follow the manufacturer’s
instructions.

7. It is convenient to prepare a methanol-free 100 mM stock,
adjust pH to 11.0 with NaOH, and then make dilutions as
necessary. To prepare 1 L of CAPS working solution, mix
100 mL of the 100 mM stock and 100 mL of methanol
and adjust the volume to 1 L with deionized water.

8. Methanol is poisonous. It may cause blindness and even
death if ingested. Avoid skin contact and inhaling vapors.
If possible, use a fume hood when preparing the working
solution. Always wear gloves when working with methanol
or methanol-containing solutions. Check your institution’s
safety policies on how to dispose of methanol-containing
waste.

9. Hybond-C is sold either as rolls or 20 cm × 20 cm sheets.
Pre-cut the membrane into pieces corresponding in size to
the size of the gel you plan to use for separation (i.e., if
you use 9 cm × 10 cm gels, prepare several 9 cm × 10 cm
pieces of membrane).

10. The nitrocellulose membrane after the transfer will be
placed in the bag and incubated with the SuperSignal solu-
tions. This minimizes the consumption of solutions.

11. Also known as “X-ray film developer” or “X-omat.” The
latter name is a trademark of X-ray film processors made by
Kodak.

12. In the absence of an X-ray film processor, X-ray films used
to detect chemiluminescence may be developed manually.

13. Disposable plastic cuvettes are not transparent below
300–350 nm but may be used for measurements in the
visible range. Quartz cuvettes are necessary for measuring
absorbance at 280 nm.

14. Sodium dithionite is extremely air-sensitive and hygro-
scopic and must be stored in a desiccator box over a layer
of desiccant (e.g., Drierite). It is sold in relatively large con-
tainers, 50 or 100 g, but a single instance of reduction
only requires a few small crystals. To make the batch last
longer, it is recommended to transfer a small amount into a
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microtube (no more than one-third full or half full) and use
it as necessary. If you use a spatula for transferring, make
sure it is absolutely dry (e.g., blot it with a paper towel or a
Kleenex sheet). When the tube becomes empty or if there
is a reason to believe that the dithionite in the tube is no
longer active (see Section 3.4 and Note 51), refill it with a
fresh aliquot from the batch container. This approach min-
imizes the number of instances of opening the container
and exposing its contents to air.

15. For unknown reasons, cultures grown from fresh transfor-
mants often produce higher yields of cytochromes c than
cultures originated from frozen stocks (even if a frozen
stock has been streaked out on a plate and a liquid culture
has been started from a single colony). Therefore, at least
during the preliminary experiments, it is recommended to
carry out a new transformation every time for each series of
experiments with a given vector/strain combination.

16. If you only have a strain harboring pEC86 rather than the
plasmid itself and desire to transform another strain, the
plasmid can be isolated following standard protocols for
plasmid purification. Keep in mind that it is a low-copy
number plasmid and its yield will be low, as compared to
typical pET or pUC vectors, but still more than adequate
to transform another strain.

17. E. coli strain HM125 CANNOT grow at 37◦C. Incubate it
at 30◦C for at least 36 h.

18. The plates can also be incubated at room temperature,
∼ 25◦C, for 2–3 days (e.g., the transformation can be done
on Friday and left at room temperature until Monday).

19. Usually as little as 50 μL is more than enough for a single
transformation. For a number of strains, e.g., BL21(DE3),
aliquots of competent cells can be thawed on ice and re-
frozen 3–4 times without a significant decrease in compe-
tence. It is easier to prepare and store, for example, 50
aliquots of 200 μL than 200 aliquots of 50 μL. When a
single transformation reaction is needed, one can thaw a
200 μL aliquot on ice, take out 50 μL, and use it for trans-
formation, then re-freeze the remaining 150 μL until next
time.

20. If you are starting to work with a new expression construct,
it may be helpful to include a negative control in the exper-
iment: the cells harboring pEC86 but transformed with the
“empty” vector.

21. Because of the periplasmic localization of cytochromes c,
the cells after expression should be immediately treated for
isolation of the periplasmic fraction and should NOT be
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frozen! (Otherwise, the inner membrane will break when
the cells are thawed and the periplasmic fraction will essen-
tially become total cell lysate). Therefore, keep in mind
that the entire transformation/expression/analysis proce-
dure will take 4 days. In other words, do not start up a
transformation on Wednesday or Thursday unless you plan
to work during the weekend. However, a transformation
can be done on Friday and the plate(s) can be left at room
temperature over the weekend.

22. The suggested IPTG concentration(s) is indicated here as a
starting point for a new target that has not been expressed
before. It can be adjusted if there is previous data on similar
proteins, e.g., if the samples being tested are point mutants
of a cytochrome for which the optimal IPTG concentration
is 0.1 mM, then it is sensible to use 0.1 mM for the mutants
as well.

23. If the cytochrome is expected to be an outer membrane
protein, then the supernatant should be saved and ana-
lyzed together with the other fractions as it may contain
a significant fraction of the cytochrome (it may be neces-
sary to concentrate the supernatant 10-fold or even more
to obtain a detectable signal).

24. A rough estimate of expression levels can be done at this
point based on the color of each pellet (and pictures can
be taken to document that!). Cells that produce relatively
high levels of a cytochrome would have a strong pink
color. However, cells may also have reddish, brown, or even
greenish color. The lack of distinct color does not necessar-
ily mean that the expression completely failed. Therefore,
the rest of the protocol should be carried out in any case.

25. Pipet with 1 mL tips to break down clumps of cells. Vortex-
ing can be used but it usually fails to break down clumps
completely. Ideally, the suspension should look homoge-
neous, without any visible chunks of pellet.

26. Avoid higher lysozyme concentrations and much longer
incubation times as they may result in breakage of the inner
membrane and contaminating the periplasmic fraction with
the cytoplasmic content, including the chromosomal DNA.

27. As 2 mL of periplasmic fractions is usually more than
enough for analytical purposes, 2 mL aliquots of each
sample can be transferred to 2 mL microtubes and cen-
trifuged in a benchtop centrifuge at 4◦C at maximal speed
for 15 min.

28. If a sample is viscous and difficult or impossible to trans-
fer, add 1 μL Benzonase Nuclease and continue with cen-
trifugation. Benzonase is active enough at 4◦C to digest
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the chromosomal DNA to the point where it no longer
increases viscosity.

29. The peroxidase activity of denatured cytochromes gradu-
ally decays with time and in 2–3 days often becomes unde-
tectable. Therefore, make every effort to run the gel and
Western blotting as soon as possible, at least within 24 h.
If you do not plan a gel analysis within a day, do NOT
make denatured gel samples but freeze aliquots of each
periplasmic fraction and keep them frozen until you are
ready to start the gel analysis. Purified marker proteins
should be stored at 4◦C and small aliquots of gel samples
(200–500 ng per load) should be prepared together with
the rest of the samples.

30. If possible, load the markers in both outside lanes AND
at least in one lane in the middle. The marker lanes will
provide reference points and facilitate assigning of signals
on the film in cases when only a few lanes manifest any
signal at all.

31. If there is a reason to believe that the cytochrome(s) under
study may be extensively degraded, it is sensible to run the
gel for a shorter time, so that the dye front advances only
two-thirds or three-fourths of the distance. This will allow
visualization of short fragments (2–5 kDa) resulting from
degradation. Note, however, that total cell lysates very
often have a strong band near the dye front, probably due
to non-covalently bound hemes released from cytochromes
b and d during denaturation.

32. The exact assembling procedure varies depending on the
type of transfer apparatus used but the following recom-
mendations should always be heeded. First, always wear
gloves when handling membranes or gels, both to avoid
contamination of membranes and to protect the hands
from methanol and acrylamide. Second, when assembling
the transfer unit, make sure that the membrane is on the
side of the gel facing the anode. Third, cut a small piece off
the corner of the membrane that corresponds to the cut-
off corner of the gel and note the relative orientation of the
membrane with respect to the gel (e.g., when the side of
the membrane contacting the gel is facing the worker, the
cut-off corner is lower right).

33. The bag can be cut with scissors or a razor, which makes it
easier to extract the membrane.

34. If you are just learning the transfer procedure, it may
be helpful to deliberately overload one or two lanes
with heme-containing markers (1–2 μg per lane). The
intense “rusty” bands on the membrane after the transfer
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procedure will indicate successful transfer, while the
absence of such bands will signal a failed transfer (and will
prevent you from wasting time and supplies to carry out
the rest of the protocol). Alternatively, pre-stained molec-
ular weight markers can be used.

35. Accordingly, the absence of signal for periplasmic fraction
indicates that little or no protein is present in the soluble
form.

36. The author has encountered at least one case of very low
transfer efficiency for the protein of interest. If there is a
reason to suspect that, e.g., the cells have a distinct col-
oration but no signal is detected for the total cell lysate,
peroxidase detection can be done directly in gel, although
it will require larger volumes of both reagents, ∼ 5–10 mL,
depending on the size of the gel.

37. The optimization procedure may also include induction at
different cell densities. However, it is possible that IPTG
titrations produce different results at different cell densities,
i.e., induction at A600=0.75 works best with, for example,
50 μM IPTG and induction at A600=2.0 works best with
25 μM IPTG.

38. It usually takes between 5 and 8 h for a culture to reach
A600=1.0 under these conditions. If the reading for a given
flask is below 0.2, take another reading in 1 h. If the read-
ing is greater than 0.2, take readings every 30 min.

39. Use the flattened tip of the rubber policeman to rub the cell
pellet against the bottom (or walls) of the centrifuge bottle
until there are no visible clumps of cells. The efficiency of
lysis depends on the efficiency of resuspending the pellet to
near homogeneity.

40. Many centrifuge rotors cannot safely spin large (1 L) bot-
tles at speeds greater than 5000–6000 rpm. Therefore, if
steps 9 and 10 have been carried out with such large bot-
tles, the cell suspensions should be transferred to 250 mL
centrifuge bottles compatible with high-speed rotors.

41. It is recommended that the suspensions be trans-
ferred to 250 mL bottles BEFORE (or immediately
after) adding lysozyme; otherwise, if lysozyme concen-
tration was too high and/or incubation continued too
long, the cells will break and release chromosomal
DNA, making the suspension viscous and difficult to
handle.

42. If a supernatant is viscous and difficult to transfer, add 5
μL of Benzonase Nuclease, incubate 15–30 min at room
temperature, and repeat the centrifugation step.
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43. If the goal is to optimize expression conditions for a given
cytochrome, then it is strongly recommended that IPTG
titration of large-scale cultures be repeated at least twice
or even thrice, especially if there is a large scattering of
results (which is not unusual for cytochromes). However,
in a number of cases the amount of cytochrome produced
in the very first large-scale experiments (4–6 L of culture
induced with different IPTG concentrations) may be suffi-
cient (especially if the purification protocol is simple, such
as affinity chromatography) for such purposes as crystalliza-
tion or antibody production. In this case there is obviously
no need to further optimize the protocol.

44. Normally, the buffer would be TES (containing
0.5 mg/mL lysozyme and the protease inhibitors)
diluted 1:1 with water. However, if the lysis procedure
involved NaCl, detergents, or other additives (see Section
3.5), they should be included as well.

45. The exact range will depend on the spectrophotometer (as
some spectrophotometers do not detect below 250 nm)
and how much information one desires to obtain (some
cytochromes have small peaks between 600 and 700 nm
but for initial experiments the α-, β-, and Soret bands are
usually enough).

46. For many spectrophotometers the procedure to blank over
a range of wavelengths is slightly different from the blank-
ing procedure at a single wavelength. Follow the manufac-
turer’s instructions.

47. Many older models of spectrophotometers are incapable
of accurately measuring samples that have relatively high
absorbencies (> ∼ 1). A simple test of whether a given
absorbance value is still within “accuracy limits” for a given
machine is to dilute the sample 1:1 and measure again.
The new absorbance value should be approximately half
the absorbance of the undiluted sample ± 5%. If it is sig-
nificantly higher, then the new (diluted) sample should
be diluted 1:1 again and a new measurement should be
taken. The same buffer as was used for blanking should be
used for making dilutions. After some practice one should
be able to estimate the Soret band absorbance and the
required dilution factor simply by the color intensity of the
periplasmic fraction.

48. A convenient way to add dithionite is to “poke” the solid
substance in the microtube several times with a 200 μL
pipet tip attached to a pipet. As a result, a small amount
of the salt will remain in the tip and can be transferred to
the cuvette. (This manipulation requires that the tube have
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dithionite at least 0.5–1 mm deep in the bottom. In other
words, if there is only a thin layer of crystals in the bottom,
then one may not be able to pick up a sufficient amount
of dithionite. If this is the case, refill the tube.) Pipetting
movements can then be used to dissolve the crystals and
mix the solution to homogeneity. If you take the cuvette
out of the cuvette compartment and look at it from the side
(not from the top down), while pipetting the solution, very
often a very distinct change of color of the solution can be
observed as dithionite dissolves and reduces the heme(s).

49. The products of dithionite oxidation have a very strong
absorbance below 350 nm. This will appear as a large peak,
usually much bigger than the Soret band. The occurrence
of this peak is normal and no reason for concern.

50. Depending on the nature of a particular protein, other
peaks may be present.

51. If after adding 3–4 portions of solid dithionite there is
still no change in the spectrum, it indicates that either the
cytochrome under study was already in the reduced (fer-
rous) state or the dithionite in the tube has oxidized and
is no longer usable. Refill the tube (or fill another tube)
from the batch container as described above (see Note 14)
and add an aliquot of fresh dithionite to the sample. The
absence of changes in the spectrum after that is still not
fully conclusive as it is possible that the entire batch of
dithionite has oxidized (usually as a result of improper stor-
age). It is helpful to have a known sample of a cytochrome
c to test the dithionite. Commercially available mitochon-
drial cytochromes (e.g., from horse heart) are suitable sub-
strates.

52. Instead of Tris–HCl, other buffers can be used, e.g.,
HEPES or phosphate, and concentrations as low as 10 mM
are acceptable. TES buffer itself can also be used.

53. Many detergents are relatively expensive. Therefore, it is
recommended to use small-scale tests for evaluation of dif-
ferent solubilizing agents. When the best solubilization
approach is selected and you switch to large-scale exper-
iments, be guided by the volumes described in Section
3.3.2 (30 mL of TES per pellet from 1 L, etc.) but make
sure that the final concentration of the solubilizing agent is
the same as established in small-scale trials.

54. The goal here is to have NaCl at a final concentration
of 0.5 M or the detergent at 10X CMC. It can also be
accomplished by adding separately ice-cold water and a
concentrated, ice-cold solution of a solubilizing agent, e.g.,
1.6 mL of water and 0.4 mL of 5 M NaCl.
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Chapter 9

Semi-synthesis of Glycoproteins from E. coli Through
Native Chemical Ligation

Jonathan P. Richardson and Derek Macmillan

Abstract

Sufficient quantities of homogeneous samples of post-translationally modified proteins are often not
readily available from biological sources to facilitate structure–function investigations. Native chemical
ligation (NCL) is a convenient method for the production of biologically active proteins from smaller
fragments. Such an approach allows protein modifications to be introduced in a controlled fashion into
smaller peptide fragments which are amenable to total chemical synthesis. These fragments of defined
sequence and structure can be elaborated to full-length proteins through NCL reactions with suitable
components derived from bacterial origin. This report describes methods for the bacterial production of
components for NCL and their use in typical reactions.

Key words: Glycoprotein, intein, thioester, glycopeptide, native chemical ligation.

1. Introduction

Glycoproteins are characterized by a covalent linkage between
carbohydrates, usually N-acetyl glucosamine, N-acetyl galac-
tosamine (but also mannose, xylose and fucose), and the amino
acids asparagine and serine or threonine, respectively (1, 2).
Examples of N-linked and O-linked oligosaccharides are shown
in Fig. 9.1a. A handful of groundbreaking studies have shown
that the total chemical synthesis of certain glycopeptide com-
ponents of glycoproteins is possible, though still far from rou-
tine (3–10). Indeed, the difficulty associated with glycopeptide
synthesis has precluded much biological research using entirely
chemical approaches. To address this, numerous innovative
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strategies have been developed. For decades researchers have
attempted to site-specifically modify bacterially derived proteins
with synthetic saccharides (11–15). While an attractive route,
since E. coli can produce vast quantities of protein, bacteria often
struggle to fold proteins efficiently and considerable losses of
material can result during refolding steps (16). More impor-
tantly the resulting molecules derived, for example, by compre-
hensive modification of lysine residues, or selective modification
of introduced cysteine residues are unnatural and mere analogues
of native glycoproteins. An early breakthrough was the attempted
use of insect cells (17, 18) to produce simply glycosylated pro-
teins for further engineering using available enzymes, but this has
largely been superseded by the use of engineered yeast. Yeast-
based production of mammalian glycoproteins is relatively inex-
pensive when compared to tissue culture, produces folded and
glycosylated proteins in quantity and with some further engineer-
ing (transfection with exogenous enzymes such as GlcNAcT I and
α(2,3)SiaT), a human-like glycosylation profile can be achieved.
An inherent disadvantage of yeast-based systems is that, like gly-
coproteins of human origin, they are heterogeneous with respect
to the site occupancy and identity of individual carbohydrate
appendages. Additional strategies including the transfer of genes
encoding entire glycosylation pathways into bacteria (19, 20) and
unnatural amino acid mutagenesis (21) may also provide access to
simply glycosylated proteins in the future.

Native chemical ligation (NCL) (22) is an extremely use-
ful method for the production of synthetic and semi-synthetic
proteins (see Fig. 9.1b). A powerful feature of NCL is that a
synthetic component can be site-specifically phosphorylated or
glycosylated, retaining native sugar–protein linkages and allow-
ing the assembly of homogeneously phosphorylated/glycosylated
proteins that are not readily available from biological sources. The
use of NCL to control the identity and the position of glycosyla-
tion allows control and versatility that is only limited by the imag-
ination and capability of the synthetic chemist, rendering NCL
the most widely used non-cell-based approach to glycoprotein
synthesis (3, 23–26). Since it is widely accepted that approxi-
mately 50 amino acid residues represent the limit for efficient
automated solid-phase peptide synthesis (SPPS), the pursuit of
recombinant methods for the production of the required thioester
and cysteine-containing components is particularly attractive (27,
28). Microorganism-derived thioesters are most frequently gen-
erated by a commercially available intein-fusion expression sys-
tem, though the use of such vectors for protein semi-synthesis
dictates that target proteins must be specifically cloned such that
no vector-encoded amino acids intervene between ligated frag-
ments (29). Furthermore, most proteins are not readily expressed
with a free N-terminal cysteine residue and consequently a
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Fig. 9.1. (a) Typical N- and O-linked oligosaccharides of glycoproteins. (b) The mechanism of native chemical ligation.

pre-cysteine sequence, that can be later proteolytically processed
to the free N-terminal cysteine, is required. In several instances
protein fragments, which are the tools for NCL, are highly insol-
uble and incompatible with many proteases. Thankfully we can
resort to chemical methods for selective protein cleavage in such
cases. Below, we describe methods that are commonly used in
our laboratory, and others, which can be used reliably to access
bacterially produced precursor components for native chemical
ligation.

2. Materials

2.1. Biological
Materials

1. Plasmid DNA containing the gene of interest prepared by
Qiagen Mini prep kit.

2. Plasmid for recombinant thioester production (pTYB-1,
New England Biolabs) and N-terminal cysteine containing
protein fragments (e.g. pTYB-1 or pET-16b (Novagen) for
insoluble protein fragments).
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3. High-fidelity DNA polymerase, e.g. Deep VentTM DNA
Polymerase (New England Biolabs) or Pfu Turbo DNA
polymerase (Stratagene) with appropriate reaction buffers.

4. Deoxynucleoside triphosphates: dATP, dTTP, dCTP,
dGTP (Roche) prepared in dH2O as an equimolar stock
solution containing 10 mM of each dNTP.

5. Oligonucleotide primers prepared as 10 μM stocks in
dH2O.

6. NdeI, BamHI, DpnI, SapI restriction endonucleases (New
England Biolabs).

7. 0.2 mL thin-walled PCR tubes (Eppendorf).
8. Mutagenic oligonucleotide primers (Sigma Genosys) each

prepared in dH2O as a 25 ng/μL stock solution.
9. Competent E. coli cells (cloning host XL-1 Blue or expres-

sion hosts B834 DE3/ER2566).
10. Sterile LB medium: Mix (per litre) 5 g yeast extract, 10 g

tryptone and 10 g NaCl. Autoclave at 121◦C for 20 min
and let it cool down to room temperature.

11. Sterile LB-agar medium: Mix (per litre) 5 g yeast extract,
10 g tryptone, 10 g NaCl and 15 g agar. Autoclave at
121◦C for 20 min and let cool down to 50◦C before addi-
tion of antibiotic. Store plates at 4◦C.

12. Plastibrand R© disposable 1.5 mL semi-micro cuvettes.
13. Ampicillin: 100 mg/mL stock solution. Filter sterilize and

use at a final concentration of 100 μg/mL.
14. IPTG: Isopropyl-thio-β-D-galactopyranoside prepared as a

1 M solution in dH2O.
15. PMSF: Phenylmethanesulfonyl fluoride (Sigma) prepared

as a 0.1 M stock solution in isopropanol. Store at –20◦C,
bring to room temperature before use.

16. Econo-Pac R© chromatography column with a 20 mL bed
volume and 30 μM polyethylene bed support (BioRad).

17. Ni-NTA His-Bind Resin (Novagen).
18. Urea stock solution: 99.5%, analytical reagent grade (BDH

Chemicals) prepared as an 8 M stock in dH2O.
19. DTT: Dithiothreitol 99% (Fisher Scientific) prepared as a

1 M stock solution in dH2O.
20. SPECTRA/Por R© dialysis membrane, MWCO = 6–8000

(Spectrum Laboratories, Inc.).
21. Chitin Beads (New England Biolabs).
22. T4 DNA ligase (New England Biolabs).
23. Factor Xa protease (Novagen).
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24. Transformation buffer: 50 mM CaCl2, 10 mM Tris–HCl;
pH 8.0.

25. SDS-PAGE sample buffer: 10% w/v SDS, 50% v/v glyc-
erol, 400 mM Tris–HCl; pH 6.8, 5 mM EDTA, 0.1% w/v
4-bromophenol blue. Add fresh DTT to an aliquot of this
stock to give a concentration of 250 mM.

26. Cell lysis buffer (see Section 3.5.2): 100 mM sodium phos-
phate; pH 8.0, 100 mM NaCl, 0.1% v/v Tween 20.

27. Wash buffer: 100 mM sodium phosphate; pH 8.0, 100 mM
NaCl.

28. Ligation buffer (see Section 3.9.1): 100 mM sodium phos-
phate; pH 8.0, 100 mM NaCl, 2% w/v MESNA, 10 mM
TCEP.

29. Cell lysis buffer II (see Section 3.7.2: 20 mM Tris–HCl
pH 8.0, 500 mM NaCl, 5 mM imidazole prepared in 6 M
GnHCl.

30. Wash buffer II: 20 mM Tris–HCl pH 8.0, 500 mM NaCl,
50 mM imidazole, prepared in 6 M GnHCl.

31. Elution buffer: 20 mM Tris–HCl pH 8.0, 500 mM NaCl,
500 mM imidazole, prepared in 6 M GnHCl.

2.2. Chemical
Synthesis

1. Pre-loaded 4-sulfamylbutyryl-AM resin and
NovaSyn R©TGT resins for the chemical synthesis of
peptide C-terminal thioesters and acids, respectively (see
Note 1).

2. Suitably protected (Fmoc) amino acids and glycoamino
acids (Merck Biosciences) (see Note 2).

3. Coupling reagents for peptide synthesis, e.g.
HBTU/HOBt or DCC/HOBt (see Note 3).

4. Solvents for solid phase peptide synthesis
(dichloromethane, NMP, DMF).

5. Piperidine (Sigma).
6. Iodoacetonitrile (Alfa Aesar).
7. N, N-Diisopropylethylamine (Aldrich).
8. Benzylmercaptan (Alfa Aesar).
9. Benzenethiol, sodium salt.

10. Trifluoroacetic acid (Alfa Aesar).
11. 1,2-Ethanedithiol (Sigma).
12. Diethyl ether (VWR).
13. Guanidine hydrochloride (GnHCl) 98% purum (Fluka).
14. Formic acid 98–100%.
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15. Cyanogen bromide 97% (Sigma). Store at –20◦C
(SAFETY! see Note 4).

16. Nitrogen gas, reagent grade (BOC).
17. Hydrochloric acid (3 M stock in dH2O).
18. Sodium hydroxide (10 M stock in dH2O).
19. 2-Mercaptoethanol, 98% (Lancaster Synthesis).
20. 2-Mercaptoethanesulfonic acid sodium salt (MESNA)

(Sigma).
21. 4-Mercaptophenylacetic acid (MPAA) (Aldrich).
22. Tris-carboxyethylphosphine (TCEP) hydrochloride

(Aldrich).

2.3. Equipment 1. Applied Biosystems model 433A automated peptide synthe-
sizer (see Note 2).

2. UPLC-MS system or equivalent for synthetic peptide and
glycopeptide analysis. We use a Waters SQD-LC-MS system
with C18 LC-MS column (2.1×50 mm) and a gradient of
5–95% acetonitrile containing 0.1% TFA over 8 min (flow
rate of 0.6 mL/min).

3. HPLC system for Semi-preparative HPLC fitted with a Phe-
nomenex Proteo column (10×210 mm) and a gradient of
5–60% acetonitrile containing 0.1% TFA over 50 min, flow
rate = 4.0 mL/min.

3. Methods

We describe procedures for the preparation of protein fragments
for NCL and their subsequent use in typical NCL reactions (see
Fig. 9.2). The most important feature when cloning protein frag-
ments for NCL is that there are no additional intervening vector-
derived amino acids at the ligation junction. When using expres-
sion vector pTYB-1 it is essential that the SapI restriction site is
used at the 3′-end of any amplified fragment. It is also impor-
tant to choose the ligation site with care, utilizing native cysteine
residues in the protein sequence for the ligation site where possi-
ble. Additionally, the pTYB-1 vector should not be used to access
recombinant thioesters of Arg, Asp, Asn, Cys or Pro (correspond-
ing to R-C, D-C, N-C, C-C or P-C ligation junctions, respec-
tively) due to extensive in vivo cleavage in the case of the first two
and poor in vitro cleavage in the case of the latter three.

Oligonucleotide primers were obtained fully desalted and
deprotected from Sigma-Genosys. De-ionized water (dH2O) was
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obtained using an ELGA OPTION-E 10BP apparatus (Vivendi
Water Systems Ltd). Materials listed as sterile were rendered so by
autoclaving at 121◦C for 15 min. DNA was prepared from bac-
terial culture using the QIAprep R© Spin Miniprep Kit and isolated
following electrophoresis using the QIAquick R© Gel Extraction
Kit (Qiagen) in accordance with the manufacturer’s instructions.
Escherichia coli XL-1 Blue, ER2566 and B834(DE3) cells were
obtained from Stratagene, New England Biolabs and Novagen,
respectively.

3.1. Vector
Construction

Primers used to clone protein fragments into pTYB-1 for the pro-
duction of soluble peptide thioesters and soluble protein fragments
containing an N-terminal cysteine are depicted in Table 9.1 (see
Fig. 9.2a).

Typical primers for construction of pET-16b-derived insoluble
protein fragments containing an N-terminal cysteine are depicted
in Table 9.2. As this chemical method for N-terminal cysteine
production cleaves proteins at Met residues then internal Met
residues need to be mutated (to Leu residues in this case) by
site-directed mutagenesis (SDM). The N-terminal poly-histidine
tag, employed for purification, is also removed during the protein
cleavage reaction (see Fig. 9.2b).
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Table 9.1
Primers required for gene insertion into vector pTYB-1a,b

NdeI forward primer
5′-GGT GGT CAT ATG (NNN)5-3′.
NdeI forward primer for N-terminal cysteinec

5′-GGT GGT CAT ATG ATC GAA GGT CGT TGT (NNN)5-3′.
SapI reverse primerd

5′-GTT GTT TGC TCT TCC GCA (NNN)5-3′.
a(NNN)x corresponds to flanking codons from the target gene
bThe endonuclease recognition site is underlined in each case
cThe codons in bold correspond to the factor Xa protein recognition sequence Ile-
Glu-Gly-Arg placed adjacent to the N-terminal cys (encoded by TGT)
dThe reverse primer should not contain a stop codon

Table 9.2
Primers required for gene insertion into pET-16ba,b

NdeI forward primerc

5′-GGT GGT CAT ATG TGC (NNN)5-3′.
BamHI reverse primerd

5′-GGT GGT GGA TCC (NNN)5-3′.
SDM removal of internal Met residues (M→L mutation)
Forward primer
5′-(NNN)5 GAA (NNN)5-3′.
Reverse primer
5′-(NNN)5 TTC (NNN)5-3′.

a(NNN)x corresponds to flanking codons from the target gene
bThe endonuclease recognition site is underlined in each case
cThe codon encoding the N-terminal cys is shown in bold
d This reverse primer should contain a stop codon

1. In a PCR tube combine 1 μL of plasmid template DNA
(containing the gene of interest), 5 μL forward primer,
5 μL reverse primer (to a final primer concentration of
1 μM), 5 μL dNTP stock solution, 5 μL of 10X Thermopol
buffer, 28 μL of sterile dH2O and 1 μL (1 unit) Deep Vent
DNA polymerase.

2. Perform PCR in a thermal cycler using the following param-
eters: 1 cycle of 96◦C, 2 min followed by 30 cycles of 96◦C
for 1 min, 54◦C for 30 s, 60◦C for 30 s and a final cycle
of 60◦C for 5 min followed by a 4◦C hold. PCR parameters
will vary with the characteristics of the template and primers.

3. Purify the PCR product by agarose gel electrophoresis
and extract DNA using the QIAquick R© Gel Extraction Kit
according to the manufacturer’s instructions.
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4. Digest isolated PCR product with NdeI and SapI for PCR
products to be inserted into pTYB-1 or NdeI and BamHI
for PCR products to be inserted into pET-16b.

5. Purify digested product as described in step 3.
6. Ligate the purified NdeI BamHI PCR fragment into sim-

ilarly digested pET-16b and proceed to Section 3.2 (see
Note 5).

3.2. Mutagenesis of
Internal Methionine
Residues

1. In a PCR tube combine 1 μL of a 1:10 dilution of plas-
mid DNA (pET-16b containing sequenced gene of inter-
est, approximately 12 ng), 5 μL of 10X cloned Pfu reaction
buffer (see Note 6), 2 μL of dNTP stock, 5 μL of forward
primer, 5 μL of reverse primer (to a final primer concentra-
tion of 1 μM), 1 μL of MgCl2 stock, 30 μL of sterile dH2O
and 1 μL (2.5 units) of Pfu Turbo DNA polymerase.

2. Perform SDM in a thermal cycler using the following param-
eters: 1 cycle of 95◦C for 2 min, 60◦C for 30 s, 69◦C for
14 min followed by 13 cycles of 95◦C for 30 s, 60◦C for
30 s, 69◦C for 14 min and a final cycle of 72◦C, 10 min
followed by a 4◦C hold.

3. Once amplification is complete, transfer reactions to a
1.5 mL Eppendorf tube.

4. Add 1 μL (20 units) of DpnI and incubate at 37◦C for 1 h
(see Note 7).

5. Transform 2 μL of PCR reaction into E. coli XL-1 blue cells
and plate out on LB agar plates containing ampicillin.

6. Extract plasmid DNA from ampicillin-resistant colonies by
Qiagen mini-prep of a 10 mL overnight culture in LB ampi-
cillin and confirm sequence of mutation (see Note 5).

3.3. Preparation of
Transformation-
Competent Bacterial
Cells

1. Aseptically transfer 10 mL of sterile LB liquid to a sterile
50 mL tube and inoculate with E. coli cells.

2. Grow culture to saturation in an orbital incubator at 37◦C
overnight with shaking (200 rpm).

3. Next day, inoculate 100 μL of the saturated bacterial cul-
ture into 10 mL of fresh sterile LB liquid containing 200
μL of sterile 1 M MgCl2.

4. Grow culture at 37◦C with shaking (200 rpm) until
OD600 = 0.2.

5. Harvest cells by centrifugation (3000 rpm, 10 min, 4◦C).
6. Discard supernatant and gently re-suspend cells in 4 mL of

ice-cold transformation buffer.
7. Place on ice for 30 min and mix occasionally by gentle agi-

tation.
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8. Harvest cells by centrifugation as described above.
9. Discard supernatant and gently re-suspend cells in 400 μL

of transformation buffer.
10. Place on ice. The cells are now transformation competent

and should be used immediately.

3.4. Transformation
of Competent Cells

1. Transfer 50 μL of E. coli-competent cells to a pre-chilled
Eppendorf tube.

2. Add 1 μL of plasmid DNA (or a ligation reaction) and mix
gently. Do not vortex.

3. Place on ice for 30 min.
4. Heat shock cells at 37◦C for 5 min.
5. Place cells back on ice for 2 min.
6. Add 700 μL of sterile LB liquid and incubate at 37◦C for

1 h.
7. Spread 150 μL of solution onto each LB ampicillin agar

plate.
8. Incubate plates inverted in a static 37◦C incubator for 16 h

(see Note 8).

3.5.
Thioester-Tagged
Protein Expression
and Purification

3.5.1. Protein
Expression Using Vector
pTYB-1

1. From the plate containing fresh colonies transformed with
the target protein-intein tag expression construct use a sterile
loop to inoculate each of 4 × 10 mL of sterile LB (in 4 ×
50 mL tubes). Inoculate each tube with a single ampicillin-
resistant ER2566 colony and add 10 μL of ampicillin stock
to each tube.

2. Grow cultures overnight at 37◦C with 200 rpm shaking.
3. Add 4 × 500 μL of ampicillin stock to 4 × 500 mL sterile

LB prepared in 4 × 2 L flasks, then transfer 5 mL of each
overnight culture into each flask.

4. Incubate flasks at 37◦C with shaking (125 rpm) until an
OD600 = 0.6.

5. Once OD600 = 0.6, remove 1 mL of uninduced cell cul-
ture, harvest cells by centrifugation and discard supernatant.
Add 100 μL of SDS-PAGE sample buffer to pelleted cells
and boil for 5 min. Store sample at –20◦C for SDS-PAGE
analysis.

6. Add IPTG stock to the remaining cultures at a final concen-
tration of 1 mM (see Note 9).
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7. Continue to incubate flasks at 30◦C with shaking for a fur-
ther 5 h (see Note 10).

8. Remove 1 mL of induced cell culture, harvest the cells by
centrifugation and discard supernatant. Add 100 μL of SDS-
PAGE sample buffer to pelleted cells and boil for 5 min.
Store sample at –20◦C for SDS-PAGE analysis.

9. Harvest cells by centrifugation at 8000 rpm for 15 min at
4◦C in a JLA 16.250 rotor (Beckman) and discard super-
natant (see Note 11).

3.5.2. Isolation of
CBD-Tagged Protein

1. Re-suspend the harvested cells in approximately 50 mL of
cold cell lysis buffer (100 mM sodium phosphate; pH 8.0,
100 mM NaCl, 0.1% v/v Tween 20).

2. Divide the re-suspended cell solution equally into two poly-
carbonate centrifuge tubes.

3. Add 1 mL of PMSF stock solution to each tube and mix by
inversion.

4. Sonicate tubes on ice for 15 × 1 min (see Note 12).
5. Pellet the cellular debris by centrifugation at 13,000 rpm in

a JA 25.50 rotor for 15 min at 4◦C.
6. Carefully decant and retain the clarified cell extract. This

is the column input fraction containing the chitin-binding
domain (CBD)-fused target protein. Retain a sample of this
fraction for SDS-PAGE analysis and store at –20◦C.

3.5.3. Purification of
Thioester-Tagged
Protein

1. Fill chromatography column with 2 mL (settled bed vol-
ume) of chitin beads and allow to drain by gravity flow.

2. Wash resin with 5 column volumes (10 mL) of cell lysis
buffer and allow to drain.

3. Gently apply the cleared extract to the column and allow
to drain by gravity flow.

4. Collect a sample of the flow-through for SDS-PAGE anal-
ysis and store at –20◦C.

5. Wash resin with 50 mL wash buffer. Retain a sample for
SDS-PAGE analysis and store at –20◦C.

6. After washing, apply 5 mL of wash buffer containing 2%
w/v 2-mercaptoethanesulfonic acid (MESNA) to the col-
umn and allow to drain.

7. Plug the end of the column, then apply 2 mL wash buffer
containing 2% w/v MESNA (see Note 13).

8. Cap the column and then allow to stand at room tempera-
ture for 16–48 h.

9. Remove cap and allow eluted thioester fractions to drain
into 1.5 mL Eppendorf tubes (see Fig. 9.3).
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10. Wash column by applying a further 3 mL wash buffer
containing 2% w/v MESNA, collecting eluted protein
thioester fractions.

11. Analyze fractions by SDS-PAGE and LC-MS to confirm
the presence of the eluted thioester fractions and to assess
the degree of thioester hydrolysis (see Note 14). If thioester
hydrolysis is not evident, then these fractions can be used
directly in NCL reactions (see Section 3.9.1).

3.6. Generation
of a Protein with an
N-Terminal Cysteine

3.6.1. Expression
of Soluble N-Terminal
Cysteine Component

The appropriate strain of E. coli is transformed with the expres-
sion plasmid that contains the target protein-intein tag fusion for
generation of an N-terminal cysteine (see Fig. 9.2a). The heterol-
ogous protein expression and preparation of the crude cell extract
is the same as described in Sections 3.5.1 and 3.5.2.

3.6.2. Purification
of Latent N-Terminal
Cysteine Component

1. Purify the clarified cell extract as described by steps 1–5 in
Section 3.5.3.

2. After washing, apply 5 mL of wash buffer containing 50 mM
dithiothreitol (DTT) to the column and allow to drain.
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3. Plug the end of the column and then apply 2 mL wash buffer
containing 50 mM DTT.

4. Cap the column and then allow to stand at 4◦C for 16–48 h.
5. Remove cap and allow eluted thioester fractions to drain into

1.5 mL Eppendorf tubes.
6. Wash column by applying a further 3 mL wash buffer and

collect eluted protein fractions.
7. Analyse fractions by SDS-PAGE and LC-MS to confirm the

identity of the eluted product.
8. Purify by dialysis against wash buffer followed by concen-

tration in a centrifuge concentrator. Alternatively purify by
HPLC and lyophilize.

3.7. pET-16b for
Heterologous Protein
Expression

3.7.1. Heterologous
Protein Expression Using
Vector pET-16b

The appropriate strain of E. coli is transformed with the pET-16b
expression plasmid. The heterologous protein expression is the
same as described in Section 3.5.1 except the induction of protein
expression with 1 mM IPTG is conducted at 37 ◦C for 3 h.

3.7.2. Extract
Preparation for Cells
Transformed with
pET-16b

1. Re-suspend the harvested cells in 50 mL of cold cell lysis
buffer II.

2. Divide the re-suspended cell solution into two polycarbon-
ate centrifuge tubes.

3. Add 1 mL of PMSF stock solution to each tube and mix by
inversion.

4. Sonicate tubes on ice for 20 × 1 min (see Note 12).
5. Pellet the cellular debris by centrifugation at 13,000 rpm in

a JA 25.50 rotor for 15 min at 4◦C.
6. Discard the supernatant and add 15 mL of cell lysis buffer

II, 1 mL of PMSF stock and a magnetic stir bar to each of
the debris pellets (see Note 15).

7. Gently stir to ensure that all of the pelleted material is re-
solubilized.

8. Remove stir bar and centrifuge extract at 19,000 rpm in a JA
25.50 rotor for 15 min at 4◦C.

9. Carefully remove the cleared extract. This is the column
input fraction. Retain a sample of the input fraction for SDS-
PAGE analysis and store at –20◦C.

3.7.3. Purification of
His-Tagged Proteins

1. Fill chromatography column with 4 mL of Ni-NTA His-
Bind resin and allow to drain by gravity flow.
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2. Wash resin with 10 column volumes (40 mL) of dH2O.
3. Equilibrate resin with 3 column volumes (12 mL) of cell lysis

buffer II.
4. Gently apply the cleared extract to the column and allow to

drain by gravity flow.
5. Collect a sample of the flow-through for SDS-PAGE analysis

and store at –20◦C.
6. Wash the resin with 100 mL of wash buffer II. Collect a

sample of the wash for SDS-PAGE analysis and store at
–20◦C.

7. After washing, elute bound protein from the resin with
10 mL of elution buffer II.

8. Collect eluted proteins in 10 × 1 mL fractions and analyse
by SDS-PAGE and LC-MS (see Fig. 9.4. and Note 16).

3.7.4. CNBr Cleavage to
Liberate an N-Terminal
Cysteine

1. Fill dialysis tubing with each of the eluted protein fractions.
2. Seal tubing, leaving approximately 1 volume of free space

above the liquid.
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20.0

14.3

A 1 2 3 4 5 6 7 8 9 10

His-tagged
EPO 33–166

1 2 3

66.4

27.0

20.0

14.3

B

EPO 33–166

TAG EPO 33–166

4 C

14834.0 17373.0 19804

14852.0

Mass15000 1800012000

Fig. 9.4. Purification and LC-MS analysis of His10-tagged erythropoietin (residues 33–166). (a) SDS-PAGE gel showing
representative stages of the purification. Lane 1, molecular weight markers. Lane 2, uninduced bacterial cells. Lane
3, induced bacterial cells. Lane 4, column input. Lane 5, column flow-through. Lane 6, column wash. Lanes 7–10,
elution fractions 2–5. (b) SDS-PAGE gel showing representative stages of CNBr cleavage and recovery of cleaved pro-
tein. Lane 1, molecular weight markers. Lane 2, His-tagged EPO 33-166. Lane 3, EPO 33–166 after CNBr treatment.
Lane 4, recovery of cleaved protein. (c) De-convoluted LC-MS spectrum of cleaved EPO residues 33–166. Calculated
mass = 14,852.2 Da. Observed mass = 14,852.0 Da.
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3. Dialyse against dH2O (2 L) with gentle stirring for 1 h at
4◦C.

4. Discard dH2O, refill beaker with fresh dH2O and continue
dialysis overnight.

5. Transfer the dialysed solution to a 15 mL centrifuge
tube and pellet precipitated protein by centrifugation at
3000 rpm for 15 min.

6. Carefully decant and discard dH2O.
7. Re-solubilize the pelleted protein in 1 mL of freshly pre-

pared 80% v/v formic acid (see Note 17).
8. Weigh out cyanogen bromide (5 mg) into a glass vial

(SAFETY! see Note 4).
9. Dissolve CNBr in the formic acid/protein solution (see

Note 17).
10. Transfer to a clean 10 mL round-bottomed flask containing

a magnetic stir bar.
11. Flush the flask with nitrogen gas, wrap the flask with tin

foil and stir at room temperature for 24 h.
12. Remove formic acid from the flask under reduced atmo-

spheric pressure using a rotary evaporator (see Note 18).
13. To hydrolyse any formyl adducts that may have formed dur-

ing the reaction, which may interfere with subsequent NCL
reactions, re-solubilize protein in 1 mL of 6 M GnHCl and
transfer solution to an Eppendorf tube.

14. Add HCl from a 3 M stock solution to a final concentration
of 100 mM.

15. Incubate the acidified protein solution at 37◦C for 24 h
with shaking.

16. After incubation, adjust pH of solution to 8.0 with
concentrated (10 M) NaOH solution (see Note 19).
Retain a sample of this protein solution for SDS-PAGE
analysis.

17. Transfer protein solution to a 15 mL centrifuge tube and
dilute to a volume of 5 mL with cell lysis buffer II.

18. Add 2-mercaptoethanol, prepared in cell lysis buffer II, to
a final concentration of 5 mM (see Note 20).

19. Incubate solution at 37◦C for 1 h with shaking.
20. Equilibrate Ni-NTA His-Bind resin (2 mL) with 10 col-

umn volumes (20 mL) of cell lysis buffer II containing
5 mM 2-mercaptoethanol.

21. Apply the protein solution to the His-Bind resin and allow
to drain by gravity flow, collecting the flow-through in a
15 mL centrifuge tube.
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22. Wash the resin with 2 × 5 mL of cell lysis buffer II contain-
ing 5 mM 2-mercaptoethanol and collect all of the flow-
through in the same tube.

23. Dialyse this solution against dH2O as described in steps
1–4.

24. Collect precipitated protein by centrifugation as described
(steps 5 and 6) and analyse by SDS-PAGE (see
Fig. 9.4).

25. A small amount of the freeze-dried protein can be re-
solubilized in 6 M GnHCl and reduced with DTT prior
to LC-MS analysis. A mass yield can be determined from
the mass of the peptide recovered after lyophilization of
the pelleted protein.

3.8. Solid-Phase
Glycopeptide
Synthesis

Automated solid-phase peptide synthesis was carried out on a
0.1 mmol scale using 1.0 mmol of each Fmoc amino acid (see
Note 3). Manual solid-phase peptide synthesis (for incorporation
of glycoamino acids) was conducted using 0.5 mmol of Fmoc-
Ser((AcO)3GalNAc)-OH or Fmoc-Thr((AcO)3GalNAc)-OH)
and HBTU/HOBt as coupling reagents. The average cou-
pling time for manual steps was 1 h and the reaction
progress was monitored using LC-MS and the Kaiser ninhydrin
test.

3.8.1. Solid-Phase
Synthesis of Peptides
Containing an
N-Terminal Cysteine

1. Dispense 0.1 mmol of the appropriate pre-loaded resin into
reaction vessel and wash resin to the bottom with approxi-
mately 3 mL dimethylformamide (DMF).

2. Cap the vessel and allow to stand for 0.5 h.
3. Transfer the reaction vessel to automated peptide synthe-

sizer and complete coupling and double coupling cycles as
necessary.

4. Remove the dry resin from the reaction vessel and dispense
into a 25 mL round-bottomed flask or vial.

5. Add 5 mL of a mixture containing 2.5% v/v H2O, 2.5%
1,2-ethanedithiol and 95% v/v trifluoroacetic acid (TFA)
and stir at room temperature for 4 h.

6. Filter the resin with suction, collecting the filtrate and wash
the dry resin with further neat TFA (2 mL).

7. Pour the filtrate into 60 mL ice-cold diethyl ether and
divide the resulting suspension between two 50 mL dis-
posable centrifuge tubes and store on ice for 10 min.

8. Collect the precipitated peptide by centrifugation at
3000 rpm for 15 min.

9. Decant the supernatant by pouring into a dilute bleach
solution (in a fume hood).
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10. Add a further 60 mL cold ether and gently vortex the pre-
cipitated peptide.

11. Collect the crude peptide by repeating steps 8 and 9
(above) and dry under a stream of nitrogen.

12. Dissolve the crude peptide in the minimum volume of
water or water/acetonitrile and purify by semi-preparative
reversed-phase HPLC.

13. Lyophilize fractions containing the purified protein as a
fluffy white solid that can be used directly in ligations.

3.8.2. Solid-Phase
Synthesis of Peptides
Containing a C-Terminal
Thioester

1. Dispense 0.1 mmol of the appropriate pre-loaded
4-sulfamylbutyryl resin into reaction vessel and wash resin
to the bottom with approximately 3 mL DMF.

2. Cap the vessel and allow to stand for 0.5 h.
3. Follow steps 3 and 4 as described in Section 3.8.1.
4. Transfer the dry resin to a 5 mL vial or round-bottomed

flask and re-suspend in anhydrous DMF (4 mL).
5. Add 0.2 mL N,N-diisopropylethylamine (DIPEA) and

then 0.2 mL iodoacetonitrile (ICH2CN) (see Note 21)
and stir the reaction mixture at room temperature with the
exclusion of light for 24 h.

6. Filter off the resin and wash resin exhaustively with DMF
and then dichloromethane (DCM).

7. Resuspend the alkylated resin in anhydrous 4 mL DMF
and add 0.3 mL benzylmercaptan and approximately 6 mg
sodium thiophenoxide (NaSPh).

8. Stir the reaction at room temperature for 36 h.
9. Filter off the resin and wash with 5 mL DMF, then 5 mL

DCM, combining the eluents and evaporating to dryness
under vacuum.

10. Now process the residue according to step 5 and then
steps 7–13 of Section 3.8.1 (step 6 is not necessary
here).

3.9. Native Chemical
Ligation Reactions

3.9.1. Ligation of a
Recombinant Thioester
and a Synthetic
(Glyco)peptide

1. Determine the concentration or weight of dry recombi-
nant peptide thioester obtained from Section 3.5.3 (see
Note 13).

2. Dissolve the dry peptide thioester in the minimum volume
of ligation buffer to a final concentration of 5–10 mg/mL
(see Note 22).

3. Add TCEP to a final concentration of 20 mM (see Note 23).
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4. Weigh lyophilized synthetic (glyco)peptide containing an N-
terminal cysteine (2–10 M equivalents) into a clean Eppen-
dorf tube.

5. Transfer the protein thioester solution to the Eppen-
dorf tube containing the dry synthetic (glyco)
peptide.

6. Shake the NCL reaction (700 rpm) at 25◦C in an Eppen-
dorf thermomixer for 16 h, periodically removing aliquots
(1–2 μL) to monitor reaction progress by SDS-PAGE or
LC-MS.

7. Purify the ligation product by loading the reaction mix-
ture directly onto a semi-preparative reversed-phase HPLC
column.

8. Fractions containing the ligation product (identified by
SDS-PAGE or LC-MS) are lyophilized to store the purified
glyco(peptide) product.

3.9.2. Ligation of a
Synthetic (Glyco)peptide
Thioester to a Soluble
Peptide

1. Determine the concentration or weight of dry recombi-
nant peptide containing the N-terminal factor Xa cleav-
age motif (Ile-Glu-Gly-Arg) obtained as described in
Section 3.6.2.

2. Dissolve the dry peptide thioester in the minimum volume
of ligation buffer to a final concentration of 5–10 mg/mL
(see Note 22).

3. Add TCEP to a final concentration of 20 mM (see
Note 23).

4. Weigh lyophilized synthetic (glyco)peptide thioester
(2–10 molar equivalents) into a clean Eppendorf
tube.

5. Transfer the recombinant protein solution to the Eppen-
dorf tube containing the dry synthetic (glyco) peptide
thioester.

6. Add CaCl2 to a final concentration of 2.5 mM.
7. Add 4.5 U factor Xa protease (see Note 24).
8. Shake the NCL reaction (700 rpm) at 25◦C in an Eppen-

dorf thermomixer for 16 h, periodically removing aliquots
(1–2 μL) to monitor reaction progress by SDS-PAGE or
LC-MS.

9. Purify the ligation product by loading the reaction mix-
ture directly onto a semi-preparative reversed-phase HPLC
column.

10. Fractions containing the ligation product (identified by
SDS-PAGE or LC-MS) are lyophilized to afford the puri-
fied glyco(peptide) product.
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3.9.3. Ligation of a
Synthetic (Glyco)peptide
Thioester to an Insoluble
Peptide

1. Dissolve approximately 3 mg of the dry protein sample from
Section 3.7.4 in 0.5 mL of 6 M guanidine hydrochloride
containing 300 mM Na phosphate buffer; pH 7.5.

2. Add TCEP to a final concentration of 20 mM.
3. Add MESNA to a final concentration of 50 mM (see

Note 25).
4. Weigh solid (glyco)peptide thioester in a 1.5 mL Eppendorf

tube.
5. Add the protein solution to the solid (glyco)peptide

thioester in a single portion and shake at room temperature
for 4–16 h periodically removing aliquots (1–2 μL) to mon-
itor reaction progress by SDS-PAGE or LC-MS.

6. Purify the ligation product by loading the reaction mixture
directly onto a semi-preparative reversed-phase HPLC col-
umn (see Note 26).

3.10. Protein
Refolding

If proteins have been subjected to NCL reactions under denatur-
ing conditions then the assembled full-length protein will require
refolding. This is often accomplished by dialysis into an appropri-
ate buffer in the presence of additives to prevent aggregation or
to correctly form disulfide bonds. However, refolding conditions
may vary for different proteins and optimization will be required
each time.

4. Notes

1. It saves a significant amount of time if pre-loaded resins are
used. Furthermore, loading of the 4-sulfamylbutyryl resin
(safety-catch) resin is not always trivial and if a pre-loaded
resin is available then its use is recommended.

2. We use standard Fmoc amino acids, an Fmoc-based solid-
phase peptide synthesis protocol and an automated peptide
synthesizer. However, there are alternative strategies and
several reliable manual solid-phase peptide synthesis pro-
tocols such that peptide synthesis need not be conducted
in automated fashion at all. Additionally, and depend-
ing on the complexity of the synthetic peptide fragment,
the synthetic peptide thioester or peptide containing an
N-terminal cysteine can be purchased from a commer-
cial custom peptide synthesis source. Several simple Fmoc-
protected glycoamino acids are also commercially available
and these can potentially be elaborated enzymatically at a
later stage (30, 31).
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3. If a peptide is synthesized (rather than purchased) the
coupling reagents used and synthetic protocol adopted
depend on the complexity of the target and the instru-
mentation/method practiced in a particular laboratory. We
use the FastMoc protocol (0.1 mmol scale) which employs
HBTU/HOBt as coupling reagents in the presence of
DIPEA activator base and in NMP as solvent. The cou-
pling time is approximately 0.5 h.

4. SAFETY! Cyanogen bromide is an extremely poi-
sonous pliable crystalline solid that is best dispensed
after it has reached room temperature. All manipula-
tions involving CNBr must be performed in a fume
hood.

5. The nucleotide sequence of inserts cloned into pET-
16b can be determined using the T7 promoter
primer (forward): 5′-TAATACGACTCACTATAGGG-3′)
and T7 terminator primer (reverse): 5′-GCTAGTT
ATTGCTCAGCGG-3′). These primers can be custom syn-
thesized or purchased as a product from a commercial
source.

6. The use of 10X Pfu reaction buffer results in a final MgSO4
concentration of 2 mM. Supplementing the PCR reaction
with additional Mg2+ can sometimes enhance amplifica-
tion.

7. Amplification of plasmid DNA can be checked by analysing
20 μL of the DpnI-treated reaction by agarose elec-
trophoresis.

8. LB ampicillin plates supporting transformed
E. coli B834(DE3) cells should be stored inverted at
4◦C.

9. Prepare IPTG solution immediately before use. Add
0.238 g of IPTG to 1 mL of dH2O and dissolve by vor-
texing. The total volume of this solution is 1130 μL. For
induction of bacterial cultures, add half of the IPTG solu-
tion (565 μL) to each flask giving a final induction concen-
tration of 1 mM.

10. Depending on the stability of the target protein–intein
fusion, it may be essential to conduct this step at lower
temperatures (e.g. 25◦C for 16 h). Consult the IMPACT-
CNTM users manual for further details.

11. Harvested cell pellets can be conveniently stored at –20◦C.
12. SAFETY! The sonicator should be equipped with a

shielded audio cabinet to protect ears from damage.
13. This and proceeding steps (steps 8–11) can be conducted

in a number of ways depending on protein thioester
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stability. In our case, the first 4.5 mL eluted from the
chitin column were loaded directly onto a semi-preparative
reversed-phase HPLC column. Fractions containing the
peptide thioester were lyophilized to afford the purified
peptide (3.0 mg) as a white solid that was used in liga-
tions. Where thioester hydrolysis is severe during release
of the thioester from the intein it is necessary to add the
peptide component containing an N-terminal cysteine (dis-
solved in the minimum volume of wash buffer containing
2% w/v MESNA) directly to the chitin column to maxi-
mize ligation and minimize hydrolysis. When applying the
N-terminal cysteine-containing component directly to the
column, mixing (if required) is often achieved by transfer-
ring the entire column contents to a 15 mL Falcon tube
and conducting the ligation on a blood rotator or horizon-
tal roller.

14. Depending on thioester stability the eluted thioester can
be used directly (or after concentration in a centrifuge
concentrator) in NCL reactions or after purification by
HPLC.

15. Prepare pellet re-solubilization, column wash and protein
elution buffers using solid NaCl and imidazole rather than
from pre-prepared liquid stocks to minimize dilution of the
6 M GnHCl.

16. While GnHCl is used to re-solubilize insoluble proteins,
the use of GnHCl in SDS-PAGE is not recommended.
Insoluble protein fragments can be separated from GnHCl
by the addition of 10 volumes of 1:1 acetone/MeOH
or 10 volumes of water. After placing samples on ice for
30 min the pelleted protein can be collected by centrifu-
gation at maximum speed in a refrigerated (4◦C) bench
top centrifuge (repeating if required). The pellet can be
re-solubilized in 20 μL of 8 M urea and analyzed by SDS-
PAGE (see Fig. 9.4). To confirm mass by LC-MS, take 30
μL of the most concentrated elution fraction (visualized by
SDS-PAGE) and reduce with 50 mM DTT for 1 h at 37◦C
prior to analysis (Fig. 9.4).

17. This is best achieved by transferring the formic
acid/protein solution to the glass vial containing CNBr
and gently pipetting up and down until the CNBr is
dissolved.

18. After removal of formic acid from the flask the protein may
be observed as a pale yellow-brown film. However, the pro-
tein may not be clearly visible at this stage.

19. After pH adjustment, the protein can be reduced with DTT
and analysed by LC-MS.
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20. When recovering cleaved protein after CNBr treatment,
the use of DTT as a reducing agent is not advisable
due to its incompatibility with the His-binding resin.
We observe no adverse effects on binding when using
2-mercaptoethanol at a concentration of 5 mM.

21. Iodoacetonitrile should be filtered through a short plug of
activated basic alumina prior to use.

22. It is important to obtain as high a protein concentration
as possible and it may be essential to prepare this buffer in
6 M guanidine HCl if either the protein thioester or N-
terminal cysteine containing component is not soluble at
this concentration.

23. It is important that the addition of TCEP does not lower
the pH of the ligation reaction such that the reaction does
not proceed. When TCEP–HCl is dissolved directly in
water the solution is strongly acidic. We prepare a stock
solution in water and neutralize with 10 M NaOH before
making up to the appropriate volume for a 1 M stock solu-
tion. The solution is stored at –20◦C.

24. We conduct reactions in 2% MESNA with no evidence
of non-specific proteolysis at room temperature (23◦C).
However, the promiscuity of factor Xa for cleavage sites
similar to IEGR is well known and the “one-pot” proce-
dure is likely to be protein dependant.

25. (Glyco)peptide thioesters dissolved in the presence of
excess MESNA may not be sufficiently reactive to undergo
NCL reactions efficiently. In these cases it is recommended
that 25–50 mM MPAA is used in place of 2% w/v MESNA,
conducting the ligation reaction between pH 6.5 and 7.5,
rather than at pH 8.0.

26. If the protein is highly insoluble an alternative isolation
method is to collect the protein as a precipitate after pour-
ing into cold water (10 volumes) allowing to stand at 4◦C
for 16 h and centrifugation at 3000 rpm for 15 min. This
process often also serves to remove excess unreacted or
hydrolyzed thioester (if water soluble). The crude product
can then be taken up in 6 M GnHCl (2.0 mL) and treated
with 50 mM DTT at 37◦C for 1 h prior to refolding.
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Chapter 10

Expression of Recombinant Proteins with Uniform N-Termini

Orsolya Király, Lan Guan, and Miklós Sahin-Tóth

Abstract

Heterologously expressed proteins in Escherichia coli may undergo unwanted N-terminal processing by
methionine and proline aminopeptidases. To overcome this problem, we present a system where the
gene of interest is cloned as a fusion to a self-splicing mini-intein. This fusion construct is expressed in
an engineered E. coli strain from which the pepP gene coding for aminopeptidase P has been deleted. We
describe a protocol using human cationic trypsinogen as an example to demonstrate that recombinant
proteins produced in this expression system contain homogeneous, unprocessed N-termini.

Key words: Escherichia coli, intein, human cationic trypsinogen, in vitro refolding, ecotin affinity
chromatography, aminopeptidase P.

1. Introduction

The expression system presented here was developed as part of
an effort to elucidate the functional effect of the p.A16V muta-
tion in human cationic trypsinogen, which has been reported
to be associated with chronic pancreatitis by several studies
(1–4). This variant alters the N-terminal amino acid residue of the
mature, secreted trypsinogen protein. The amino acid numbering
starts with Met1 of the pre-trypsinogen protein and the first 15
residues comprise the secretory signal peptide. It had previously
been determined that other pancreatitis-associated mutations in
human cationic trypsinogen increase the propensity of trypsino-
gen for autoactivation (5, 6). We speculated that the p.A16V
mutation might have a similar effect; however, functional char-
acterization of the recombinantly expressed mutant trypsinogen
required preparations with uniform, authentic N-termini.

T.C. Evans, M.-Q. Xu (eds.), Heterologous Gene Expression in E. coli, Methods in Molecular Biology 705,
DOI 10.1007/978-1-61737-967-3_10, © Springer Science+Business Media, LLC 2011
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For high-yield heterologous expression of human cationic
trypsinogen in Escherichia coli, an expression plasmid was con-
structed in which the secretory signal peptide of trypsinogen
was deleted and the initiator methionine was placed immediately
upstream of the mature protein. Trypsinogen expressed from
this construct accumulated in the cytoplasm as inclusion bod-
ies. The native N-terminal sequence of trypsinogen isolated from
pancreatic juice is Ala16-Pro17-Phe18. The expected N-terminal
sequence of trypsinogen expressed in E. coli is Met- Ala16-
Pro17-Phe18. However, we found that the N-terminal sequence
of recombinant trypsinogen in the inclusion bodies was het-
erogeneous, consisting of ∼30% Pro17-Phe18 and approximately
∼70% Met-Ala16-Pro17-Phe18. Apparently, part of the expressed
trypsinogen was processed by methionine aminopeptidase and
then by proline aminopeptidase (aminopeptidase P). Removal
of the initiator methionine by methionine aminopeptidase is a
well-documented phenomenon in E. coli (7) which occurs if the
second amino acid residue has a small, uncharged side chain.
With high-level expression of heterologous proteins, the enzyme
gets saturated and only a fraction of the proteins is processed.
After cleavage of the initiator methionine, proteins can be sub-
ject to cleavage by aminopeptidase P, which cleaves the N-
terminal amino acid of a protein if proline is in the penultimate
position (8).

To address the problem of unwanted N-terminal process-
ing by aminopeptidases, we developed a novel expression sys-
tem (9). First, the gene of interest (in this case human cationic
trypsinogen) is cloned in a C-terminal fusion with the Syne-
chocystis DnaB mini-intein (10). In this fusion construct (see
Fig. 10.1), translation is initiated by the start codon of the intein
gene and the intein moiety is subsequently removed through

Fig. 10.1. Primary structure of the intein–trypsinogen fusion protein. An initiator methionine was placed upstream of
the 154 amino acid long mini-intein, which was then fused in-frame with the 232 amino acid long human cationic
trypsinogen. At the fusion junction, the C-terminal Asn of the splice region is joined to Ala16 of the trypsinogen propeptide.
The N-terminal cysteine of the mini-intein has been mutated to Ala to disable splicing at the N-terminus. The sequence
of the fusion construct has been deposited with GenBank under accession number DQ371396. Reproduced from (9) with
permission from Elsevier Science.
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intein self-cleavage (11). To eliminate cleavage by aminopep-
tidase P, the fusion construct is expressed in the aminopepti-
dase P deficient E. coli LG-3 strain. This strain was engineered
by deleting the pepP gene coding for aminopeptidase P from
the E. coli chromosome (12, 13), using the recombination-
based method described by Datsenko and Wanner (14). The
intein–trypsinogen fusion is expressed in LG-3 cells as inclu-
sion bodies, solubilized with guanidine and re-natured in vitro
followed by affinity purification on immobilized ecotin (15).
Finally, we use MonoS cation-exchange chromatography to
remove the small fraction of uncleaved intein fusion proteins
and to obtain a pure trypsinogen preparation with uniform,
authentic N-termini. The expression system described here can
be useful for the heterologous expression of proteins whose
N-terminal integrity is compromised by aminopeptidase activity.

2. Materials

2.1. Expression
Plasmid Construction

1. Expression plasmid pTrapT7-PRSS1 harboring the human
cationic trypsinogen gene under the control of the T7 pro-
moter (5, 6).

2. Plasmid pTWIN2 (New England Biolabs, Ipswitch, MA).
3. Oligonucleotide primers (Sigma Genosys, The Woodlands,

TX).
Primer A: 5′-CGG GAG TCC ATG GCT ATC TCT GGC

GAT AGT CTG ATC AGC-3′

Primer B: 5′ -GAA AGG AGC GTT GTG TAC AAT GAT
GTC ATT CGC-3′

Primer C: 5′ -ATT GTA CAC AAC GCT CCT TTC GAT
GAT GAT GAC AAG-3′

Primer D: 5′ -CTG CTC ATT GCC CTC AAG GAC-3′

4. Deep Vent R© proofreading DNA polymerase with appro-
priate reaction buffer, 10 mM dNTP mix (New England
Biolabs), diluted to 2 mM and stored in aliquots at –20◦C.

5. Agarose gel electrophoresis equipment (e.g., Mini-Sub Cell
GT system, Bio-Rad, Hercules, CA).

6. QIAquick Gel Extraction Kit (Qiagen, Valencia, CA).
7. Restriction enzymes NcoI and EcoRI, T4 DNA ligase (New

England Biolabs).
8. α-Select Gold Efficiency competent E. coli cells (Bioline,

Taunton, MA).
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9. Luria–Bertani (LB) medium. Dissolve 25 g granulated LB
broth, Miller (BP1426-500, Fisher Scientific) in 1 L dis-
tilled water, add 10 mL 1 M Tris-HCl, pH 7.5; sterilize by
autoclaving.

10. LB agar plates containing 100 μg/mL ampicillin, stored
at 4◦C.

11. QIAprep Spin Miniprep kit (Qiagen).
12. DNA sequencing was performed with automated sequenc-

ing at a core facility.

2.2. Deletion
of the pepP Gene
from E. coli

1. Plasmids pKD4 and pCP20 (available from Dr. Barry
L. Wanner, Department of Biological Sciences, Purdue
University, West Lafayette, IN, see (14)).

2. Oligonucleotide primers (Sigma Genosys).
P1-s: 5′-ACT CTA CAC TAA AAA CAA AAA ACG TAA

GGA GAG TGT TAT GAG TGG TGT AGG CTG GAG
CTG CTT C-3′

P2-as: 5′-AGC GCC AGC GTC GCG CCC GCC ATG
CCG CCA CCG ACG ATG ATT ACG CAT ATG AAT
ATC CTC CTT A-3′

T1: 5′-CCG CAA CCG ACC GCG CCA GAA G-3′

k1: 5′-CAG TCA TAG CCG AAT AGC CT-3′

T2: 5′-CAA ATG TAC CGG CAG CGC CC-3′

k2: 5′-CGG TGC CCT GAA TGA ACT GC-3′

3. Restriction enzyme DpnI (New England Biolabs).
4. Agarose gel electrophoresis equipment (e.g., Mini-Sub Cell

GT system, Bio-Rad).
5. E. coli strain BW25113 harboring the helper plasmid

pKD46 (14) (available from Dr. Barry L. Wanner).
6. Luria–Bertani (LB) medium. Dissolve 25 g granulated LB

broth, Miller (BP1426-500, Fisher Scientific) in 1 L dis-
tilled water, add 10 mL 1 M Tris-HCl, pH 7.5; sterilize by
autoclaving.

7. SOB medium: 20 g/L bacto-tryptone, 5 g/L yeast extract,
0.584 g/L NaCl, 0.186 g/L KCl, pH 7.0. Sterilize by
autoclaving, store at 4◦C. For complete medium, add 1
mL of 2 M Mg2+ solution to 99 mL SOB medium.

8. 2 M Mg2+ solution: 1 M MgCl2·6H2O, 1 M
MgSO4·7H2O. Dissolve 20.33 g MgCl2·6H2O and
24.65 g MgSO4·7H2O in 100 mL distilled water, filter
sterilize.

9. 2 M glucose solution: dissolve 36.04 g glucose (Sigma, St.
Louis, MO) in 100 mL distilled water, filter sterilize, store
at 4◦C.
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10. SOC medium: SOB medium with 20 mM glucose. Add
1 mL of 2 M Mg2+ solution and 1 mL 2 M glucose solution
to 98 mL SOB medium.

11. Electroporator with 0.2 cm cuvettes (e.g., MicroPulser,
Bio-Rad).

12. Kanamycin: Kanamycin sulfate (Sigma) is dissolved in ster-
ile water at 16 mg/mL and stored at –20◦C in aliquots.

13. Ampicillin: Ampicillin (Sigma) is dissolved in sterile water
at 100 mg/mL and stored at –20◦C in aliquots.

14. L-Arabinose: L-Arabinose (Sigma) is dissolved in sterile
water at 1 M and stored at –20◦C in aliquots.

15. Plasmid pGP1-2 harboring the T7 RNA polymerase
under the control of a temperature-inducible λ promoter
(16).

16. DNA sequencing was performed with automated sequenc-
ing at a core facility.

2.3. Expression
and Purification
of Trypsinogens

2.3.1. Trypsin Affinity
Chromatography
Column

1. Actigel ALD resin (#2701; 50 mL; Sterogene Biosepara-
tions, Carlsbad, CA, see Note 1).

2. Coupling solution (#9704; 10 mL; 1 M sodium cyanoboro-
hydride; Sterogene Bioseparations).

3. Bovine trypsin, TPCK treated (#3744, Worthington Bio-
chemical, Lakewood, NJ).

4. 60 mL Buchner funnel inserted into a side-arm flask through
a rubber stopper.

5. Adams Nutator mixer or shaking table.
6. Empty chromatography column, ∼8 mL volume

(10×100 mm, e.g., HR 10/10, Amersham-Pharmacia,
Piscataway, NJ).

2.3.2. Ecotin Affinity
Chromatography
Column

1. Plasmid pT7-7-ecotin harboring the recombinant ecotin
gene (17).

2. Competent E. coli BL21 (DE3) cells (Novagen, Madison,
WI).

3. Luria–Bertani (LB) medium. Dissolve 25 g granulated LB
broth, Miller (BP1426-500, Fisher Scientific) in 1 L dis-
tilled water, add 10 mL 1 M Tris-HCl, pH 7.5; sterilize by
autoclaving.

4. Ampicillin: Ampicillin (Sigma) is dissolved in sterile water
at 100 mg/mL and stored at –20◦C in aliquots.
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5. IPTG: Isopropyl-1-thio-β,D-galactopyranoside (Sigma) is
dissolved to 1 M in sterile distilled water and stored in
aliquots at –20◦C.

6. Osmotic shock buffer: 30% sucrose, 20 mM Tris-HCl, pH
8.0, 5 mM Na-EDTA. Prepare fresh and store at 4◦C
until use.

7. 1 M Tris-HCl (pH 8.0). Dissolve 121.14 g Tris base in 1 L
distilled water and adjust pH to 8.0 with HCl under a pH
meter.

8. 5 M NaCl. Dissolve 292.2 g NaCl in 1 L distilled water.
9. Lyophilizer (e.g., Freezone 4.5 Freeze Dry System, Lab-

conco Corp., Kansas City, MO).
10. Fast protein liquid chromatography (FPLC) system (e.g.,

LCC-501 Plus, Amersham-Pharmacia) with trypsin affinity
column (see step 5 of Section 3.3.1).

11. Spectrophotometer with quartz cuvette to measure ultravi-
olet (UV) absorbance at 280 nm.

12. Actigel ALD resin (#2701; 50 mL; Sterogene Biosepara-
tions).

13. Coupling solution (#9704; 10 mL; 1 M sodium
cyanoborohydride, Sterogene Bioseparations).

14. Empty chromatography column with ∼2 mL vol-
ume (5×100 mm; e.g., HR 5/10 or Tricorn 5/100,
Amersham-Pharmacia).

2.3.3. Trypsinogen
Expression and
Purification Using E. coli
Strain LG-3

1. E. coli strain LG-3: described in step 21 of Section 3.2.
2. Luria–Bertani (LB) medium: Dissolve 25 g granulated LB

broth, Miller (BP1426-500, Fisher Scientific) in 1 L dis-
tilled water; add 10 mL 1 M Tris-HCl, pH 7.5; sterilize by
autoclaving.

3. IPTG: Isopropyl-1-thio-β,D-galactopyranoside (Sigma) is
dissolved to 1 M in sterile distilled water and stored in
aliquots at –20◦C.

4. Resuspension/wash buffer for inclusion bodies: 0.1 M
Tris-HCl, pH 8.0, 5 mM K-EDTA.

5. Sonicator (e.g., Cell Disruptor Model W-200R with a
microtip probe, Heat Systems Ultrasonics, Farmingdale,
NY).

6. DTT: Dithiothreitol (Sigma) is dissolved in sterile distilled
water to 1 M and stored in aliquots at –20◦C.

7. Denaturing buffer for inclusion bodies: 4 M guanidine-
HCl, 0.1 M Tris-HCl, pH 8.0, 2 mM K-EDTA, 30 mM
dithiothreitol (see Note 2).
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8. Refolding buffer: 0.9 M guanidine-HCl, 0.1 M Tris-
HCl, pH 8.0, 2 mM K-EDTA, 1 mM L-cysteine, 1 mM
L-cystine.

9. Argon gas (Grade 5).
10. Fast protein liquid chromatography (FPLC) system (e.g.,

LCC-501 Plus) with Mono S HR 5/5 cation-exchange
column (Amersham-Pharmacia).

11. 2 mL ecotin affinity column (see step 18 of Section 3.3.2).
12. Wash buffer for ecotin affinity chromatography: 20 mM

Tris-HCl, pH 8.0, 0.2 M NaCl.
13. Elution solution for ecotin affinity chromatography:

50 mM HCl.
14. Buffer A for cation-exchange chromatography: 20 mM Na-

acetate, pH 5.0.
15. Buffer B for cation-exchange chromatography: 20 mM Na-

acetate, pH 5.0, 0.5 M NaCl.
16. Spectrophotometer with quartz cuvette to measure ultravi-

olet (UV) absorbance at 280 nm.

2.3.4. SDS-PAGE 1. Running gel buffer: 1.5 M Tris-HCl, pH 8.8, 0.4% SDS.
2. Stacking gel buffer: 0.5 M Tris-HCl, pH 6.8, 0.4% SDS.
3. Acrylamide solution: 30% acrylamide with an

acrylamide:bis-acrylamide ratio of 37.5:1.
4. Ammonium persulfate solution: 10% ammonium persulfate

(APS, Sigma) solution. Prepared fresh in distilled water.
5. N,N,N ′,N ′-Tetramethylenediamine (TEMED, Sigma,

electrophoresis grade).
6. 2× Laemmli sample buffer: 120 mM Tris-HCl, pH 6.8,

20% glycerol, 2% SDS, 0.003% bromophenol blue. To
make 10 mL of 2× sample buffer, mix 34 mL distilled
water with 10 mL glycerol, 6 mL 1 M Tris-HCl, pH 6.8,
1 g SDS, and 1.5 mg bromophenol blue (Sigma). Store the
sample buffer at room temperature and add dithiothreitol
to 100 mM just before use.

7. DTT: Dithiothreitol (Sigma) is dissolved in sterile distilled
water to 1 M and stored in aliquots at –20◦C.

8. Protein markers: MultiMark multi-colored standards
(Invitrogen, Carlsbad, CA).

9. Gel staining solution: 40% methanol, 10% acetic acid,
0.25% Coomassie Brilliant Blue R-250 (see Note 3). To
prepare 1 L staining solution, mix 500 mL distilled water
with 400 mL methanol, 100 mL glacial acetic acid, and
2.5 g Coomassie Brilliant Blue R-250. Stir on magnetic
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stirrer until the dye is completely dissolved, then filter the
solution.

10. Destaining solution: 30% methanol, 10% acetic acid (see
Note 3).

11. DryEase R© Mini-Gel Drying System (Invitrogen, see
Note 4).

3. Methods

3.1. Construction
of the Expression
Plasmid Harboring
the Intein–
Trypsinogen Fusion

1. Amplify the ∼460 nt DnaB mini-intein gene from the plas-
mid pTWIN2 using primers A and B. Reactions contain 1×
reaction buffer, 0.2 mM dNTP, 1 μM of each primer, and
0.02 units/μL of Deep Vent DNA polymerase. Cycling
conditions are as follows: 35 cycles of 94◦C for 20 s, 50◦C
for 30 s, 72◦C for 1 min (RapidCycler, Idaho Technology,
Salt Lake City, UT).

2. Amplify an ∼230 nt portion of the recombinant human
cationic trypsinogen gene from plasmid pTrapT7-PRSS1
using primers C and D. Reaction and cycling conditions
are the same as in step 1.

3. Run PCR reactions from steps 1 and 2 on an agarose gel
and excise the PCR product bands from the gel using a
razor blade.

4. Purify the PCR products from the gel with a gel extraction
kit and elute in 10 μL elution buffer (10 mM Tris-HCl,
pH 8.0).

5. Set up a new PCR reaction containing 1 μL of each prod-
uct from steps 1 to 2, and primers A and D. Reaction and
cycling conditions are the same as in step 1 (see Note 5).

6. Run the reaction product on an agarose gel, excise, purify,
and digest with NcoI and EcoRI.

7. Digest the expression plasmid pTrapT7-PRSS1 (5, 6) with
NcoI and EcoRI and ligate the PCR product between these
sites using T4 DNA ligase.

8. Transform 1 μL of the ligation reaction into chemically
competent E. coli and spread the cells on LB agar plates
containing 100 μg/mL ampicillin. Incubate the plates
overnight at 37◦C.

9. Pick two colonies from the plate and grow in 2 mL
LB medium with 100 μg/mL ampicillin overnight with
shaking.
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10. Prepare plasmid DNA (miniprep) from the transformants
and digest ∼1 μg DNA with NcoI and EcoRI. Verify the
presence of the correct insert by separating and visualizing
the digestion reaction on an agarose gel.

11. Choose a positive clone and sequence the entire NcoI–
EcoRI insert.

3.2. Deletion of the
pepP Gene from
E. coli

To remove the pepP gene that encodes an active proline
aminopeptidase from the E. coli genome, the Red recombinase-
based gene deletion system described by Datsenko and Wanner
(14) is used. First, a recombination substrate is produced by
amplifying the kanamycin resistance gene flanked by two FRT
sites using primers that contain 44–45 nucleotide extensions
homologous to sequences flanking the pepP gene on the E. coli
chromosome. This PCR product is introduced into E. coli cells
harboring a helper plasmid expressing the λ Red recombinase
that catalyzes homologous recombination between the recombi-
nation substrate and the E. coli chromosome. The target gene is
thus exchanged for the recombination substrate containing the
kanamycin resistance gene and recombinants can be selected by
kanamycin resistance. The kanamycin resistance gene is elimi-
nated by site-specific recombination between the two FRT sites
catalyzed by the FLP recombinase introduced on a second helper
plasmid. Both helper plasmids are temperature sensitive and can
be eliminated by growing bacteria at the non-permissive temper-
ature. At the end of the procedure, a single FRT site remains at
the locus of the pepP gene. This remaining FRT sequence is some-
times termed a “scar sequence”:

1. Amplify the kanamycin resistance gene from plasmid pKD4
using primers P1-s and P2-as with the following cycling
program: 95◦C for 8 min followed by 30 cycles of 94◦C for
45 s, 55◦C for 45 s, 72◦C for 2 min, and a final extension
of 72◦C for 8 min.

2. Run the PCR reaction on an agarose gel, excise and gel
purify, and treat with DpnI to eliminate template DNA.
DpnI cleaves only the methylated template plasmid DNA.
Add 1 μL DpnI and 5 μL 10× NEBuffer 4 to a 45 μL
PCR reaction and incubate the digestion reaction at 37◦C
for 1 h. Run the digested product on an agarose gel and
gel purify.

3. Spread the E. coli strain BW25113 containing the helper
plasmid pKD46 (harboring the Red recombinase system
genes) on a fresh LB agar plate containing 100 μg/mL
ampicillin.

4. After incubating the plate at 30◦C overnight, inoculate 12
mL LB medium containing 100 μg/mL ampicillin with a
colony and grow overnight at 30◦C.
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5. To make electrocompetent cells, mix 1 mL overnight cul-
ture with 20 mL SOB, 100 μL 2 M MgSO4, and 20 μL
1 M L-arabinose and grow at 30◦C for 5 h.

6. Harvest cells by centrifugation (1000×g, 15 min at 4◦C),
wash twice with 40 mL ice cold water and once with 40
mL ice cold 10% glycerol, and resuspend in 0.2 mL 10%
glycerol.

7. Add 3 μL DpnI-treated PCR reaction (from step 2) to 100
μL of electrocompetent cells and pulse in a 0.2 cm electro-
poration cuvette with an electroporator setting of 2.5 kV
(Ec2 setting on MicroPulser).

8. Add 0.5 mL SOC medium and incubate the cells at 37◦C
for 1 h.

9. Spread the cells on LB plates containing 50 μg/mL
kanamycin and incubate at 37◦C overnight.

10. Pick seven colonies from the plate and suspend each in 50
μL water.

11. Using 5 μL of this suspension as template, screen colonies
by PCR using two primer sets: primers T-1 and k-1, and
primers T-2 and k-2 (see Note 6). Reactions contain 1×
Taq reaction buffer, 2.5 mM MgSO4, 0.2 mM dNTP, 1
μM of each primer and 2 units of Taq polymerase in 50
μL final volume. Cycling conditions are 96◦C for 4 min,
followed by 25 cycles of 96◦C for 45 s, 62◦C for 1 min, and
72◦C for 1 min, and a final extension of 72◦C for 4 min.

12. Run PCR reactions on an agarose gel.
13. Streak colonies showing bands in the PCR analysis onto

LB plates containing no antibiotics and incubate at
37◦C overnight to cure the temperature-sensitive pKD46
plasmid. Patch all tested colonies onto LB plates with
50 μg/mL kanamycin and LB plates with 100 μg/mL
ampicillin (see Note 7).

14. From colonies resistant to kanamycin but sensitive to ampi-
cillin, inoculate one colony from the drug-free LB plate
into 10 mL LB with 50 μg/mL kanamycin and grow
overnight. Verify the absence of the pepP gene by ampli-
fying the “scar sequence” using primers T-1 and T-2 and
sequencing the PCR product. This kanamycin-resistant,
aminopeptidase P-deleted strain is designated as LG-1. Pre-
pare electrocompetent LG-1 cells as described in steps 5
and 6 (grow cells at 37◦C).

15. Purify plasmid pCP20 harboring the FLP recombinase
gene by miniprep after growing the appropriate cells
at 30◦C overnight in LB medium with 100 μg/mL
ampicillin.
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16. Introduce plasmid pCP20 into competent cells from step
14 by electroporation and then add 0.5 mL SOC medium
and incubate the cells at 30◦C for 1 h. Spread cells on LB
plates containing 100 μg/mL ampicillin and incubate at
30◦C overnight.

17. Pick ten colonies and streak onto drug-free LB plates, then
incubate at 43◦C overnight.

18. Patch streaks from step 17 on drug-free LB plates, LB
plates with 50 μg/mL kanamycin, and LB plates contain-
ing 100 μg/mL ampicillin and incubate at 37◦C overnight.

19. Pick one of the colonies growing in the absence of antibi-
otics but sensitive to both kanamycin and ampicillin, indi-
cating excision of the kanamycin resistance gene and loss of
the helper plasmid pCP20, and grow overnight in 10 mL
LB. This strain is designated LG-2.

20. Prepare electrocompetent LG-2 cells as described in steps
5 and 6 (growing at 37◦C).

21. Purify plasmid pGP1-2 by a miniprep protocol and intro-
duce into electrocompetent LG-2 cells by electropora-
tion. Spread transformants onto LB plates with 50 μg/mL
kanamycin and incubate the plates at 30◦C. The new
strain is designated LG-3 and is used for the expression
of trypsinogens.

3.3. Expression
and Purification
of Trypsinogens

3.3.1. Preparation
of the Trypsin Affinity
Chromatography
Column

1. Resuspend the Actigel ALD resin (supplied in 20% ethanol)
by turning the bottle upside-down a few times. Insert a 60
mL Buchner funnel into a side-arm flask through a rub-
ber stopper and attach the side arm to the house vacuum
through a hose. Pour approximately 20 mL resin into the
funnel and wash several times with 50 mM Na-phosphate,
pH 7.5, under suction to remove the ethanol and to equili-
brate with the coupling buffer (see Note 8).

2. Disconnect the vacuum and resuspend the resin in the fun-
nel in ∼5 mL phosphate buffer. Transfer the resuspended
resin from the funnel to a 50 mL Falcon tube and allow to
settle.

3. Remove the supernatant with a pipette and add 14 mL
50 mM Na-phosphate, pH 7.5, and 80 mg crystalline
bovine trypsin to the remaining ∼16 mL wet resin.
This corresponds to about 5 mg protein per mL resin
immobilization ratio. Finally, add 3 mL 1 M coupling solu-
tion to 0.1 M final concentration.
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4. Seal the Falcon tube’s cap with Parafilm and incubate the
tube at room temperature for 1–3 h. After the room tem-
perature incubation, move the reaction to the 4◦C cold
room and leave overnight with gentle rocking on an Adams
Nutator.

5. Pour the resin into an ∼8 mL volume empty chromatog-
raphy column and wash several times, alternating between
20 mM Tris-HCl, pH 8.0, 0.2 M NaCl buffer and 50 mM
HCl solution. Store the column equilibrated in 20 mM Tris-
HCl, pH 8.0, 0.2 M NaCl in the refrigerator.

3.3.2. Preparation
of the Ecotin Affinity
Chromatography
Column

Ecotin is a pan-serine-protease inhibitor from E. coli (18) that
forms a relatively tight complex with trypsinogen and thus can be
used for affinity purification of the zymogen (15). Recombinant
ecotin (17) is overexpressed in the periplasmic space of E. coli
and isolated using osmotic shock (19) followed by trypsin affin-
ity chromatography. Purified ecotin is immobilized on aldehyde-
activated resin by reductive amination using cyanoborohydride
(15) and loaded into a chromatography column:

1. Transform E. coli BL21 (DE3) cells with plasmid pT7-7-
ecotin (17) and spread cells on an LB agar plate containing
100 μg/mL ampicillin to select for transformants. Incu-
bate the plate overnight at 37◦C.

2. Inoculate two flasks containing 50 mL LB medium with
100 μg/mL ampicillin (or 50 μg/mL carbenicillin; Sigma)
with a streak of the pT7-7-transformed E. coli colonies each
and incubate overnight at 37◦C with shaking.

3. Inoculate two flasks of 1200 mL LB medium contain-
ing 100 μg/mL ampicillin with 50 mL overnight cul-
ture each and grow at 37◦C until OD600 reaches 0.5 (see
Note 9).

4. Induce the expression of ecotin by adding 1 mM IPTG to
the cultures. Grow cultures for an additional 4 h at 37◦C.

5. Harvest the cells by centrifugation at 15,000×g for 10 min
at 4◦C and resuspend in 500 mL ice cold osmotic shock
buffer. Keep on ice for 10 min.

6. Centrifuge the suspension for 30 min at 15,000×g at 4◦C.
Discard the supernatant.

7. Resuspend the pellet in 250 mL ice cold water and incubate
on ice for 15 min.

8. Centrifuge the suspension for 15 min at 15,000×g at 4◦C.
Remove and save the supernatant, containing the periplas-
mic fraction (see Note 10).

9. Add 5 mL 1 M Tris-HCl, pH 8.0, and 10 mL 5 M NaCl
to the supernatant (see Note 11).
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10. Centrifuge the supernatant, which is approximately 250
mL, for 15 min at 27,000×g at 4◦C and load it on the
trypsin affinity column in five runs of 50 mL each.

11. Collect the flow-through from all runs and pool. Load the
pooled flow-through back onto the column.

12. Wash the column with 20 mM Tris-HCl, pH 8.0, 0.2 M
NaCl. Elute ecotin with 50 mM HCl. Pool the eluates
from all runs. Determine the concentration and yield
of ecotin by reading the absorbance at 280 nm using a
calculated molar extinction coefficient of 23,045 M–1

cm−1 and the monomeric molecular mass of 16,099.5 Da
(http://ca.expasy.org/tools/protparam.html). Typical
yields vary between 20 and 40 mg purified ecotin.

13. Dialyze the eluate against two changes of 3.5 L 1 mM HCl
overnight. Determine its purity by subjecting samples of 1,
5, and 10 μL to SDS-PAGE (see Section 3.3.4).

14. Lyophilize the dialyzed ecotin overnight (see Note 12).
15. Store the lyophilized ecotin at –20◦C until use. When

needed dissolve in water to obtain ∼40 mg/mL concen-
tration.

16. Wash the Actigel ALD resin as described in step 1 of
Section 3.3.1.

17. Mix 1 mL ecotin solution (∼40 mg protein) with 8 mL
wet resin (∼5 mg protein per mL wet resin immobilization
ratio) and 1 mL 1 M sodium cyanoborohydride. Incubate
the mixture at room temperature for 1–3 h on a shaking
table followed by overnight incubation in the cold room.

18. Pack the resin into a 2 mL chromatography column and
wash several times by alternating 20 mM Tris-HCl, pH 8.0,
0.2 M NaCl buffer, and 50 mM HCl. Store the column
equilibrated with 20 mM Tris-HCl, pH 8.0, 0.2 M NaCl
in the refrigerator.

3.3.3. Expression
and Purification Using
E. coli Strain LG-3

Trypsinogen variants cloned into intein fusion constructs are
expressed as inclusion bodies in E. coli LG-3. Analysis of sol-
ubilized inclusion bodies by SDS-PAGE (see Section 3.3.4)
reveals that the intein moiety has been cleaved off approximately
70–80% of the fusion proteins in E. coli (Fig. 10.2a); therefore,
a separate in vitro intein cleavage step is not included. After in
vitro refolding, trypsinogens are purified using ecotin affinity
chromatography (15). SDS-PAGE analysis of purified samples
shows that eluted trypsinogens contain a small fraction of
uncleaved fusion proteins (Fig. 10.2b) and further purification
is necessary. The eluate is thus subjected to ion-exchange
chromatography (Fig. 10.2d) which yields a homogenous
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preparation of recombinant trypsinogens with authentic
N-termini (Fig. 10.2c):

1. Electroporate the plasmids containing the intein fusion
constructs (from step 11 in Section 3.1) into the
aminopeptidase P-deficient E. coli strain LG-3 (from step
21 in Section 3.2). Spread transformants onto LB agar
plates containing 100 μg/mL ampicillin and 50 μg/mL
kanamycin. Incubate the plates at 30◦C overnight.

2. Establish starter cultures by inoculating 10 mL LB medium
with 100 μg/mL ampicillin and 50 μg/mL kanamycin
with a streak of colonies from each plate and incubate at
30◦C overnight with shaking.

3. Inoculate 200 mL LB medium containing 100 μg/mL
ampicillin and 50 μg/mL kanamycin with 10 mL starter
culture and grow until culture density reaches an OD600 of
0.5. This will take approximately 2.5 h.

4. Transfer cultures to a 42◦C incubator for 30 min and add
200 μL 1 M IPTG (see Note 13).

5. Grow cultures at 30◦C for an additional 5 h (see Note 14).
6. Divide cultures into four 50 mL Falcon tubes and harvest

cells by centrifugation at 2000×g for 10 min. Store pellets
at –80◦C until use.

7. Use one pellet, corresponding to 50 mL of the original
culture, per round of purification. Thaw the pellet on ice
and resuspend in 4 mL resuspension buffer. Keep samples
on ice from this step until step 13.

8. Divide the resulting suspension into 6 aliquots of approx-
imately 700 μL in Eppendorf tubes for more efficient
sonication.

9. Sonicate the aliquots three times for 20 s using continuous
mode at power setting 4.

10. Centrifuge sonicated samples in a microcentrifuge at
13,200 rpm for 5 min at 4◦C.

11. Discard supernatants and resuspend the pellets in 1 mL
wash buffer by pipetting. Centrifuge the resuspended sam-
ples in a microfuge at 13,200 rpm for 5 min at 4◦C. Discard
the supernatants, resuspend the pellets and centrifuge again
(see Note 15).

12. Resuspend washed pellets, corresponding to inclusion bod-
ies, in 500 μL denaturing buffer containing 30 mM dithio-
threitol and incubate at 37◦C for 30 min to reduce the
disulfide bonds in trypsinogen.

13. During step 12, add L-cystine and L-cysteine to 50 mL
refolding buffer and stir for 30 min on a magnetic stirrer
under argon (see Note 16).
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14. Microfuge samples at 13,200 rpm for 5 min at 4◦C
to remove any insoluble material and then dilute in 50
mL refolding buffer (containing L-cystine and L-cysteine)
under argon and stir for 5 min (see Note 17).

15. Incubate refolding reactions overnight at 4◦C.
16. Dilute the refolding reactions with 50 mL 0.4 M NaCl and

centrifuge at 27,000×g for 15 min (see Note 18).
17. Load refolded trypsinogen (100 mL) onto a 2 mL ecotin

affinity column (from step 18 of Section 3.3.2) at a flow
rate of 2 mL/min.

18. Wash the column with wash buffer at a flow rate of 2
mL/min until the UV signal recedes to baseline.

19. Elute trypsinogen from the column with 50 mM HCl at
a flow rate of 2 mL/min and determine the protein con-
centration by reading the absorbance at 280 nm and using
a calculated molar extinction coefficient of 37,525 M−1

cm−1 (http://ca.expasy.org/cgi-bin/protparam). Then
subject samples to SDS-PAGE (described under Section
3.3.4) for assessment of purity (Fig. 10.2b).

20. Load the ecotin eluate directly onto a Mono S HR 5/5
cation-exchange column equilibrated with 20 mM Na-
acetate, pH 5.0.

21. Develop the column with a gradient of 0–0.5 M NaCl at a
flow rate of 1 mL/min and collect 1 mL fractions; see Fig.
10.2d.

22. Run fractions showing the highest absorbance at 280 nm
on an SDS-PAGE gel to verify purity (Fig. 10.2c).

3.3.4. SDS
Polyacrylamide Gel
Electrophoresis
(SDS-PAGE)

1. The Mini-PROTEAN Gel System (Bio-Rad) is described.
Rub clean glass plates with 95% ethanol to remove any
grease and prepare 13% running gels by mixing (for 4
gels) 9.4 mL water, 7.5 mL running gel buffer, 13 mL
30% acrylamide solution, 100 μL APS solution, and 50 μL
TEMED. Gently mix the solution, then cast the gels, over-
lay with water-saturated 1-butanol, and allow to set for at
least 30 min.

2. Prepare stacking gels (4 gels) by mixing 11.6 mL water, 5
mL stacking gel buffer, 3.33 mL 30% acrylamide solution,
60 μL APS solution, and 50 μL TEMED.

3. Pour off the 1-butanol from the running gels, then cast the
stacking gels and insert the combs. Leave stacking gels to
polymerize for at least 30 min, then remove the combs and
rinse the wells with distilled water (see Note 19).

4. Determine the concentration of trypsinogen samples as
described in step 19 under Section 3.3.3. Load approxi-
mately 200 pmol trypsinogen (∼5 μg) per lane.
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Fig. 10.2. Expression and purification of the intein–trypsinogen fusions. In the experi-
ment shown here, wild-type cationic trypsinogen and pancreatitis-associated mutants
p.A16V and p.N29I were expressed and purified. SDS-PAGE analysis of (a) inclusion bod-
ies from LG-3 cells expressing the intein–trypsinogen fusions; (b) trypsinogens eluted
from the ecotin affinity column; (c) trypsinogen fractions after Mono S chromatography.
Inclusion body fraction prepared from 1.8 mL LG-3 culture (OD600 = 1.6) or ∼5 μg
purified protein was loaded per lane. (d) Mono S chromatography of cationic trypsino-
gen eluted from the ecotin affinity column. The column was developed with a 0–0.5 M
gradient of NaCl at a flow rate of 1 mL/min. Under these conditions only pure trypsino-
gen is eluted, while unprocessed fusion proteins are not recovered. Reproduced from
(9) with permission from Elsevier Science.

5. Precipitate trypsinogens by adding trichloroacetic acid at
10% final concentration and incubate on ice for 10 min.

6. Centrifuge the samples at 13,200 rpm for 10 min in a
microfuge at 4◦C and discard the supernatants.

7. Resuspend the pellets in 30 μL reducing Laemmli sample
buffer, briefly vortex, and heat-denature by incubating at
90◦C for 5 min.

8. Load the samples onto a gel using a 20 μL pipet tip or
Hamilton syringe. One lane on each gel should be loaded
with protein markers.

9. Run the gel by applying a 30 mA current until the blue dye
front exits the gel.

10. After electrophoresis, remove the gel from the unit and
stain in Coomassie blue staining solution for 20–30 min
on a rocking table (see Note 20).
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11. Remove excess staining by incubating the gel in several
changes of destaining solution on a rocking table until the
gel background is clear (see Note 20).

12. Preserve gels by soaking in Gel-DryTM solution for 20 min
and then stretching on a drying frame between two cello-
phane sheets and air-drying overnight (see Note 21).

4. Notes

1. There are several newer generation forms of Actigel ALD
available (e.g., ultraflow, superflow) which claim to exhibit
better flow rates. In our application we experienced no ben-
efit from using these resins and we obtained the best results
with the least expensive, regular Actigel ALD resin.

2. Add dithiothreitol immediately before use from a 1 M solu-
tion kept at –20◦C in aliquots.

3. Solutions containing methanol are hazardous and should
be disposed of accordingly.

4. Gel-DryTM solution contains ethanol, polyethylene glycol,
methanol, and isopropanol and should be disposed of as
hazardous waste.

5. The underlined sequences in primers B and C overlap and
thus allow the hybridization of PCR products obtained in
the first round of amplifications (see (20)).

6. In both primer sets, one primer anneals within the
kanamycin resistance gene and the other anneals to a
nearby sequence in the E. coli chromosome. Amplification
of PCR products indicates that recombination between the
pepP gene and the recombination substrate has occurred.

7. Colonies resistant to kanamycin have undergone homol-
ogous recombination and have lost the pepP gene, while
resistance to ampicillin indicates that the helper plasmid has
not been lost.

8. The coupling buffer must be free of amines; therefore,
phosphate-based buffers are recommended. Do not use
Tris buffer or other amine-containing buffers.

9. Growing the bacterial culture followed by the isolation of
the periplasmic fraction is a full-day procedure, so it is prac-
tical to start the culture as early as possible.

10. At this step, the supernatant has to be clear. Centrifuge
again if necessary before proceeding to step 9.



192 Király, Guan, and Sahin-Tóth

11. The procedure can be paused here and the supernatant
stored on ice overnight.

12. Distribute the dialyzed sample to 50 mL Falcon tubes
(about 15 mL in each). Using adequate cold protection,
hold the tubes tilted in a Dewar flask with liquid nitro-
gen and slowly rotate the tubes so that ecotin freezes onto
the tube wall as a layer. Cover the tubes with Parafilm and
punch holes in the Parafilm to let water evaporate. Place
tubes in a larger freeze-dry bottle or flask and lyophilize
overnight.

13. Addition of IPTG is necessary because the region upstream
of the intein–trypsinogen fusion contains the lac operator
(5, 6).

14. It is useful to check expression levels before starting the
purification procedure. After approximately 4 h of cultur-
ing, remove a 1 mL sample from each culture and cen-
trifuge for 5 min at 12,300 rpm. Discard the supernatant,
resuspend the pellet in 1 mL resuspension buffer and soni-
cate three times for 20 s (continuous mode, power setting
5). Microfuge the samples for 5 min at 12,300 rpm and
discard the supernatants. Resuspend the pellets in 30 μL
reducing Laemmli sample buffer, vortex briefly, and incu-
bate at 90◦C for 5 min. Load these samples on an SDS
polyacrylamide gel (see Section 3.3.4). Purified trypsino-
gen should be loaded as positive control and samples with
a strong band at the same position are processed further.

15. Pellets can be combined to produce a single pellet at the
end of the washing procedure.

16. First, add L-cystine in powder form to 50 mL refolding
buffer and dissolve by vigorous stirring at room temper-
ature on a magnetic stirrer for about 30 min. There is
no need for argon at this step. L-Cystine is poorly solu-
ble in water and undissolved crystals may still be visible
after 30 min. This has no impact on the refolding proce-
dure. Add L-cysteine after the refolding solution has been
equilibrated with argon for a few minutes. L-Cysteine
should dissolve readily.

17. Attach a 200 μL pipet tip to the tubing from the gas cylin-
der and punch it through the Parafilm covering the flask
with the refolding buffer. Place the flask on a magnetic stir-
rer and after a few minutes of argon flow, add the denatured
trypsinogen sample dropwise to the buffer under moderate
stirring. Then stir the solution for another 5 min under
argon.

18. This step is included to dilute the guanidine content of the
sample. Centrifugation is necessary to remove any precipi-
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tated proteins, which can clog up the chromatography sys-
tem and the column.

19. Gels can be stored for 2 weeks at 4◦C wrapped in wet paper
towels in airtight plastic bags.

20. To minimize exposure to methanol vapor, cover the dishes
tightly with aluminum foil during these steps. Solutions
containing methanol are hazardous and should be disposed
of accordingly. To reduce the amount of hazardous waste,
slightly stained destaining solutions can be re-used at the
beginning of a destaining procedure. Speed and efficiency
of destaining can be increased by placing a small sheet of
Kimwipe in the dish which adsorbs colloidal stain particles.

21. Care should be taken to avoid air bubbles between the cel-
lophane sheets as these can result in white spots on dried
gels. Gel-DryTM solution contains ethanol, polyethylene
glycol, methanol, and isopropanol and should be covered
during soaking of gels and disposed of as hazardous waste.
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Chapter 11

Recent Developments in Difficult Protein Expression:
A Guide to E. coli Strains, Promoters, and Relevant
Host Mutations

James C. Samuelson

Abstract

Escherichia coli is a versatile and popular tool for heterologous protein production. Some of the reasons
for its popularity include rapid growth, a variety of portable vectors, relatively simple genetics, and the
potential for high-density cultivation. In addition, the extensive laboratory use of E. coli has resulted
in technologies to target protein overexpression to various intracellular compartments. This is advanta-
geous because these compartments have different environments that may facilitate folding of particular
proteins of interest. This chapter discusses the properties of many of the E. coli strains available for protein
expression in order to facilitate the choice of the best expression host for a particular protein of interest.

Key words: Escherichia coli, protein expression, T7 promoter, tac promoter, membrane protein
expression, expression strain.

1. Introduction

Escherichia coli is a versatile tool for the production of
recombinant protein. Attractive features include portable vec-
tor systems, relatively simple genetics, rapid growth, and the
potential for high-density cultivation. Furthermore, each of the
well-characterized cellular compartments may serve as a reservoir
for the overexpressed protein of interest. The following sections
offer comprehensive guidance in using E. coli as a laboratory tool
for the expression of well-behaved or difficult proteins.

T.C. Evans, M.-Q. Xu (eds.), Heterologous Gene Expression in E. coli, Methods in Molecular Biology 705,
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2. Protein
Expression Using
IPTG-Regulated
Promoters Prior to 1990, recombinant protein expression in E. coli was

accomplished primarily with plasmids encoding a promoter
derived from the lac operon (e.g., Plac, PlacUV5, Ptac, and
Ptrc). Each of these promoters includes the binding site for the
LacI repressor. In wild-type E. coli, the lac repressor is present at
approximately ten molecules per cell (1). Thus, efficient repres-
sion of multicopy plasmid expression requires that the plasmid
also carry its own lacI gene or lacIq gene. The lacIq mutant was
reported by Calos in 1978 and this mutation is simply an “up”
promoter mutation resulting in a tenfold enhancement of lacI
repressor expression (2). In cases where the plasmid does not
carry the lacI gene or repression is not sufficient, host strains car-
rying the lacIq gene are recommended. For example, the NEB
Express Iq strain is a BL21 derivative carrying the lacIq gene on
a single-copy mini-F plasmid. Preexistence of the Lac repressor
protein within a competent cell may be necessary to obtain trans-
formants of so-called toxic clones, even when the plasmid clone
carries the lacI gene.

The lacUV5 promoter is a variant of the lac promoter with
two mutations within the –10 region of the promoter. In addi-
tion, a mutation is present at –66 within the CAP (catabolite gene
activator protein) binding site. These mutations increase the pro-
moter strength relative to the wild-type lac promoter and expres-
sion from lacUV5 is less subject to catabolite repression (3); yet
the lacUV5 promoter is stimulated two- to threefold by the pres-
ence of cAMP according to in vitro studies performed by Eron
and Block (4).

The tac promoter was first described by DeBoer et al. (5).
This strong promoter is a hybrid of the –10 region of the lacUV5
promoter and the –35 region of the trp promoter. Amann et al.
reported that the tac promoter is at least five times more efficient
than the lacUV5 promoter (6). The trc promoter should be con-
sidered equivalent to the tac promoter since the one bp difference
in spacing between the –35 and –10 consensus sequences does
not affect promoter strength (7). Note that the tac and trc pro-
moters are not subject to catabolite repression as the CAP binding
site is missing. Even so, Ptac and Ptrc systems are generally well
controlled by LacI repression.

Note: In practice, we have observed multiple cases where
protein expression from a tac promoter is as equally robust as
expression from a T7 promoter (with other factors being equal:
host strain, rbs, etc.). However, one advantage of the T7 system
is the potential for lower basal expression when T7 lysozyme is
employed to inhibit the basal activity of T7 RNA polymerase.
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For the last 15 plus years, recombinant protein expression has
been dominated by the use of BL21(DE3) and derivative strains.
DE3 refers to the lambda prophage carrying phage T7 gene 1,
which encodes the T7 RNA polymerase. T7 gene 1 expression
is controlled by the lacUV5 promoter in DE3 strains. The DE3
fragment (present within the chromosomal att site) also carries
a lacI gene with its native promoter. Thus, induction of the T7
RNA polymerase in DE3 strains is mediated by IPTG or allo-
lactose in the case of auto-induction protocols (8). Early on, DE3
strains were recognized to be “leaky” in terms of basal-level pro-
tein expression. This phenomenon is the result of incomplete
repression of T7 RNA polymerase synthesis from the lacUV5
promoter. Any basal expression of T7 RNA polymerase may
lead to a significant level of the target protein due to the pro-
cessivity of the T7 RNA polymerase and the presence of mul-
tiple plasmid-encoded copies of the target gene in each cell. In
fact, Pan and Malcolm (9) demonstrated that basal target protein
expression may be extremely high in BL21(DE3) grown in rich
media (Terrific Broth). These researchers also showed that basal
expression may be reduced by the addition of 1% glucose, which
results in lower cAMP levels. In turn, cAMP/CAP stimulation
of the lacUV5 promoter is minimized. Pan and Malcolm recom-
mended switching from glucose to a poor carbon source for the
final growth cycles to achieve maximal IPTG-induced expression.

Certainly, the best way to counteract basal T7 expression of a
target protein is to add T7 lysozyme to the system. T7 lysozyme
naturally inhibits T7 RNA polymerase function by a 1:1 protein–
protein interaction (10). T7 lysozyme control may be provided
by three vehicles. Plasmids pLysS and pLysE produce “active”
lysozyme meaning that this protein exhibits amidase activity when
given access to the peptidoglycan layer of the E. coli cell wall,
whereas lysY strains express a K128Y variant of T7 lysozyme that
lacks amidase activity. The lysY variant retains full function in
inhibiting T7 RNA polymerase activity (11) and we find that lysY
strains provide the same level of performance as pLysS strains with
respect to expression control. Use of pLysS is most common as
the constitutive expression of lysozyme from this plasmid is much
lower than the level expressed by pLysE. Strains carrying pLysE
may exhibit a growth defect (12) and in extreme cases culture
lysis has been observed when the protein of interest is targeted to
the cell envelope in a pLysE host (personal observation).

Note: If an expression plasmid does not yield transformants
when using BL21(DE3), the first response should be to test trans-
formation into a lysY or pLysS strain. Even mildly toxic gene
products may be lethal to BL21(DE3) upon transformation. In
contrast, lysY or pLysS strains may yield normal colonies and
express the protein of interest at moderate to high levels. Finally, it
should be noted that the choice of lysY or pLysS should take into
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account downstream processing of cells. Strains expressing active
lysozyme from pLysS may lyse spontaneously upon one freeze–
thaw cycle. If this feature is not desired, lysY strains are a good
alternative.

3. Other T7
Expression
Strains

This section will cover other T7 expression strains introduced to
the US market in the last 5 years. The BL21-AI strain (Invitro-
gen) was constructed to encode a chromosomal copy of the T7
RNA polymerase gene under control of the ParaBAD promoter
(AI = arabinose-inducible). This promoter is tightly repressed by
glucose and this strain is an option for the expression of toxic
proteins.

KRX protein expression strain (Promega) is a T7 expres-
sion strain where the T7 RNA polymerase is controlled by the
PrhaBAD promoter. This is a relatively new strain and we expect
it will perform well for the controlled expression of toxic pro-
teins. Glucose repression of the rhamnose promoter (PrhaBAD)
is reported to be even better than repression of the ParaBAD
promoter (13).

The T7 Express strains (New England Biolabs) are BL21
derivatives with unique features: T7 Express is an enhanced BL21
derivative with the T7 RNA polymerase expressed from the wild-
type lac promoter from within the lac operon (in contrast to DE3
strains). This means that basal T7 expression is lower than that
observed in DE3 strains. Added features in other T7 Express
strains are lacIq control, lysY control, or a combination of both
lysY and lacIq. These additional features are carried by a single-
copy mini-F plasmid that is stably maintained without antibiotic
supplementation. All T7 Express strains are phage T1 resistant
(fhuA2 mutation), and each is suitable for cloning (endA1 muta-
tion results in high-quality plasmid yields and transformation effi-
ciencies range up to 109 per μg plasmid DNA).

The OverExpressTM C41(DE3) and C43(DE3) strains were
first described by Miroux and Walker in 1996 (14) and are now
offered in the United States by Lucigen. These strains were iso-
lated by transforming BL21(DE3) with plasmid clones express-
ing a toxic membrane protein. The few colonies that survived
this transformation step were analyzed for the ability to toler-
ate expression of the toxic protein. Two isolates able to tolerate
expression of the toxic proteins were designated C41(DE3) and
C43(DE3) but the mutations in these host strains were apparently
not characterized. Only recently, Wagner et al. provided informa-
tion to explain the tolerance of these two strains to T7 expression
of otherwise toxic protein (15). The key host mutations in the
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“Walker” strains appear to simply moderate the expression level
of the T7 RNA polymerase. Both strains have GT to AA muta-
tions in the –10 region of the chromosomal T7 RNA polymerase
promoter that effectively change the sequence from lacUV5 to the
weaker wild-type lac promoter. The importance of a third muta-
tion in the lac operator sequence is uncertain, but it may in fact
also lessen T7 expression since Wagner and colleagues demon-
strated by Western blotting that the level of T7 RNA polymerase
in both strains does not accumulate to an appreciable level even
at 120 min post-IPTG addition. Thus, the Walker strains tolerate
toxic proteins because less of the protein is produced per cell per
unit time. In the context of membrane protein expression, this
can actually equate to a greater culture yield of protein since indi-
vidual cells are more likely to remain vital and maintain expression
of the protein of interest.

The study of the Walker strains led to the construction of the
Lemo21(DE3) strain. In this BL21(DE3) derivative, the activity
of T7 RNA polymerase is modulated by the user by coexpres-
sion of the T7 lysozyme variant lysY using the PrhaBAD pro-
moter. Wagner et al. demonstrate that this T7 expression system
is very tunable in the range of 1–1,000 μM L-rhamnose and the
Lemo21(DE3) strain is particularly useful for membrane protein
expression. Importantly, this strain allows the user to test vari-
ous expression levels to find the optimal level where the mem-
brane protein of interest is maximally produced without inflicting
toxicity to the host cells. The Lemo21(DE3) strain may provide
a solution for producing other difficult proteins where tunable
expression is desired.

4. Other New
Approaches in
Protein
Expression The Single Protein Production system (SPPTM system) was devel-

oped by Masayori Inouye (16) and is marketed by Takara Bio
Inc. This is a two-vector system suitable for use in most E. coli
strains. The protein of interest is expressed from a vector with
the cold-inducible E. coli cpsA promoter. However, the unique
enabling feature is the induction of a site-specific mRNA inter-
ferase (MazF) from the second plasmid, which degrades endoge-
nous mRNA by acting at ACA sites. Accordingly, the gene of
interest must be designed and synthesized to lack ACA sequences,
so that the mRNA of interest persists and becomes the primary
substrate for the translation machinery. The elimination of most
host-derived mRNA is reported to create a quasi-dormant cell
where expression of the protein of interest may be sustained for
up to several days. As the cost of gene synthesis decreases, this
system should gain increasing popularity.
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Giacalone et al. have shown recently that vectors employing
the rhaT promoter are useful for direct L-rhamnose-inducible
protein expression (17). In this work, GFP expression from a
PrhaT vector was compared to expression from a ParaBAD
vector (L-arabinose induction) and pUC19 (IPTG induction).
Flow cytometry analyses indicated that L-rhamnose induction
is tunable (meaning that protein expression per cell is propor-
tional to inducer concentration), whereas the other promoters
tend to operate by on/off mode. This study was conducted in
E. coli strain MG1655 containing an intact rhamnose operon. So
apparently, metabolism of the inducer does not affect the tunable
nature of this PrhaT expression system.

Arabinose-inducible protein expression is a method of choice
for studies where near-complete repression is desired to avoid
cytotoxicity. Initially, expression from ParaBAD was thought to
be tunable, but careful studies of this promoter by Siegele et al.
(18) and Giacalone et al. (17) both agreed that at subsaturating
levels of L-arabinose, protein expression cultures contain a mixed
population of cells with only some of the cells expressing pro-
tein. Thus, the following solutions have been presented to make
araBAD expression more tunable: (1) Khlebnikov et al. (19) con-
structed strains where the AraE low-affinity, high-capacity trans-
porter is controlled by a constitutive promoter and (2) Marc
Better (of Xoma Technology Ltd.) described the application of
strains deficient in either AraE or the high-affinity transport sys-
tem AraFGH (20).

Numerous expression studies have concluded that colder
induction temperatures (15–20◦C) can be beneficial for obtain-
ing a greater yield of soluble, properly folded protein. The
ArcticExpressTM strains from Stratagene are reported to aid in
even lower temperature (10–13◦C) folding of heterologous pro-
teins. This is mediated by coexpression of cold-adapted chaper-
onins Cpn10 and Cpn60 from Oleispira antarctica. The devel-
opment of these strains resulted from a study demonstrating that
the O. antarctica chaperonins display protein refolding activities
at 4–12◦C (21).

Auto-induction of T7 expression has gained popularity since
the detailed examination of this method by William Studier (8).
Cells are cultured in defined media containing a mix of carbon
sources: generally glucose, lactose, and glycerol. When glucose
is depleted, lactose serves to induce expression of the T7 RNA
polymerase upon conversion to allo-lactose by beta-galactosidase
(the lacZ gene product). Thus, Studier points out that auto-
induction should be performed in strains encoding an intact lac
operon.

Note: The T7 Express strains (NEB) are not suitable for auto-
induction protocols as the T7 RNA polymerase gene is located
within the lac operon.
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5. Disulfide Bond
Formation

In wild-type E. coli, a set of enzymes (DsbA, DsbB, DsbC,
DsbD) mediates disulfide bond formation within proteins in the
periplasm. DsbA acts as the primary oxido-reductase in this pro-
cess, while periplasmic DsbC is thought to act as a disulfide
bond isomerase to help proteins attain the correct disulfide link-
ages. Thus, if the expressed protein of interest requires disulfide
bonds, one option to obtain an active protein is to target it to
the periplasm of E. coli. However, the yield of the expressed pro-
tein will be limited by the throughput capacity of inner mem-
brane transport and the volumetric capacity of the periplasmic
compartment. Research in the lab of Jon Beckwith (22, 23) has
led to a line of E. coli strains that enable disulfide bond formation
within proteins expressed in the cytoplasm. These strains are mar-
keted by Novagen using the names Origami, Rosetta-gami, and
variations thereof. These strains have deletions in the glutathione
reductase (gor) and thioredoxin reductase (trxB) loci that alter
the reducing potential of the cytoplasm, which makes the cyto-
plasm a more favorable environment for disulfide bond forma-
tion. A suppressor mutation within the ahpC gene also appears to
be necessary in these strains. A recent development in the expres-
sion of proteins requiring disulfide bonds is a new set of strains
offered by New England Biolabs. The SHuffle strains also carry
gor, trxB, and ahpC mutations but an added feature is the cyto-
plasmic expression of DbsC. The SHuffle strains have been engi-
neered by Mehmet Berkmen of NEB to express an optimal level
of the DsbC isomerase to assist expressed proteins in achieving
their correct structure.

6. Protein Export

Export of proteins to the E. coli periplasm is most com-
monly carried out using a signal sequence (ss) from a Sec
translocase-dependent protein. For example, OmpA and PelB sig-
nal sequences are included in many pET vectors. This export strat-
egy typically works best for proteins that are normally exported
in their native host. Newer strategies utilize DsbA or DsbC sig-
nal sequences or fusions to periplasmic DsbA or DsbC (pET 39
or pET40 vectors). Export of passenger proteins fused to the
DbsA signal sequence was shown to be mediated by the signal
recognition particle (24). Utilization of the cotranslational SRP
pathway is a complementary approach for proteins that do not
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get exported efficiently by the SecB-mediated posttranslational
pathway.

Export to the periplasm by fusion to maltose binding pro-
tein (MBP) is a well-established expression method. Fusion pro-
teins are isolated by affinity purification on amylose resin and we
have found that many fused proteins retain the activity of the
native protein. If desired, the protein of interest may be cleaved
from MBP using Enterokinase, Factor Xa, or GenenaseTM I. The
newest version of the New England Biolabs MBP fusion vec-
tor for periplasmic expression is pMAL-p5. This vector encodes
a variant of MBP that has a higher affinity for amylose resin
and the polylinker has been altered to match other NEB pro-
tein expression vectors: pKLAC2, pTYB21, and pTYB22. Dur-
ing the development of the pMALp5 vector, protein export was
compared between the K-12 strain TB1 and the BL21 derivative
NEB Express. Expression and protein export were clearly superior
in the Lon minus, OmpT minus NEB Express strain (P. Riggs,
unpublished results).

7. Membrane
Protein
Expression

Membrane protein overexpression within a bacterial cell presents
an entirely distinct set of problems. In contrast to the overexpres-
sion of well-behaved water-soluble proteins, the expression of an
alpha-helical membrane protein must be precisely controlled in
order to maximize yield. The most practical approach is to express
the desired membrane protein to the E. coli inner membrane to
promote proper folding within the host cell. To that end, it may
be necessary or advantageous to modify the protein of interest if
it does not possess a typical N-terminal signal peptide that will
be recognized by the E. coli signal recognition particle. The pres-
ence of a native N-terminal signal peptide (and the topology of
other membrane alpha-helices) may be analyzed by submitting
the protein sequence to the SignalP (25) or Phobius (26) predic-
tors. Even if these algorithms predict a signal peptide, membrane
targeting may be improved by replacing the native signal with an
N-terminal fusion partner that is known to navigate the SRP/Sec
translocase pathway. Grisshammer et al. showed that membrane
proteins fused to pre-MBP make their way to the inner mem-
brane as the MBP domain is exported through the Sec translo-
case and into the periplasm (27). However, many studies have
demonstrated that MBP export is primarily a posttranslational
process that is mediated by the SecB chaperone. Thus, one might
predict that MBP-membrane protein fusions would be espe-
cially prone to cytoplasmic aggregation once the overexpressed
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membrane protein exceeds the capacity of the SecB chaperone
pool. To those who study bacterial membrane protein biogenesis,
an ideal N-terminal fusion partner would travel the cotranslational
SRP pathway into the inner membrane, thus taking the same path
as most endogenous membrane proteins. This, in theory, would
minimize the opportunity for accumulation of toxic cytoplasmic
protein aggregates.

New approaches for inner membrane targeting include
employing the SRP-dependent, rationally designed P8CBD
fusion partner (28), fusion to the E. coli GlpF protein (29),
or simple replacement of the native signal with an E. coli SRP-
dependent signal peptide such as the DsbA or TorT signal
sequences (30).

Some researchers may prefer to overproduce the desired
membrane protein within cytoplasmic inclusion bodies since this
material can be easily isolated. However, even if the researcher
is willing to work out optimal conditions for in vitro folding of
the protein, this approach may not yield quality protein since it is
well established that cytoplasmic protease expression is upregu-
lated to deal with protein aggregation.

Producing an excess of the mRNA of interest (e.g., uncon-
trolled T7 expression) is not recommended when attempting to
overexpress membrane proteins to the inner membrane. The SPP
system is one exception to this advice since this system is based
on elimination of endogenous mRNA by the MazF ribonucle-
ase and thus, the mRNA for the membrane protein of interest
may be present at a great excess over cellular mRNAs. The net
result should be a scenario where the Sec translocase is focused
on integrating the protein of interest into the inner membrane
and early reports on the application of the SPP system for mem-
brane protein expression appear to be favorable. The SPP vectors
(pColdI-V) utilize the E. coli cspA promoter, which is cold-
inducible, so expression optimization may require sampling dif-
ferent induction temperatures.

8. Notes on
Membrane Protein
Expression

1. Test many inducer concentrations (especially within the low
range) as the critical concern during overexpression of mem-
brane proteins in E. coli is saturation of the Sec translo-
cation channel, the major bottleneck in membrane protein
expression. Tightly regulated and tunable expression sys-
tems appear to be best for the expression of membrane pro-
teins. When basal expression is completely repressed during
the initial outgrowth phase, aggregated protein does not
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accumulate in the cytoplasm, stress responses are not trig-
gered, plasmid loss is minimized, and cell growth rate is less
affected.

2. Consider altering the Shine–Delgarno sequence: One over-
looked means of optimizing membrane protein expression
is the alteration of ribosomal binding site (rbs) strength.
When using a Ptac vector expressing a protein that uti-
lizes the SRP cotranslational pathway, we have found that a
weak rbs may improve results significantly (28). This finding
was reached after all other measures of optimization were
attempted. We confirmed that the weaker rbs resulted in
lower basal expression and upon induction with 400 μM
IPTG the cells continued to grow and the culture achieved a
high cell density after 20 h at 20◦C. In this case, expres-
sion toxicity was avoided by moderating the expression
level by simply altering translation initiation efficiency of
the mRNA of interest. We found that the yield of protein
was increased up to tenfold per liter of shake flask and the
yield of protein per cell was also improved. In this exper-
iment, the 5′-untranslated region (uppercase) was altered
from TGGAAACTTCCTCatg to AAAGGACGGCCGGatg.

Note: For a list of rbs sequences that are ranked in order
of their translational efficiency in E. coli, see supplemental
Fig. 2b in Gardner et al. (31).

3. Use a low to medium copy plasmid. High-copy num-
ber plasmids (pUC origins) will almost certainly result in
clone instability and/or loss of plasmid or expression by
a fraction of the cells within the culture. Plasmid loss is
often a significant problem with high copy clones express-
ing ampicillin resistance since the resistance-conferring
protein (beta-lactamase) is exported in excess causing the
ampicillin concentration in the growth medium to be
depleted. This creates an opportunity for plasmid-free cells
to multiply and outgrow the slower growing protein express-
ing cells. Plasmids carrying KanR and CamR genes are
generally recommended for the expression of membrane
proteins. Other extreme measures may be applied to coun-
teract plasmid loss. For example, plasmid maintenance sys-
tems may be engineered into membrane protein expression
vectors. One such example (the hok/sok gene cassette) is in
use by groups expressing GPCRs in E. coli (32, 33).

4. Always determine how much of the protein is membrane
integrated vs. aggregated. Analyze the expression level by
Coomassie-stained protein gel, Western blot, or activity
assay. Most of the overexpressed target membrane pro-
tein should be in the low-speed spin supernatant after cell
breakage by French Press, cell disruption, or sonication
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(in combination with EDTA-lysozyme treatment). If a sig-
nificant fraction of the target protein is insoluble (low-
speed pellet), repeat expression at a lower temperature
(20–25◦C). Expression of protein into the membrane
fraction is also generally improved by early induction
(OD600 = 0.35–0.45).

9. Beneficial
Host Strain
Mutations/
Phenotypes The ΔompT deletion eliminates the outer membrane protease

OmpT, which cleaves polypeptides primarily between pairs of
basic amino acids. If not deleted, this activity may cleave mem-
brane proteins as well as soluble proteins of interest during pro-
cessing of cell lysates.

The ompP gene is encoded by the F′ episome of E. coli. There-
fore, deletion of the ompP gene, ΔompP, is relevant only for
strains with an F′ episome. It should be noted that the Promega
KRX strain carries an F′ where the ompP gene is deleted. OmpP
is 71% identical to the outer membrane protease OmpT. Thus,
OmpP exhibits an enzymatic activity similar to OmpT (34).

Note: The features carried by F′ episomes are generally not
necessary for protein overexpression. In fact, typical F′ episomes
encode the potentially deleterious OmpP protease (exception:
Promega KRX F′ strain). F′-containing strains are not recom-
mended for overexpression of proteins targeted to the cell enve-
lope (inner membrane, periplasm, outer membrane). Strains car-
rying mini-F plasmids must be distinguished from F′ strains.
Mini-F strains (NEB T7 Express lysY, T7 Express lys/Iq, and T7
Express Iq) do not express an F pilus for conjugation and do not
carry the ompP gene.

B strains are naturally deficient in Lon protease. Until
recently, the absence of Lon protease was widely viewed as bene-
ficial for protein overexpression. Lon is an ATP-dependent cyto-
plasmic protease that plays a significant role in protein quality
control. Lon is known to degrade misfolded or truncated pro-
teins that might otherwise aggregate. Recent publications suggest
that the activity of quality control proteases (e.g., FtsH) may be
important in some situations (35). Cytoplasmic protein aggrega-
tion is thought to be a major factor in the “toxic effect” observed
upon membrane protein overexpression (15). Perhaps the
activity of Lon, in addition to the activity of the Clp family pro-
teases, would help to reduce the toxicity associated with mem-
brane protein overexpression.

The BL21 Star strains carry a mutation in the gene encoding
RNaseE, rne131, one of the primary enzymes involved in mRNA
degradation. Since T7 RNA polymerase synthesizes mRNA faster
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than E. coli RNA polymerase and transcription from the T7 pro-
moter is not coupled to translation, the transcript of interest may
be left unprotected and may be susceptible to enzymatic degrada-
tion. The rne131 mutation is found in the BL21(DE3) Star strains
marketed by Invitrogen. Invitrogen’s product manual reports that
Star strains grow slightly slower than rne plus strains. Although we
have not tested the Star strains, we expect that the Star strains may
provide a higher protein yield in the following situation: where
maximal mRNA level directly correlates to maximal protein pro-
duction (e.g., well-behaved soluble proteins).

The dcm mutation is not necessarily relevant to protein
expression, but is mentioned since all BL21 derivatives lack
methylation at the internal cytosine of the 5′-CCWGG-3′ Dcm
recognition sequence (in contrast to most K-12 strains). Thus,
plasmids isolated from BL21 strains or T7 Express strains
(NEB) will be amenable to cleavage by Dcm-sensitive restriction
enzymes.

The endA1 mutation eliminates expression of Endonucle-
ase I, the major nonspecific endonuclease present within the
periplasm of E. coli. Strains with this mutation yield higher quality
plasmid preparations. Most BL21 derivatives contain this prob-
lematic activity; however, all T7 Express strains (NEB) and Single
Step KRX (Promega) are examples of expression strains with the
endA1 mutation.

Homologous recombination is abolished and DNA repair
processes are compromised in strains carrying a recA mutation.
This mutation is desired in cloning strains but its utility is ques-
tionable in protein expression strains. Note that recA minus
strains should not be employed to overexpress proteins that have
the potential to modify or damage DNA or to induce an SOS
response indirectly. Another consideration is that strains lacking
RecA function grow more slowly.

SulA is a natural substrate of Lon protease. In the absence
of Lon protease (e.g., BL21 derivative strains) SulA is expressed
and persists during an SOS response and functions to inhibit cell
division. Therefore, cells may not recover from an SOS response.
In Lon minus strains, the sulA11 mutation enables cells to better
recover from an SOS response and proceed through cell division
(36).

The cya mutation is reported to significantly reduce basal
expression and improve plasmid maintenance when present in
BL21(DE3) or other strains where T7 RNA pol expression is
controlled by the lacUV5 promoter (37). The cya mutation elim-
inates adenylate cyclase activity and cAMP production. Grossman
et al. reported that cAMP, low pH, and acetate act synergistically
to promote leaky lac expression. In cya+ strains, addition of 1%
glucose to agar plates and liquid cultures is expected to control
basal expression mediated by lac as well as lacUV5 promoters.
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The lacY1 mutation eliminates the activity of lactose perme-
ase resulting in a more uniform uptake of IPTG. This mutation
is present in Tuner(DE3), Origami B(DE3), and Rosetta-gami
B(DE3) available from Novagen.

Ara− strains are preferred for the expression of protein from
ParaBAD so that the inducer (L-arabinose) is not metabolized.
Two recommended ara minus strains are LMG194 (Δara714)
described by Guzman et al. (38) and MC1061 which carries the
(araA-leu)7697 deletion of the araBAD operon. Ara+ strains may
also be used for expression from ParaBAD plasmids with only a
slight effect on protein yield when using rich media (38). There-
fore, the more commonly used protease minus (Ara+) strains are
suitable hosts for ParaBAD expression.
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Chapter 12

Periplasmic Chaperones Used to Enhance Functional
Secretion of Proteins in E. coli

Martin Schlapschy and Arne Skerra

Abstract

While Escherichia coli is in wide use as a host organism for preparative protein production, problems
with the folding of the recombinant gene product as well as protein aggregation, i.e., formation of inclu-
sion bodies, are frequently encountered. This is particularly true for proteins that carry structural disulfide
bonds, including antibody fragments, cytokines, growth factors, and extracellular fragments of eukaryotic
cell surface receptors. In these cases, secretion into the oxidizing milieu of the bacterial periplasm in prin-
ciple enables disulfide bond formation, resulting in a correctly folded and soluble protein. However, this
process often occurs at low efficiency, depending on the nature of the recombinant gene product. There-
fore, we have developed the helper plasmid pTUM4, which effects overexpression of four established
periplasmic chaperones and/or folding catalysts: the thiol-disulfide oxidoreductases DsbA and DsbC,
which catalyze the formation and isomerization of disulfide bridges, and two peptidyl-prolyl cis/trans
isomerases with chaperone activity, FkpA and SurA. Here, we present a detailed protocol how to use this
system for the bacterial secretion of recombinant proteins, including human EGF as a new example, and
we give hints on optimization of the expression procedure.

Key words: Chaperone, disulfide isomerase, DsbA, DsbC, FkpA, folding catalyst, peptidyl-prolyl
cis/trans isomerase, SurA.

1. Introduction

The periplasm of the Gram-negative bacterium Escherichia coli is
the compartment of choice for the heterologous expression of
extracellular eukaryotic proteins in a correctly folded and solu-
ble state as its oxidizing milieu favors the formation of structural
disulfide bonds (1). Thus, the method of periplasmic secretion
has been utilized for the functional production of many
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recombinant proteins that carry structural disulfide bridges (2)
such as, for example, antibody fragments. The broad application
of recombinant antibody fragments in the life sciences and the
inherent difficulty in their production by means of conventional
cytoplasmic expression make them the protein class that is proba-
bly the most widely expressed using periplasmic secretion (3, 4).

However, the folding efficiency of such proteins in the bacte-
rial periplasm varies and can significantly depend on their individ-
ual properties. Whereas some proteins are almost quantitatively
recovered in the active state, others are to a large extent deposited
as aggregated material, which limits the yield of easily purified
product (2, 5). Provided that appropriate bacterial signal pep-
tides – e.g., OmpA, PhoA, PelB, STII, and the like (6) – are cor-
rectly fused to the mature part of the heterologous gene product,
this effect is usually not due to inefficient membrane transloca-
tion or processing by the signal peptidase (7). Rather, the cause
lies in the limited solubility of the assembled recombinant protein
itself or in the appearance of labile folding intermediates, in par-
ticular those with incompletely formed disulfide bonds, which are
prone to nonspecific association. Thus, “periplasmic aggregates”
have to be distinguished from cytoplasmic “inclusion bodies”: the
latter are typically obtained if proteins are overproduced without
a signal peptide, and these two types of protein deposition are
morphologically clearly different when investigated by electron
microscopy (8).

Inefficient protein folding in the periplasm is often accom-
panied by a toxic effect on the bacterial host cell, even though
there seems to be no strict correlation (9). This leads to reduced
growth after induction of foreign gene expression and to an
increased tendency of lysis, thus hampering the efficiency of
periplasmic cell fractionation. Mechanistic studies on protein fold-
ing in the periplasm of E. coli received early attention (10), but
only more recently the presence of molecular chaperones and sev-
eral folding catalysts that support disulfide bond formation or cat-
alyze peptidyl-prolyl cis/trans isomerization has been recognized
(6, 7).

Folding of proteins that carry more than one disulfide bridge
involves two distinct reactions, and either one may be rate limit-
ing: (i) introduction of disulfide bonds into the nascent polypep-
tide chain via pairwise oxidation of Cys residues and (ii) iso-
merization of intermediary nonphysiological disulfide bonds to
attain the native connectivity. Both processes are catalyzed by the
thiol-disulfide oxidoreductases DsbA (11) and DsbC (12, 13),
respectively.

Another well-known step along the folding pathway of pro-
teins that often requires catalysis in vivo is the cis/trans isomeriza-
tion of prolyl-iminopeptide bonds (14). While the trans configu-
ration of Xaa-Pro bonds is favored in newly synthesized polypep-



Periplasmic Chaperones Used to Enhance Functional Secretion of Proteins 213

tides via stereospecific peptide bond formation by the ribosome,
on average ca. 5% of all prolyl-peptide bonds occur in cis config-
uration in natively folded proteins. The isomerization is catalyzed
by peptidyl-prolyl cis/trans isomerases (PPIases, also termed rota-
mases) (15). So far, four PPIases have been found in the periplasm
of E. coli: the parvulins SurA (16) and PpiD (17), the cyclophilin
PpiA (alias CypA or RotA) (18), and the bacterial ortholog of the
FK506-binding protein, FkpA (19).

Among these, the homodimeric FkpA is known to further
exhibit generic folding enhancer activity with a broad substrate
range, apart from its PPIase function (7). The “survival” pro-
tein SurA is known to be involved in the folding and assembly of
endogenous outer membrane porins (20, 21). Although exerting
PPIase activity, it was recently shown that the major function of
SurA is that of a chaperone, an activity apparently confined to a
separate structural domain (22).

Few other true periplasmic chaperones have been described
for E. coli, in contrast to a series of cytoplasmic chaperones and
chaperonins whose coexpression is increasingly utilized to sup-
press the formation of inclusion bodies by “directly” expressed
recombinant proteins (7). For example, the periplasmic “seven-
teen kilodalton protein,” Skp (23), possesses chaperone activ-
ity for the biogenesis of bacterial outer membrane proteins, but
examples of successfully employing Skp to enhance the efficiency
of soluble protein secretion in E. coli have remained rare.

Thus, SurA and FkpA appear to be most promising in their
combination of chaperone with PPIase activity to support the
proper periplasmic folding of recombinant proteins together with
DsbA and DsbC to ensure disulfide bond formation. pTUM4
(see Fig. 12.1) was designed as a novel helper vector permit-
ting the constitutive overexpression of these four folding cata-
lysts (24). This plasmid carries two artificial dicistronic operons,
one encoding FkpA and SurA under common control of the con-
stitutive fkpA promoter and the other one encoding DsbA and
DsbC under common control of the constitutive dsbA promoter
followed by the strong lpp transcription terminator. pTUM4 has
a p15a origin of replication (25) and a chloramphenicol resis-
tance gene (26), which makes it compatible with commonly used
bacterial secretion vectors for recombinant proteins (27–29) that
often carry an ampicillin resistance gene and a ColEI origin of
replication.

In addition to the proper choice of a bacterial signal peptide
that has to be fused to the protein of interest to direct it to the
periplasm (see above), the use of an appropriate E. coli strain with
beneficial secretion properties is instrumental for periplasmic pro-
tein biosynthesis in a functional state. For example, JM83 (30),
KS272 (31), HM125 (32), MC4100�skp (33), W3110 (34),
and BL21 (35) were successfully tested in our lab for various
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Fig. 12.1. Helper plasmid pTUM4 for the concomitant overexpression of DsbA, DsbC,
FkpA, and SurA in E. coli. pTUM4 carries a p15a origin of replication (ori) and the chlor-
amphenicol resistance gene (cat) with its own constitutive promoter (pcat). In addition,
this vector carries two artificial dicistronic operons, one with the structural genes for
the periplasmic thiol/disulfide oxidoreductases DsbA and DsbC under common control
of the constitutive dsbA promoter (pdsbA) and a second one with the structural genes
for the PPIases FkpA and SurA under common control of the constitutive fkpA promoter
(pfkpA).

proteins in combination with pTUM4. Even “leaky” strains of
E. coli, which release periplasmic proteins into the culture super-
natant (2), may be used.

pTUM4 complements existing cytosolic chaperone coexpres-
sion plasmids (e.g., the chaperone plasmid set from Takara Bio,
Shiga, Japan), and it was demonstrated in several cases to be useful
for the functional secretion of diverse recombinant proteins with
hampered folding efficiency. Examples include various lipocalins
(36–38), extracellular receptor domains (e.g., DC-SIGN (24),
Langerin (24, 39)), and several Fab fragments (40). Further-
more, a strongly improved yield was reported for the recombi-
nant Pfs48/45 protein and fragments thereof, a protein specifi-
cally expressed in sexual stages of Plasmodium falciparum which
represents a promising transmission-blocking vaccine candidate
(41). pTUM4 was also described to boost the secretion of the
Pseudozyma antarctica lipase B (PalB) into the periplasm of E.
coli (42, 43). Finally, an improved bacterial production in the
presence of pTUM4 has been demonstrated for the epididymis-
specific antimicrobial peptide BIN1b/SPAG11E (44).

Hence, by enabling the simultaneous overexpression of
DsbA, DsbC, FkpA, and SurA, pTUM4 constitutes a generally
useful tool to enhance the periplasmic secretion of functional
recombinant proteins in E. coli. While the individual influence of
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the different encoded folding helper proteins may vary, depend-
ing on the nature of the heterologous gene product, this system
is useful to (i) prevent inefficient disulfide bond formation, (ii)
raise the yield of correctly folded, soluble recombinant protein,
and (iii) abolish toxic effects on the bacterial host that may lead
to premature cell lysis during expression.

2. Materials

2.1. Helper Plasmid pTUM4 is available from the authors upon request.

2.2. E. coli Cultivation 1. Luria Bertani (LB) medium: 10 g/l Bacto Tryptone, 5 g/l
Bacto Yeast Extract, 5 g/l NaCl.

Stir until a clear solution is formed, adjust to pH 7.5 with
5 M NaOH (in the case of culture plates add 15 g/l Bacto
Agar) and sterilize by autoclaving at 121◦C for 20 min.

2. Chloramphenicol (Cam): 30 mg/ml in 70% (v/v) ethanol.
This is a 1,000× stock solution; therefore use by adding
1:1,000 to the autoclaved medium.

3. Ampicillin (Amp): 100 mg/ml in water, filter sterilize. This
is a 1,000× stock solution; therefore use by adding 1:1,000
to the autoclaved medium.

2.3. Preparation
of the Periplasmic
Extract

Periplasma extraction (PE) buffer: 500 mM sucrose, 1 mM
EDTA, 100 mM Tris–HCl pH 8.0.

3. Methods

The gene encoding the protein of interest should be cloned on
a suitable expression vector in a way that it is targeted to the
E. coli periplasmic space. To effect secretion across the inner cell
membrane (typically via a type II secretion mechanism (2)), the
recombinant protein has to be equipped at its N-terminus with a
bacterial signal peptide (see above). Many examples for this strat-
egy (see Fig. 12.2) have been described in the literature together
with suitable expression vectors (6, 28, 36, 45), which are also
commercially available (e.g., from IBA, Göttingen, Germany;
http://www.iba-go.de). Preferably, the bacterial signal peptide
should be precisely fused – using appropriate PCR primers for
subcloning or, afterwards, trimming by site-directed mutagene-
sis – with the N-terminal amino acid of the mature polypeptide
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Fig. 12.2. Bacterial secretion and purification of human EGF in the presence of pTUM4
as analyzed by SDS-PAGE. E. coli JM83 harboring pTUM4 and pASK-IBA4-EGF, which
encodes a recombinant protein comprising the OmpA signal peptide, the Strep-tag II
(48), and the mature part of human EGF (49), was cultivated at 22◦C in LB/Amp/Cam
medium. Protein expression was induced at OD550 = 0.5 by addition of anhydrotetra-
cycline (aTc) (28). After 3 h induction the cells were harvested and the periplasmic cell
extract was prepared. Lane M, molecular size marker; Lane 1, sample of the whole cell
extract at the time point of harvest; Lane 2, periplasmic cell fraction revealing prominent
bands for the four folding helper proteins as well as the recombinant EGF (see legend
on the right); Lanes 3 and 4, recombinant EGF affinity purified from the periplasmic cell
fraction; Lane 5, for comparison: recombinant EGF affinity purified from the periplas-
mic cell fraction of E. coli JM83 harboring only pASK-IBA4-EGF. In the latter case, three
different disulfide isomers give rise to diffuse bands. The samples in lanes 1–3 were
reduced with 2-mercaptoethanol before application to the gel whereas samples in lanes
4 and 5 were not reduced. In addition to an increase in yield of purified protein by a
factor of 5 in this example (cf. lane 4 vs. 5), the presence of pTUM4 led to the forma-
tion of just one predominant disulfide bond isomer of EGF with retarded electrophoretic
mobility (note the prominent band in lane 4), representing the correctly folded protein.

such that after its processing by the bacterial periplasmic signal
peptidase the authentic primary sequence is obtained.

The expression vector for the recombinant protein of inter-
est should carry an origin of replication that is compatible with
pTUM4, for example the widely used ColEI ori, and confer an
antibiotic resistance different from Cam, preferably Amp. For the
preparation of the expression strain, two alternative strategies are
recommended. First, a suitable E. coli strain may be transformed
both with the expression vector for the recombinant protein and
with pTUM4 at the same time. In this case, which is described in
further detail below, transformation efficiencies are typically much
lower than when using one plasmid at a time.

Second, competent E. coli cells may first be transformed with
pTUM4. Then a culture – using Cam for selection – is grown
from one of the resulting colonies and competent cells are again
prepared. Aliquots of these cells may be stored at –80◦C for later
use. These cells are then transformed with the expression vector
for the recombinant protein in the second step, using both Cam
and Amp (or another antibiotic as appropriate) for selection.
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For both strategies, competent cells prepared according to
the CaCl2 method (46) are usually sufficient in order to obtain
a satisfactory number of colonies when using 1 μl from a con-
ventional DNA minipreparation for each of the two plasmids as
detailed below. Alternatively, other procedures for the prepara-
tion of chemically competent E. coli cells or electroporation may
be used for transformation (see Note 1).

The following protocol describes periplasmic protein expres-
sion at the shaker flask scale. However, pTUM4 is also convenient
for laboratory fermentation (37, 38). A generally suitable proto-
col from our laboratory has been published (47). Care must be
taken that the two antibiotics are present both during the precul-
ture and fermentation stages.

3.1. Preparing
Chemically
Competent E. coli

1. Plate the E. coli expression strain of choice onto agar
plates. Expression strains that we have successfully used for
periplasmic protein production are JM83 (30), KS272 (31),
HM125 (32), MC4100�skp (33), W3110 (34), and BL21
(35).

2. Pick a single bacterial colony (1–2 mm in diameter) from a
plate that has been incubated for 14–16 h at 37◦C. Trans-
fer the colony into 4 ml LB broth in a 13 ml culture tube
and incubate 12–14 h at 37◦C with vigorous agitation,
resulting in an OD550 between 2 and 3, depending on the
strain.

3. Use 500 μl of this preculture to inoculate 50 ml LB
broth in a 100 ml Erlenmeyer flask and incubate at 37◦C
with vigorous agitation, monitoring the growth of the
culture.

4. For efficient transformation, it is essential that the number
of viable cells does not exceed 108 cells/ml, which for most
strains of E. coli is equivalent to an OD550 of approximately
0.4. To ensure that the culture does not grow to higher
density and approaches the stationary phase, measure the
OD550 of the culture every 10–15 min. Harvest the culture
at OD550 of 0.4.

5. Transfer the culture to two sterile ice-cold 50 ml polypropy-
lene tubes. Recover the cells by centrifugation at 5,087×g
for 10 min at 4◦C in a Sigma 4K15 centrifuge (5,000 rpm
using a swinging bucket rotor no. 11156, for example).

6. Decant the medium from the cell pellets. Keep the tubes
on ice for 1 min and then remove traces of media with a
microtip pipette.

7. Resuspend the drained cell pellet by gentle vortexing or
repeated suction with a glass pipette in 40 ml ice-cold
100 mM MgCl2 and centrifuge again as before.
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8. Decant the medium and drain the cell pellet as above. Resus-
pend the bacterial cells in 20 ml ice-cold 50 mM CaCl2 solu-
tion and incubate 30 min on ice.

9. Recover the cells by centrifugation as before and resuspend
the drained pellet in 2 ml ice-cold 50 mM CaCl2 contain-
ing 15% (v/v) glycerol. Aliquot the cells in 200 μl portions.
Use them immediately for transformation or store them
at –80◦C.

3.2.
Cotransformation
with pTUM4 and a
Compatible
Expression Vector

1. For cotransformation, add typically 50–100 ng plasmid
DNA of both pTUM4 and your expression vector (each in
a total volume of 5 μl or less) to 200 μl of the chemically
competent E. coli cells from above in a 1.5 ml Eppendorf
tube and mix gently.

2. Incubate for 30 min on ice.
3. Transfer the tube into an equilibrated 37◦C heating block.

Store the tube in the block for exactly 5 min (without
shaking).

4. Rapidly pipette the cells into a culture tube with 2 ml LB
medium. Incubate the tube for 45 min at 37◦C with shaking
at 200 rpm to allow the bacteria to recover and to express
the antibiotic resistance markers encoded on both plasmids.

5. Then, plate an appropriate volume (100–150 μl per 82 mm
petri dish) of this culture onto an LB agar plate containing
30 μg/ml Cam as well as the appropriate antibiotic for your
expression vector (e.g., 100 μg/ml Amp).

3.3. Preparation
of the Expression
Culture

1. A colony from the previous step is used to grow an expres-
sion culture. We recommend a growth temperature lower
than 37◦C, e.g., 30◦C (see Note 2). A fresh single colony of
E. coli transformed with pTUM4 and the compatible expres-
sion vector is used to inoculate 50 ml LB medium in a
100 ml flask containing 30 μg/ml Cam and the appropriate
second antibiotic (e.g., 100 μg/ml Amp). The preculture is
incubated at 30◦C upon shaking at 200 rpm overnight.

2. The preculture (40 ml) is added to 2l of LB medium con-
taining the same antibiotics in a 5 l Erlenmeyer flask. Smaller
expression cultures may be used but should be inoculated
with less volume of the preculture as appropriate. The cul-
ture is incubated at 22◦C upon shaking at 200 rpm. Bacterial
growth should be monitored by measuring the OD550.

3. Expression is induced at OD550 = 0.5 (after correction with
an LB blank value) by adding the appropriate inducer for
the expression plasmid, e.g., IPTG (46) or aTc (28). The
optimal induction period varies (from 2 to 16 h) and may
depend on toxic effects caused by the heterologous protein
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that can ultimately lead to culture lysis instead of a stationary
phase. The best time for harvest is when the growth curve
has just reached a plateau (see Note 3).

4. The culture is quickly distributed to large centrifuge
tubes (e.g., six Sorvall SLA3000 tubes) and centrifuged at
4,400×g for 15 min at 4◦C. Ensure that the tubes and rotor
are prechilled to 4◦C.

5. After discarding the culture supernatant the tubes are put on
ice in a tilted position, with the pellets elevated, and residual
culture medium – which accumulates at the opposite side
on the bottom of the centrifuge vessel – is removed with a
pipette.

3.4. Preparation
of the Periplasmic
Extract

Usually, the expression of foreign proteins in the periplasm of
E. coli leads to a fragile outer membrane such that addition of
EDTA (to remove divalent cations that stabilize the lipopolysac-
charide) in combination with high osmotic pressure is sufficient
to trigger the release of the soluble periplasmic content (see
Note 4). Solutions should be prechilled to 4◦C before use. Note
that time is a critical factor because cells may lyse if the pellet is
stored for too long.

1. The sedimented and drained bacterial cell pellet from the
2 l expression culture is carefully resuspended in 20 ml of
ice-cold PE buffer, transferred to a 50 ml Falcon tube, and
incubated for 30 min on ice. Use a 25 ml glass pipette
for repeated suction with 10 ml portions of the buffer
(for each three of the centrifugation cups). The goal is to
quickly obtain a homogeneous cell suspension, without visi-
ble flakes, but to avoid excessive shear stress and air bubbles.
If an expression culture with less volume is prepared, all steps
described here must be appropriately scaled down.

2. The spheroplasts are sedimented by centrifugation at
5,087× g for 15 min at 4◦C in a Sigma 4K15 bench top
centrifuge (5,000 rpm using a swinging bucket rotor no.
11156, for example) and the supernatant is carefully recov-
ered as the crude periplasmic cell fraction.

3. In order to clear the supernatant from residual debris it is
transferred to fresh centrifuge tubes (e.g., Sorvall SS34) and
submitted to a second centrifugation step at 27,000×g for
15 min at 4◦C.

4. The periplasmic protein extract can usually be frozen
at –20◦C for storage or directly dialysed against 2 l of a
suitable buffer overnight at 4◦C prior to chromatographic
purification.

5. The His6 tag (45) and the Strep-tag II (48) provide conve-
nient affinity purification methods. If an affinity tag is to be
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used it must be included during cloning of the gene encod-
ing the target protein. The periplasmic production and affin-
ity purification of recombinant human epidermal growth fac-
tor, EGF (49), which carries three disulfide bonds, according
to this procedure is shown in Fig. 12.2.

6. It is advisable to check the success of protein expression
and the quality of the periplasmic cell extract by Coomassie-
stained SDS-PAGE and, if necessary, by Western blotting.
An appropriate periplasmic extract should show a distinct
band pattern when compared to a sample of the whole
cell protein extract as only ca. 5% of all E. coli proteins are
secreted into this compartment (see Notes 5 and 6). Gener-
ally, all four folding catalysts cloned on pTUM4, i.e. DsbA,
DsbC, FkpA, and SurA, are strongly overexpressed and give
rise to prominent bands (24).

4. Notes

1. If the number of colonies obtained from the double trans-
formation of E. coli is too small, electroporation accord-
ing to published protocols (46) is recommended. Use 5 ng
of each plasmid obtained from a typical minipreparation
kit in a total volume of 1–2 μl for 40 μl of the elec-
trocompetent cell suspension. Make sure that the plasmid
solution is free of salt or buffer (TE/10 buffer may be
allowed).

2. Often, an elevated growth temperature leads to reduced
folding efficiency for foreign proteins in the bacterial
periplasm as well as early onset of cell lysis. An expression
temperature of 22◦C is usually a good compromise between
folding efficiency and cell growth rate. If a shaker with a
cooling device is not available the culture may be grown at
ambient temperature. Note, however, that results often vary
if the temperature conditions differ by just 1–2◦C between
experiments. The practice of growing the culture first at
37◦C, until the OD550 for induction is reached, and then
lowering the temperature is not recommended as the cells
do not have sufficient time to adjust their physiology. This
will cost yield, especially for proteins that are difficult to
express. Yet, in the case of less demanding recombinant pro-
teins, conditions may be handled in a more flexible way, e.g.,
by inducing the promoter at a higher cell density, such as an
OD550 = 1, and by continuing expression overnight.
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3. It is advisable first to grow a culture after induction of gene
expression – without cell harvest – for a prolonged time
while monitoring the cell density. In some cases there may be
an onset of culture lysis rather soon after reaching a plateau
phase or even a peak (50). This time point should not be
missed because otherwise protein may be lost into the super-
natant of the culture (1) and the periplasmic fractionation
can be less efficient. Under these circumstances, cell lysis may
liberate many contaminating cytoplasmic proteins as well as
chromosomal DNA, thus leading to high viscosity of the
extract. After even longer induction time the cells may be
overgrown by other cells that have lost their plasmid and/or
no longer produce the recombinant protein of interest.

4. If the periplasmic extraction appears inefficient, i.e., too few
bands are visible by SDS-PAGE, more stringent conditions
may be applied. A convenient method is the addition of
lysozyme up to a final concentration of 200 μg/ml (from a
fresh 10 mg/ml stock solution in PE buffer). The lysozyme
enters the periplasmic space via fractures in the cell envelope
and hydrolyzes the peptidoglycan, which destabilizes the
outer membrane. Alternatively, some harsh osmotic shock
procedures are known, involving dilution of the sphero-
plasts into distilled water (51). However, such protocols
should be applied with caution as extended cell lysis is a
frequent problem. If the viscosity of the periplasmic extract
is too high – but it is still possible to pellet the sphero-
plasts – the protein solution can be rescued for purification
trials by adding Benzonase (Merck, Darmstadt, Germany;
purity grade I, 250 U/μl; recommended concentration: 25
U/ml; incubate at 4◦C for 16 h with the addition of 5 mM
MgCl2). Generally, if the conditions for periplasmic cell frac-
tionation have to be optimized it is recommended to use
periplasmic and cytoplasmic marker enzymes (50) – e.g., β-
lactamase and β-galactosidase, respectively – and determine
their specific activities both in the periplasmic extract, pre-
pared under varying conditions, and in a whole cell lysate
obtained from an equivalent aliquot of the cell suspension
via mechanical lysis using either a French pressure cell or a
sonifier.

5. For SDS-PAGE or Western blot analysis, 10–20 μl samples
of the undiluted periplasmic extract should be applied to the
gel. To prepare a whole cell extract, remove a 1 ml sam-
ple from the bacterial culture – at time points of induction
and harvest, respectively – spin them down in a 1.5 ml tube
for 5 min at 14,000 rpm in a bench top centrifuge, and
remove the supernatant. The cell pellet is then resuspended
in 80 μl of a solution of 12.5 U/ml Benzonase in 100 mM
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Tris–HCl pH 8.0, 5 mM MgCl2, and gently mixed with
20 μl of reducing 5× SDS-PAGE sample buffer [7.5% (w/v)
SDS, 25% (v/v) glycerol, 0.25 M Tris–HCl pH 8.0, 12.5%
(v/v) 2-mercaptoethanol, 0.25 mg/ml bromophenol blue].
After 1 h incubation on ice for degradation of the chromo-
somal DNA the sample should be directly applied – after
heating at 95◦C for 5 min – to the gel or stored frozen until
SDS-PAGE is performed.

6. In certain cases it may happen that the secretion of the
recombinant protein itself is hampered (2, 6), leading to its
accumulation in the bacterial cytoplasm. A clear sign of this
is if no soluble protein can be recovered with the periplas-
mic extract but the protein band detected in the whole cell
lysate after Coomassie-stained SDS-PAGE or Western blot-
ting is by ca. 2 kDa larger than expected, indicating that
the signal peptide has not been processed by the periplas-
mic signal peptidase. This may result from overloading the
bacterial secretion system, for example, by using very strong
promoters such as the T7 system. In such a case weaker pro-
moters or conditions of partial induction are recommended.
In addition, one can try to exchange the signal peptide. This
may also help if the cleavage site itself, at the junction of the
signal peptide and the mature recombinant protein, consti-
tutes a poor substrate of signal peptidase. Finally, one should
be aware that several commonly used cloning strains, e.g.,
XL1-Blue and DH5α, but also E. coli B strains such as BL21
and its derivatives, have inferior protein secretion capability.
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Chapter 13

Engineering Unusual Amino Acids into Peptides Using
Lantibiotic Synthetase
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Abstract

Alteration of protein structure and function by introducing unusual amino acids has great potential to
develop new biological tool and to produce novel therapeutic agents. Lantibiotics produced by Gram-
positive bacteria are ribosomally synthesized and post-translationally modified antimicrobial peptides. The
modification enzyme involved in lantibiotic biosynthesis can catalyze the formation of unusual amino
acids in the nascent lantibiotic prepeptide. Here, a novel methodology on the lantibiotic nukacin ISK-1
is described for engineering unusual amino acid residues into hexa-histidine-tagged (His-tagged) prepep-
tide NukA by the modification enzyme NukM in Escherichia coli. Co-expression of His-tagged NukA and
NukM, purification of the resulting His-tagged prepeptide by affinity chromatography, and subsequent
mass spectrometry analysis show that the prepeptide is converted into a postulated peptide with decrease
in mass which results from the formation of unusual amino acids such as dehydrated amino acid, lanthio-
nine, or 3-methyl lanthionine at the expected positions. The modified prepeptide can be readily obtained
by one-step purification. This strategy will thus be a simple and powerful tool for introducing unusual
amino acid residues aimed at peptide engineering.

Key words: Lantibiotic, unusual amino acid, post-translational modification, peptide engineering.

1. Introduction

Recent advances in peptide chemistry, molecular biology, and
genetics have increased the possibility of the engineering of
peptides and proteins. Amino acid substitution, D-amino acid
replacement, chemical modification, glycosylation, and back-
bone cyclization are the present technologies that can amelio-
rate the potentiality of antimicrobial peptides and proteins (1). In
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post-genomic era, the molecular design and alteration of a
protein structure and function by introducing unusual amino
acids have attracted much interest and is highly forthcoming
to develop a new biological tool for producing novel thera-
peutic agents. In particular, the engineering of a new peptide
shows promise for producing potential antibiotics, since effec-
tive traditional antibiotics are decreasing in number because
of the development of antibiotic resistance among microbial
populations.

Lantibiotics are ribosomally synthesized and post-
translationally modified antimicrobial peptides that contain
unusual amino acids such as lanthionine (Lan) and/or 3-methyl
lanthionine (MeLan), and dehydrated amino acids (2–4). The
lantibiotic prepeptide consists of an N-terminal leader peptide
followed by a C-terminal propeptide moiety that undergoes
several post-translational modification events including unusual
amino acids formation, cleavage of leader peptide, and export.
Serine and threonine residues at specific positions in the
propeptide moiety are dehydrated to dehydroalanine (Dha) and
dehydrobutyrine (Dhb) residues, respectively and the thioether
rings of Lan and MeLan are formed by the respective cyclization
of Dha and Dhb residues with the thiol group of cysteine
residues. Various biological activities and significant structural
stability of lantibiotics have been reported and all the activities
depend on the presence of unusual amino acids. Thus, enzymes
involved in lantibiotic biosynthesis may have high potentiality
for peptide engineering by introduction of unusual amino acids
into desired peptides, which might envisage the founding of
a universal approach to advance for structural design of novel
peptides, termed lantibiotic engineering (2).

A lantibiotic nukacin ISK-1 is produced by Staphylococcus
warneri ISK-1 (5–7). Nukacin ISK-1 prepeptide (NukA) is post-
translationally modified by the modification enzyme NukM (5).
The overall strategy developed is to explore the Gram-negative
bacterium Escherichia coli as a heterologous host for the unusual
amino acid formation. Here we describe a novel methodology for
engineering unusual amino acids into hexa-histidine-tagged (His-
tagged) NukA by NukM (5). Co-expression of His-tagged NukA
and NukM, purification of modified prepeptides by affinity chro-
matography, and subsequent mass spectrometry analysis demon-
strate that considerable amounts of the modified His-tagged
NukA containing unusual amino acids are readily obtained. The
lanthionine-introducing system in E. coli has many advantages
such as easy manipulation of genetic engineering and rapid and
instant usages. Therefore, the strategy developed will be a novel
and powerful tool for the peptide engineering by introduction of
unusual amino acids.
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2. Materials

2.1. Construction
of Plasmids

1. KOD plus DNA polymerase (Toyobo, Osaka, Japan) is used
for PCR.

2. Restriction enzyme BamHI (Toyobo) is used according to
manufacturer’s instructions.

3. E. coli JM109 is used as a cloning host.
4. E. coli BL21(DE3) (Novagen, Madison, WI, USA) is used

as an expression strain.
5. Plasmid pET-14b (Novagen) is used as an expression vector.
6. Mag extractor plasmid extraction kit (Toyobo) is used to iso-

late plasmids from E. coli.
7. Gene pulser apparatus (Bio-Rad, Hercules, CA, USA).

2.2. Bacterial Culture
and Cell Disruption

1. 2xYT media: 1.6% trypton, 1.0% yeast extract, 0.5% NaCl.
2. Ampicillin (Nacalai Tesque, Kyoto, Japan) is dissolved at

50 mg/mL in sterilized water and stored in aliquots at –
30◦C.

3. Isopropyl 1-thio-β-D-galactoside (IPTG) (Nacalai Tesque) is
dissolved at 0.5 M in sterilized water and stored in aliquots
at –30◦C.

4. Tris-HCl buffer (pH 7.5) is prepared at 1 M and stored at
room temperature.

5. SONIFIER cell disruptor 350 (Branson Ultrasonics, Dan-
bury, CT, USA).

2.3. Purification
by Affinity
Chromatography
and Desalting

1. HiTrap Chelating HP 1-mL column (Amersham Bio-
sciences, Uppsala, Sweden).

2. Binding buffer: 20 mM Tris-HCl, 0.5 M NaCl, 10 mM imi-
dazole. Stored at 4◦C.

3. Washing buffer: 20 mM Tris-HCl, 0.5 M NaCl, 100 mM
imidazole. Stored at 4◦C.

4. Elution buffer: 20 mM Tris-HCl, 0.5 M NaCl, 300 mM
imidazole. Stored at 4◦C.

5. Reverse-phase column, PepRPC HR 5/5 (Amersham Bio-
sciences) integrated in LC-10A HPLC system (Shimadzu,
Kyoto, Japan).

6. Acetonitrile (HPLC grade, Kanto Chemical, Japan) contain-
ing 0.1% trifluoroacetic acid (TFA, Nacalai Tesque). Make
fresh as required.

7. MilliQ water containing 0.1% TFA. Make fresh as required.
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2.4. Electrospray
Ionization-Mass
Spectrometry
(ESI–MS) Analysis

1. ESI-MS (Accutof T100LC, JEOL, Tokyo, Japan).
2. 95% acetonitrile (HPLC grade, Kanto Chemical) con-

taining 0.05% TFA (Nacalai Tesque). Make fresh as
required.

2.5. Characterization
of the Modified
His-Tagged
Prepeptide

2.5.1. Amino Acid
Sequencing

1. Lysylendopeptidase (Lys-C, Wako, Osaka, Japan) dissolved
at 0.1 mg/mL in sterilized water and stored at 4◦C.

2. NH4HCO3 buffer (pH 8.5) is prepared at 100 mM and
stored at room temperature.

3. Evaporator (Speed Vac Plus SC110A, Savant, Farmingdale,
NY, USA)

4. PPSQ-21 gas-phase automatic protein sequence analyzer
(Shimadzu).

2.5.2. Amino Acid
Composition Analysis

1. D,L-Lanthionine (Tokyo Kasei, Tokyo, Japan) is used as a
standard for Lan or MeLan.

2. LC-500/V amino acid analyzer (JEOL).
3. 6 N HCl. Make fresh as required.

2.5.3. Characterization
with 1-Cyano-4-
dimethylaminopyridinium
Tetrafluoroborate (CDAP)

1. CDAP (Sigma Chemical, St. Louis, MO, USA) is dissolved
at 0.1 M in citrate buffer at pH 3.0. CDAP is unstable; there-
fore, make fresh as required.

2. Tris(2-carboxyethyl) phosphate-HCl (TCEP, PIERCE,
Rockford, IL, USA) is dissolved at 1 M in citrate buffer at
pH 3.0 as a stock solution and stored under N2 at –30◦C.

3. LC/MS device [LC: Agilent HP1100, column: SOURCE
5RPC ST 2.1/150 (Amersham Biosciences), MS: JEOL
Accutof T100LC].

3. Methods

To obtain reliable and reproducible results, it is important to
maintain the culture and induction condition for co-expression of
His-tagged NukA and NukM. In this co-expression system, nukA
gene is in frame with hexa-histidine tag at N-terminus to purify
the modified His-tagged NukA easily after cell lysis. The molec-
ular mass data of the obtained peptides are not enough to iden-
tify the presence of Lan or MeLan, because the intramolecular
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cyclization of Dha or Dhb residue with cysteine residue does
not produce a change in mass. Physico-chemical analyses such
as amino acid sequencing and composition analysis are therefore
required to determine the unusual amino acids. Besides, CDAP,
which cyanylates the thiol group of free cysteine residue, is used
for rapid and sensitive determination of the Lan formation.

3.1. Construction
of Plasmid

General molecular biology techniques are basically carried out fol-
lowing the established protocols (8).

1. The gene fragment encoding NukA and NukM is
successively amplified from the template plasmid
pInuk (6) by PCR with the following set of primers:
5′-TAGGAGGATCCAAACATGGAAAATTCTAAAGTT-3′
and 5′-TCATGGATCCCTTCCAAACTAAATGTTTG-3′.

2. The amplified fragment is cloned under T7 promoter in
pET-14b at BamHI site. Resultant plasmid pETnukAM
is in-frame translation with hexa-histidine tag sequence at
N-terminus of NukA.

3. The gene fragment encoding NukA is amplified from the
template plasmid pInuk (6) by PCR with the following set
of primers, 5′-TTTAGGAGGATCCAAACATGGAAAA-3′
and 5′-TATTAAGGATCCAATACTCTCCA-3′. The ampli-
fied fragment is cloned into pET-14b at BamHI site.
Resultant plasmid pETnukA is in-frame translation with
hexa-histidine tag sequence at N-terminus of NukA.

4. E. coli BL21(DE3) is transformed with the plasmid pET-
nukAM or pETnukA. Resultant bacterial strains can be
stored in final 15% (v/v) glycerol at –80◦C. E. coli strains
used are listed in Table 13.1 (see Note 1).

Table 13.1
E. coli strains used in this study

Bacterial strains Descriptiona
Reference
or source

E. coli
BL21(DE3)

F−, ompT, hsdSB(rB
−mB

−) gal, dcm
(DE3)

Novagen

E. coli
BL21(DE3)
recombinantb

(pETnukA) Apr, BL21(DE3) carrying pETnukA (7)

(pETnukAM) Apr, BL21(DE3) carrying pETnukAM (5)
aApr, ampicillin resistance
bPlasmids introduced in strains are indicated in parentheses
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3.2. Culture Condition
for Co-expression

1. To recover the bacterial strain from –80◦C glyc-
erol stock, streak it onto an LB agar plate con-
taining 50 μg/mL of ampicillin and grow overnight
at 37◦C.

2. Pick a single colony from the plate and grow overnight into
5 mL of 2xYT media containing 50 μg/mL of ampicillin
at 37◦C with shaking (120 rpm).

3. About2 mL of overnight culture is inoculated into 200
mL of 2×YT media containing 50 μg/mL of ampicillin
and grown at 37◦C with shaking (120 rpm) until OD600
reaches 0.6.

4. Prior to addition of IPTG, incubate the culture at 20◦C
for 15 min with shaking (120 rpm) for adaptation of the
bacteria to subsequent temperature change for induction
(see Note 2).

5. Add IPTG at a final concentration of 0.5 mM and further
culture at 20◦C for 20 h with shaking (120 rpm).

6. Harvest cells by centrifugation at 10,000×g for 15 min at
4◦C.

7. Resuspend cells in 30 mL of 20 mM Tris-HCl buffer
(pH 7.5) and centrifuge at 6000×g for 15 min
at 4◦C.

8. Resuspend cells in 5 mL of 20 mM Tris-HCl buffer (pH
7.5).

9. Disrupt cells on the cold ice by sonication with a SONI-
FIER cell disruptor 350 (output 4, 40% duty, 1 min × 6
cycles).

10. Centrifuge at 6000×g for 20 min at 4◦C to prepare cell-
free extract (see Note 3).

3.3. Purification
of His-Tagged
Prepeptide by Affinity
Chromatography

HiTrap chelating HP 1-mL column is used for purification of His-
tagged NukA. Generally, all operations can be achieved at room
temperature by a syringe at flow rate of 1 mL/min according to
the following protocol:

1. Equilibrate the column with 10 mL of binding buffer.
2. Apply 5 mL of the cell-free extract.
3. Wash with 10 mL of binding buffer.
4. Wash with 5 mL of washing buffer to remove non-specific

host proteins.
5. Elute with 5 mL of elution buffer (see Note 4).
6. Re-equilibrate the column with 10 mL of binding buffer.
7. Desalt His-tagged NukA in elution fraction by subjecting

to the reverse-phase HPLC (RP-HPLC). The absorbance is
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measured at 220 nm. Peptide is eluted from the column at
flow rate of 1 mL/min with a linear gradient of acetoni-
trile/0.1% TFA (15–80% for 30 min).

3.4. ESI-MS Analysis
of His-Tagged
Prepeptide

His-tagged peptides eluted from the RP-HPLC are directly ana-
lyzed by ESI-MS (see Notes 5 and 6).

1. About 5 μL of column elutes are applied to ESI-MS.
2. The mass spectrometer is operated under the following con-

ditions: positive polarity; capacity temperature, 250◦C; nee-
dle voltage, 2.0 kV; orifice voltage, 92 V; and ring voltage,
10 V.

3. After scanning for molecular ions in the m/z range of
500–3000, ion chromatograms extracted are plotted with
detector counts at the indicated m/z. The results obtained
are shown in Fig. 13.1a (see Notes 7 and 8).

Fig. 13.1. ESI-MS spectra of the purified His-tagged NukA and the modified His-tagged NukA (a), and their masses
cyanylated with CDAP (b). (a) From the recorded multiply charged ions, experimental masses of 9134.5 Da and 9063.2 Da
could be calculated for His-tagged NukA and the modified His-tagged NukA, respectively. These results indicate that His-
tagged NukA (9134.5 Da) co-expressed with NukM for 20 h at 20◦C is converted into the peptide (the modified His-tagged
NukA, 9063.2 Da) with decrease in mass of 71.3 Da. This mass reduction is in good agreement with the formation of
unusual amino acids at the expected positions (see Fig. 13.2). (b) His-tagged NukA containing three Cys residues is used
as a control. A total mass shift with +76.2 Da is observed by CDAP treatment, indicating complete CDAP addition to three
free cysteine residues. In contrast, the modified His-tagged NukA shows no mass change by CDAP treatment. These
results suggest the presence of three thioether bridges in the modified His-tagged NukA.
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Fig. 13.2. Engineering unusual amino acids into His-tagged NukA by the modification enzyme NukM. NukA consists
of an N-terminal leader peptide and a C-terminal propeptide moiety. NukM catalyzes post-translational modification in
C-terminal moiety to form unusual amino acids such as lanthionine, 3-methyl lanthionine, and dehydrobutyrine. Nukacin
ISK-1 is obtained after cleavage of the leader peptide at the double glycine site. C-Terminal propeptide moiety of nukacin
ISK-1 is obtained by the digestion with Lys-C at an appropriate site. A-S-A, lanthionine; Abu-S-A, 3-methyl lanthionine;
Dhb, dehydrobutyrine. Underlined Ser and Thr residues in His-tagged NukA can be dehydrated by NukM.

3.5. Characterization
of the Modified
His-Tagged
Prepeptide

3.5.1. Amino Acid
Sequencing

To determine the presence and location of unusual amino acids,
the modified His-tagged NukA with decrease in mass of 71.3 Da
is digested with lysylendopeptidase (Lys-C) (see Fig. 13.2).

1. The modified His-tagged NukA (42 μg) is dissolved in 1
mL of 100 mM NH4HCO3 buffer (pH 8.5) containing the
protease Lys-C (0.5 μg) and then incubated at 25◦C for
20 h.

2. The digests are subjected to RP-HPLC and the obtained
peaks are analyzed by ESI-MS as described in Section 3.4.

3. The Lys-C fragment of the modified His-tagged NukA
(2574.8 Da) corresponding to that of nukacin ISK-1 is col-
lected and concentrated with evaporator.

4. Lys-C-digested fragment of the modified His-tagged NukA
(1 nmol) is analyzed via Edman degradation using a PPSQ-
21 gas-phase automatic protein sequence analyzer. (see
Note 9).

3.5.2. Amino Acid
Composition Analysis

1. The modified or no modified His-tagged NukA (10 nmol)
is hydrolyzed in 1 mL of 6 N HCl under a vacuum at 110◦C
for 24 h.
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2. Amino acid analysis of the hydrolyzate is performed with
LC-500/V amino acid analyzer.

3. The sum of the Lan and MeLan residues is determined
using D,L-lanthionine as a standard. The result is shown in
Table 13.2 (see Note 10).

Table 13.2
Amino acid composition of His-tagged NukA and the
modified His-tagged NukAa

His-tagged NukA Modified His-tagged NukA
Amino
acid Predictedb Detected Predictedb Detected

Ala 2 2.2 2 2.0

Leu 6 6.0 6 6.0
Cysc 3 NDe 0 NDe

Ser 10 8.8 8 7.1
Thr 2 2.1 0 0.3

Lan/MeLand 0 0 3 3.2
aThe number of amino acid residues is determined for the molar ratio relative to Leu
bPredicted from the gene sequences
cCys is destroyed upon acid hydrolysis
dLan, lanthionine; MeLan, 3-methyl lanthionine
eND, not detected

3.5.3. Rapid Evaluation
of Unusual Amino Acids
Formation with CDAP

To rapidly evaluate the cyclization extent of the modified His-
tagged NukA with high sensitivity, CDAP is used to cyanylate
free cysteine residues (9). Cyanylated cysteine residue causes a
mass shift of +25 Da, whereas cysteine residues involved in ring
structure do not (see Note 11).

1. The peptide dried with evaporator [fewer than 10 μg
(1 nmol)] is dissolved in 20 μL of sterilized water.

2. Add 2 μL of 100 mM TCEP buffer and incubate at room
temperature for 15 min to reduce disulfide bonds.

3. Add 6 μL of 100 mM CDAP and incubated for an additional
15 min.

4. The reaction products are applied to an LC/MS device at
a flow rate of 0.2 mL/min with a linear gradient of ace-
tonitrile/0.05% TFA (15–100% for 40 min). The column
elutes are directly loaded into ESI-MS under the same con-
dition as described in Section 3.4. The results are shown in
Fig. 13.1b.
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4. Notes

1. Another co-expression system is also tried as follows. Sta-
ble maintenance of two plasmids in the same host requires
compatible origins of replication and a complementary set
of selection markers, so both genes, nukA and nukM, are
independently cloned under IPTG-inducible T7 promoter
of pET-14b and pACYC184, respectively. Resulting plas-
mids, pETnukA and pACYCnukM, are co-introduced into
E. coli BL21(DE3). However, His-tagged NukA induced
for 20 h at 20◦C or 3 h at 37◦C in this system shows
no post-translational modification reaction in His-tagged
NukA under induction conditions used (5).

2. Incubator is placed in cold room (4◦C) and set it up at
20◦C.

3. Quite low amount of mature nukacin ISK-1 (estimated to
be below 15 ng per 200 μg protein of cell-free extract) is
detected in cell-free extract by ESI-MS analysis (5). This
might suggest that the absence of the processing enzyme
of nukacin ISK-1 might be partially complemented by a
protease encoded by a gene of E. coli.

4. Most of the modified His-tagged NukA is present in elu-
tion fraction with high purity which shows a single band on
SDS-polyacrylamide gel electrophoresis.

5. Expression of NukM is detected only by the induction for
20 h at 20◦C not for 3 h at 37◦C. Accordingly, no mass
change is observed in His-tagged prepeptide induced for
3 h at 37◦C (5).

6. We cannot find any non-dehydrated and partially dehy-
drated peptides other than the obtained peptide (5).
This result indicates that post-translational modification by
NukM is completely occurred in E. coli under the condition
used.

7. The modified His-tagged NukA shows no antimicrobial
activity against Lactobacillus sakei subsp. sakei JCM 1157T

used as an indicator strain even by 100-fold of minimum
inhibitory concentration (MIC) for nukacin ISK-1 (5).
Leader peptide might keep the modified His-tagged NukA
inactive that has also been found in other lantibiotics (10).

8. The modified His-tagged NukA is constantly obtained over
1.5 mg/L of culture.

9. Unusual amino acids are generally identified as uniden-
tified residues. Furthermore, dehydrated amino acid
leads to the block in Edman degradation. In case of the
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modified His-tagged NukA, following N-terminal
sequence is obtained: S-G-V-I-P-X-V-X-H-D-X-H-M-
N-X-F-Q-F-V-F-X. Except for residues shown as X,
unidentified residues, this sequence is identical to that of
the Lys-C-digested fragment of nukacin ISK-1. After 21
cycles cause the blockage of subsequent sequence due to
the dehydration of the Thr at position 22 to Dhb (residue
24 of the modified His-tagged NukA) (see Fig. 13.2).

10. If the post-translational modification by NukM is success-
fully occurred, we can observe loss of two each of Ser and
Thr residues and also appearance of three Lan or MeLan
residues (Table 13.2). There is no commercial standard
for MeLan available, and it is not clear from the litera-
ture whether Lan and MeLan can be differentiated by RP-
HPLC.

11. Chemical modification of free cysteine residue in the pep-
tide with CDAP is rapid and highly sensitive compared to
amino acid sequencing and composition analysis. However,
we should pay attention that this is not direct method to
determine the presence of unusual amino acids.
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Chapter 14

The Targeted Expression of Nucleotide Sugar Transporters
to the E. coli Inner Membrane

Joe Tiralongo and Andrea Maggioni

Abstract

The heterologous expression of functional mammalian integral membrane proteins still represents a
significant hurdle towards evaluating the relationship between their structure and function. We have
therefore utilised the OmpA signal sequence to deliberately target the expression of a mammalian
nucleotide sugar transporter, the murine CMP-sialic acid transporter, to the E. coli inner membrane.
The functionality of the recombinant CMP-sialic acid transporter could then be evaluated either follow-
ing the spheroplasting of E. coli cells or through the isolation of the E. coli inner membrane and the
formation of mixed phosphatidylcholine-inner membrane proteoliposomes.

Key words: Membrane proteins, nucleotide sugar transporter, OmpA signal sequence, protein
expression.

1. Introduction

Membrane proteins represent approximately 30% of the total
prokaryotic and eukaryotic proteome. However, integral mem-
brane proteins represent only about 0.3% of all the protein struc-
tures elucidated, with an even smaller percentage if only the
structures of eukaryotic membrane protein are considered (1, 2).
Despite the vast array of expression systems currently available,
the main bottleneck in eukaryotic membrane protein crystallisa-
tion and elucidation of structure–function relationships remains
the quantitative expression and purification of functional pro-
tein (1, 2). The expression of eukaryotic integral membrane pro-
teins in prokaryotic expression systems (e.g. E. coli) typically leads
to the sequestering of these recombinant proteins as inclusion
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bodies, from which functional membrane protein is often diffi-
cult to recover ((3) and references therein).

The CMP-sialic acid transporter (CST) is a Golgi resident
hydrophobic protein with ten putative transmembrane domains
that catalyses the transport of CMP-sialic acid (the universal
donor substrate for sialyltransferases) into the Golgi apparatus
of eukaryotic cells (4). The CST is a member of a highly con-
served family of multiple membrane spanning proteins collectively
referred to as nucleotide sugar transporters (5). Therefore, our
interest (6, 7) in not only probing the relationship between CST
structure and function, but also in generating protein suitable for
structural elucidation, led us to develop an efficient system for the
heterologous expression of integral membrane proteins in E. coli.
This system utilises the OmpA signal sequence to target integral
membrane proteins to the E. coli inner membrane.

2. Material

2.1. Protein
Expression
and E. coli Inner
Membrane Isolation

1. pFLAG-mCST (8) (see Note 1 and Fig. 14.1).
2. Electrocompetent E. coli BL21 (Merck Biosciences, Darm-

stadt, Germany) (see Note 2).
3. 50 mg/mL Ampicillin: Dissolve 1 g ampicillin sodium salt

in 20 mL Milli Q H2O (see Note 3) and sterilise by passing
through a 0.2 μm filter. Aliquot and freeze at –20◦C.

Fig. 14.1. pFLAG-mCST was constructed as described in (8). The coding sequence of
the full-length mCST was amplified by PCR using pTRc-ME8HA (7) as the template and
a forward primer that introduced an XhoI site and a reverse primer that introduced a
BglII site. The resultant PCR product was digested with XhoI and BglII and ligated into
the corresponding sites of pFLAG-ATS to generate pFLAG-mCST. Using this plasmid the
mCST can be expressed in E. coli BL21 fused to an N-terminal OmpA signal sequence,
shown in bold, and the eight amino acid residue FLAG-tag under the control of the IPTG
inducible tac promoter (a hybrid of the E. coli trp and lac promoters).
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4. LB (Luria-Bertani) medium: Dissolve 10 g Tryptone
(Oxoid, Cambridge, UK), 5 g Yeast Extract (Oxoid) and
10 g NaCl in 1 L Milli Q H2O and sterilise by autoclaving
at 121◦C for 20 min. Store at room temperature.

5. LB agar-ampicillin plates: Add 15 g Agar Bacteriological
to LB medium described above prior to autoclaving. Allow
medium to cool to approximately 55◦C and add ampicillin
(50 mg/mL) to a final concentration of 100 μg/mL. Imme-
diately pour (approximately 25–30 mL) into 10 cm diameter
Petri dishes and allow to set at room temperature. Store at
4◦C.

6. 1 M IPTG: Dissolve 2.83 g isopropyl-β-D-thio-galacto-
pyranoside (IPTG) in 8 mL Milli Q H2O. Bring to 10 mL
with additional Milli Q H2O and sterilise by passing through
a 0.2 μm filter. Freeze at –20◦C.

7. Phosphate buffer saline (PBS): Dissolve 8 g NaCl, 0.2 g KCl,
1.44 g Na2HPO4 and 0.24 g KH2PO4 in approximately 800
mL of Milli Q H2O and adjust pH to 7.4. Bring to 1 L and
store at room temperature.

8. PBS-Protease inhibitor cocktail: Dissolve 1 Complete Pro-
tease Inhibitors Cocktail Tablet (Roche Applied Science,
Castle Hill, NSW, Australia) in 50 mL PBS and supplement
with 0.5 M EDTA (pH 8) to a final concentration of 1 mM.

9. Sucrose solutions (w/w): For all sucrose concentrations the
indicated amounts are dissolved in 120–150 mL Milli Q
H2O. Ten mL of 0.1 M EDTA (pH 7.5) is then added and
the solution is adjusted to 200 mL by the addition of Milli
Q H2O.
55% sucrose, 138.3 g; 50% sucrose, 123.0 g; 45% sucrose,
108.2; 40% sucrose, 94.1 g; 35% sucrose, 80.6 g; 30%
sucrose, 67.6 g.

2.2. Evaluation
of Recombinant
Membrane Protein
Functionality

2.2.1. Spheroplasting
of E. coli Cells

1. 200 mM Tris–HCl (pH 8): Dissolve 24.23 g Tris base in 900
mL of Milli Q water and adjust pH to 8 with HCl. Bring to
1 L and store at room temperature.

2. 200 mM Tris–HCl (pH 8) containing 1 M sucrose: Dissolve
24.23 g Tris base and 342.3 g sucrose in 500 mL of Milli
Q water, bring volume to 900 mL and adjust pH to 8 with
HCl. Bring to 1 L and store at room temperature.

3. Egg white lysozyme (see Note 4).
4. 1 M MgCl2 solution: Dissolve 10.2 g magnesium chloride

hexahydrate in 20 mL of Milli Q water and sterilise by pass-
ing through a 0.2 μm filter. Aliquot and freeze at –20◦C.
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5. 100 mM EDTA (pH 7.6) solution: Dissolve 3.73 g of
EDTA-Na2 dihydrate in 70 mL Milli Q water and while stir-
ring adjust to pH 7.6 with NaOH. Bring to 100 mL and
store at room temperature.

2.2.2. Evaluation
of Protein Functionality:
Generation of Mixed
Phosphatidylcholine-
Inner Membrane
Proteoliposomes

1. Phosphatidylcholine (Type XI-E, 100 mg/mL in chloro-
form).

2. 10 mM Tris–HCl (pH 7) containing 2 mM MgCl2: Prepare
1 M Tris–HCl (pH 7) by dissolving 12.11 g Tris base in 70
mL of Milli Q water and adjust pH to 7 with HCl. Bring
to 100 mL and store at room temperature. Add 1 mL 1 M
Tris–HCl (pH 7) and 0.2 mL 1 M MgCl2 solution to 98.8
mL of H2O, mix and store a 4◦C.

3. Methods

3.1. Protein
Expression and Inner
Membrane Isolation

The protocol provided is for the targeted expression of the mouse
CMP-sialic acid transporter (mCST) to the E. coli inner mem-
brane using the OmpA leader sequence under optimal conditions
(15◦C, 0.1 mM IPTG, 3 h). These conditions were determined
by evaluating various temperatures (15, 20, 25 and 37◦C), IPTG
concentrations (0.1–1 mM) and induction times (up to 4 h).
Therefore, the same would need to be determined for each pro-
tein expressed using our system; however, the basic methodology
described is in essence the same regardless of temperature, IPTG
concentration and induction times used.

The OmpA signal sequence targets recombinant proteins to
the Sec translocase (the E. coli translocation machinery in the
inner membrane) (3). The isolation of E. coli inner membrane fol-
lowing the targeted expression of membrane proteins using the
OmpA leader sequence serves two purposes. First, it is used to
verify the localisation of the recombinant CST to the inner mem-
brane. Second, the isolated inner membrane fraction can sub-
sequently be used to generate mixed phosphatidylcholine-inner
membrane proteoliposomes (described in Section 3.2.2) for the
evaluation of recombinant CST functionality.

1. Transform electrocompetent E. coli BL21 cells with
pFLAG-mCST (see Note 2) and select for positive trans-
formants by plating on LB agar-ampicillin plates (see
Note 5).

2. An overnight culture of E. coli BL21 transformed with
pFLAG-mCST is prepared by inoculating 3 mL LB
medium containing 100 μg/mL ampicillin with a single
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transformant (colony) and incubating at 37◦C for 16 h
with shaking (225 rpm).

3. Two mL of the resulting overnight culture is used to inoc-
ulate 1 L LB medium containing 100 μg/mL ampicillin
and the culture is incubated at 37◦C with shaking until an
OD600 (see Note 6) of 0.4–0.5 is reached. At this stage
the culture is then shifted to an incubator set at 15◦C (see
Note 7) and incubated with shaking until an OD600 of
0.6–0.7 is reached (generally takes 45–60 min).

4. At an OD600 of 0.6–0.7 protein expression is induced by
the addition of IPTG to a final concentration of 0.1 mM
(induced cells) (see Note 8).

5. After 3 h incubation at 15◦C, cells are harvested by cen-
trifugation (4,000×g, 15 min, 4◦C) and suspended in
PBS-Protease inhibitor cocktail supplemented with 1 mM
EDTA.

6. Induced E. coli cells while on ice are lysed by sonication
using an ultrasonic processor fitted with a tapered microtip
probe set at 40% maximum output for a 30 s pulse followed
by a 30 s pause on ice. This is repeated for four cycles.
The resulting total cell lysate is pre-cleared by centrifuga-
tion (20,000×g, 30 min, 4◦C); this removes un-lysed cells,
cell debris and inclusion bodies (see Note 9).

7. A total membrane fraction (see Note 10) is subsequently
obtained by further centrifugation of the supernatant fol-
lowing pre-clearing by ultracentrifugation at 100,000×g,
4◦C, 1 h.

8. The total membrane fraction is layered on a 30–55%
sucrose gradient (Ultra Clear Tubes, Beckman, Part num-
ber 344058) essentially as described by Osborn and Mun-
son (9) and shown in Fig. 14.2, and centrifuged at
100,000×g for 18 h at 4◦C using a swing-out bucket rotor
(e.g. SW32 Ti, Beckman Coulter, Fullerton, CA, USA).

9. Following centrifugation, 1 mL fractions are carefully
removed beginning at the top of the tube and set on ice.

10. The protein concentration of each fraction is determined
using the BCA protein assay (Pierce, Rockford, IL, USA)
or similar protein assay kit.

11. Protein is separated by SDS-PAGE (see Note 11) and
detected by Western blot analysis (see Note 12). The result
from a typical isolation using a sucrose density gradient of
the E. coli inner membrane expressing recombinant CST is
shown in Fig. 14.3.

12. Fractions identified containing recombinant CST are
pooled and used immediately.
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Fig. 14.2. The E. coli inner and outer membrane can be separated by layering a total
membrane fraction onto a 30–55% sucrose gradient as shown. The volumes required to
generate this gradient in a 38 mL Ultra Clear centrifuge tube are indicated and centrifu-
gation is performed at 100,000×g for 18 h at 4◦C using a swing-out bucket rotor. The
outer membrane accumulates at the 30–35% sucrose interface and the inner membrane
accumulates at the 45–50% sucrose interface. The membrane fractions are indicated
with arrows.

Fig. 14.3. A typical separation of the E. coli inner membrane incorporating the recombinant mCST from the outer
membrane using a sucrose density gradient. (a) Fractions of 1 mL were carefully removed beginning at the top of the
centrifuge tube and analysed for protein content. (b) Recombinant mCST content in the fractions was verified by Western
blotting using anti-FLAG mAb M2 as the primary antibody. The region of the blot corresponding to 30 kDa, the expected
molecular mass of mCST, is shown. Twenty micrograms of protein was loaded per lane.

3.2. Evaluation
of Recombinant
Membrane Protein
Functionality

The following protocols describe two alternative methods that
permit the evaluation of recombinant CST functionality after
targeted expression to the E. coli inner membrane. The first
utilises spheroplasted E. coli cells (described in Section 3.2.1),
where the peptidoglycan network connecting the inner and outer
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membrane is destabilised using lysozyme leading to the almost
complete removal of the outer membrane without cell lysis.
This treatment results in the E. coli inner membrane becoming
exposed, allowing the functionality of the recombinant protein
localised to the membrane to be evaluated. The use of sphero-
plasts to evaluate recombinant membrane protein functionality
has a number of advantages: (i) they are relatively quick to pre-
pare, thus minimising sample handling; (ii) they are suitable for
small-scale pilot experiments; (iii) they can be easily collected by
centrifugation or filtration because of their size; and (iv) based
on the positive-inside rule (10), the orientation of the recom-
binant protein within the membrane should be uniform. There-
fore, the use of spheroplasted cells represents an ideal starting
point for determining recombinant protein functionality. How-
ever, the integration of a recombinant membrane protein can,
if expression is not tightly regulated, destabilise the inner mem-
brane making spheroplasting difficult due to cell lysis. If sphero-
plasting cannot be achieved, we recommend isolation of the
inner membrane as described in Section 3.1, and the generation
of mixed phosphatidylcholine-inner membrane proteoliposomes
(described in Section 3.2.2).

The generation of mixed proteoliposomes is particularly nec-
essary if the transport activity of a recombinant solute transporter,
such as the CST, is to be assessed. A significant advantage of using
mixed proteoliposomes, particularly when evaluating recombi-
nant solute transporter functionality, is the ability to pre-load
the proteoliposomes with substrates or inhibitors. That is, many
solute transporters function via an antiporter mechanism where
the influx of one molecule is driven by the efflux of a counter-
molecule; such a mechanism is utilised by the CST (7). There-
fore, the ability to pre-load proteoliposomes with substrates or
inhibitors allows detailed evaluation of recombinant transporter
functionality.

3.2.1. Spheroplasting
of E. coli Cells

Spheroplasting was performed essentially according to Witholt
et al. (11, 12).

1. Following induction with 0.1 mM IPTG (Section 3.1,
Step 5), collect the E. coli cells by centrifugation (4,000×g,
15 min, 4◦C). Resuspend the cells at 40 mg/mL in 200 mM
Tris–HCl buffer (pH 8.0) (see Note 13).

2. Dilute the cell suspension with an equal volume of 200 mM
Tris–HCl (pH 8.0) containing 1 M sucrose (final concen-
tration: 200 mM Tris–HCl (pH 8.0) containing 0.5 M
sucrose).

3. Add EDTA (pH 7.6) to a final volume equivalent to 0.5% of
the cell suspension obtained at Step 2.

4. Add lysozyme to a final concentration of 60 μg/mL.
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5. Induce osmotic shock by diluting the cell suspension with
an equal volume of Milli Q water under constant and gentle
stirring.

6. Monitor spheroplasting progression by light microscopy (see
Note 14).

7. When spheroplasting efficiency reaches 80–85%, add MgCl2
to a final concentration of 20 mM to stabilise the sphero-
plasts.

8. E. coli spheroplasted in this manner can now be collected
by centrifugation, resuspended in an appropriate buffer sys-
tem and used for evaluation of functionality (e.g. binding,
enzyme activity or transport assays).

3.2.2. Generation
of Mixed
Phosphatidylcholine-
Inner Membrane
Proteoliposomes

1. An appropriate amount (see Note 15) of the 100 mg/mL
phosphatidylcholine solution is transferred to a glass round
bottom flask and the bulk of the chloroform removed
quickly by rotary evaporation. The lipid cake is then
transferred to a high vacuum pump and left to dry
overnight.

2. The resulting lipid cake is rehydrated with 10 mM Tris–HCl
(pH 7) containing 2 mM MgCl2 to give a final phosphatidyl-
choline concentration of 30 mg/mL.

3. The lipid suspension is extruded 11 times with the Avanti
Lipid Mini-Extruder using a polycarbonate filter with
200 nm diameter (see Note 16).

4. The phosphatidylcholine unilamellar vesicle suspension is
then diluted in 10 mM Tris–HCl (pH 7) containing 2 mM
MgCl2 to a final concentration of 3 mg/mL and stored on
ice until required.

5. The inner membrane fraction purified on sucrose gra-
dient as described above (Section 3.1) is mixed with
the phosphatidylcholine vesicles at a ratio of 1:10
(w/w).

6. Fusion of purified inner membranes with unilamellar phos-
phatidylcholine vesicle is induced by snap-freezing in liq-
uid nitrogen followed by thawing at room tempera-
ture. This freeze–thaw cycling is repeated five times (see
Note 17).

7. After the last freeze–thaw cycle, the mixed
phosphatidylcholine-inner membrane proteoliposomes
are once again extruded through a 200 nm polycarbonate
filter 11 times and immediately applied to the determination
of membrane protein functionality (e.g. binding, enzyme
activity or transport assays).
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4. Notes

1. pFLAG-mCST was constructed as described in (8). The
coding sequence of the full-length mCST incorporating
XhoI and BglII sites was ligated into the corresponding
sites of pFLAG-ATS (summarised in Fig. 14.1). Protein
expression is controlled by the IPTG inducible tac pro-
moter, a hybrid of the E. coli trp and lac promoters. All
genetic manipulations are performed in the recA E. coli
strain DH5α.

2. Due to the use of a tac promoter, E. coli DE3 lyso-
genic strains (required when using the T7 promoter) are
not required for protein expression. We use E. coli BL21
(F ōmpT hsdSB (r B̄ m B̄) gal dcm) because, as is the case
with all other E. coli B strains, E. coli BL21 is deficient in
the Ion protease and lacks the ompT outer membrane pro-
tease. There are a number of methods available for prepar-
ing electrocompetent E. coli cells (see Sambrook and Russell
(13)), or electrocompetent E. coli BL21 can be purchased
from Merck Biosciences.

3. All solutions should be prepared in water that has a
resistivity of 18.2 M� cm and is of the highest pos-
sible purity. This is referred to as Milli Q H2O in
this text.

4. Be aware that different lysozyme preparations might have
very different specific activities. It is therefore necessary
to empirically identify optimal lysozyme concentrations
depending on the preparation used.

5. It is recommended not to use E. coli BL21 or similar
expression strains for the preparation of long-term glyc-
erol stocks of the plasmid since they are not recA strains.
In order to identify plasmid and/or protein toxicity, upon
transformation it is recommended that a toxicity test be
performed. This is performed by plating the same dilu-
tion of transformed cells onto LB agar, LB agar supple-
mented with 100 μg/mL ampicillin (plasmid toxicity), LB
agar supplemented with both 100 μg/mL ampicillin and
1 mM IPTG (protein toxicity) and comparing the number
of cells obtained on each plate (14, 15).

6. OD600 refers to the optical density of a bacterial suspen-
sion read at a wavelength of 600 nm using a standard spec-
trophotometer. That is, light passing through a bacterial
suspension is scattered, and the amount of scatter is an indi-
cation of the biomass present in the suspension.



246 Tiralongo and Maggioni

7. Maintaining an incubator temperature of 15◦C is nearly
impossible to achieve in standard laboratories; however, an
easy solution is to place an incubator in a 4◦C cold room
and use the incubator’s temperature control to set the tem-
perature to 15◦C. To avoid shock responses, whenever pos-
sible it is preferable to reduce the temperature stepwise
rather than shifting abruptly from 37 to 15◦C, thus allow-
ing the cell culture to equilibrate and reach the desired
OD600 at 15◦C before inducing protein expression by the
addition of IPTG.

8. E. coli cells (approximately 50 mL) can be removed prior to
IPTG induction (referred to as un-induced cells) and anal-
ysed by Western blotting. This analysis allows the investi-
gator to assess the stringency of the induction process; that
is, if any “leaky” protein expression occurred in the absence
of IPTG.

9. It is critical that the E. coli suspension is kept cold during
sonication in order to avoid heat denaturation of proteins,
and that foaming of the sample be minimised. This can be
achieved by keeping the tube containing the E. coli suspen-
sion in a beaker of ice during the entire sonication process,
and by placing the microtip probe greater than 10 mm
below the surface of the sample. The sonication settings
described have been optimised for an ultrasonic processor
with a net power output of 750 W (e.g. Sonics Vibra Cell
VC 750). Therefore, sonication settings will need to be
adjusted depending on energy output of a given sonica-
tor. To monitor cell lysis, a small aliquot of the total cell
lysate is removed following each sonication cycle and cen-
trifuged (13,000×g, 30 s, 4◦C). The protein content in the
resulting supernatant is determined using a standard pro-
tein assay (e.g. Bradford Assay). The corresponding son-
ication cycles required to give maximum protein content
can then be determined.

10. This fraction contains both the E. coli inner and outer
membrane.

11. There are numerous standard protocols available for per-
forming SDS-PAGE. We perform SDS-PAGE essentially
as described by Laemmli in 1970 on a 10% acrylamide
gel using the Mini-PROTEAN 3 Cell Electrophoresis Sys-
tem (Bio-Rad). However, samples are prepared for SDS-
PAGE by dilution 1:1 with a modified 2× SDS-PAGE sam-
ple buffer (0.125 M Tris–HCl (pH 6.8), 4% SDS, 20%
glycerol, 0.2 M dithiotheritol (DTT), 0.02% bromophe-
nol blue, 7 M urea and 2 M thiourea) and incubated at
30◦C for 15 min. To avoid carbamylation of proteins, it
is recommended not to heat samples containing urea at
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temperatures in excess of 37◦C (16). Moreover, at higher
temperature hydrophobic proteins, such as the mCST, tend
to aggregate in the presence of SDS, resulting in the
appearance of high molecular weight smears rather than
discrete protein bands (17).

12. There are numerous standard methodologies available for
performing Western blotting. We transfer protein follow-
ing separation by SDS-PAGE to a PVDF membrane using
the Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell
(Bio-Rad) for 1 h instead of the 15 min described by the
manufacturer. Blocking of PVDF membrane is performed
using 2% (w/v) skim milk powder in Tris buffered saline
(TBS, pH 7.4) containing 0.1% Tween-20. The primary
antibodies that can be utilised for Western blot detection
are anti-FLAG M1 (recognises N-terminal DYKDDDDK;
dilution 1:10,000) or anti-FLAG M2 (recognises DYKD-
DDDK dilution; 1:10,000). We commonly use horseradish
peroxidase-conjugated anti-mouse IgG (Bio-Rad, Her-
cules, CA, USA; diluted 1:10,000) and the SuperSignal R©
West Pico Chemiluminescent Substrate (Pierce, Rockford,
IL, USA) as the substrate for horseradish peroxidase. All
antibody solutions are made up in 2% skim milk powder
in TBS containing 0.1% Tween-20. Immunoreactive bands
are visualised by exposing X-ray film (Kodak, Australia) to
the PVDF membrane in an X-ray film cassette (Kodak) for
up to 30 min (the exact exposure time will depend on
expression levels).

13. It is recommended that freshly induced E. coli cells be used
to prepare spheroplasts and not cells that have been frozen.

14. To follow spheroplasting efficiency by light microscopy,
transfer a small aliquot (5 μL) of the E. coli suspension
onto a glass slide and cover with a cover slip. Over time,
as spheroplasting progresses, the shape of the E. coli cells
will change from a rod-like to a round morphology. When
80–85% of the cells appear round spheroplasting can be
terminated.

15. The amount of phosphatidylcholine and therefore the vol-
ume of rehydration buffer to be used are dependent on the
number of samples to be prepared. When pre-loaded pro-
teoliposomes are required, substrates or inhibitors can be
added to the rehydration buffer at this stage. Pre-loaded
proteoliposomes can subsequently be retrieved either by
gel filtration chromatography (e.g. using PD-10 column)
or by ultracentrifugation.

16. Several extrusion apparatus can be purchased from dif-
ferent suppliers depending on the specific applications,



248 Tiralongo and Maggioni

from hand-driven small-scale analytical extruders for semi-
preparative applications to fully automated devices suitable
for handling large sample volumes. We use a small man-
ual extrusion apparatus from Avanti (The Mini-Extruder).
When using this device make sure to extrude the lipid sus-
pension an odd number of times. By doing so it is possible
to ensure that contaminants present in the donating syringe
are not passed into the receiving syringe and therefore
carried through to subsequent phases of the experimental
procedure. When critical, proteoliposomes size distribution
can be monitored either by gel filtration chromatography
or by dynamic light scattering (18–20).

17. This freeze–thawing method for the generation of proteoli-
posomes takes advantage of the spontaneous fusing of lipid
vesicles when the temperature is lowered to below their
phase transition temperature (21).
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Chapter 15

Detection of Protein–Protein Interactions in Bacteria
by GFP-Fragment Reconstitution

Akira Kanno, Takeaki Ozawa, and Yoshio Umezawa

Abstract

Protein–protein interaction is one of the most pivotal roles of proteins in living organisms.
Association/dissociation of proteins reflects responses to intrinsic or extrinsic perturbations of signal-
ing pathways, involved in gene expression, cell division, cell differentiation, and apoptosis. For further
understanding of the biological processes, it is important to monitor protein–protein interactions in
model organisms. In particular, Escherichia coli-based methods are suitable to assess large libraries of
proteins. Many of these proteins cannot be used in yeast due to toxicity or poor expression. Herein we
describe a general method based on an intein-mediated protein reconstitution system (PRS) to detect
protein–protein interactions in bacterial cells. The PRS-based approach requires no other agents includ-
ing enzymes, substrates, and ATP. Another advantage is that matured green fluorescent protein (GFP)
accumulates in a targeted cell till degraded. These allow highly sensitive screening of protein–protein
interactions.

Key words: Intein, protein splicing reaction, green fluorescent protein, protein–protein interaction.

1. Introduction

Complete sequences of genomes are available for several organ-
isms such as Escherichia coli (E. coli) (1), Saccharomyces cere-
visiae (2), Caenorhabditis elegans (3), Arabidopsis thaliana (4),
Drosophila melanogaster (5), and Homo sapiens (6). However,
the complete genome sequences do not necessarily reveal the
mechanisms of biological phenomena within each organism. It is
because the molecular functions of predicted open reading frames
have remained experimentally uncharacterized (7). Therefore, it
is essential to observe functions of proteins in vivo. Protein–
protein interaction is one of the most pivotal roles of proteins
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in living organisms: Association/dissociation of proteins reflects
responses to intrinsic or extrinsic perturbations of signaling path-
ways, involved in gene expression, cell division, cell differentia-
tion, and apoptosis.

In order to increase understanding of these biological pro-
cesses, several techniques have so far been developed for moni-
toring protein–protein interactions in model organisms (8–22).
In particular, E. coli-based methods are suitable to assess large
libraries of proteins, many of which cannot be used in yeast due
to toxicity or poor expression (23). Bacterial two-hybrid systems
are useful for selection and screening of >108 library proteins (24,
25). The protein-fragment complementation assay/bimolecular
fluorescence complementation analysis (PCA/BiFC analysis) is a
method that allows insights into drug screening beyond the static
representations of protein–protein interactions (26, 27).

Herein we describe a general method based on an intein-
mediated protein reconstitution system (PRS) for monitoring
protein–protein interactions in bacterial cells (28, 29). “Intein”
is an intervening protein sequence that triggers autocatalytic
cleavage of its flanking proteins (exteins) and simultaneous lig-
ation of the exteins by a peptide bond (so-called protein splic-
ing reaction; see Fig. 15.1a). A schematic diagram in Fig. 15.1b
shows the basic concept of the present technique. Green flu-
orescent protein (GFP) is rationally dissected into the N- and
C-terminal fragments (N-GFP and C-GFP). The N- and C-GFP
are fused to the N- and C-terminal inteins (N-Int and C-Int).
Each fusion protein is linked to a protein of interest (protein X)
and its target (protein Y). N- and C-Int are brought in close
proximity upon X–Y interaction. This triggers the protein splic-
ing reaction resulting in linkage of N- and C-GFP with a peptide
bond. Interaction between X and Y is evaluated by measurement
of fluorescence intensity from the matured GFP. The PRS-based
approach requires no other agents including enzymes, substrates,
and ATP. An advantage of the present method is that matured
GFP accumulates in a targeted cell till degraded. Highly sensitive
measurement is thus achievable for screening of protein–protein
interactions.

2. Materials

2.1. DNA Plasmids 1. pET-15b (Novagen, Madison, WI).
2. A cDNA of a GFP (e.g., pAcGFP1 available from Clontech

Laboratories, Palo Alto, CA) (see Note 1).
3. cDNAs of the N- and C-terminal Ssp DnaE intein (N-DnaE

and C-DnaE) derived from Synechocystis sp. strain PCC6803.
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Fig. 15.1. Reconstitution of GFP fragments based on naturally split inteins. (a) Basic
scheme for protein splicing reaction. Two mRNAs are translated into two precursor pro-
teins. The precursor proteins are composed of intervening peptides (inteins) and flanking
proteins (exteins). The exteins are excised from the inteins. Concomitantly, the exteins
are ligated by the inteins with peptide bonds. (b) Schematic diagram of the present
method for monitoring protein–protein interactions in bacteria. The N- and C-terminal
fragments of GFP (N-GFP and C-GFP) are fused to the N- and C-terminal inteins (N-Int
and C-Int), respectively. A protein of interest (protein X) and its target protein (protein Y)
are linked to the opposite ends of the inteins. Interaction between protein X and Y trig-
gers association of the inteins resulting in reconstitution of a full-length GFP by protein
splicing reaction. The extent of the X–Y interaction is evaluated by measuring fluores-
cence intensities from the reconstituted GFP.

4. cDNAs of target proteins (see Note 2).
5. Forward and reverse oligonucleotide primers corresponding

to each template cDNA.

2.2. Protein
Expression
and Fluorescence
Measurements

1. An E. coli strain DH5α for constructions of plasmids.
2. An E. coli strain BL21(DE3)pLysS for expression of recom-

binant fusion proteins.
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3. Luria–Bertani (LB) medium for culture of E. coli.
4. LB agar for culture of E. coli on dishes.
5. 100 mg/mL ampicillin sodium solution: Dissolve ampicillin

sodium in deionized water and sterilize the solution by fil-
tration. The stock solution is stored at –30◦C.

6. 34 mg/mL chloramphenicol stock solution: Dissolve chlo-
ramphenicol in molecular biology-grade ethanol and store
the solution at –30◦C.

7. 100 mM isopropyl-β-D-thiogalactopyranoside (IPTG; CAS
number: 367-93-1) stock solution: Dissolve IPTG in deion-
ized water and sterilize the solution by filtration. The stock
solution is stored at –30◦C.

3. Methods

The present indicators consist of EGFP fragments and the nat-
urally split Ssp DnaE intein. EGFP is dissected at the position
between amino acid residues 157 and 158. The resulting N- and
C-terminal halves of EGFP fragments are named N-EGFP and
C-EGFP, respectively. For efficient protein splicing, two amino
acid mutations (K157Y and Q158C) are introduced into N- and
C-EGFP. Calmodulin (CaM) and M13 are chosen as a model
of interacting proteins. CaM and M13 are connected to N-
DnaE and C-DnaE with flexible linkers ASNNGNGRNG and
GNNGGNNDV (see Note 3), respectively (Fig. 15.2b). CaM–
M13 interactions trigger the protein splicing reaction resulting
in reconstitution of full-length EGFP. Evaluation of CaM–M13
interactions is performed by observation of fluorescence inten-
sity from the reconstituted EGFP with a cooled CCD imaging
system. The present method has an advantage that spliced GFP
accumulates in a targeted cell until it is degraded. Therefore, this
approach allows highly sensitive sensing of protein–protein inter-
actions in E. coli (see Note 4).

3.1. Construction
of DNA Plasmids

An E. coli strain DH5α as a bacterial host is used for construction
of all the plasmids. pET-15b is an expression vector that allows
expression of cDNA inserted into its multiple cloning site. Cells
transformed with pET-15b vector are cultured in LB media con-
taining 100 μg/mL ampicillin, because the cells acquire tolerance
to ampicillin.

1. Each cDNA fragment shown in Fig. 15.2 is amplified
with PCR to introduce restriction enzyme sites and some
mutations.

2. The sequences of the cDNAs are confirmed by a genetic
analyzer (e.g., ABI310 available from Applied Biosystems,
Foster, CA).
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Fig. 15.2. Schematic structures of cDNA vector to be constructed. His6 represents an
epitope tag of polyhistidine. CaM and M13 are Xenopus laevis calmodulin and the CaM-
binding protein derived from skeletal muscle myosin light-chain kinase. The proteins
of interest are linked to Ssp DnaE intein fragments with peptide linkers: N-linker and
C-linker are ASNNGNGRNG and GNNGGNNDV, respectively. The dashed line represents
a Shine–Dalgarno sequence. The constructed cDNAs are cloned into the Nde I–BamH I
site of pET-15b.

3. The fragments of cDNAs are ligated and inserted into the
Nde I–BamH I site of pET-15b as illustrated in Fig. 15.2
(see Note 5).

3.2. Protein
Expression and
Fluorescence
Measurements

BL21(DE3)pLysS as a bacterial host is used for expressions of
chimeric proteins.

BL21(DE3)pLysS is cultured in LB media containing
34 μg/mL chloramphenicol in order to retain pLysS in the
host cells. pLysS is a pET-compatible plasmid that encodes T7
lysozyme to inhibit T7 RNA polymerase. The expressions of
the recombinant fusion proteins are induced by the addition of
IPTG (at a final concentration of 1.0 mM) to bacterial culture
media.

1. Thaw tubes of competent cells on ice. Resuspend the com-
petent cells gently.

2. Add 0.5 μg of purified plasmids directly to 40 μL of the
cells. Mix the sample gently and return the tube to the ice.

3. Incubate the tube on ice for 5 min.
4. Heat the tube for 30 s in a 42◦C water bath.
5. Place the tube on ice for 2 min.
6. Add 100 μL of LB medium or sterile deionized water to the

tube and suspend the medium gently (see Note 6).
7. Spread the cell suspension on a LB agar dish containing

100 μg/mL ampicillin, 34 μg/mL chloramphenicol, and
1.0 mM IPTG.

8. Invert and incubate the dish for 12–16 h at 37◦C.
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9. Measure the fluorescence of transformed E. coli colonies by
exposing the dish to a long-wavelength (470 nm) excita-
tion with blue LED (e.g., LAS-1000plus, Fujifilm, Tokyo,
Japan). The fluorescence is observed by a cooled charge-
coupled device (CCD) with an emission filter (530DF30).
The acquired images of the colonies are analyzed by an
image processing software such as ImageGauge v.3.41 (Fuji-
film) (see Note 7).

4. Notes

1. pAcGFP1 encodes a modified cDNA of Aequorea
coerulescens GFP. We used pEGFP encoding the cDNA of
enhanced GFP (EGFP) in the previous report (29). EGFP
is a modified Aequorea victoria GFP.

2. Hereafter, we describe experimental procedures using
calmodulin (CaM) and its target protein M13 as an interact-
ing pair. Ternary complexes of CaM–M13–Ca2+ are formed
at the physiological concentration ranges of Ca2+ in E. coli
(28).

3. Flexible peptide linkers should be inserted between the pro-
tein of interest and the Ssp DnaE intein for efficient recon-
stitution of split GFP fragments by the protein splicing reac-
tion. Preferable lengths of the peptide linker are 5–30 amino
acids in the presented system. Here we used “GN” linkers
that principally consist of flexible glycines and hydrophilic
asparagines. Asparagines protect the linkers from aggrega-
tion in living cells. A “GS linker” is also applicable to this
system. A “GS linker” is constituted of flexible glycines
and soluble serines (e.g., GGGGSGGGGS (19, 21) and
GGGSSGGG (18)).

4. Generally, it is desirable to validate protein–protein interac-
tion with a couple of different methods in order to achieve
higher accuracy in the analysis.

5. Each construct encodes a two-operon gene, since the con-
structs carry a cassette consisting of (translation termina-
tion codon)–(Shine–Dalgarno sequence)–(translation initi-
ation codon) (30). We used “TGAGGAGGTTTAAAAT” as
the Shine–Dalgarno sequence.

6. If selecting for kanamycin or streptomycin/spectinomycin
resistance, shake or incubate the cells at 37◦C for 30 min
prior to plating on selective media.

7. An example of the result is shown in Fig. 15.3.
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Fig. 15.3. A representative image of fluorescence from bacterial colonies on an LB agar
plate. BL21(DE3)pLysS cells were transformed with a mixture of plasmids, pETm157(/)
and pETm157(C/M). The LB agar plate contained 1.0 mM IPTG, 0.1 mM ampicillin, and
0.1 mM chloramphenicol. The transformed cells were cultured on the plate for 16 h at
37◦C. Inset is a magnified image of bright and dark colonies on the plate. The cells of
the bright colony carried pETm157(C/M), while the darker one carried pETm157(/) (14).
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Chapter 16

Enhancing the Solubility of Recombinant Proteins
in Escherichia coli by Using Hexahistidine-Tagged
Maltose-Binding Protein as a Fusion Partner

Ping Sun, Joseph E. Tropea, and David S. Waugh

Abstract

In the field of biotechnology, fusing recombinant proteins to highly soluble partners is a common practice
for overcoming aggregation in Escherichia coli. E. coli maltose-binding protein (MBP) has been recog-
nized as one of the most effective solubilizing agents, having frequently been observed to improve the
yield, enhance the solubility, and promote the proper folding of its fusion partners. The use of a dual
hexahistidine–maltose-binding protein affinity tag (His6–MBP) has the additional advantage of allowing
the fusion protein to be purified by immobilized metal affinity chromatography (IMAC) instead of or
in addition to amylose affinity chromatography. This chapter describes a generic method for the over-
production of combinatorially tagged His6–MBP fusion proteins in E. coli, with particular emphasis on
the use of recombinational cloning to construct expression vectors. In addition, simple methods for eval-
uating the solubility of the fusion protein and the passenger protein after it is cleaved from the dual
His6–MBP tag are presented.

Key words: Maltose-binding protein, MBP, solubility enhancer, His tag, His6–MBP, Gateway
cloning, TEV protease, tobacco etch virus protease.

1. Introduction

For functional and structural studies, recombinant proteins usu-
ally need to be purified on a relatively large scale and under
native (nondenaturing) conditions. Originally developed to facili-
tate the detection and purification of recombinant proteins, affin-
ity tags and other types of genetically engineered fusion part-
ners are widely used in the biotechnology industry (1). However,
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gradually it has become evident that certain tags have additional
benefits, such as a positive impact on the yield of recombinant
protein, the enhancement of solubility, and even the promotion
of the proper folding of their fusion partners (2). Escherichia coli
maltose-binding protein (MBP) is one of the most effective sol-
ubility enhancers (3, 4). Moreover, MBP is the only solubility-
enhancing protein that is also a natural affinity tag. Unfortunately,
however, amylose affinity chromatography has proven to be prob-
lematic at times, not only because of the relatively low binding
capacity of amylose resin for MBP but also because of persis-
tent contaminants that require additional chromatographic steps
to remove (5–7). We have demonstrated that a hexahistidine tag
(His6) can be added to the N-terminus of MBP without interfer-
ing with its ability to promote the solubility of its fusion partners
(8). Therefore, IMAC can be used to circumvent the problems
associated with amylose affinity chromatography.

In this chapter, we illustrate the utility of a dual His6–
MBP tag as a solubility-enhancing fusion partner. In our
laboratory, we routinely construct expression vectors by recom-
binational cloning, as described here. However, alternative
methods for constructing MBP and His6–MBP fusion vectors by
conventional cloning techniques (i.e., using restriction enzymes
and DNA ligase) or by ligation independent cloning (LIC) have
been described elsewhere (9–13), as have methods for the large-
scale production and purification of MBP and His6–MBP fusion
proteins (10, 14–16).

2. Materials

2.1. Recombinational
Vector Construction

1. The Gateway destination vector pDEST–HisMBP,
which can be obtained from AddGene (http://www.
addgene.org) or the authors.

2. The Gateway donor vector pDONR221 (Invitrogen,
Carlsbad, CA, USA).

3. Chemically competent DB3.1 or one shot CcdB survival
competent cells (Invitrogen, Carlsbad, CA, USA) for prop-
agating pDEST–HisMBP and pDONR221 plasmids.

4. Competent gyrA+ cells (e.g., DH5α, MC1061, HB101)
(see Note 1).

5. Gateway BP Clonase II (Invitrogen, Carlsbad, CA, USA)
(see Note 2).

6. Gateway LR Clonase II (Invitrogen, Carlsbad, CA, USA)
(see Note 2).
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7. Reagents and thermostable DNA polymerase for PCR
amplification (see Note 3).

8. Synthetic oligodeoxyribonucleotide primers for PCR
amplification (see Fig. 16.1).

9. TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA).
10. 1000-Fold antibiotic stock solutions: Kanamycin,

35 mg/ml in H2O and filter sterilize. Ampicillin,
100 mg/ml in H2O and filter sterilize. Store at –20◦C.

11. LB medium and LB agar plates containing ampicillin (100
μg/ml). LB medium: dissolve 10 g bacto tryptone, 5 g
bacto yeast extract, and 5 g NaCl in 1 l of H2O and ster-
ilize by autoclaving. For LB agar, also add 12 g of bactoa-
gar before autoclaving. To prepare plates, allow medium
to cool until flask or bottle can be held in hands with-
out burning (∼50◦C), then add 1 ml 1000-fold ampicillin
stock solution, mix by gentle swirling, and pour or pipet
30 ml into each sterile petri dish (100 mm diameter).

12. E-gels and an E-gel base (Qiagen, Valencia, CA, USA) for
submarine gel electrophoresis of DNA (see Note 4).

13. QIAquick gel extraction kit (Qiagen, Valencia, CA, USA)
for the extraction of DNA from agarose gels.

14. QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA, USA)
for small-scale plasmid DNA isolation (see Note 5).

15. A microcentrifuge capable of operating at 14,000 rpm.
16. An incubator set at 37◦C.

2.2. Protein
Expression

1. Competent BL21-Pro cells (B&D Clontech, Palo Alto,
CA, USA) containing the TEV protease expression vec-
tor pRK603 (17). pRK603 plasmid can be obtained from
AddGene (http://www.addgene.org) (see Notes 6 and 7).

2. Competent BL21(DE3) CodonPlus-RIL cells (Stratagene,
La Jolla, CA) (see Note 7).

3. A derivative of pDEST–HisMBP that produces a His6–
MBP fusion protein with a TEV protease recognition site
in the linker between MBP and the passenger protein (see
Section 3.1).

4. LB agar plates and broth containing both ampicillin (100
μg/ml) and kanamycin (35 μg/ml). See Section 2.1,
Step 11 for LB broth and LB agar recipes.

5. 1000-Fold chloramphenicol stock solution: 30 mg/ml in
ethanol and filter sterilize, store at –20◦C.

6. Isopropyl-β-D-thiogalactopyranoside (IPTG), analytical
grade. Prepare a 1000-fold stock solution of 1 M in H2O
and filter sterilize. Store at –20◦C.
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7. Anhydrotetracycline (ACROS Organics/Fisher Scientific,
Springfield, NJ, USA). Prepare a 1000-fold stock solution
by dissolving in 50% ethanol at 100 μg /ml. Store in a
foil-covered tube at –20◦C.

8. Temperature-controlled shaking incubator.
9. Sterile baffle-bottom flasks (Bellco Inc., Vineland, NJ,

USA).
10. Cell lysis buffer: 20 mM Tris-HCl (pH 8.0), 1 mM EDTA.
11. Sonicator (with microtip).
12. 2x SDS-PAGE sample buffer (Invitrogen, Carlsbad, CA,

USA) and 2-mercaptoethanol (Sigma-Aldrich, St. Louis,
MO, USA).

13. SDS-PAGE gel, electrophoresis apparatus, and running
buffer (see Note 8).

14. Gel stain (e.g., Gelcode R© Blue from Pierce, Rockford, IL,
USA, or PhastGelTM Blue R from GE Healthcare, Piscat-
away, NJ, USA).

15. Spectrophotometer.
16. 1.5 ml microcentrifuge tubes.

3. Methods

3.1. Construction of
His6–MBP Fusion
Vectors by
Recombinational
Cloning

The Gateway recombinational cloning system is based on the
site-specific recombination reactions that mediate the integration
and excision of bacteriophage lambda into and from the E. coli
chromosome, respectively. Please refer to the following manual
by Invitrogen for detailed information: “Gateway Technology: A
universal technology to clone DNA sequences for functional anal-
ysis and expression in multiple systems.” Complete information
about the Gateway system can be found at the following web
site: http://www.invitrogen.com/site/us/en/home/Products-
and-Services/Applications/Cloning/Gateway-Cloning.html.

3.1.1. pDEST–HisMBP Currently there are no commercially available Gateway desti-
nation vectors for the production of His6–MBP fusion pro-
teins. However, pDEST–HisMBP can be obtained from the
non-profit distributor of biological reagents AddGene, Inc.
(http://www.addgene.org). A schematic diagram of pDEST–
HisMBP is shown in Fig. 16.1. This plasmid was constructed
by inserting an in-frame hexahistidine coding sequence between
codons 3 and 4 of MBP in pKM596 (11).
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The Gateway cloning cassette in pDEST–HisMBP carries a
gene encoding the DNA gyrase poison CcdB, which provides a
negative selection against non-recombined destination and donor
vectors so that only the desired recombinant is obtained when the
end products of the recombinational cloning reaction are trans-
formed into E. coli and grown in the presence of ampicillin or
kanamycin, respectively. pDEST–HisMBP and other vectors that
carry the ccdB gene must be propagated in a host strain with a
gyrA mutation (e.g., E. coli DB3.1) or in “CcdB Survival cells”
that render the cells immune to the action of CcdB.

3.1.2. Gateway Cloning
Protocol

To construct a His6–MBP fusion protein expression vector,
three primers (two forward primers and one reverse primer) are
employed: Primer N1 (containing the TEV protease cleavage
site as a 5′-unpaired extension), primer N2 (consisting of the
TEV protease recognition site and an attB1 recombination site),
and primer C (containing an attB2 recombination site as a 5′-
unpaired extension) (Fig. 16.1). For the 3′-end of primer N1
and primer C, approximately 20–25 nucleotides that are compli-
mentary to the ends of the open reading frame are required. The
open reading frame of interest first is amplified using primers N1
and C. The first PCR amplicon then becomes the template for
PCR with primers N2 and C. The PCR reaction is be performed
in one step containing all three primers (see Note 9). How-
ever, to favor the accumulation of the desired product, the attB-
containing primers are used at typical concentrations for PCR but
the concentration of the gene-specific N-terminal primer N1 is
10- to 20-fold lower. The final PCR amplicon is inserted first
into the donor vector pDONR221 by recombinational cloning
with BP clonase and then into the destination vector pDEST–
HisMBP in a second recombinational cloning reaction with LR
clonase.

1. The PCR mix is prepared as follows (see Note 10): 1 μl
template DNA (∼10 ng/μl), 10 μl thermostable DNA
polymerase 10X reaction buffer, 1.5 μl dNTP solution
(10 mM each), 1.0 μl primer N1 (∼30 ng), 3 μl primer N2
(∼300 ng), 3.0 μl primer C (∼300 ng), 1 μl thermostable
DNA polymerase, 79.5 μl H2O (to 100 μl total volume).

2. The reaction is placed in the PCR thermal cycler with the
following program: initial melt for 5 min at 95◦C; 35 cycles
of 95◦C for 30 s, 55◦C for 30 s, and 68◦C for 60 s (see Notes
10 and 11); hold at 4◦C.

3. Purification of the PCR amplicon by agarose gel elec-
trophoresis (see Note 4) is recommended to remove attB
primer dimers.

4. To create the His6–MBP fusion vector, the PCR product is
recombined first into pDONR221 to yield an entry clone
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intermediate (BP reaction), and then into pDEST–HisMBP
(LR reaction; see Note 12).
a. Add to a microcentrifuge tube on ice: 50–100 ng of the

PCR product in TE or H2O, 200 ng of pDONR221
DNA, and enough TE to bring the total volume to 8 μl.
Mix well.

b. Thaw BP Clonase II enzyme mix on ice (2 min) and then
vortex briefly (2 s) twice.

c. Add 2 μl of BP Clonase II enzyme mix to the components
in (a.) and vortex briefly twice.

d. Incubate the reaction at 25◦C for at least 4 h (see
Note 13).

e. Add to the reaction: 2 μl of the destination vector
(pDEST–HisMBP) at a concentration of 50 ng/μl and
3 μl of LR Clonase II enzyme mix. The final reaction vol-
ume is 15 μl. Mix by vortexing briefly.

f. Incubate the reaction at room temperature for 3–4 h.
g. Add 2.5 μl of the proteinase K solution and incubate for

10 min at 37◦C.
h. Transform 2 μl of the reaction into 50 μl of electrocom-

petent DH5α cells (see Note 1).
i. Pellet the cells by centrifugation, gently resuspend pel-

let in 100–200 μl of LB broth, and spread on an LB
agar plate containing ampicillin (100 μg/ml), the selec-
tive marker for pDEST–HisMBP (see Fig. 16.1). Incubate
the plate at 37◦C overnight (see Note 14).

5. Plasmid DNA is isolated from saturated cultures started from
individual ampicillin-resistant colonies and screened by PCR,
using the gene-specific primers N1 and C, to confirm that
the clones contain the expected gene. Alternatively, plasmids
can be purified and screened by conventional restriction
digests using appropriate enzymes. We routinely sequence
clones that screen positive by either PCR or restriction digest
to ensure that there are no PCR-induced mutations.

3.2. Protein
Expression

To assess the yield and solubility of the fusion protein, the amount
of total fusion protein produced in the crude cell extract is
directly compared to the soluble fraction by visual inspection of a
Coomassie blue-stained gel. A parallel in vivo cleavage experiment
with TEV protease is run to determine if the fusion protein is a
good substrate for the protease and whether or not the cleaved
target protein remains soluble after it is released from His6–MBP.

3.2.1. Selecting a Host
Strain of E. coli

To achieve regulated expression of TEV protease, the in vivo
processing experiment must be performed in a strain of E. coli
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that produces the Tet repressor, such as BL21-Pro or DH5α-Pro
(B&D Clontech, Palo Alto, CA, USA). The Tet repressor blocks
the synthesis of TEV protease mRNA and allows the enzyme to
be regulated independently of the IPTG-inducible fusion protein.
We have observed that delaying the induction of TEV protease
until the fusion protein substrate has had time to accumulate in
the cells often results in greater solubility of the passenger protein
after cleavage (11, 17). Independent production of TEV protease
from the expression vector pRK603 (17) is initiated by adding
anhydrotetracycline to the cell culture, usually 2 h after induc-
tion of the fusion protein with IPTG. We prefer using BL21-Pro
because of its robust growth characteristics and the fact that it
lacks two proteases (Lon and OmpT) that are present in many
E. coli K12 strains such as DH5α-Pro.

For the large-scale production of His6–MBP fusion proteins,
we prefer BL21(DE3) CodonPlus-RIL (Stratagene, La Jolla,
CA), or Rosetta (DE3) (EMD, Madison, WI, USA) as host strains
(see Note 7).

3.2.2. Protein
Expression

1. Transform competent BL21-Pro or DH5a-Pro cells that
already contain pRK603 with the His6–MBP fusion pro-
tein expression vector and spread them on LB agar plates
containing ampicillin (100 μg/ml) and kanamycin (35
μg/ml). Incubate the plate overnight at 37◦C.

2. Inoculate 2–5 ml of LB medium containing ampicillin
(100 μg/ml) and kanamycin (35 μg/ml) in a culture
tube or shake flask with a single colony from the plate.
Grow to saturation overnight at 37◦C with shaking at
250 rpm.

3. The next morning, inoculate 50 ml of the same medium in
a 250 ml baffled-bottom flask with 0.5 ml of the saturated
overnight culture.

4. Grow the cells at 37◦C with shaking to mid-log phase
(OD600 nm ∼ 0.5).

5. Add IPTG (1 mM final concentration) and adjust the tem-
perature to 30◦C (see Note 15).

6. After 2 h, divide the culture into two separate flasks (20 ml
in each). Label one flask “+” and the other “–”.

7. Add anhydrotetracycline to the “+” flask (100 ng/ml final
concentration).

8. After 2 h, measure the OD600 nm of the cultures (dilute
cells 1:10 in LB to obtain an accurate reading). An
OD600 nm of about 3–3.5 is normal, although lower densi-
ties are possible. If the density of either culture is much
lower than this, it may be necessary to adjust the vol-
ume of the samples that are analyzed by SDS-PAGE.
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Transfer 10 ml of each culture to a 15 ml conical cen-
trifuge tube and pellet the cells by centrifugation (4000×g)
at 4◦C.

9. Resuspend the cell pellets in 1 ml of lysis buffer and
then transfer the suspensions to a 1.5 ml microcentrifuge
tube.

10. Store the cell suspensions at –80◦C overnight. Alterna-
tively, the cells can be disrupted immediately by sonication
(without freezing and thawing) and the procedure contin-
ued without interruption, as described below.

3.2.3. Sonication
and Sample Preparation

1. Thaw the cell suspensions at room temperature, then place
them on ice.

2. Lyse the cells by sonication (see Note 16).
3. Prepare samples of the total intracellular protein from the

“+” and “–” cultures (T+ and T–, respectively) for SDS-
PAGE by mixing 50 μl of each sonicated cell suspension
from step 2 with 50 μl of 2x SDS-PAGE sample buffer con-
taining 10% (v/v) 2-mercaptoethanol.

4. Pellet the insoluble cell debris (and proteins) by centrifuging
the sonicated cell suspension from each culture at maximum
speed in a microcentrifuge for 10 min at 4◦C.

5. Prepare samples of the soluble intracellular protein from the
“+” and “–” cultures (S+ and S–, respectively) for SDS-
PAGE by mixing 50 μl of each supernatant from step 4 with
50 μl of 2x SDS-PAGE sample buffer containing 20% (v/v)
2-mercaptoethanol.

3.2.4. SDS-PAGE We typically use pre-cast Tris-glycine or NuPAGE gradient gels
for SDS-PAGE to assess the yield and solubility of MBP fusion
proteins (see Note 8). Of course, the investigator is free to choose
any appropriate SDS-PAGE formulation, depending on the pro-
tein size and laboratory preference.

1. Heat the T–, T+, S–, and S+ protein samples at 90◦C for
about 5 min and then spin them at maximum speed in a
microcentrifuge for 5 min.

2. Assemble the gel in the electrophoresis apparatus, fill it with
SDS-PAGE running buffer, load the samples (10 μl each),
and carry out the electrophoretic separation according to
standard lab practices. T and S samples from each culture
(“+” and “–”) are loaded in adjacent lanes to allow easy
assessment of solubility. Molecular weight standards may
also be loaded on the gel, if desired.

3. Stain the proteins in the gel with GelCode R© Blue reagent,
PhastGelTM Blue R, or a suitable alternative.
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3.2.5. Interpreting
the Results

The MBP fusion protein should be readily identifiable in the T–
sample after the gel is stained since it will normally be the most
abundant protein in the cells. Molecular weight standards can also
be used to corroborate the identity of the fusion protein band. If
the S– sample contains a similar amount of the fusion protein, this
indicates that it is highly soluble in E. coli. If little or no fusion
protein is observed in the S– sample, then this is an indicator of
poor solubility. Of course, a range of intermediate states is also
possible.

If the fusion protein is an efficient substrate for TEV protease,
then little of it will be present in the T+ and S+ samples. Instead,
one should observe a prominent band at ca. 42 kDa that corre-
sponds to the His6–MBP moiety and another prominent band
migrating with the expected mobility of the passenger protein. If
the fusion protein is a poor substrate for the protease, then the
“+” samples will look similar to the “–” samples. If the passenger
protein is soluble after it is released from His6–MBP, then a sim-
ilar amount will be present in the T+ and S+ lanes. At this point,
some or all of the passenger protein may precipitate. If a sub-
stantial fraction of the passenger protein is insoluble, then trou-
bleshooting may be necessary. Alternatively, an acceptable yield
might still be obtained by scaling up cell production.

Two examples are illustrated in Fig. 16.2. In panel A, the
second pair of lanes represent the total (T) and soluble (S) intra-
cellular protein fractions from cells overproducing His6–MBP
fused to residues 2–191 of human dual specificity phosphatase
14 (DUSP14). Roughly equal amounts of the fusion protein
are readily visible in these two lanes, indicating that it is highly
soluble. In the third pair of lanes, the His6–DUSP14(2–191)
fusion protein was cleaved in vivo with TEV protease 2 h after
its expression was induced by IPTG. In this case, most if not all
of the cleaved DUSP14(2–191) is absent from the soluble frac-
tion (S). Hence, this is an example of a protein that is rendered
only temporarily soluble while it is fused to MBP and may not
be properly folded. The first pair of lanes in panel A demonstrate
that when DUSP14(2–191) is fused to a His tag alone (with no
MBP), it is completely insoluble in E. coli. Panel B in Fig. 16.2
shows exactly the same experiment, except that in this case the
DUSP14 has been further truncated at its N-terminus (residues
18–191). As before, the His-tagged DUSP14(18–191) is totally
insoluble whereas the His6–MBP–DUSP14(18–191) fusion pro-
tein is highly soluble. The difference is that in this case nearly all
of the DUSP14(18–191) is soluble after it has been cleaved from
the His6–MBP tag, suggesting that it has become properly folded
as a result being fused to His6–MBP. Indeed, DUSP14(18–191)
produced in this manner readily hydrolyzes the phosphotyrosine
mimetic para-nitrophenyl phosphate (data not shown).



Enhancing the Solubility of Recombinant Proteins in Escherichia coli 269

Fig 16.2. Overproduction and intracellular processing of pDEST–HisMBP fusion proteins
by TEV protease. DUSP14(2–191) and DUSP14(18–191) were expressed from deriva-
tives of pDEST–HisMBP in BL21-Pro cells that also contained the TEV protease expres-
sion vector pRK603 as described (see Section 3.2). “T” and “S” refer to the total and
soluble fractions of the intracellular protein, respectively. All cultures were induced with
IPTG to initiate the production of the His6–MBP fusion proteins. Samples marked “+”
were induced with anhydrotetracycline to initiate the production of TEV protease 2 h
after the addition of IPTG, whereas samples marked “–” were not induced with anhy-
drotetracycline. The results of this experiment are discussed in Section 3.2.5.

Normally, once it has been established that an aggregation-
prone passenger protein can be rendered soluble by fusing it to
His6–MBP, that the fusion protein can be cleaved by TEV pro-
tease, and that the passenger protein remains soluble after it is
released from His6–MBP, then the passenger protein is ready to
be purified on a large scale. Detailed instructions for purifica-
tion using a generic IMAC-based protocol have been described
elsewhere (15). However, one should be aware that occasion-
ally a passenger protein may accumulate in a soluble but inac-
tive form. Exactly how and why this occurs is unclear. Fusion
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to MBP may enable certain proteins to evolve into kinetically
trapped folding intermediates that are no longer susceptible to
aggregation. Therefore, it is recommended that a biological activ-
ity assay (preferably) or biophysical techniques be used at an early
stage to confirm the native conformation of the passenger protein
before starting a large-scale purification.

4. Notes

1. Any gyrA+ strain of E. coli can be used. We prefer compe-
tent DH5α cells (Invitrogen, Carlsbad, CA, USA) because
they are easy to use and have high transformation efficien-
cies.

2. Clonase enzyme mixes should be thawed quickly on ice and
then returned to the –80ºC freezer as soon as possible. It is
advisable to prepare multiple aliquots of the enzyme mixes
the first time they are thawed in order to avoid repeated
freeze–thaw cycles.

3. We recommend a proofreading polymerase such as Pfu
Turbo (Stratagene, La Jolla, CA, USA), Platinum Pfx
(Invitrogen, Carlsbad, CA, USA), or Deep Vent (New
England Biolabs, Beverly, MA, USA) to minimize the
occurrence of mutations during PCR.

4. We typically purify fragments by electrophoresis using pre-
cast E-gels purchased from Invitrogen. However, suitable
equipment and reagents for horizontal agarose gel elec-
trophoresis can be purchased from a wide variety of sci-
entific supply companies. DNA fragments are extracted
from slices of the ethidium bromide-stained gel using a
QIAquick gel extraction kit (Qiagen, Valencia, CA, USA)
in accordance with the instructions supplied with the
product.

5. We prefer the QIAprep Spin miniprep kit (Qiagen, Valen-
cia, CA, USA), but similar kits can be obtained from a wide
variety of vendors.

6. We prefer to use electrocompetent cells because of the
high transformation efficiency that can be achieved (18).
Detailed protocols for the preparation of electrocompe-
tent cells and electrotransformation procedures can be
obtained from the electroporator manufacturers (e.g., Bio-
Rad, BTX, Eppendorf). Briefly, the cells are grown in 1l
of LB medium (with antibiotics, if appropriate) to mid-log
phase (OD600 nm ∼0.5) and then chilled on ice. The cells
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are pelleted at 4◦C, resuspended in 1 l of ice-cold H2O,
and then pelleted again. After several such washes with
H2O, the cells are resuspended in 3–4 ml of 10% glycerol,
divided into 50 μl aliquots, and then immediately frozen
in a dry ice/ethanol bath. The electrocompetent cells are
stored at –80◦C. Immediately prior to electrotransforma-
tion, the cells are thawed on ice and mixed with 10–100 ng
of DNA (e.g., a plasmid vector or a Gateway reaction). The
mixture is placed into an ice-cold electroporation cuvette
and electroporated according to the manufacturer’s recom-
mendations (e.g., a 1.5 kV pulse in a cuvette with a 1 mm
gap). Immediately add 0.450 ml of SOC medium (18) to
the cells and allow them to grow at 37◦C with shaking (ca.
250 rpm) for 1 h. Then spread 5–200 μl of the cells on an
LB agar plate containing the appropriate antibiotic(s).

7. If the open reading frame encoding the passenger pro-
tein contains codons that are rarely used in E. coli
(http://www.doe-mbi.ucla.edu/cgi/cam/racc.html), this
can adversely affect the yield of an MBP fusion protein. In
such cases, it is advisable to introduce an additional plas-
mid into the host cells that carry the cognate tRNA genes
for rare codons. The pRIL plasmid (Stratagene, La Jolla,
CA, USA) is a derivative of the p15A replicon that carries
the E. coli argU, ileY, and leuW genes, which encode the
cognate tRNAs for AGG/AGA, AUA, and CUA codons,
respectively. pRIL is selected for by resistance to chloram-
phenicol. In addition to the tRNA genes for AGG/AGA,
AUA, and CUA codons, the pRARE accessory plasmid in
the RosettaTM host strain (EMD, Madison, WI, USA) also
includes tRNAs for the rarely used CCC and GGA codons.
Like pRIL, the pRARE plasmid is a chloramphenicol-
resistant derivative of the p15A replicon. Both of these
tRNA accessory plasmids are compatible with derivatives of
pDEST–HisMBP. On the other hand, they are incompat-
ible with the vector pRK603 that we use for intracellular
processing experiments (see Section 3.2.1). Nevertheless,
because pRK603 and the tRNA accessory plasmids have
different antibiotic resistance markers, it is possible to force
cells to maintain both plasmids by simultaneously select-
ing for kanamycin and chloramphenicol resistance. Alter-
natively, the kanamycin-resistant TEV protease expression
vector pKM586, a pRK603 derivative with the replication
machinery of a pSC101 replicon, which can be obtained
from the authors, can be stably maintained in conjunction
with p15A-type tRNA plasmids.

8. We find it convenient to use pre-cast gels for SDS-
PAGE gels (e.g., 1.0 mm × 10 well, 10–20% Tris-glycine
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gradient), running buffer, and electrophoresis supplies
from Invitrogen (Carlsbad, CA, USA).

9. Alternatively, the PCR reaction can be performed in two
separate steps, using primers N1 and C in the first step and
primers N2 and C in the second step. The PCR amplicon
from the first step is used as the template for the second
PCR. All primers are used at the typical concentrations for
PCR in the two-step protocol.

10. The PCR reaction can be modified in numerous ways to
optimize results, depending on the nature of the template
and primers. See (18) (Vol. 2, Chapter 8) for more infor-
mation.

11. PCR cycle conditions can also be varied. For example,
the extension time should be increased for especially long
genes. A typical rule of thumb is to extend for 60 s/kb
of DNA.

12. This “one-tube” Gateway protocol bypasses the isolation of
an “entry clone” intermediate. However, the entry clone
may be useful if the investigator intends to experiment
with additional Gateway destination vectors, in which case
the BP and LR reactions can be performed sequentially in
separate steps; detailed instructions are included with the
Gateway PCR kit. Alternatively, entry clones can easily be
regenerated from expression clones via the BP reaction, as
described in the instruction manual.

13. At this point, we remove a 5 μl aliquot from the reac-
tion and add it to 0.5 μl of proteinase K solution. After
10 min at 37◦C, we transform 2 μl into 50 μl of compe-
tent DH5α cells (see Note 1) and spread 100–200 μl on an
LB agar plate containing kanamycin (35 μg/ml), the selec-
tive marker for pDONR221. From the number of colonies
obtained, it is possible to gauge the success of the BP reac-
tion. Additionally, entry clones can be recovered from these
colonies in the event that no transformants are obtained
after the subsequent LR reaction.

14. If very few or no ampicillin-resistant transformants are
obtained after the LR reaction, the efficiency of the process
can be improved by incubating the BP reaction overnight.

15. The optimum temperature for TEV protease activity is
30◦C. At 37◦C, the protease does not fold properly in
E. coli and little processing will occur. Reducing the tem-
perature also improves the solubility of some MBP fusion
proteins.

16. We routinely break cells in a 1.5 ml microcentrifuge tube
on ice with two or three 30 s pulses using a VCX600
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sonicator (Sonics & Materials, Newtown, CT, USA) with a
microtip at 38% power. The cells are cooled on ice between
pulses.
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Chapter 17

Introducing Predetermined Mutations Throughout a Target
Gene Using TDEM (Transposon-Directed Base-Exchange
Mutagenesis)

Yun Cheol Kim

Abstract

Transposon-directed base-exchange mutagenesis (TDEM) is an efficient and controllable method for
introducing a mutation(s) into a gene. Each round of TDEM removes a predetermined number of bases
(up to 11 base pairs) from a randomly selected site within the target gene and replaces them with any
length of DNA of predetermined sequence. Therefore, the number of bases to be deleted and inserted
can be precisely regulated. Because each round of TDEM generates mutation(s) at a single site, the
number of mutations introduced can be determined by the number of cycles of TDEM. Furthermore,
using a novel frame-checking procedure, non-functional mutants containing a frameshift or stop codon
can be minimized. Thus, TDEM can be used to introduce a limited and predetermined change at each
round of mutagenesis, thereby providing a useful tool for studying protein structure and function.

Key words: Transposon, mutagenesis, mutation insert, amino acid scanning mutagenesis.

1. Introduction

Current mutagenesis methods can be divided into two groups:
controlled or random mutagenesis (1). PCR-based site-direct
mutagenesis (2) is the method of choice for controlled mutagene-
sis. It has been widely used for alanine (3, 4) or cysteine scanning
mutagenesis (5, 6) to investigate protein function or structure,
respectively. Mutator bacterial strains (7), gene shuffling (8), and
error-prone PCR (epPCR) (9) have been widely used for random
mutagenesis to generate mutant libraries containing on average
one to four mutations per kilobase of DNA (1, 10, 11).
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Although the nucleotide changes can be regulated using site-
directed mutagenesis, it can be costly and labor-intensive as differ-
ent mutations require the use of separate oligonucleotides, PCR,
and cloning. While random mutagenesis methods are simple tools
for generating mutant libraries, the rate and the sequence of
mutations cannot be controlled so that the size and the complex-
ity of the mutant library following each round of mutagenesis are
unknown.

TDEM uses the random integration property of a transpo-
son (12, 13) so that the mutation can be placed at a randomly
selected site within the target gene. In addition, the bases to be
inserted and the number of bases to be deleted can be separately
determined by the researcher. Therefore, TDEM combines ran-
dom mutagenesis with controllable site-directed mutagenesis.

2. Materials

2.1. Target Gene
of Interest (GOI)
Preparation

1. Sequence analysis software: Gene Construction KitTM

(Textco Biosoftware, West Lebanon, NH), MacVector
(Accelrys, San Diego, CA), or other software having
restriction enzyme mapping capability.

2. DNase free water: Commercial double distilled water
(ddH2O) (Invitrogen, Carlsbad, CA) or lab-made auto-
claved double distilled water.

3. GsF primer: 5′-GGTCTCNATGGNN NNNNNNNNN
NNNNNNNN-3′ (see Note 1 and Fig. 17.1).

4. GsR primer: 5′-GGTCTCNGGTTNN NNNNNNNNN
NNNNNNNN-3′ (see Note 1 and Fig. 17.1).

5. Pfu DNA polymerase (Stratagene, La Jolla, CA).
6. 10 mM dNTP (Invitrogen).
7. PCR machine (MJ research, Waltham, MA, or compara-

ble).
8. Agarose gel electrophoresis apparatus (Mupid-ExU (Euro-

gentec, San Diego CA) or comparable horizontal elec-
trophoresis chamber).

9. Power supply (BioRad, Hercules, CA).
10. Ethidium bromide: Prepare 10 mg/ml solution of ethid-

ium bromide (Sigma, St. Louis, MO) in water and store in
brown bottle at room temperature.

11. Seakeme agarose: Appropriate amount of Seakeme agarose
(Sigma) is added to 1X TAE buffer and melted with a
microwave oven for 3 min. When the temperature of the
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Fig. 17.1. Amplification of the gene of interest using primers containing BsaI sequences. (a) Primer sequences for
amplification of the target gene. The extra bases in the primer are depicted as codons and BsaI sites. Within the primer
N1 and N2 can be any bases and N2, N3, N4, and N5 should be chosen so as to not introduce stop codons. A1–Az
represent the amino acids based on the codons of the GOI. (b) The amplified target gene containing BsaI sites at each
ends. BsaI digestion generates cohesive ends with different overhangs so that the digested DNA cannot be self-ligated.

agarose solution drops to about 60◦C, add ethidium bro-
mide solution to a concentration of 0.1 μg/ml and then
pour into a gel casting chamber with a comb and let it cool
to solidify.

12. 50X TAE buffer: mix 242 g of Tris base (Sigma), 57.1 ml
glacial acetic acid (Fisher), 100 ml of 0.5 M EDTA, pH
8.0, and add water to 1 l.

13. DNA molecular weight markers: 1 kb ladder plus (Invitro-
gen, Carlsbad, CA) or 1 kb ladder (NEB) (see Note 2).

14. 10X DNA loading buffer (10 ml): Dissolve 0.025 g of bro-
mophenol blue (Sigma) and 4 g sucrose (Sigma) in 10 ml
1X TAE.

15. Transilluminator (UVP, Upland, CA).
16. Razor blades (VWR, West Chester, PA): Individually

wrapped disposable razor blades are required for cutting
DNA bands from the agarose.

17. QIAquick gel extraction kit (Qiagen, Valencia, CA).
18. T4 DNA ligase (New England Biolabs (NEB), Ipswich,

MA).
19. T4 polynucleotide kinase (NEB).
20. Water baths set at 37 and 70◦C.
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2.2. Preparation
of Vector,
pCompact-Kana

1. pCompact-Kana vector (available upon request from the
author).

2. VectF primer: 5′-CCCGGACAGCAAGCGAACCGGAA
TTGC-3′.

3. VectR primer: 5′-CATGTGAGCAAAAGGCCAGCAAAA
GGCC-3′.

4. Calf intestinal alkaline phosphatase (CIP) (NEB).
5. 10X NEBuffer 2 restriction enzyme buffer (NEB).
6. Phenol:chloroform:isoamyl alcohol (25:24:1) buffered

with Tris pH 8.0 (Sigma).
7. PelletPaint (Novagen, San Diego, CA).
8. 100% ethanol (molecular biology grade) (Sigma): We

observed that low-grade ethanol results in denaturation of
plasmid DNA when used for precipitation.

9. Sodium acetate: Dissolve 40.8 g of sodium acetate (Sigma)
in 80 ml of ddH2O. Adjust the pH to 5.2 with glacial acetic
acid. Adjust the volume to 100 ml with ddH2O. Sterilize
by autoclaving.

10. 70% ethanol: 35 ml of 100% ethanol (molecular biology
grade) with 15 ml of autoclaved ddH2O.

11. Microcentrifuge with refrigeration.

2.3. Cloning into
pCompact-Kana

1. Top10 chemical-competent cell (Invitrogen) or comparable
chemical-competent E. coli. The E. coli strain should be care-
fully chosen to ensure that the E. coli is sensitive to ampi-
cillin, kanamycin, chloramphenicol, and zeocin.

2. 37◦C shaking incubator for liquid LB culture.
3. 37◦C static incubator for LB plate culture.
4. Kanamycin: Dissolve 0.5 g kanamycin (Sigma) in 10 ml of

ddH2O to make 1000X stock solution and store at –20◦C.
5. QIAprep spin miniprep kit (Qiagen).
6. Plasmid maxiprep kit (Qiagen).
7. Luria–Broth (LB): dissolve 10 g of trypton, 5 g of yeast

extract, and 10 g of sodium chloride in 1 l of water and
autoclave to sterilize.

8. Bactoagar: Add 15 g of bactoagar (BD Difco, Franklin
Lakes, NJ) to 1 l of LB and 5 μl of antifoam (Sigma) and
autoclave. When cooled to 60◦C, add appropriate antibiotics
and pour in Petri dishes to solidify.

9. SOC: Dissolve 20 g of tryptone (BD Difco), 5 g of yeast
extract (BD Difco), 0.5 g of NaCl (Sigma), and 2.5 ml of
1 M KCl (Sigma) in 1 l of ddH2O, adjust pH to 7.0 with
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10 N NaOH, autoclave to sterilize, and add 20 ml of sterile
1 M glucose (Sigma) immediately before use.

2.4. Transposition
into the GOI

1. Transposon: M1-CamR or compatible transposons
(Finnzyme, Espoo, Finland).

2. HyperMu MuA transposase (Epicentre, Madison, WI).
3. BsaI (NEB).
4. Chloramphenicol (Sigma): Dissolve 50 mg in 10 ml of

ddH2O to make 1000X stock solution and store at –20◦C.
5. Top10 electro-competent cell (Invitrogen) or comparable

E. coli strain electro-competent cell.

2.5. Inserting
Mutation Insert (MI)

1. Zeocin: Commercial zeocin (Invitrogen) solution is 2000X
stock.

2. NotI (NEB).
3. Mutation insert (available upon request from the author).

2.6. Digestion of
Right and Left Arms
of the MI

1. BpmI (NEB).
2. BsgI (NEB).

2.7. Removing
Unwanted Frameshift
Mutants by Frame
Checking

1. Plasmid pFrameCheck (available upon request from the
author).

2. Carbenicillin: Dissolve 0.5 g carbenicillin (Sigma) in 10 ml
of ddH2O to make 1000X stock solution and store
at –20◦C.

3. Methods

TDEM is an approach for generating amino acid substitutions or
deletions based on the use of Mu transposons and a DNA cas-
sette termed the mutation insert (MI). The transposon is used
to generate breaks at a single random position in a target DNA
sequence into which the MI is inserted. The MI is used to delete
a given number of base pairs from the target DNA and to sub-
sequently replace them with an MI-derived sequence. Therefore,
the MI carries all the information required to both remove the
predetermined number of base pairs from the target gene and
replace them with a defined sequence. Using different MIs, it is
possible to efficiently introduce an unlimited number of different
bases into the target gene and up to 11 bases within the target
gene can be removed.
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Fig. 17.2. Schematic diagram showing introduction of a mutation using transposon. (a) Transposition with MuA trans-
posase and Mu-transposon (Tn) into a target gene. The Tn contains an antibiotic resistance gene for selection. (b) NotI
digestion to remove transposon. The linear plasmid is then purified using agarose gel electrophoresis. (c) Cloning of the
mutational insert (MI) into the target gene. The MI contains the zeocin resistance gene. (d) BsgI digestion, followed by
the production of blunt ends and self-religation. This step removes the stuffer from the MI. (e) BpmI digestion, followed
by the production of blunt ends and self-religation. This step replaces the bases of the target gene with predetermined
bases. (f) The final gene contains a mutation at a random site.

The procedure for TDEM and the structure of the muta-
tion insert (MI) are depicted in Fig. 17.2. Briefly, transposition
into random sites within the target gene is carried out using the
Mu transposon containing NotI sites at its ends (see Fig. 17.2a).
After transposition, the vector is digested with NotI to open it
at the transposon integration site and to remove the transposon
(see Fig. 17.2b). Subsequently, the mutation insert (MI), con-
taining a predetermined sequence (referred to as incorporating
base (IB)) between BsgI and BpmI sites, is ligated into the lin-
earized vector (see Fig. 17.2c). The plasmids are then digested
with BsgI to remove the right-hand region of the stuffer (see Fig.
17.2d). After self-ligation, the plasmids are again digested with
BpmI to remove a predetermined number of bases from the tar-
get and the left-hand region of the MI (see Fig. 17.2e) resulting
in the mutant library containing predetermined bases at random
positions within the target (see Fig. 17.2f).

As shown in Fig. 17.3, the MI consists of three compo-
nents: (1) distal BsgI and BpmI sites to remove bases from
the target gene, (2) nucleotides to be inserted into the target
gene (IB) between the proximal BsgI and BpmI sites, and (3) a
zeocin resistance gene (zeor). BpmI and BsgI, type IIs restriction
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Fig. 17.3. Structure of the mutation insert (MI). Mutation insert (MI) is the 1.2 kb DNA fragment containing the zeocin
resistance gene. BsgI digestion removes the 5 bp repeat of the target sequence and BpmI digestion removes up to 11 bp
from a target gene at the site of transposition. After BsgI and BpmI digestion and self-ligation, predetermined bases are
incorporated into the site from which the bases were removed.

endonucleases, cut 16 bp from their recognition sequence. There-
fore, by adjusting the relative position of the distal restriction
enzyme sites, the number of bases to be deleted from the target
can be altered. On the other hand, the sequence to be inserted
is determined by the IB located between the proximal BpmI and
BsgI sites. The IB can be of any length. Thus, the number of bases
to be deleted and the length of the DNA to be inserted can be
separately determined so that many types of mutant libraries can
be generated. Lastly, the zeor gene confers resistance to zeocin
so that only plasmids containing the MI are recovered following
selection with zeocin and kanamycin.

3.1. Preparation
of Target Gene
of Interest

1. Amplify the gene of interest (GOI) with GsF and GsR
primers containing BsaI sites (see Fig. 17.1).

2. Purify the PCR products from agarose gel using QIAquick
gel extraction kit (Qiagen).

3. Treat the purified PCR products with polynucleotide kinase
(PNK) (NEB) at 37◦C for 30 min. The reaction mixture
would be the following:
Up to 200 ng purified DNA.
5 μl 10X T4 DNA ligase buffer (NEB).
Add water to 49 μl.
1 μl PNK.
50 μl total volume (see Note 3).

4. Incubate the reaction mixture at 70◦C for 20 min to inacti-
vate the PNK.

5. Store the reaction mixture at –20◦C for later use.

3.2. Preparation
of Vector,
pCompact-Kana

1. Amplify pCompact-Kana, which has only an origin of
replication and kanamycin resistance gene (see Fig. 17.4).
pCompact-Kana (1.7 kb) can be easily amplified by PCR to
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Fig. 17.4. Cloning of GOI into pCompact-Kana. The plasmid, pCompact-Kana, has only an origin of replication from
pUC19 and a kanamycin resistance gene, so it can be easily amplified by PCR. The locations of the primers are depicted
as arrows, VectF and VectR. The BsaI site containing GOI can be cloned into the PCR-amplified pCompact-Kana. Use of
this vector maximizes the possibility of introducing the transposon into the target gene. Plasmids with insertions into an
essential part of the vector (origin and kanamycin resistance gene) will not grow.

generate a blunt-ended vector for cloning due to its small
size.
PCR mixture:

10 μl 10X cloned Pfu buffer l.
3 μl VectF primer (10 pmol/μl stock).
3 μl VectR primer (10 pmol/μl stock).
3 μl dNTPs (10 mM stock).
2 μl Pfu DNA polymerase.
10–100 pg supercoiled pCompact-Kana as template DNA.
Water to 100 μl.

PCR cycle conditions:
Initial denaturation: 95◦C for 2 min.

1 cycle
Denaturation: 95◦C for 30 s.
Annealing: 55◦C for 30 s.
Extension: 72◦C for 4 min.

30 cycles
Final extension: 72◦C for 10 min (see Note 4).

2. Analyze the amplified pCompact-Kana DNA using agarose
gel electrophoresis and purify the amplified DNA from the
gel using QIAquick gel extraction kit.

3. Treat 100–200 ng of the purified linear pCompact-Kana
with 1 μl of calf intestinal alkaline phosphatase (CIP) in
the 1X NEBuffer 2 restriction enzyme buffer at 37◦C for
20 min in order to remove phosphate groups at the 5′-ends
(see Note 5).
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3.3. Cloning the GOI
into pCompact-Kana

1. Set up a ligation mixture as follows:
100 ng GOI (prepared in Section 3.1).
50 ng linear pCompact-Kana (prepared in Section 3.2).
2 μl 10X T4 DNA ligase buffer.
Add water up to 19 μl.
1 μl T4 DNA ligase.

2. Incubate at room temperature for 20 min.
3. Transform into Top10 (or any other comparable E. coli

strain) chemical-competent cells using 2 μl of above reac-
tion mixture and spread the appropriate amount of the
transformation mixture onto an LB agar plate contain-
ing 50 μg/ml of kanamycin. Incubate at 37◦C overnight
(12–16 h).

4. Pick colonies and inoculate into 3 ml of LB broth containing
50 μg/ml of kanamycin and grow at 37◦C overnight.

5. Prepare the plasmids from the cultured broth using QIAprep
spin miniprep kit.

6. Identify clones containing the GOI using restriction enzyme
digestion or PCR screening.

7. Sequence several clones to identify a correct clone and pre-
pare a sufficient amount of the plasmid using plasmid midi
or maxiprep kit.

8. (Optional) Remove unwanted restriction enzyme sites
(BpmI, BsgI, BsaI, and NotI) from the target DNA. BpmI,
BsgI, BsaI, and NotI restriction enzymes are used through-
out the TDEM procedure. Therefore, the target gene should
be free of these restriction enzyme sites. Commercially avail-
able software can be used to determine the position of these
restriction enzyme sites in the target gene. When removing
these enzyme sites from the target gene, the altered bases
should not change the amino acid sequence and the result-
ing codons should be codons preferred by the organisms in
which phenotypic screening is performed (see Note 6).

3.4. Transposition
into the GOI

1. Set up the transposition reaction mixture as follows:
60 fmol target DNA (GOI in pCompact-Kana).
DNase-free ddH2O up to 8 μl
10 μl 10X reaction buffer for HyperMu MuA transposase.
1 μl (20 ng, 25 fmol) transposon (M1-CamR).
1 μl HyperMu MuA transposase.
20 μl total reaction volume.

2. Mix the above reaction mixture and incubate at 37◦C
for 2 h.
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3. Add an equal volume of phenol:chloroform:isoamyl alco-
hol (PCI) to the transposition reaction mixture and vortex.

4. Centrifuge at maximum revolutions per minute for 1 min
to separate the aqueous layer from the phenol–chloroform
layer.

5. Carefully transfer the upper aqueous layer to a new tube.
6. Add 1 μl of PelletPaint and mix well (see Note 7).
7. Add 2 μl (1/10 of the reaction volume) of 3 M sodium

acetate (pH 5.2) and mix well.
8. Add 40 μl (twice the reaction volume) of 100% ethanol

and mix well.
9. Centrifuge at maximum revolutions per minute at 4◦C for

5 min.
10. Decant the solution and wash the pellet with 70% ethanol

followed by drying the pellet.
11. Resuspend the pellet with 3 μl of ddH2O and perform

electro-transformation.
12. Add 1 ml of SOC and shake at 37◦C for 1 h. Then spread

50 μl of the transformation mixture onto the LB agar
plate containing 50 μg/ml of kanamycin and 7 μg/ml of
chloramphenicol. Inoculate the rest of the transformation
mixture into 100–200 ml of LB containing 50 μg/ml of
kanamycin and 7 μg/ml of chloramphenicol and culture
the broth at 37◦C shaking at 250 rpm for 20 h.

13. Count the colonies after 20 h in order to estimate the total
number of transposition events (see Note 8).

14. After obtaining a sufficient number of transposition events,
harvest the library plasmid using plasmid maxiprep kit. The
total number of transposition events should be recorded for
later reference.

15. Although transposition into the vector can impair repli-
cation of the plasmid, the plasmid mixture will still con-
tain plasmids with transposons in the vector sequence (Fig.
17.5). The following procedure is used to eliminate these
plasmids:
Analyze the parental target DNA and transposed DNA pre-

pared above step 14 by agarose gel and identify the plas-
mid containing a transposon based on the DNA size (see
Note 9).

Purify the supercoiled plasmid containing the transposon
from the gel using QIAquick gel extraction kit (Qiagen).
Digest the purified plasmid with BsaI in order to isolate

plasmids containing the transposon in the target sequence.
As illustrated in Fig. 17.5, the digested DNA will generate
four distinct bands based on the integration site.
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Fig. 17.5. The Mu transposon attacks both the target gene and the vector sequence. (a) Schematic diagram of transpo-
son integration into either the vector or target gene and the fragments generated following BsaI digestion. The virtual gel
pictures are a schematic representation of the four distinctive bands seen following transposon integration and digestion
with BsaI. (b) Following transposition, the supercoiled plasmids were harvested and analyzed by agarose gel after diges-
tion with BsaI. The marks indicate the fragment of the target gene with the transposon integrated. L, 1 kb DNA ladder;
lane 1, pCompact-Kana-target; lane 2, pCompact-Kana-target with transposon.

Purify the target gene containing the transposon and vec-
tor which is free of the target gene from the gel using
QIAquick gel extraction kit.

Ligate the purified DNA bands using T4 DNA ligase
(NEB) as follows:

50 μl purified target containing transposon.
50 μl purified vector only DNA.
20 μl 10X T4 DNA ligase buffer.
75 μl ddH2O.
5 μl T4 DNA ligase.
200 μl total volume.
Incubate at room temperature for 30 min followed by

extraction with PCI.
Repeat steps 3–14 to precipitate ligated DNA and

electro-transform into Top10 cells (see Note 10).
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3.5. Replace the
Transposon with the
Mutation Insert

1. The purified plasmid mixture is a library with the trans-
poson randomly located throughout the target gene. In
order to open up the site at which the transposon is located,
digest 5 μg of the plasmid DNA library with NotI as fol-
lows (Fig. 17.2b). NotI sites are located at both ends of
the transposon.
5 μg plasmid DNA (up to 43 μl).
5 μl 10X NEBuffer 3.
Add ddH2O to 48 μl.
2 μl NotI.
Total volume 50 μl.

2. Incubate at 37◦C for 1 h.
3. Load the digested DNA on an agarose gel to analyze and

purify the plasmids digested at random sites within the tar-
get gene.

4. Two DNA bands should be seen. The larger band is the
plasmid digested at random sites within the target gene and
the smaller band is the 1.2 kb transposon. Excise the larger
DNA band (1.7 + the size of the target gene in kilobase).

5. After purifying the DNA from the gel using QIAquick gel
extraction kit, set up a ligation mixture as follows:
100 ng purified plasmid DNA (up to 50 μl).
1 μl 300 ng/μl mutation insert.
6 μl 10X T4 DNA ligase buffer.
Add ddH2O to 48 μl.
2 μl T4 DNA ligase.

6. Incubate at room temperature for 1 h.
7. Extract the reaction mixture with PCI followed by ethanol

precipitation as detailed in steps 3–10 of unit 3.4.
8. Resuspend the pellet with 3 μl of water and perform

electro-transformation.
9. Add 1 ml of SOC and shake at 37◦C for 1 h. Then

spread 5 μl of the transformation mixture onto an LB agar
plate containing 25 μg/ml of zeocin and 50 μg/ml of
kanamycin. Inoculate the rest of the transformation mix-
ture into 100–200 ml of LB containing 25 μg/ml of
zeocin and 50 μg/ml of kanamycin and culture at 37◦C
shaking at 250 rpm for 16 h.

10. Estimate the total number of transformants based on the
number of colonies in the plate (see Note 11).

11. After obtaining a sufficient number of transformants,
harvest the plasmid library using Plasmid maxiprep kit.
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3.6. Digestion of
Right and Left Arms
of the MI

1. Purify the supercoiled plasmid from the agarose gel using
the procedure described in step 15 of Section 3.4 (see Note
12).

2. Digest 5 μg of the purified supercoiled plasmid DNA with
BsgI as follows in order to remove the right part of the
MI.
5 μg plasmid DNA (up to 43 μl).
5 μl 10X NEBuffer 3 buffer.
Add ddH2O to 48 μl.
2 μl BsgI.
50 μl total volume.

3. Incubate at 37◦C for 1 h.
4. Extract with PCI once (see steps 3–5 of Section 3.4), add

an equal volume of water and 10X DNA loading buffer (see
Note 13).

5. Load the digested DNA on an agarose gel to analyze and
purify the BsgI-digested plasmid. Two DNA bands should
be seen. The larger band is the plasmid with the target gene
and the smaller band is the 0.3 kb left part of the MI. Excise
the larger DNA band (2.5 added to the size of the target
gene in kb).

6. After purifying the DNA from the gel using QIAquick gel
extraction kit, blunt the DNA ends on ice as follows:
3 μg purified plasmid DNA (up to 50 μl).
3 μl 10 mM dNTP.
6 μl 10X T4 DNA polymerase buffer.
Add ddH2O to 48 μl.
2 μl T4 DNA polymerase.

7. Incubate at 12◦C for 25 min (see Note 14).
8. Extract with PCI and precipitate with ethanol (see steps

3–10 of Section 3.4).
9. Resuspend the pellet with 30 μl of water and set up a self-

ligation mixture as follows:
3 μg purified plasmid DNA with blunt ends (up to 50 μl).
20 μl 10X T4 DNA ligase buffer.
Add ddH2O to 196 μl.
4 μl T4 DNA ligase.

10. Purify the ligation mixture by repeating steps 3–10 of
unit 3.4.

11. Resuspend the pellet with 3 μl of water and perform
electro-transformation into Top10 electro-competent cell.
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12. Add 1 ml of SOC and shake at 37◦C for 1 h. Then spread
5 μl of the transformation mixture onto an LB agar plate
containing 50 μg/ml of kanamycin. Inoculate the rest of
the transformation mixture into 100–200 ml of LB con-
taining 50 μg/ml of kanamycin and culture at 37◦C with
shaking at 250 rpm for 16 h. At this step the LB does
not contain zeocin because the zeocin resistance gene is
removed following digestion with BsgI.

13. Estimate the total number of transformants based on the
number of colonies on the plate (see Note 11).

14. After obtaining a sufficient number of transformants, har-
vest the library plasmid using plasmid midi or maxiprep kit.
The plasmids now contain only the right side of the MI
randomly inserted throughout the target gene.

15. In order to remove the left side of the MI and insert the
novel bases, repeat steps 1–14 using BpmI instead of BsgI.
After BpmI digestion, the plasmids will contain the desired
mutations within the target gene (see Fig. 17.2f).

3.7. Removing
Unwanted Frameshift
Mutants by Frame
Checking

Although the above plasmid contains the desired mutation
throughout the target gene, more than 50% of the plasmid will
contain undesired mutations due to the incorrect digestion of
BpmI and BsgI. These enzymes are type IIs restriction enzymes,
which show relatively high non-specific digestion. If a stringent
screening system is to be used, the plasmid library can be directly
screened. However, when a more defined mutation library is
desired, the following steps can be used to remove unwanted
mutations. In this frame-checking procedure, the gene mutated
by TDEM is cloned between the gIII signal sequence of the
coat protein of phage fd and the beta-lactamase gene (ampicillin-
resistant gene). If the mutated genes contain unwanted frame
shifts or stop codons within the gene, the signal sequence will not
be physically linked to active beta-lactamase resulting in cell death
following ampicillin selection. However, if the mutated genes do
not contain a frameshift or stop codons, the signal sequence will
be attached to an active GOI – beta-lactamase fusion protein and
beta-lactamase will be transported to the periplasmic space result-
ing in ampicillin resistance (see Fig. 17.6).

1. The mutated target gene was harvested from pCompact-
Kana-GOI by digesting with BsaI as follows:
10 μg plasmid library (up to 87 μl).
10 μl 10X NEBuffer 3.
1 μl 100X BSA (NEB).
Add ddH2O up to 98 μl.
2 μl BsaI.

2. Incubate at 37◦C for 1 h.
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Fig. 17.6. Elimination of frameshift mutants. In the process of TDEM, additional bases can be deleted or added resulting
in a frameshift mutation instead of the specific replacement of bases. These frameshift mutants can be eliminated
by subcloning the mutated gene between the gIII signal sequence of the coat protein of phage fd and the ampicillin
resistance gene. (a) The pFrameCheck vector. When the mutated target gene within pCompact-Kana is digested using
BsaI, the overhangs are compatible with pFrameCheck and the open reading frame will be maintained so that the gIII
signal sequence is fused to beta-lactamase through the mutated target gene. (b) Only colonies having the gene of interest
(GOI) in frame with the gIII signal sequence and beta-lactamase can transport the beta-lactamase to the periplasmic
space resulting in resistance to ampicillin or carbenicillin.

3. Analyze the digested DNA by agarose gel and harvest the
digested GOI and pCompact-Kana vector from the gel
using QIAquick gel extraction kit. BsaI digestion will yield
two bands. Save the linearized parental pCompact-Kana for
later use. The band containing the GOI will be cloned into
pFrameCheck vector.

4. Ligate the GOI with the BsaI-digested-pFrameCheck vec-
tor as follows (see Note 15):
2 μg BsaI-digested pFrameCheck.
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3 μg gel purified mutated GOI.
10 μl 10X T4 DNA ligase buffer.
Add ddH2O up to 96 μl.
4 μl T4 DNA ligase.

5. Incubate at room temperature for 1 h.
6. Extract with PCI and precipitate with ethanol (see steps

3–10 of Section 3.4).
7. Resuspend the pellet with 3 μl of water and electro-

transform into Top10 electro-competent cells.
8. Add 1 ml of SOC and shake at 37◦C for 1 h. Then spread

5 μl of the transformation mixture onto an LB agar plate
containing 30 μg/ml of carbenicillin and 50 μg/ml of
kanamycin. Inoculate the rest of the transformation mix-
ture into 100–200 ml of LB containing 30 μg/ml of car-
benicillin and 50 μg/ml of kanamycin and culture at 37◦C
shaking at 250 rpm for 16 h.

9. Estimate the total transformants based on the number of
colonies on the plate.

10. After obtaining a sufficient number of transformants, har-
vest the library plasmid using plasmid midi or maxiprep kit
(see Note 16).

11. Harvest the mutated GOI from the pFrameCheck by diges-
tion with BsaI and clone it into pComact-Kana or another
compatible vector for phenotypic screening or expression.

4. Notes

1. The underlined sequences in the GsF and GsR primer
sequences are BsaI recognition sites, and the bold letter
N’s represent the gene-specific sequences. Five bases at
the ends of the primers are for the cohesive ends so that
the sequences will be compatible with vectors used at later
steps during the procedure. Although the same restriction
sites are at each end of the GOI, different four bases over-
hang are generated facilitating directional cloning at vari-
ous steps in the procedure (see Fig. 17.1).

2. 1 kb plus ladder (Invitrogen) is convenient for evaluating
a wide range of DNA fragments and the 1 kb ladder from
NEB is optimal for estimating DNA quantity as the man-
ufacturer provides information on the quantity of DNA
within each band of the ladder.
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3. Because PNK is active in the ligase buffer, T4 DNA lig-
ase buffer can be used for convenience. In this case, PNK-
treated DNA can be used directly for ligation without
buffer exchange after heat inactivation of the PNK.

4. Use of this vector maximizes the possibility of introduc-
ing the transposon into the target gene. Plasmids with
insertions into an essential part of the vector (origin and
kanamycin resistance gene) will not grow.

5. Although the use of non-phosphorylated primers for PCR
generates plasmids lacking 5′-phosphate, additional CIP
treatment can further minimize the possibility of vector
self-ligation.

6. Restriction enzyme site removal can be achieved either
using PCR with mutation containing primers or commer-
cial kits such as QuickChange R© Site Directed Mutagenesis
Kit (Stratagene).

7. Addition of PelletPaint is very helpful for recovering DNA
present at low concentrations.

8. The transposon will also integrate into vector regions out-
side of the GOI, and Mu transposase possesses intrinsic site
preference depending on the base composition of the target
DNA. Therefore, in order to obtain all possible mutants,
the initial number of transposition events should exceed
the number of bases of the GOI by many fold (practically,
50- to 100-fold). For example, more than 50,000 trans-
position events are required for a GOI of 1 kb. Therefore,
it may be necessary to scale up the transposition reaction
to obtain a sufficient number of transposition events. The
scale of the transposition reaction can be estimated from
the initial transposition experiment.

9. Because transposition into a target DNA can occur several
times, multiple DNA bands may be observed in the gel. In
order to harvest plasmids containing only one transposon
in the vector, agarose gel analysis and gel purification are
required.

10. The total number of transformants should exceed the num-
ber of original transposition events in order to recover all
of the initial transposition events. After this procedure, all
of the plasmids will have a single transposon in the target
gene.

11. The total number of transformants should exceed the
number of the previous step in order not to loss pos-
sible mutants. It may be necessary to scale up the liga-
tion reaction in order to obtain a sufficient number of
transformants.



292 Kim

12. Because multiple copies of the MI can be ligated into the
vector, BsgI digestion of the purified plasmid without gel
purification will result in a very complicated pattern in the
agarose gel. In order to avoid this, only monomeric super-
coiled plasmid should be purified before digesting with
BsgI.

13. The addition of water after PCI extraction is required to
dilute residual organic solvents in the DNA solution such
as phenol or chloroform which will interfere with loading
onto the agarose gel.

14. PCR machine can be used for this low temperature incuba-
tion.

15. Prior to this ligation, sufficient amounts of the
pFrameCheck vector should be prepared by digesting
with BsaI and gel-purifying linearized pFrameCheck.
Because the undigested pFrameCheck contains a LacZα

fragment between the two BsaI sites, BsaI digestion of
the pFrameCheck will generate 2 and 0.3 kb fragments.
The 2 kb DNA is the linearized pFrameCheck with the
compatible ends with the GOI.

16. About 95–98% of the plasmids recovered following
this frame-checking procedure do not contain either a
frameshift or stop codon within the target gene.
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Chapter 18

Fluorescent Site-Specific Labeling of Escherichia coli
Expressed Proteins with Sfp Phosphopantetheinyl
Transferase

Aihua Zhang, Luo Sun, John Buswell, Nancy Considine, Inca
Ghosh, Anastasiya Masharina, Christopher Noren, and
Ming-Qun Xu

Abstract

Fluorescent tagging of proteins has become a critical step in optical analysis of protein function in vitro
and in living cells. Here we describe a two-tag system for expression and isolation of a protein of inter-
est from Escherichia coli and subsequent site-specific fluorescent labeling with Sfp phosphopantetheinyl
transferase (Sfp synthase). In the example presented, adenoviral protein E3-14.7 K (E14.7) was expressed
as a tripartite fusion protein with a fluorophore-targeting peptide tag and a chitin-binding domain. This
system allows for rapid isolation of the recombinant fusion protein from crude bacterial cell lysate via a
single chitin column. Sfp synthase-mediated labeling with fluorophore conjugated to coenzyme A-SH
(CoA-SH) resulted in covalent attachment of a fluorescent dye to a specific residue of the peptide tag
via a phosphopantetheinyl linker. The fluorescently labeled E14.7 fusion protein was analyzed with a
fluorescence imager and subsequently transfected into mammalian cells for imaging with a fluorescence
microscope.

Key words: Protein labeling, Sfp synthase, ACP synthase, ACP tag, ybbR, S6 tag, fluorescent
labeling.

1. Introduction

Optical analysis of proteins is an important pathway toward
understanding of protein dynamics and interaction networks in
cells. This approach has been facilitated by fluorescently tag-
ging proteins using various chemical modification and protein
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fusion techniques (1, 2). The advantages and limitations of dif-
ferent approaches are assessed in accordance with the needs of
the research project. Traditional chemical modification cannot
achieve specific labeling in complex samples and requires purifi-
cation of the target protein. Assays with fluorophore-linked anti-
bodies are widely used for characterization of proteins, but can
rarely address protein labeling and detection inside living cells.
The use of autofluorescent proteins, such as green fluorescent
protein (GFP) from the jellyfish Aequorea victoria, has been one
of the most enabling technologies in optical visualization of pro-
teins in living cells and animals (3). Various techniques have
been developed for tagging proteins with small molecule flu-
orophores for in vitro analysis of protein function and for the
study of protein dynamics in living cells (4–6). Orthogonal pro-
tein labeling with fluorophores with different spectra allows for
simultaneous visualization and characterization of multiple pro-
tein targets (7, 8). In addition, fluorescent labeling can gener-
ate imaging agents for monitoring protein–protein interactions
on cell surface, protein uptake, and trafficking in living cells
(9–11). Thus, development of robust methods of specifically
derivatizing a protein of interest with a fluorophore can facili-
tate monitoring of protein localization, interactions, and trans-
portation. Of special interest is the use of small tags for labeling
since they are less likely to affect the structure and function of a
protein (the fusion partner). It has been shown that small pro-
tein tags, for example, acyl carrier protein (ACP, 77 amino acid
residues), peptide carrier protein (PCP), and peptide substrates
(ybbR or S6 tag) can be fluorescently labeled by Sfp synthase or
ACP synthase (7, 10, 12). These enzymes catalyze the transfer
of a fluorophore or biotin conjugated to coenzyme A-SH (CoA-
SH), to the side chain of a specific serine residue in the target
sequence.

This work presents an example for the production of
fluorochrome-labeled proteins by expressing and isolating a
chimeric protein consisting of adenoviral protein E3-14.7 K, a
small 12-residue peptide tag S6 and a C-terminal 6 kDa chitin-
binding domain from E. coli cells (Fig. 18.1). E3-14.7 K has
been implicated in regulation of TNF-mediated apoptosis and
other receptor trafficking events; however, the molecular mech-
anisms have not been fully understood. Fluorescent labeling of
E3-14.7 may be utilized for investigation of its role in inhibi-
tion of receptor internalization and its interactions with other
components (13). Site-specific enzymatic labeling with Sfp syn-
thase was employed to label the fusion protein with various
fluorescent substrates. We demonstrate in vitro analysis of the
labeled proteins with a fluorescent imager, protein transfection,
and imaging of live mammalian cells by fluorescence confocal
microscopy.
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Fig. 18.1. Schematic of protein purification and labeling by Sfp phosphopantetheinyl
transferase (Sfp synthase). Adenoviral protein E3-14.7 K (E14.7) was expressed as a
fusion protein comprising E14.7, S6 peptide, and an elutable chitin-binding domain
(CBD). This elutable CBD tag allows for binding of the fusion protein to a chitin resin
in a buffer containing 2 M NaCl and protein elution by a shift of salt concentrations from
2 to 0–0.5 M NaCl (14, 15). The purified fusion protein was labeled by Sfp phosphopan-
tetheinyl transferase (Sfp synthase) and CoA-small molecule conjugates by the transfer
of the dye to a specific serine residue (underlined) in the S6 tag (GDSLSWLLRLLN) (7).

2. Materials

2.1. Cell Culture and
Protein Production

1. DMEM–F-12 medium (Invitrogen, Carlsbad, CA)
2. Phosphate-buffered saline (Cell Signaling Technology,

Danvers, MA)
3. SlowFade Antifade Kit (Invitrogen)
4. E. coli T7 Express (New England Biolabs, Ipswich, MA)
5. Kanamycin (Sigma, St. Louis, MO)
6. Ampicillin (American Pharmaceutical Partners, Schaum-

burg, IL)
7. Luria–Bertani (LB) media
8. Isopropyl thiogalactosidase (IPTG; American Bioanalytical,

Natick MA)
9. LB agar (Difco, Lawrence, KS)

10. Ni-NTA resin (Qiagen, Valencia, CA)
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11. Imidazole (Sigma)
12. NaCl (Sigma)
13. Tris-HCl (Sigma)
14. Ethylenediaminetetraacetic acid (EDTA; Sigma)
15. Chitin beads (New England Biolabs)
16. Sfp synthase storage buffer: 10 mM Tris-HCl, pH 7.5,

1 mM EDTA, and 10% (v/v) glycerol
17. Cell lysis and protein-binding buffer: 20 mM Tris-HCl, pH

8.5, 2 M NaCl
18. Elution buffer: 20 mM Tris-HCl, pH 8.5, 50 mM NaCl

2.2. Reagents for
Sfp Labeling

1. pET29-Sfp (contact Christopher T. Walsh at Harvard Uni-
versity)

2. Coenzyme A trilithium salt (Sigma)
3. Maleimide-activated DyLight 488, DyLight 549, and

DyLight 649 (Thermo Scientific, Waltham, MA)
4. Tris-buffered saline (TBS): 50 mM Tris-HCl, pH 7.5,

0.15 M NaCl
5. Glycerol solution: 10% (v/v) glycerol
6. Sodium phosphate buffer: prepare a solution of 100 mM

sodium phosphate (pH 7.0) by mixing the stock solutions
of 0.5 M NaH2PO4 (monobasic) and 0.5 M Na2HPO4
(dibasic) (Sigma)

7. Acetonitrile (Sigma)
8. Trifluoroacetic acid (TFA) solution: 0.1% (v/v) trifluo-

roacetic acid (Sigma)
9. Dimethyl sulfoxide (DMSO; SIGMA)

10. MgCl2 solution: 10 mM MgCl2
11. HEPES buffer: 50 mM 4-(2-hydroxyethyl)-1-piperazinee-

thanesulfonic acid, pH 7.5
12. Coomassie blue (Brilliant Blue R; Sigma)
13. Coomassie blue staining solution: 0.1% (w/v) Brilliant

Blue R, 10% (v/v) glacial acetic acid, 50% (v/v) methanol
14. Destain solution: 10% (v/v) glacial acetic acid, 50% (v/v)

methanol

2.3. Equipment 1. Innova 4230 floor incubator/shaker (New Brunswick Sci-
entific, Edison, NJ)

2. Beckman J2-21 centrifuge (Beckman, Ramsey, MN)
3. Cell disruptor (Active Ultrasonics, La Chaux-de-Fonds,

Switzerland)
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4. Centriprep YM-10 concentrator (Millipore, Billerica, MA)
5. HPLC system (Beckman)
6. Protein peptide preparative HPLC column (Vydac, Deer-

field, IL)
7. Voyager matrix-assisted laser desorption/ionization time of

flight (MALDI-TOF) system (Applied Biosystems, Foster
City, CA)

8. 10–20% Novex Tris-Glycine Mini gel (Invitrogen)
9. XCell Surelock Mini-Cell (Invitrogen)

10. TE22 Mini Tank Transfer Unit (Hoefer Scientific Instru-
ments, Horsham, PA)

11. PowerPac power supply (Bio-Rad, Hercules, CA)
12. Power Supply (VWR, West Chester, PA)
13. Typhoon Imager 9400 (GE Healthcare, Piscataway, NJ)

2.4. Protein
Electrophoresis
and Blotting

1. 3X Sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) reducing sample buffer: 3 mM NaCl,
70 mM Tris-HCl, pH 6.8 at 25◦C, 1 mM EDTA, 2% (w/v)
SDS, 0.01 % (w/v) phenol red, 10% (v/v) glycerol, 40 mM
dithiothreitol

2. SDS-PAGE Tris-glycine buffer: 0.1% SDS, 0.19 M glycine,
0.025 M Tris, pH 8.3.

3. Nitrocellulose membrane (Protran; Whatman, Florham
Park, NJ)

4. Prestained Protein Marker (New England BioLabs)
5. Broad Range Protein Marker (New England BioLabs)
6. Coomassie blue staining solution
7. Destain solution

2.5. Protein
Transfection and
Cell Imaging

1. Chamber slide: LAB-TEK II chambered coverglass (Nalge
Nunc International)

2. COS-7: African Green Monkey SV40-transfected kidney
fibroblast cell line

3. Serum medium: Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum and L-glutamine

4. Cell culture incubator: Forma Series II 3110 Water Jacketed
CO2 incubator (Thermal Fisher Scientific), 5% CO2 and 37◦

5. TransPass P Transfection Reagent (New England Biolabs).
6. DAPI: 4′,6-diamidino-2-phenylindole, a fluorescent stain

that binds to DNA (Invitrogen)
7. Fluorescence microscopy: Carl Zeiss LSM 510 meta Laser

Scanning Microscope (Carl Zeiss)
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3. Methods

To generate protein imaging agents by site-specific fluorescent
labeling, small peptide tags, for example, the 12-residue S6 tag
and 77-residue ACP tag, are preferred to larger protein tags as
they presumably have less effect on the folding and function of a
target protein, such as molecular interactions and translocation.
Sfp-catalyzed labeling was mapped to a specific serine residue
(underlined) in the ACP tag (Ser35), S6 (GDSLSWLLRLLN) or
ybbR (DSLEFIASKLA) peptides (7, 10, 12). This experimental
procedure includes the following steps (1) expression and purifi-
cation of Sfp synthase, (2) synthesis of CoA-fluorochrome conju-
gates, (3) construction of a gene of interest fused to a targeting
polypeptide and an affinity tag, (4) purification of the fusion pro-
tein, (5) labeling the purified protein, and (6) imaging the labeled
protein by a fluorescent imager and microscope. The labeling
reaction has been previously described (6). To facilitate rapid iso-
lation of recombinant proteins from E. coli host cells, affinity tags
such as an elutable CBD or six-histidine tag can be selected as
a fusion partner. A mutant of the 6 kDa Bacillus circulans CBD
carrying Trp687Phe mutation permits reversible binding to chitin
resin by a shift in salt concentrations (e.g., 2 M NaCl and 100 mM
NaCl) thereby facilitating rapid isolation of the fusion protein
from the cell lysate via a single column step (14).

3.1. Cloning and
Purification of
E14.7 K Fusion
Protein

1. Clone the coding region of adenoviral E3-14.7 K (E14.7)
in-frame to S6 tag and CBD in a pTXB1 derivative (15).
The resulting pE14.7S6CBD expresses a 23 kDa fusion
protein E14.7-S6-CBD under the control of the IPTG-
inducible T7/lac promoter.

2. Grow E. coli strain T7 Express harboring pE14.7S6CBD
at 37◦C in 1 l of LB medium containing 100 μg/ml of
ampicillin to an A600 of 0.5.

3. Induce protein expression with 0.3 mM isopropyl-β-D-
thiogalactoside (IPTG) at 16◦C overnight.

4. Collect the cells by centrifugation at 3000×g for 30 min.
5. Resuspend the cells in 100 ml of cell lysis buffer containing

20 mM Tris-HCl, pH 8.0, 2 M NaCl.
6. Remove the debris by centrifugation at 16,000×g for

30 min.
7. Load the clarified supernatant onto a column at 4◦C with

a 10 ml bed volume of chitin beads equilibrated in the cell
lysis buffer.

8. Wash the column with 40 column volumes of the cell lysis
buffer.
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Fig. 18.2. SDS-PAGE analysis of protein purification and protein labeling. Chitin chro-
matography and Sfp-mediated protein labeling reactions with different fluorescent sub-
strates were visualized on a 10–20% Tris-glycine gel after electrophoretic separa-
tion of proteins under denaturing conditions. Adenoviral protein E3-14.7 K (E14.7) was
expressed in E. coli as a fusion protein E14.7-S6-CBD. Protein labeling in the pres-
ence of Sfp synthase and CoA-fluorophore conjugate resulted in the covalent linkage
of the fluorophore to the side chain of a specific serine residue in the S6 tag, yielding
E14.7-S6 (label)-CBD product. Lane 1, crude cell extract showing the expressed fusion
protein; lane 2, clarified cell extract after sonication and centrifugation; lane 3, clarified
cell extract after passage over a chitin resin, resulting in the binding of E14.7-S6-CBD;
lane 4: protein fraction eluted from the chitin column; lane 5, incubation of E14.7-S6-
CBD without Sfp synthase and fluorescent substrate; lane 6, labeling reaction without
fluorescent substrate; lane 7, labeling with CoA-DyLight 488; lane 8, labeling with CoA-
Dylight 549; lane 9, labeling with CoA-Dylight 649.

9. Elute the fusion protein with 20 mM Tris-HCl, pH 8.0,
0.1 M NaCl. Collect ten 3 ml fractions.

10. Analyze the elution fractions by 12% Tris-glycine denatur-
ing gels (Fig. 18.2).

11. Determine the protein concentrations by Bradford assay
(16).

3.2. Synthesis of
CoA-Fluorophore
Conjugates

1. Synthesize CoA-small molecule substrate by conjugation
of CoA-SH to maleimide-activated fluorophores including
DyLight 488, DyLight 549, and DyLight 649. We use the
synthesis of CoA-DyLight 488 as an example.

2. To a solution of maleimide DyLight 488 (1.0 mg, 1.2 μmol)
in 0.25 ml dimethyl sulfoxide (DMSO), add CoA trilithium
salt (1.6 mg, 2.1 μmol) in 0.75 ml sodium phosphate
100 mM, pH 7.0, and stir the reaction mixture at room tem-
perature for 1 h in the dark.

3. Directly purify the reaction mixture by preparative HPLC
using a reverse-phase protein peptide C18 column with a
gradient of 0–50% (vol/vol) acetonitrile over 30 min.

4. Lyophilize the purified compound and confirm its identity
by MALDI-TOF (negative mode): 1564.48.
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3.3. Expression and
Purification of Sfp
Synthase

1. pET29-Sfp expresses Sfp protein fused to a C-terminal
six-histidine tag (6). Transform the Sfp expression plas-
mid pET29-Sfp into T7 Express cells following manufac-
turer’s protocol. Plate the cells on an LB agar plate contain-
ing 50 μg/ml kanamycin and incubate the plate at 37◦C
overnight.

2. Inoculate one colony to 1 l of LB medium containing
50 μg/ml kanamycin. Shake at 200 r.p.m. at 37◦C on a
New Brunswick Innova 4230 floor incubator/shaker until
the OD600 nm reaches 0.5.

3. Add IPTG to the LB culture to a final concentration of
0.3 mM.

4. Continue to shake overnight at 200 r.p.m. at 16◦C and
then harvest the cells by centrifugation in 1000 ml cen-
trifuge bottle at 5000 r.p.m. for 30 min.

5. Resuspend the cells in 50 ml of a solution of 5 mM imida-
zole, 0.5 M NaCl, and 20 mM Tris-HCl, pH 7.9.

6. Lyse the cells by sonication in an ice-chilled water bath
and prepare the clarified cell extract by centrifugation at
12,000×g for 30 min at 4◦C.

7. Purify the Sfp protein by chromatography using 10 ml
bed volume of N-NTA resin in a 15 mm diameter column
according to the manufacturer’s instructions.

8. Analyze the fractions of the eluant from the Ni-NTA col-
umn by SDS-PAGE and pool the fractions that contain Sfp
synthase (26 kDa) and are >90% pure.

9. Dialyze the protein twice against 10 mM Tris-HCl, pH 7.5,
1 mM EDTA, and 10% glycerol.

10. Aliquot the protein solution into Eppendorf tubes and
store the tubes at –80◦C. The purification procedure typi-
cally yields approx. 50 mg of pure (>90%) Sfp synthase per
liter of culture. The enzyme is very stable and can be stored
at the above conditions for at least 12 months without sig-
nificant loss of activity.

3.4. Sfp-Mediated
Protein Labeling

1. We usually set up a reaction of 50 μl final volume containing
10 mM MgCl2 and 50 mM HEPES, pH 7.5.

2. Add 1 μM Sfp synthase, 5 μM S6-tagged protein E14.7-
S6-CBD, and 10 μM substrate (CoA-DyLight 488, CoA-
DyLight 549, or CoA-DyLight 649).

3. Incubate the reaction mixture at room temperature for
30 min in dark.

4. Store the samples in dark at –20◦C.
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3.5. Gel-Shift
Analysis

1. Add 25 μl 3X SDS-PAGE loading buffer (NEB) to 50 μl of
the labeling mixture.

2. Heat the samples at 95◦C for 5 min and load on a 10–20%
SDS-PAGE gel.

3. Load approximately 1 μg of protein substrate (E14.7-S6-
CBD) per lane on a polyacrylamide denaturing gel.

4. Perform electrophoretic separation at 140 V with a Cell
Surelock Mini-Cell system.

5. Stain the gel with Coomassie blue.
6. Identify the labeled protein product based on the mobility

shift of the labeled species by comparing to the mobility of
the unlabeled protein in the control reaction (without Sfp
synthase) (Fig. 18.2). Estimate the labeling efficiency based
on the ratio of the labeled product to the unlabeled protein
present in the labeling reaction.

3.6. Detection
of Fluorescent
Proteins

1. For in-gel detection by a fluorescent imager, subject
100–250 ng of protein substrate to electrophoretic sepa-
ration by SDS-PAGE. Otherwise, electroblot the protein
bands onto 0.45 μm nitrocellulose membrane with a Mini
Trans-blot cell. Keep the gel or blot in dark.

2. Scan the gel or blot with Typhoon Imager 9400 following
the manufacturer’s instructions. Position the blot, with the
protein-side down, onto the clean glass platen.

3. Select the instrument settings for imaging fluorescent pro-
teins in gels or blots (Fig. 18.3). Focal Plane: platen; PMT
voltage: 300 V; pixel size: 100 μm.

4. Choose the filter settings for the following fluorescent sub-
strates:
CoA-DyLight 488: 488/526 nm, excitation/emission filter

set;
CoA-DyLight 549: 532/580 nm excitation/emission filter

set;
CoA-DyLight 649: 633/670 nm excitation/emission fil-

ter set.

3.7. Transfection
and Cell Imaging

1. Set up cells to be transfected so they are approximately
10 × 104–40 × 104 cells per well (approximately 70–80%
confluent) at the time of transfection.

2. Add 0.4 μg in 2 μl of protein to a sterile tube containing
the 50 μl of serum-free medium.

3. Add 1 μl of TransPass P Transfection Reagent (mix well
before use).
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Fig. 18.3. Fluorescent in-gel detection of Sfp-mediated labeling of E14.7 fusion pro-
tein. E14.7-S6-CBD fusion protein was labeled at 25◦C for 30 min with Sfp synthase
in the presence of CoA-DyLight 488, CoA-DyLight 549, or CoA-DyLight 649 conju-
gate. The proteins were separated in 10–20% Tris-glycine gel under denaturing con-
ditions. The gel was imaged with Typhoon 9400 at 300 V PMT with 488/526 nm exci-
tation/emission filter set (blue, top panel), 532/580 nm excitation/emission filter set
(green) or 633/670 nm excitation/emission filter set (red). A merged image of the three
channels is shown (bottom panel).



Fluorescent Site-Specific Labeling of Escherichia coli 305

4. Gently mix the transfection complex mixture by flicking the
tube.

5. Incubate at room temperature for 20 min.
6. Remove serum-containing growth media from cells by

aspirating, wash cells with serum-free medium and add 1 ml
of serum-free medium to each well.

7. Add the transfection complex mixture to cells.
8. Return plate to incubator and incubate for 2–5 h.
9. Add 1 ml of complete media (containing 10% serum) to

each well.
10. Replace media on the following day and continue incuba-

tion.
11. Wash cells with serum-free medium before imaging to

remove any untransfected protein.
12. Cover the cells with fresh prewarmed serum medium and

immediately image the cells using appropriate filter sets
(Fig. 18.4).

Fig. 18.4. Protein transfection and live cell imaging by fluorescence microscopy (17).
Cos-7 cells transfected with DyLight 488 labeled E14.7-S6-CBD (right panel) were pho-
tographed 24 h post-transfection by a fluorescent confocal microscope. Nuclear stain-
ing was with DAPI. Cos-7 cells without the labeled protein were also photographed (left
panel) showing only DAPI nuclear staining. The micrographs shown are the merged
images of the FITC and DAPI channels.

4. Notes

1. In general, the 8 kDa ACP tag or short peptides S6 or
ybbR can be efficiently labeled by Sfp enzyme; however,
certain sequences and tags may have adverse effect on Sfp-
mediated labeling reaction when it is present adjacent to
the targeting peptide.
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2. To assure consistent and high-level protein expression,
inoculate medium with freshly grown colonies or cell cul-
ture.

3. Maleimide-activated molecules can be conjugated to CoA-
SH to generate CoA-small molecule substrates for enzy-
matic labeling by Sfp synthase.

4. ACP tag can be also labeled using ACP synthase with CoA-
small molecule substrates.

5. Enzymatic labeling reaction can be carried out in clarified
cell lysate or using purified protein sample.

6. Run prestained protein markers to monitor electrophoresis
and transfer on the nitrocellulose membrane.

7. Prior to protein transfer to nitrocellulose soak the nitro-
cellulose membrane in water for 1 min and then in trans-
fer buffer. Make sure there are no bubbles between a gel
and nitrocellulose membrane. Squeeze out the air bubbles
using a pencil or glass pipette as a roller.

8. Both SDS-PAGE gels and protein blots can be scanned by
a fluorescence imager. It is also possible to spot the protein
samples directly onto a nitrocellulose membrane. Careful
handling is required for laying down the gel or membrane
(with the protein-side facing down) to avoid air bubbles
which affect the quality of fluorescence imaging and quan-
tification.

9. In a preliminary test, it is advisable to examine a labeling
reaction containing 100 ng of purified protein. A titration
of 1–100 ng of protein sample may be performed to further
characterize the labeling efficiency and sensitivity.

10. Store labeled proteins at –20 or –80◦C in dark to avoid
photobleaching and protein degradation.

11. A labeling reaction may be validated by a shift in mobil-
ity of the labeled protein by Coomassie blue-stained SDS-
PAGE. An unlabeled control (without enzyme) should be
performed and analyzed.

12. Prepare a stock solution of substrate (in 0.25 or 1 mM
final concentration) by dissolving the substrate in water
or dimethyl sulfoxide (DMSO) and store the aliquots at
–20◦C (or at –80◦C) in dark.

13. The transfection complex mixture is composed of pro-
tein and TransPass P Transfection Reagent in serum-free
medium. For example, at the incubation step (in 6-well for-
mat), transfection complex mixture consisting of 2 μg pro-
tein and 3 μl TransPass P Transfection Reagent in 200 μl
serum-free medium is added to a well containing cells in a
1 ml volume.
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