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Many important therapeutic targets are secreted proteins with multiple disulfide bonds, such as antibod-
ies, cytokines, hormones, and proteases. The preparation of these proteins for structural and functional
analyses using cell-based expression systems still suffers from several issues, such as inefficiency, low
yield, and difficulty in stable-isotope labeling. The cell-free (or in vitro) protein synthesis system has
become a useful protein production method. The openness of the cell-free system allows direct control
of the reaction environment to promote protein folding, making it well suited for the synthesis of disul-
R . . fide-containing proteins. In this study, we developed the Escherichia coli (E. coli) cell lysate-based cell-free
Disulfide bond-containing protein . . L. . . . .
Stable-isotope labeling synthgsm system for dlsulﬁde.—contammg protems,.whlch can .p'roduce sufficient amounts of functional
NMR proteins for NMR analyses. Disulfide bond formation was facilitated by the use of glutathione buffer.
In addition, disulfide isomerase, DsbC, catalyzed the efficient shuffling of incorrectly formed disulfide
bonds during the protein synthesis reaction. We successfully synthesized milligram quantities of func-
tional >N-labeled higher eukaryotic proteins, bovine pancreatic trypsin inhibitor (BPTI) and human lyso-
zyme C (LYZ). The NMR spectra and functional analyses indicated that the synthesized proteins are both
catalytically functional and properly folded. Thus, the cell-free system is useful for the synthesis of disul-
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fide-containing proteins for structural and functional analyses.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Many pharmaceutical targets are eukaryotic extracellular pro-
teins, such as antibodies, cytokines, hormones, and proteases,
and their structural and functional analyses are thus attracting
great interest. Most extracellular proteins are stabilized by multi-
ple disulfide bonds formed by the oxidation of pairs of cysteine res-
idues, and protein folding and disulfide bond formation are closely
coupled [1]. To date, cell-based expression systems have been
widely used to produce proteins for structural and functional anal-
yses. Disulfide bond-containing proteins often form insoluble
intracellular aggregates in the cell-based systems, and laborious
and inefficient refolding processes are generally required to obtain
correctly folded and functional disulfide-containing proteins [2].

Abbreviations: E. coli, Escherichia coli; NMR, nuclear magnetic resonance; PEP,
phosphoenolpyruvate; scFv, single chain Fv; BPTI, bovine pancreatic trypsin
inhibitor; LYZ, lysozyme C; MWCO, molecular weight cut-off; GSH, reduced
glutathione; GSSG, oxidized glutathione; Bz-Arg-pNA, N-benzoyl-i-arginine
p-nitroanilide; DTNB, 5,5'-dithiobis-2-nitrobenzoic acid; mBBr, monobromobimane;
HSQC, heteronuclear single quantum coherence.
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Alternatively, secretory production of disulfide-containing proteins
is useful, since the formation of disulfide bonds is facilitated in the
oxidative extracellular space [3]. However, there are still several
problems, such as the inefficient secretion of large eukaryotic pro-
teins, the lack of precise control of the folding environment, and
the challenges of selecting the proper combination of the host-vec-
tor system and signal peptide [4].

The cell-free protein synthesis system has become one of the
standard protein production methods for structural analysis [5].
The cell-free system based on an Escherichia coli (E. coli) cell extract
is suitable for producing stable-isotope labeled proteins for nuclear
magnetic resonance (NMR) analyses. The incorporation of the sta-
ble-isotope labeled amino acid is more efficient than that in the
conventional cell-based method, with less scrambling of the label
due to metabolic enzymes [6]. The novel buffer composition with
potassium p-glutamate is useful for highly productive uniform sta-
ble-isotope labeling [7], and complete and precise amino acid-
selective labeling can be achieved by including chemical inhibitors
of metabolic enzymes [8]. The dialysis-mode cell-free system can
produce milligram quantities of labeled proteins, which are suffi-
cient amounts for structural analyses [9,10]. Many protein struc-
tures have been solved with uniformly stable-isotope labeled
samples produced by the cell-free system (for example, [11,12]).
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In addition to the suitability for structure analysis, the openness
of the cell-free system allows direct and flexible optimization of
the reaction environment, so that proteins can be synthesized un-
der suitable conditions. For example, the solubility and/or stability
of zinc-binding proteins were significantly increased by the addi-
tion of proper amounts of its ligand, zinc [13]. Using the advanta-
ges of the cell-free system, several laboratories have developed
cell-free systems for producing disulfide-containing proteins, such
as single chain Fv (scFv) [14-16], lipase B [17], and GM-CSF [18].
Although functional proteins were successfully synthesized in
these studies, the productivities achieved by these systems were
insufficient for structural analyses.

Recently, the cell-free synthesis of stable isotope-labeled disul-
fide bond-containing proteins, based on the batch-mode reaction,
was reported [19]. We considered the more productive dialysis-
mode system to be favorable for the efficient production of disul-
fide bond-containing proteins. In the present study, we developed
the dialysis-mode cell-free system in order to produce milligram
quantities of disulfide-containing proteins, especially for NMR
analyses. We introduced glutathione buffer to facilitate disulfide
bond formation and disulfide isomerase to shuffle incorrectly
formed disulfide bonds. Two eukaryotic proteins, bovine pancre-
atic trypsin inhibitor (BPTI) and human lysozyme C (LYZ), contain-
ing 3 and 4 disulfide bonds, respectively, were successfully
synthesized by the newly developed system. The synthesized BPTI
and LYZ proteins exhibited activities comparable to those of the
authentic proteins, and the NMR spectra confirmed their proper
folding.

2. Materials and methods
2.1. Cell-free synthesis

The dialysis-mode of the cell-free protein synthesis system was
used in this study [9,10]. A small-scale dialysis unit (30 pl internal
solution and 300 pl external solution) was used to optimize the
reaction conditions [20]. The compositions of the internal and
external solutions in this study were based on the p-glutamate sys-
tem [7], with several modifications as follows. DTT was excluded
from the S30 extract, the amino acid solution, and the S30 buffer.
NH40Ac and cAMP were omitted, and the concentration of poly-
ethylene glycol 8000 was reduced from 4% to 2% (w/v). To remove
the DTT, the S30 extract was dialyzed 4 times in a dialysis tube
(Spectra/Por Biotech Regenerated Cellulose Dialysis Membrane
molecular weight cut-off (MWCO): 15kDa) (Spectrum, USA)
against 50 volumes of DTT-free S30 buffer at 4 °C for 60 min. Var-
ious concentrations of reduced (GSH) and/or oxidized glutathione
(GSSG) (Nacalai Tesque, Japan) were added to both the internal
and external solutions, to optimize the redox conditions. In addi-
tion, to facilitate the disulfide bond isomerization, 400 pig/ml of
the E. coli disulfide isomerase DsbC was added to the internal solu-
tion. DsbC was prepared basically according to the previous report
[21]. The cell-free synthesis was performed at 30 °C for 6 h.

2.2. Synthesis of uniformly °N-labeled proteins

For the synthesis of the uniformly '°N-labeled BPTI and LYZ, the
unlabeled amino acids in both the internal and external solutions
were replaced by 3 mg/ml '>N-labeled algal amino acid solution,
supplemented with 1 mM -['°N]cysteine, 1 mM 1-['°N]glutamine,
1 mM -[°N]tryptophan, and 2 mM 1-['°N]asparagine. To facilitate
proper disulfide bond formation, 4 mM GSH, 1 mM GSSG, and
400 pg/ml DsbC were added to the internal solution, while 4 mM
GSH and 1 mM GSSG were added to the external solution. The
internal solution (9 ml) in a dialysis tube (Spectra/Por 7 MWCO:

15 kDa, Spectrum) was dialyzed against the external solution
(90 ml), at 30 °C for 6 h with gentle shaking [20]. All of the sta-
ble-isotope labeled compounds were purchased from Taiyo Nippon
Sanso (Japan). Plasmid construction, protein purification, free thiol
concentration analyses, disulfide bond confirmations, and activity
measurements of °N-labeled BPTI and LYZ are described in the
supplementary material.

2.3. NMR analysis

The 'H-'N heteronuclear single quantum coherence (HSQC)
spectra were acquired from 0.3 mM uniformly '”N-labeled BPTI,
in 20 mM MES (pH 6.0), 100 mM NaCl, and 2H,0 (10% v/v), and
from 0.3 mM uniformly '°N-labeled LYZ in 90% H,0/10% 2H.0,
with the pH adjusted to 5.0 with HCl. NMR measurements were
performed with an AVANCE 600 MHz spectrometer equipped with
a CryoProbe (Bruker BioSpin, Germany). The HSQC spectra were
measured with 16 scans per increment, 128 complex points in t;
('5N), and 512 complex points in t, ('H) at 298 K for '°N-labeled
BPTI, and with 16 scans per increment, 64 complex points in t;
(*>N), and 512 complex points in t, (*H) at 310K for '>N-labeled
LYZ. The HSQC spectra were processed with the TopSpin software
(Bruker BioSpin).

3. Results and discussion
3.1. Cell-free synthesis of disulfide-containing proteins

Proper disulfide bond formation plays an important role in the
folding of many secretory proteins. In order to facilitate disulfide
bond formation, we controlled the redox conditions of the dialy-
sis-mode of the cell-free system by introducing glutathione buffer.
Moreover, the E. coli disulfide isomerase DsbC was added to the
internal solution, to shuffle improperly formed disulfide bonds.
Two eukaryotic proteins, BPTI and LYZ, were synthesized under
different redox conditions in the absence or presence of DsbC.
The internal solutions were harvested after the 6 h reaction, sepa-
rated into total and soluble fractions by centrifugation, and ana-
lyzed by SDS-PAGE (Fig. 1A).

Most of the BPTI was soluble in the presence of 400 pg/ml DsbC
under all redox conditions, except for 5 mM DTT. Without DsbC,
however, the amounts of BPTI in the supernatant fraction de-
creased to 60-80% of those of the total fractions under all of the re-
dox conditions, based on the gel band intensity analysis. This result
suggested that BPTI containing incorrectly paired disulfide bonds
was prone to precipitate during cell-free synthesis. BPTI was par-
tially purified from the internal solution using TALON resin, and
was further analyzed by reducing and non-reducing SDS-PAGE.
The difference in the mobility indicates the presence of disulfide
bonds (Fig. 1B). On the non-reducing gel, small amounts of fas-
ter-migrating bands, particularly for the BPTI synthesized without
DsbC, were observed. These bands might represent misfolded BPTI
with incompletely or improperly formed disulfide bonds, rather
than the truncated protein, because only one major band was
detectable on the reducing gel. Comparable amounts of these smal-
ler bands were also observed for commercial authentic BPTI, as
compared to the partially purified BPTI synthesized with DsbC,
suggesting that the addition of DsbC is sufficient for the proper
folding of BPTI (data not shown). BPTI synthesized without DsbC
exhibited lower activity than that expected from its yield, as com-
pared to BPTI synthesized with DsbC (Supplementary Fig. 1). Con-
sidering that misfolded BPTI with incorrect disulfide bonds is
inactive [3,22], this result suggested that the disulfide bonds are
apt to be incorrectly paired when synthesized without DsbC. The
amount of soluble BPTI synthesized in the presence of DsbC was
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Fig. 1. SDS-PAGE analyses of cell-free synthesized disulfide-containing proteins. BPTI and LYZ were synthesized under various redox conditions with or without DsbC. (A)
Total (T) and supernatant (S) fractions (0.2 pl) of the internal solution were analyzed by reducing SDS-PAGE. (B) Partially purified proteins were analyzed by both reducing
and non-reducing SDS-PAGE. The glutathione buffers used for the cell-free synthesis are indicated. No addition: the cell-free reaction without glutathione buffer. 5 mM DTT:
the cell-free reaction with 5 mM DTT, instead of glutathione buffer. BG: the cell-free reaction without template DNA and glutathione buffer. The gels were stained with Quick

CBB Plus.

comparable to that produced under the best conditions, even with-
out glutathione buffer (Fig. 1A, lanes labeled “No addition”). The
use of glutathione buffer is still favorable in order to achieve robust
control of the redox conditions for reproducible results. Conse-
quently, the addition of DsbC and the use of redox buffer (5 mM
GSH or the combination of 4 mM GSH and 1 mM GSSG) are prefer-
able conditions to synthesize functional BPTI by the cell-free sys-
tem. Under these conditions, approximately 1.8 mg of soluble
BPTI were synthesized from 1 ml internal solution.

The yield of LYZ in the soluble fraction was strongly dependent
on the presence of DsbC (Fig. 1A). This result indicated that the
disulfide bond exchange reaction catalyzed by DsbC is a critical
step in the folding pathway of LYZ during the cell-free synthesis
reaction. In contrast to BPTI synthesis, the productivity of LYZ
gradually decreased as the GSSG concentration increased. Higher
concentrations of GSSG might facilitate cysteine oxidation to
cystine in the reaction, before it is used as a substrate for protein
synthesis. The partially purified LYZ displayed slightly slower
mobility in non-reducing PAGE than in reducing PAGE, indicating
the existence of intermolecular disulfide bonds (Fig. 1B).
Under the favorable conditions of 4 mM GSH, 1 mM GSSG, and
400 pg/ml DsbC, approximately 3 mg of LYZ were synthesized
from 1 ml internal solution (Supplementary Fig. 2). The specific
activity of the synthesized LYZ was comparable to that of the
authentic enzyme, as described in the subsequent NMR analysis
section. Thus, we successfully produced milligram quantities of
eukaryotic disulfide-containing proteins, using the dialysis-mode
cell-free system.

3.2. Free thiol concentration in the internal solution

We measured the free thiol concentration in the internal solu-
tion of the dialysis-mode cell-free protein system. We found that,
regardless of the presence of the S30 extract, 10-20% of the free
thiols were oxidized after the 6 h incubation, probably by atmo-
spheric O, (Fig. 2A). Interestingly, the rapid reduction of GSSG
reportedly occurred in the batch-mode cell-free system using
phosphoenolpyruvate (PEP) or glucose as an energy source [21],
and the laborious pretreatment of the S30 extract by iodoaceta-
mide or GSSG was indispensable for suppressing the intrinsic
reducing activity [21,23]. This significant difference in the redox
state arises from that in the energy source, as also suggested in
the previous report [19]. In E. coli, the cellular redox state is main-
tained by reducing enzymes, such as glutathione reductase, thiore-
doxin reductase, and other unidentified reducing enzymes. The use
of either PEP or glucose as an energy source in combination with
NAD* for the cell-free system causes the production of NADH
through glycolysis and the TCA cycle, by enzymes in the S30 ex-
tract. NADH is most likely to provide electrons to reduce GSSG,
leading to a rapid change in the redox state in the cell-free reac-
tion. Our cell-free system uses creatine phosphate and creatine ki-
nase to regenerate ATP, thereby avoiding the problematic
reduction of GSSG. Both PEP and glucose activate metabolic path-
ways causing the scrambling and dilution of stable-isotope labels
[19]. Taken together, these findings strongly indicated that creatine
phosphate is a much more suitable energy source for the cell-free
system, especially for disulfide-containing protein synthesis.
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Fig. 2. (A) Free thiol concentration of the internal solution. Small-scale dialysis
reactions were performed in the presence or absence of S30 extract under the
following conditions: (1) 5mM GSH, (2) 4 mM GSH and 1 mM GSSG, (3) 2.5 mM
GSH and 2.5 mM GSSG, (4) 1 mM GSH and 4 mM GSSG, (5) 5 mM GSSG. The free
thiol concentrations of the internal solutions before and after the 6 h incubation
were measured and are indicated as follows: in the presence of S30 extract before
(black) and after incubation (white), and in the absence of S30 extract before (gray)
and after incubation (dotted). (B) Confirmation of disulfide bonds. BPTI and LYZ
were synthesized under three conditions: (1) 4 mM GSH, 1 mM GSSG, and 400 pg/
ml DsbC, (2) 4 mM GSH, 1 mM GSSG, (3) 5 mM DTT. The precipitate in the internal
solution (Ppt.) and the partially purified supernatant fraction (Sup.) were denatured
by 8 M urea and modified by the thiol-specific fluorescent probe, mBBr, to detect
free thiol groups. The samples were analyzed by 15% non-reducing SDS-PAGE. The
mBBr-modified proteins were detected by fluorescence (FL). Unmodified and mBBr-
modified proteins were detected by staining the gel with Quick CBB Plus (CBB).

3.3. Confirmation of disulfide bonds

To confirm the existence of disulfide bonds in the BPTI and LYZ
proteins synthesized by the cell-free system, the proteins were
modified by a thiol-specific fluorescent probe, mBBr, and then
were analyzed by non-reducing SDS-PAGE (Fig. 2B). No fluores-
cence was observed on the proteins synthesized under the prefer-
able conditions (4 mM GSH, 1 mM GSSG, and 400 pg/ml DsbC),
indicating that the cysteine residues of these proteins formed
disulfide bonds. In the case of BPTI synthesized with 4 mM GSH
and 1 mM GSSG, a large portion of the protein was soluble and
no fluorescence was observed, demonstrating that, to a certain ex-
tent, properly paired disulfide bonds were spontaneously formed
even in the absence of DsbC. No fluorescence was observed for
the precipitated BPTI, which exhibited different mobility in the
non-reducing SDS-PAGE from that of the soluble BPTI. This result
suggested that incorrectly paired disulfide bonds were formed in
the precipitated BPTI, due to the lack of DsbC. In the case of LYZ
synthesized with 4 mM GSH and 1 mM GSSG, the protein was to-
tally insoluble and no fluorescence was observed. Its mobility in
the gel was different from those of the LYZ proteins synthesized
under the other two conditions: 4 mM GSH, 1 mM GSSG, and
400 pg/ml DsbC, and 5 mM DTT. These results suggested that LYZ

formed incorrectly paired disulfide bonds due to the lack of DsbC,
resulting in precipitation. Fluorescent bands were observed for
both BPTI and LYZ synthesized with 5 mM DTT, which were totally
precipitated. These proteins seemed to be misfolded due to the
failure of disulfide bond formation under the reducing conditions.
Consequently, these results demonstrated that the cysteine resi-
dues of BPTI and LYZ synthesized by the cell-free system under
the optimal conditions formed proper disulfide bonds, and DsbC
was important to facilitate proper protein folding, by catalyzing
the disulfide bond shuffling reaction.

3.4. NMR analyses

Uniformly °N-labeled BPTI and LYZ were synthesized by the
dialysis-mode cell-free system in the presence of 4 mM GSH,
1 mM GSSG, and 400 pg/ml DsbC, and were then purified to homo-
geneity by a combination of several chromatography steps. The fi-
nal yields of BPTI and LYZ from 9 ml of the internal solution were
7.1 mg and 11.0 mg, respectively, which are sufficient amounts for
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Fig. 3. Activity measurements. The activities of the cell-free synthesized '°N-
labeled BPTI and '°N-labeled LYZ were compared with the activities of their
authentic proteins. Data points indicate the average of three independent exper-
iments. (A) Trypsin inhibition activities of the cell-free synthesized '’N-labeled BPTI
(filled circles) and the BPTI standard (open triangles) are shown. The residual
trypsin activity is indicated as the fraction of that of the reference sample
containing only trypsin. (B) The time course of the activity of the cell-free
synthesized '’N-labeled LYZ (filled circles) and the standard protein (open
triangles). The enzyme concentration was 0.2 M.
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NMR structural analyses. We first compared the activities of these
cell-free synthesized proteins to those of their authentic counter-
parts, and confirmed that both proteins exhibited essentially the
same specific activities as the authentic ones (Fig. 3). Furthermore,
each synthesized protein generated a sharp single peak with a
nearly identical retention time to the authentic protein in the re-
verse phase HPLC analysis, suggesting that these cell-free synthe-
sized proteins folded into the native structures (Supplementary
Figs. 3 and 4). We then measured the 'H-'>N HSQC spectra of
15N-labeled BPTI and LYZ, and well-dispersed sharp cross peaks
were observed for both proteins (Fig. 4). Comparisons with the
published NMR spectra of BPTI (BMRB entry 5359) and LYZ [24]
demonstrated that the structures of these proteins synthesized
by the cell-free system were almost the same as those of the native
proteins. The spectral dispersion of LYZ gradually decreased by
adding 20 mM DTT, providing further evidence that the cell-free
synthesized LYZ contained disulfide bonds (data not shown). These
results indicated that fully functional disulfide-containing proteins
that are especially suitable for structural analyses can be
synthesized.

Many disulfide-containing secretory proteins exert their func-
tions through interactions with their specific targets. The precise
analysis of the interaction site, on the basis of the tertiary structure,
is a crucial issue. In combination with advanced stable-isotope
labeling techniques, such as the SAIL method [25], methyl-selective
protonation [26], and site-directed stable-isotope labeling [27],
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Fig. 4. NMR analyses of '°N-labeled BPTI and LYZ. The 'H-'>N HSQC spectra of the
uniformly °N-labeled (A) BPTI and (B) LYZ.

the cell-free system developed in this study is expected to contrib-
ute to NMR analyses of large disulfide-containing proteins and
their complexes, including antibody-antigen interaction analyses
for antibody drug development.

In this study, we described the cell-free synthesis of proteins
containing multiple disulfide bonds. Catalytically active BPTI and
LYZ were successfully synthesized through the optimization of
the redox conditions with glutathione buffer and the promotion
of the disulfide bond shuffling reaction by DsbC. During the opti-
mization of the redox conditions, we examined 5 different types
by using the following glutathione buffers: (1) 5 mM GSH, (2)
4 mM GSH and 1 mM GSSG, (3) 2.5 mM GSH and 2.5 mM GSSG,
(4) TmM GSH and 4 mM GSSG, and (5) 5 mM GSSG. One of
these conditions renders the synthesis of an active fraction in
most cases, in our experience. The addition of DsbC was usually
highly effective in improving the yield of the properly folded and
catalytically active fraction. Creatine phosphate was shown to be
a much more suitable energy source than PEP [21] or glucose
[18] for disulfide-containing protein synthesis as well as sta-
ble-isotope labeling [19]. We obtained 1.8-3.3 mg of purified
proteins from 1 ml reaction solutions by using the dialysis-mode
cell-free system (Supplementary Figs. 1 and 2), whereas approx-
imately 5-fold lower amounts (0.3-0.7 mg) of purified disulfide-
containing proteins were obtained from 1 ml of the batch-mode
cell-free reaction in the previous report [19]. Therefore, this new
cell-free protein synthesis system, dedicated to the expression of
disulfide-containing proteins, will certainly be useful for struc-
tural biology studies as well as other analyses, including protein
engineering.

Acknowledgments

This work was partly supported by the Collaborative Develop-
ment of Innovative Seeds programs (Potentiality verification stage
and Practicability verification stage) of the Japan Science and Tech-
nology Agency. We thank Natsuko Matsuda, Takeshi Nagira, Masa-
omi Ikari, Kazuharu Hanada, Yukiko Fujikura, and Yasuko Tomo for
technical assistance. We also thank Manami Sato, Li Hua, and Nao-
ya Tochio for their help with the NMR analysis. We are grateful to
Jun Yokoyama for valuable suggestions and comments.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2012.12.107.

References

[1] T.E. Creighton, Toward a better understanding of protein folding pathways,
Proc. Natl. Acad. Sci. USA 85 (1988) 5082-5086.

[2] L.D. Cabrita, S.P. Bottomley, Protein expression and refolding-a practical guide
to getting the most out of inclusion bodies, Biotechnol. Annu. Rev. 10 (2004)
31-50.

[3] C.B. Marks, M. Vasser, P. Ng, W. Henzel, S. Anderson, Production of native,
correctly folded bovine pancreatic trypsin inhibitor by Escherichia coli, ]. Biol.
Chem. 261 (1986) 7115-7118.

[4] J.H. Choi, S.Y. Lee, Secretory and extracellular production of recombinant
proteins using Escherichia coli, Appl. Microbiol. Biotechnol. 64 (2004) 625-635.

[5] S. Yokoyama, Protein expression systems for structural genomics and
proteomics, Curr. Opin. Chem. Biol. 1 (2003) 39-43.

[6] T. Kigawa, Y. Muto, S. Yokoyama, Cell-free synthesis and amino acid-selective
stable isotope labeling of proteins for NMR analysis, J. Biomol. NMR. 2 (1995)
129-134.

[7] T. Matsuda, S. Koshiba, N. Tochio, E. Seki, N. Iwasaki, T. Yabuki, M. Inoue, S.
Yokoyama, T. Kigawa, Improving cell-free protein synthesis for stable-isotope
labeling, J. Biomol. NMR. 3 (2007) 225-229.

[8] J. Yokoyama, T. Matsuda, S. Koshiba, N. Tochio, T. Kigawa, A practical method
for cell-free protein synthesis to avoid stable isotope scrambling and dilution,
Anal. Biochem. 411 (2011) 223-229.


http://dx.doi.org/10.1016/j.bbrc.2012.12.107

T. Matsuda et al./ Biochemical and Biophysical Research Communications 431 (2013) 296-301 301

[9] A.S. Spirin, V.I. Baranov, L.A. Ryabova, S.Y. Ovodov, Y.B. Alakhov, A continuous
cell-free translation system capable of producing polypeptides in high yield,
Science 242 (1988) 1162-1164.

[10] T. Kigawa, T. Yabuki, Y. Yoshida, M. Tsutsui, Y. Ito, T. Shibata, S. Yokoyama,
Cell-free production and stable-isotope labeling of milligram quantities of
proteins, FEBS Lett. 442 (1999) 15-19.

[11] K. Yamasaki, T. Kigawa, S. Watanabe, M. Inoue, T. Yamasaki, M. Seki, K.
Shinozaki, S. Yokoyama, Structural basis for sequence-specific DNA
recognition by an arabidopsis WRKY transcription factor, J. Biol. Chem. 287
(2012) 7683-7691.

[12] N. Tochio, T. Umehara, Y. Munemasa, T. Suzuki, S. Sato, K. Tsuda, S. Koshiba, T.
Kigawa, R. Nagai, S. Yokoyama, Solution structure of histone chaperone
ANP32B: Interaction with core histones H3-H4 through its acidic concave
domain, J. Mol. Biol. 401 (2010) 97-114.

[13] T. Matsuda, T. Kigawa, S. Koshiba, M. Inoue, M. Aoki, K. Yamasaki, M. Seki, K.
Shinozaki, S. Yokoyama, Cell-free synthesis of zinc-binding proteins, ]J. Struct.
Funct. Genomics 7 (2006) 93-100.

[14] L.A. Ryabova, D. Desplancq, A.S. Spirin, A. Pliickthun, Functional antibody
production using cell-free translation: Effects of protein disulfide isomerase
and chaperones, Nat. Biotechnol. 15 (1997) 79-84.

[15] AR. Goerke, ].R. Swartz, Development of cell-free protein synthesis platforms
for disulfide bonded proteins, Biotechnol. Bioeng. 99 (2008) 351-367.

[16] T. Matsuda, S. Furumoto, K. Higuchi, J. Yokoyama, M.R. Zhang, K. Yanai, R.
Iwata, T. Kigawa, Rapid biochemical synthesis of ''C-labeled single chain
variable fragment antibody for immuno-PET by cell-free protein synthesis,
Bioorg. Med. Chem. 20 (2012) 6579-6582.

[17] C.G. Park, T.W. Kim, LS. Oh, J.K. Song, D.M. Kim, Expression of functional
Candida antarctica lipase B in a cell-free protein synthesis system derived from
Escherichia coli, Biotechnol. Prog. 25 (2009) 589-593.

[18] K.G. Knapp, A.R. Goerke, ].R. Swartz, Cell-free synthesis of proteins that require
disulfide bonds using glucose as an energy source, Biotechnol. Bioeng. 97
(2007) 901-908.

[19] E. Michel, K. Wiithrich, Cell-free expression of disulfide-containing eukaryotic
proteins for structural biology, FEBS J. 279 (2012) 3176-3184.

[20] T. Kigawa, T. Matsuda, T. Yabuki, S. Yokoyama, in: A.S. Spirin, ].R. Swartz (Eds.),
Cell-free Protein Synthesis: Methods and Protocols, WILEY-VCH, Weinheim,
2008, pp. 83-97.

[21] D.M. Kim, J.R. Swartz, Efficient production of a bioactive, multiple disulfide-
bonded protein using modified extracts of Escherichia coli, Biotechnol. Bioeng.
85 (2004) 122-129.

[22] T.E. Creighton, Conformational restrictions on the pathway of folding and
unfolding of the pancreatic trypsin inhibitor, J. Mol. Biol. 113 (1977) 275-293.

[23] IS. Oh, D.M. Kim, T.W. Kim, C.G. Park, C.Y. Choi, Providing an oxidizing
environment for the cell-free expression of disulfide-containing proteins by
exhausting the reducing activity of Escherichia coli S30 extract, Biotechnol.
Prog. 22 (2006) 1225-1228.

[24] T. Ohkubo, Y. Taniyama, M. Kikuchi, '"H and >N NMR Study of human
lysozyme, J. Biochem. 110 (1991) 1022-1029.

[25] M. Kainosho, T. Torizawa, Y. Iwashita, T. Terauchi, A. Mei Ono, P. Giintert,
Optimal isotope labelling for NMR protein structure determinations, Nature
440 (2006) 52-57.

[26] L.E. Kay, K.H. Gardner, Solution NMR spectroscopy beyond 25 kDa, Curr. Opin.
Struct. Biol. 7 (1997) 722-731.

[27] T. Yabuki, T. Kigawa, N. Dohmae, K. Takio, T. Terada, Y. Ito, E.D. Laue, ].A.
Cooper, M. Kainosho, S. Yokoyama, Dual amino acid-selective and site-directed
stable-isotope labeling of the human c-Ha-Ras protein by cell-free synthesis, J.
Biomol. NMR. 11 (1998) 295-306.



	Cell-free synthesis system suitable for disulfide-containing proteins
	1 Introduction
	2 Materials and methods
	2.1 Cell-free synthesis
	2.2 Synthesis of uniformly 15N-labeled proteins
	2.3 NMR analysis

	3 Results and discussion
	3.1 Cell-free synthesis of disulfide-containing proteins
	3.2 Free thiol concentration in the internal solution
	3.3 Confirmation of disulfide bonds
	3.4 NMR analyses

	Acknowledgments
	Appendix A Supplementary data
	References


