Chapter 5

Cell-Free Protein Production for Structural Biology
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and Shigeyuki Yokoyama

Abstract

Cell-free protein synthesis using E. coli cell extracts has successfully been applied to protein sample
preparation for structure determination by X-ray crystallization and NMR spectroscopy. The standard
reaction solution for E. coli cell-free protein synthesis by coupled transcription-translation contains the
$30 extract of E. coli cells, T7 RNA polymerase, and the DNA template (either plasmid or PCR-amplified
linear DNA). Milligram quantities of proteins can be synthesized by the dialysis mode of the cell-free
reaction in several hours. The E. coli cell-free protein synthesis method is suitable for the production of
mammalian proteins, heteromultimeric protein complexes, and integral membrane proteins and features
numerous advantages over the recombinant protein expression methods with bacterial and eukaryotic host
cells. We present examples of structure determinations of mammalian and bacterial heteromultimeric
protein complexes prepared by the cell-free production method.
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1 Introduction

Proteins are synthesized in cells by translation of their messenger
RNAs (mRNAs), which are transcribed from the encoding genes.
Large-scale protein synthesis can be performed not only by the
recombinant DNA methods using host cells, such as Escherichia
coli, yeast, insect, and mammalian cells, but also by the cell-free
or in vitro protein synthesis methods. Cell-free protein synthesis
can be accomplished with cell extracts prepared from a variety
of organisms, including E. coli [1-10], wheat germ [11-13],
insects [14-16], and humans [17, 18]. The cell extracts contain
the ribosomes, transfer RNAs (tRNAs), various translation factors,
and downstream factors, such as molecular chaperones. As for
mRNA, cell-free translation may be performed by either using
separately prepared mRNA or coupling translation with transcrip-
tion from the template DNA (“coupled transcription-translation™)
by T7 or SP6 RNA polymerase [1, 2]. The reaction solution for
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Fig. 1 Schematic illustration of the cell-free protein synthesis reaction modes. (a) The batch mode and (b) the

dialysis mode

cell-free protein synthesis contains the cell extract, the template
DNA for coupled transcription-translation or the pre-prepared
mRNA, the low-molecular-mass substrates such as amino acids,
the ATP regeneration system, and other components (Fig. 1).
The cell-free synthesis reaction in a tube (the batch mode) con-
tinues for about one hour (Fig. 1a). To produce larger amounts of
proteins, the reaction solution is dialyzed against the external solu-
tion containing the low-molecular-mass substrates (the dialysis
mode) (Fig. 1b) [3, 4, 8-10, 19]. In this dialysis mode, the synthe-
sis reaction continues for several hours, as the reaction solution is
replenished with the low-molecular-mass substrates through the
dialysis membrane, while the low-molecular-mass by-products are
removed by dialysis (Fig. 1b) [3, 4, 8-10, 19].

The cell-free protein synthesis method has a number of advan-
tages over conventional recombinant expression methods with host
cells. For example, physiologically toxic proteins can be synthesized
well by the cell-free method. The cell-free protein synthesis method
actually has a much longer history than that of the host-vector
recombinant protein expression, mainly for small-scale synthesis.
However, drastic improvements of the cell-free protein synthesis
method over the past decade have expanded its use for large-scale
protein preparation [8-10, 20-24]. In fact, target proteins are
frequently produced at levels of about 1 mg per ml cell-free reaction
solution [25, 26]. In the case of the E. coli cell-free method, 1 ml of
reaction mixture corresponds roughly to 50 ml of E. cols cell
culture. This high yield of the cell-free protein synthesis method
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makes it cost-effective, and cell-free protein synthesis systems for
large-scale protein production are now commercially available. The
DNA template for mg quantity protein production by coupled
transcription-translation with an E. coli cell extract can be either a
pre-prepared plasmid or a PCR-amplified linear DNA template,
encoding the protein [27]. This “cloning-free” nature enhances
the efficiency of the cell-free method. For example, it only takes a
few hours to perform the steps from PCR to cell-free protein
synthesis [22-24, 27, 28]. Thus, the cell-free protein synthesis
method has become one of the standard methods for protein
sample preparation.

For structural biology, the cell-free synthesis method used to be
regarded as the “salvage” method, which was only tried when other
methods were unsuccessful. In contrast, the cell-free method is now
considered as the “first-line” method for structural biology, which
should be tried before other methods because of'its various advan-
tages over recombinant DNA methods using live host cells. First of
all, large amounts of highly purified, homogeneous proteins are
characteristically needed for structural biology analyses by X-ray
crystallography and nuclear magnetic resonance (NMR) spectros-
copy. In this regard, the cell-free protein synthesis method using
the E. coli cell extract is much more suitable for mammalian protein
production, in terms of both quality and quantity, than the host
cell-based recombinant expression methods and cell-free synthesis
methods using eukaryotic cell extracts. For example, E. coli cells
may be engineered at the genome level, to tag a nuclease for
removal from the cell extract [29]. Therefore, the E. coli cell-free
method is by far the most frequently chosen for structural biology.

Naturally, the cell-free protein synthesis system is “open” with
respect to the addition or subtraction of components. Many para-
meters, such as the reaction temperature, the incubation time, and
the substrate and template concentrations, can be optimized easily.
Intra- and intermolecular disulfide bonds may be formed by
controlling the redox status of the reaction solution. Molecular
chaperones may be added to the reaction solution, in order to
facilitate proper folding. The cell-free protein synthesis method is
suitable for the production of protein complexes consisting of two
or more different components or subunits [30]. First, the compo-
nents can be co-expressed simply by including their templates in
stoichiometric amounts in the reaction solution, which is more
strictly controllable than the cell-based recombinant methods.
Moreover, a larger number of components may be co-expressed
by the cell-free methods than by the recombinant cell-based meth-
ods. Otherwise, protein complexes may be reconstituted in a step-
wise manner; for example, one or more components may be
synthesized in the presence of a subcomplex consisting of the
others [30]. Proteins can also be synthesized in complex with
ligand(s), such as a low-molecular-mass cofactor, zinc ion [31],
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substrate, inhibitor, peptide fragment of the binding partner pro-
tein, and nucleic acids [30]. The formation of such complexes
frequently improves the qualities of the products with respect to
proper folding, as compared with the synthesis of the proteins by
themselves. Furthermore, the cell-free synthesis of membrane pro-
teins is particularly more advantageous than the recombinant cell-
based methods, as described in Chap. 7.

For structural biology, the flexibility of the cell-free method in
terms of nonstandard amino acids is very useful. For the multiwave-
length anomalous diffraction (MAD) method in protein crystallog-
raphy, the methionine residues in the protein may be almost
completely replaced with selenomethionine, simply by using the
same cell extract and selenomethionine in place of methionine in
the reaction and external solutions [20, 23, 24, 32], while the
recombinant expression method uses a methionine auxotrophic
mutant strain of E. coli. Stable isotope (SI) labeling of proteins
with nitrogen-15 (**N), carbon-13 (**C), and/or deuterium
(*H) for NMR measurements can easily be performed by cell-free
protein synthesis [5, 7-9, 21-24, 28, 31]. Uniform SI labeling of
proteins may be accomplished by using a mixture of uniformly
labeled amino acids [8]. In addition, a variety of selective labeling
techniques have been developed, using the advantages of the cell-
free synthesis method [5, 7, 8, 33, 34]. For instance, unnatural
amino acids may be incorporated site specifically into proteins by
the cell-free method, using an engineered pair of a tRNA, specific to
a special codon such as the UAG “stop” codon, and an aminoacyl-
tRNA synthetase, specific to the unnatural amino acid [35-38].
The engineered pair of tRNA and pyrrolysyl-tRNA synthetase from
Methanosarcina mazei was used, along with an extract of the E. cols
RFzero strain [39], which lacks the gene-encoding release factor 1
recognizing the UAG and UAA stop codons, to introduce an
epigenetic modification, acetyl-lysine, at four sites in the human
histone H4 N-terminal tail [38].

Table 1 summarizes the structures of proteins produced by our
group, using the cell-free method with the E. coli cell extract,
deposited in the Protein Data Bank (PDB) as of June 22, 2015.
The organisms range from human and mouse to viruses and bacte-
ria. The number of NMR structures is much larger than that of the
X-ray crystallographic structures, because most of the NMR struc-
tures were determined for human and mouse functional domains in
the framework of the Japanese structural genomics project, “The
Protein 3000 Project,” from 2002 to 2007 [40—42]. We have
deposited about 100 crystallographic structures of human and
mouse proteins in the PDB; and eight of them are heteromulti-
meric protein complexes. For the human and mouse proteins with
crystal structures determined with cell-free-produced samples, the
average molecular masses are about 40 kDa. Therefore, the cell-free
synthesis method is applicable for much larger proteins than the
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Table 1

The numbers of PDB-deposited structures of proteins produced by E. coli
cell-free protein synthesis method in our group (Deposited from Apr. 2001
to Dec. 2014)

Source organism X-ray NMR
Vertebrate
Homo sapiens 74 1029
Mus musculus 30 261
Rattus rattus 1
Invertebrate 1 4
Yeast 2
Plant 1 33
Bacteria 17 3
Virus 5
Total 128 1333
Table 2

The numbers of PDB-deposited structures of proteins produced by the
wheat germ cell-free synthesis method (Available from http:/www.
uwstructuralgenomics.org/structures.htm, accessed on Jun. 22, 2015)

Source organism X-ray NMR
Vertebrate
Homo sapiens 1 5
Mus musculus 1
Danio rerio 2
Plant 3 9
Bacteria 1
Total 5 17

functional domains analyzed by NMR spectroscopy (12 kDa).
Table 2 summarizes the structures of proteins produced by the
cell-free method using wheat germ extract, from The Center for
Eukaryotic Structural Genomics (USA), deposited in the PDB as of
January 13, 2015. We expect that the E. coli cell-free protein
synthesis method will be used more extensively in the future,
particularly for difficult proteins, such as mammalian proteins,
protein complexes, and membrane proteins.
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2 Cell-Free Protein Production Methods for Structural Biology

2.1 Workflow of
Gell-Free Protein
Production

2.2 Template DNA for
Cell-Free Coupled
Transcription-
Translation

The overall workflow of cell-free protein production is shown in
Fig. 2. The preliminary experiment is performed through small-
scale reactions to optimize various conditions. Using these opti-
mized conditions, the reaction scale can be increased to the large-
scale protein production. Selenomethionine and stable isotope-
labeled amino acids may be used to label the product for X-ray
crystallography and NMR spectroscopy, respectively.

The template DNA for cell-free coupled transcription-translation in
the E. coli extract contains the coding region of the target protein
and the flanking sequences for transcription, translation, and puri-
fication. A typical template DNA is shown in Fig. 3. The flanking
sequences may be provided by the plasmid vector or PCR primer
(s). The two-step PCR method [27] is useful to efficiently construct
the designed template DNA and particularly for the preparation of
a large number of constructs for comparison. The tag is selected by
considering not only the ease of purification but also the folding
and /or solubility, from a variety of tags, such as 6 x histidine (6His),

DNA Template

Preliminary Experiment
Small-scale dialysis-mode cell-free synthesis

Lol

Sample Preparation

—————————————
Selenomethionine incorporation for X-ray crystallography ]

Stable-isotope labeling for NMR spectroscopy

Purification

| X-ray crystallography I
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Fig. 2 Workflow of the cell-free protein production
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Fig. 3 Typical design of the template DNA for coupled transcription-translation in E. coli cell-free protein
synthesis. The sequence encoding the target protein (coding sequence) and the preceding RBS (ribosome-

binding site) for translation are flanked on the 5 and 3’ sides by the T7 Promoter and T7 Terminator
sequences, respectively. The N- and/or C-terminal tag sequence (usually including a protease cleavage site
sequence) may be introduced not only for detection and purification but also for increasing folding and/or

solubility

2.3 E. coli Cell-Free
Protein Synthesis
System

streptavidin-binding peptide (SBP), glutathione-S-transferase
(GST), maltose-binding protein (MBP), and small ubiquitin-
related modifier (SUMO). The template DNA, in the form of
cither plasmid DNA or PCR-amplified linear DNA, may be used
in the cell-free reaction. The use of a linear template DNA signifi-
cantly shortens the total duration of the experiment, and a higher
protein yield is generally obtained with the use of plasmid DNA. In
the latter case, the plasmid DNA must be well purified with a
commercially available kit (Qiagen, Promega, etc.).

The S30 fraction (the supernatant fraction obtained after cell dis-
ruption and centrifugation at 30,000 x g) of E. coli cells is used as
the cell extract for cell-free protein synthesis. We usually use the S30
extract of E. coli strain BL21 CodonPlus-RIL (Agilent Technolo-
gies), containing extra copies of the genes encoding minor tRNAs
[10, 43]. Various kits for cell-free protein synthesis with E. co/z cell
extracts are commercially available, and those suitable for structural
biology sample preparation should be chosen. For structural biol-
ogy purposes, the cell-free protein expression kit “Musaibo-Kun”
(Taiyo Nippon Sanso, Japan), “/PE Kit” (Sigma-Aldrich, USA),
and the Remarkable Yield Translation System (RYTS) Kit (Protein
Express, Japan) are useful and based on the method by Kigawa et al.
[9]. The RTS 100 E. colz HY Kit (Biotechrabbit GmbH, Germany),
the EasyXpress Protein Synthesis Kit (QIAGEN, The Netherlands),
and the S30 T7 High-Yield System (Promega, USA) are also suit-
able. Some products are optimized for special purposes, such as the
use of a linear template DNA and disulfide bond formation. To
facilitate proper folding, we prepare the S30 extract from E. cols
BL21 cells expressing a set of E. coli chaperones (DnaK/DnaJ/
GrpE and/or GroEL/GroES) in addition to the minor tRNAs for
rare codons, such as AGA/AGG, AUA, and CUA. Notably, non-
natural amino acids can be incorporated into proteins in response to
UAG codons much more efficiently by using the S30 extract of the
E. coli RFzero strain, which lacks the release factor 1 gene [35, 36].
The detailed protocols for E. cols cell extract preparation have been
published [9, 10, 29].
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2.4 Cell-Free Protein
Synthesis Reaction
Solution

The reaction solution for E. coli cell-free coupled transcription-
translation contains the E. coli S30 extract, the DNA template,
the T7 RNA polymerase, and the substrates for transcription and
translation. The components of the standard reaction solution are
listed in Table 3. The order of the components in Table 3 roughly
corresponds to that used to set up the reaction solution. For
transcription, T7 RNA polymerase, prepared as reported in [44],
is used. For translation, the S30 extract is prepared in 10 mM Tris-
acetate buffer (pH 8.2), containing 60 mM potassium acetate,
16 mM magnesium acetate, and 1 mM DTT, and used at a final
concentration of 30 % (v/v) in the reaction solution. The S30
extract contains the endogenous tRNAs from E. coli cells, but is
supplemented with E. coli MRE600-derived tRNA (Roche Applied
Science, 109550). The low-molecular-mass component mixture
solution, Jow-molecular-weight creatine phosphate tyrosine
(LMCPY), contains 160 mM HEPES-KOH buffer (pH 7.5),
4.13 mM L-tyrosine, 534 mM potassium L-glutamate, 5 mM
DTT, 3.47 mM ATPD, 2.40 mM GTP, 2.40 mM CTP, 2.40 mM
UTP, 0.217 mM folic acid, 1.78 mM cAMP, 74 mM ammonium
acetate, and 214 mM creatine phosphate. The other amino acids
besides L-tyrosine, which is included in LMCPY, are provided as
“A.A.(-Y)”, containing 10 mM DTT and 20 mM each of the 19
amino acids, as shown in Table 3.

As DTT is used in the standard reaction solution, protein
synthesis is fundamentally performed under reducing conditions,
whereas the use of DTT-free LMCPY is recommended for the
production of disulfide bond-forming proteins, such as secreted

Table 3
Standard composition of the E. coli cell-free protein synthesis reaction
solution

Reagent Stock conc Final conc
LMCP(Y) 37.33 % (v/v)
NaN; 5% (w/V) 0.05 % (w/v)
Mg(OAc), 1.6 M 9.28 mM
AA.(-Y) 20 mM 1.5 mM each
tRNA 17.5 mg/ml 0.175 mg/ml
Creatine kinase 3.75 mg/ml 0.25 mg/ml
S30 extract 30 % (v/v)
T7 RNA polymerase 10 mg/ml 66.7 p g/ml

Other factors

Milli-Q water To the desired volume
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proteins and membrane proteins, as described in the next section
(Sect. 2.5). The optimal magnesium concentration depends to
some extent on the target proteins, and it should therefore be
optimized for each target protein, in the range of 5-20 mM. For
ATP regeneration, creatine kinase and its substrate, creatine phos-
phate, are used. The optimal DNA template concentration for
coupled transcription-translation should be determined by a pre-
liminary small-scale cell-free experiment.

Metal Ligation, Ligand Binding, and Complex Formation: For Zn-
binding proteins, an appropriate concentration (usually around
50 pM) of ZnCl, or ZnSOy should be added [30, 31]. Ligand-
binding proteins are synthesized in the presence of the ligand
(cofactor, substrate, inhibitor, etc.) in the reaction solution, since
the ligand is expected to help the protein fold properly. For protein
complex formation, two or more DNA templates are simulta-
neously used. The ratio of these templates should be adjusted
prior to the large-scale cell-free production [30].

Molecular Chaperones: To facilitate correct folding, appropriate
molecular chaperones [45] are prepared separately, and their mix-
ture is added to the cell-free reaction. Otherwise, the S30 extract for
the correct folding of the target protein(s) and protein complex(es)
should be added. Among the E. coli chaperones [45], DnaK/
DnaJ /GrpE and GroEL/GroES may function in the early and
late stages, respectively, of chaperone-assisted protein folding.
Therefore, single and/or dual uses of the two sets of chaperones
in the cell-free protein synthesis are usually tested for precipitating
or aggregating proteins.

Disulfide Bonds. For disulfide bond-containing proteins, cell-free
synthesis is performed under more oxidative redox conditions
than the standard conditions. The ratio between reduced glutathi-
one (GSH) and oxidized glutathione (GSSG) may be optimized, by
testing ratios between 1:9 and 9:1. A disulfide isomerase [46], such
as E. coli DsbC, is usually added to facilitate proper protein folding.
E. coli Skp [47, 48] may be used as a chaperone in addition to
DsbC.

Reaction Temperature: For proper protein folding, the incubation
temperature may be selected according to the efficiency of folding
in the range of 15-37 °C, while the standard temperature is about
25 °C.

Selenomethionine Incorporation for X-ray Crystallography. Seleno-
methionine-substituted proteins for MAD phasing can be obtained
by cell-free protein synthesis, in which the L-methionine in the
reaction and external solutions is simply replaced by L-
selenomethionine. The amino acid mixture lacking L-methionine
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2.7 Reaction Modes
of Cell-Free Protein
Synthesis

and the 20 mM selenomethionine solution with 10 mM DTT are
prepared separately and used in place of the standard amino acid
mixture. Selenocysteines may be used instead of selenomethionine
in the reaction solution and incorporated in place of cysteine in the
protein for the MAD method. Iodine- /bromine-substituted amino
acids such as tyrosine can be incorporated into specified site(s) of
the protein, by using the “expanded genetic code system,” and may
also be used for MAD phasing [49].

Stable Isotope Labeling for NMR Spectroscopy: The production of stable
isotope (SI)-labeled protein samples for multinuclear NMR spec-
troscopy is performed by replacing the amino acid(s) to be labeled
in the cell-free reaction solution with SI-labeled ones. The mixture
solution containing 10 mM DTT and 20 mM each of the SI-labeled
amino acids should be used. Uniform SI labeling of proteins is
accomplished with mixtures of the 20 amino acids uniformly
labeled with '*N, '3C, and /or ?H. Amino acid-selective SI labeling
with respect to one or several kinds of amino acids can be performed
more casily by the cell-free method than by the conventional
recombinant method, because the SI scrambling between amino
acids is minimized in the cell-free reaction. The cell-free protein
synthesis method is quite useful for the stereo-array isotope labeling
(SAIL) method [50]. We developed a cell-free system that utilizes
potassium D-glutamate in place of L-glutamate, for efficient SI
labeling [21, 34].

The Batch and Dialysis Modes: The cell-free coupled transcription-
translation may be performed in either the batch or dialysis mode
(Fig. 1). The batch mode of cell-free protein synthesis is the sim-
plest: the reaction is performed by incubating the reaction solution
in a container, such as a test tube. In the reaction solution, the low-
molecular-mass substrates for coupled transcription-translation and
ATP regeneration become exhausted and by-products accumulate.
Thus, the batch reaction reaches a plateau in a few hours. In order
to achieve higher yields, the dialysis-mode cell-free synthesis reac-
tion is performed by placing the reaction solution in a compartment
with a dialysis membrane, such as a dialysis bag, and incubating it
with the external solution, containing the same low-molecular-mass
components as those in the reaction solution. In this mode, the
substrates and the by-products are continuously provided and
removed, respectively, by the external solution through the dialysis
membrane. In the standard conditions, the molecular weight cutoff
of the dialysis membrane is 10-15 kDa, and the ratio of the volume
of the external solution to that of the reaction solution is equal to or
greater than 10. Therefore, the protein synthesis reaction continues
much longer in the dialysis mode than in the batch mode. The
synthesis yield at 25-30 °C may reach 1-5 mg/ml reaction in
3—4 h. In practice, we usually stop the reaction at 3—4 h to avoid
denaturation of the products, although it may continue longer. For
synthesis at 15 °C, the reaction may be continued up to overnight.
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For large-scale structural biology sample preparation, the cell-
free synthesis reaction is performed in the dialysis mode, usually
with a 1-10 ml reaction solution, while difficult targets such as large
complexes and membrane proteins may be synthesized with a 30 ml
or larger reaction solution. We recommend optimizing the con-
struct and the conditions of the cell-free synthesis reaction, by
performing small-scale reactions (5-30 pl) prior to the large-scale
synthesis. For example, multiple PCR-amplified linear template
DNAs encoding protein constructs with different terminal dele-
tions may be generated and tested, with no cloning steps, by small-
scale cell-free synthesis in multi-well plates, in either the batch or
dialysis mode. Typically, multiple dialysis-mode cell-free reactions
are performed in 96-well plates equipped with a dialysis membrane,
and the volumes of the reaction solutions are 5 pl per well. The
optimal construct/conditions are selected with respect to the yield,
the solubility, etc., toward the larger-scale cell-free production, as
described above, for structure determination.

After the large-scale protein synthesis reaction, the product is pur-
ified by affinity chromatography, incubated with the specific prote-
ase to cleave the affinity tag, and then purified again with the affinity
column to remove the affinity-tag peptides. When the protease is
fused with the same affinity tag without the cleavage site, the
affinity-tagged protease can be removed together with the
affinity-tag peptides in one step. The resultant fraction is subjected
to further ion-exchange chromatography and gel-filtration chro-
matography for X-ray analysis.

3 Examples of Heteromultimeric Complexes Produced by the Cell-Free Method
for Structure Determination

3.1 DOCK2eELMO1

The cell-free protein synthesis method is highly advantageous for
the production of heteromultimeric complexes consisting of two or
more different component proteins [30]. Here, we describe several
examples of cell-free heteromultimeric proteins produced for struc-
tural biology.

DOCK?2 (dedicator of cytokinesis 2 ), which is specifically expressed
in hematopoietic cells, activates the small GTP-binding protein Rac
and thereby plays a critical role in cellular signaling events. The
formation of a complex between DOCK2 and ELMO1 (engulf-
ment and cell motility 1) is required for DOCK2-mediated Rac
signaling. In 2012, we identified the regions of DOCK2 and
ELMOI required for their association and determined the complex
structure by the following experimental strategies [51].
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Fig. 4 Structures of the interactive regions of DOCK2 and ELMO1. (a) The domain organizations of DOCK2 and
ELMO1. The red and blue bars indicate the DOCK2 and ELMO1 regions included in the fusion construct for
NMR. The orange and green bars indicate the regions co-expressed for crystallization. (b) The NMR structure
of the DOCK2 SH3-ELMOI peptide fusion protein (PDB ID: 2RQR) (ribbon representation). The DOCK2 SH3
domain and the ELMO1 peptide are colored red and blue, respectively. (¢) The crystal structure of the DOCK2
(1-177)ELMOI(532—-727) complex (PDB ID: 3A98) (ribbon representation). The DOCK2(1-177) and ELMOI
(532—727) proteins are colored orange and green, respectively

First, the N-terminal SH3 domain of human DOCK2 was
found to bind to the C-terminal Pro-rich sequence of human
ELMOI1. Therefore, 87 differently designed DNA fragments
encoding the human DOCK2 SH3 domain, with a human
ELMOI1 Pro-rich sequence peptide fused to its N- or C-terminus
(Fig. 4a), were generated by PCR. The fragments were cloned into
the pCR2.1 vector (Invitrogen) as fusions with an N-terminal
histidine tag (a modified HAT tag) and a tobacco etch virus
(TEV) protease cleavage site. Among these constructs, one fusion
construct including an ELMOI peptide (residues 697-722) fused
to the N-terminus of the DOCK2 SH3 domain (residues 8-70)
(designated as the DOCK2 SH3-ELMOI1 peptide fusion protein)
was selected as a suitable construct for NMR analysis, after checking
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the productivity and solubility of the constructs by the small-scale
dialysis-mode of cell-free protein synthesis.

For NMR structure determination, the '3C/'°N-labeled
DOCK2-ELMOI1 peptide fusion protein was prepared by the
large-scale dialysis-mode cell-free method. The solution structure
determined by NMR (Fig. 4b, PDB ID: 2RQR) confirmed that the
C-terminal Pro-rich region, especially P714-x-x-P717, of ELMOI1
interacts with the SH3 domain of DOCK2, and prompted us to
investigate the more detailed interactions between DOCK2 and
ELMOL1 by X-ray crystallography.

To identify the precise interacting regions of DOCK2 and
ELMOLI, a variety of N-terminal fragments of DOCK2 (residues
1-160, 1-177, 1-190, 9-160, 9-177, 9-190, 21-160, 21-177,
and 21-190) and C-terminal fragments of ELMO1 (residues
532-717, 541-717, 550-717, 532-727, 541-727, and
550-727), with the N-terminal histidine tag (a modified HAT
tag) sequence and the TEV cleavage site sequence, were generated
by the two-step PCR method [27]. Using these PCR products as
the templates for the small-scale dialysis-mode cell-free synthesis
reactions, co- and separate protein expression studies were con-
ducted. Among the above fragments, the DOCK2(1-177) frag-
ment, consisting of the SH3 domain and the flanking region, and
the ELMO1(532-727) fragment, consisting of the PH domain and
the Pro-rich sequence, were selected as suitable fragments for crys-
tallographic analyses and separately cloned into the pCR2.1 vector.
By co-expression of the DOCK2(1-177) and ELMO1(532-727)
fragments by the large-scale dialysis-mode cell-free synthesis
method, the DOCK2(1-177)sELMO1(532-727) complex pro-
tein was obtained in a soluble, selenomethionine-labeled form,
whereas the DOCK2(1-177) fragment alone precipitated during
the cell-free synthesis. The DOCK2(1-177)sELMO1(532-727)
complex protein, purified by histidine-tag affinity chromatography,
histidine-tag cleavage with TEV protease, ion-exchange chroma-
tography, and gel-filtration chromatography, was crystallized and
the structure was determined at 2.1-A resolution, as shown in
Fig. 4c (PDB ID: 3A98, Structure Weight: 89,622.52). The
complex structure revealed the structural basis for the mutual relief
of DOCK2 and ELMOL1 from their autoinhibited forms.

Rab27A is required for actin-based melanosome transport in mam-
malian skin melanocytes. Rab27A (221 residues) and its isoform
Rab27B (218 residues) bind to several effectors in common,
including their specific effector, Slac2-a/melanophilin (590
residues).

We chose a C-terminally truncated form of the GTPase-
deficient mutant Rab27B(Q78L) (residues 1-201; designated sim-
ply as Rab27B(1-201) hereafter) and the minimum effector region
of Slac2-a that specifically binds to the GTP-bound form of Rab27
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Fig. 5 Crystal structure of the Rab27BeSlac2-a complex. Ribbon representation
of the Rab27BeSlac2-a complex structure (PDB ID: 2ZET). Rab27B is colored red,
orange, and yellow. Slac2-a is colored cyan. Zn?*, GTP, and Mg®* are
represented by spheres

(residues 1-146; designated as Slac2-a(1-146)) and produced their
complex, Rab27BeSlac2-a, by the E. coli cell-free production
method. First, two PCR-amplified DNA fragments encoding the
proteins were independently cloned into the pCR2.1 vector (Invi-
trogen), as fusions with an N-terminal histidine tag (a modified
HAT tag) and TEV protease cleavage site. The selenomethionine-
labeled Rab27BeSlac2-a complex was obtained in a soluble form by
the cell-free co-expression synthesis method, with 50 pM ZnCl,
present in the reaction solution. The Rab27BeSlac2-a complex was
stable and monomeric with 1:1 stoichiometry, as determined by gel
filtration. The purified Rab27BeSlac2-a complex was crystallized
and the structure was determined at 3.0-A resolution, as shown
in Fig. 5 (PDB ID: 2ZET, Structure Weight: 83,464.15). The
crystal structure revealed the residues involved in the specific
Rab27BeSlac2-a interaction [52].

By using cell-free synthesized protein complex samples, high-
quality structures of the Enterococcus bivae V1-ATPase AzB3 [53],
DF [54, 55], and A3B3;DF [53-55] complexes were determined by
X-ray crystallography.

The PCR-amplified DNA fragments encoding the E. hirae V1-
ATPase subunits A, B, D, and F (Eh-A, -B, -D, -F) were indepen-
dently subcloned into the pCR2.1 vector (Invitrogen). These sub-
unit proteins could only be expressed in the soluble forms by co-
expression, and they formed the stoichiometric complexes by the
cell-free protein synthesis method. To form the stable subcomplex
and whole complex, the optimum concentrations of the plasmid
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Fig. 6 Crystal structure of the E. hirae V-ATPase AsBsDF complex. Ribbon representation of the E. hirae
V-ATPase A3B3DF complex (PDB ID: 3VR4)

3.4 Gomplexes of
Disulfide-Bonded
Proteins

DNA templates were determined by small-scale cell-free
expression.

To promote X-ray crystallographic  analyses, the
selenomethionine-substituted Eh-A3zB3 [53] and Eh-DF [54, 55]
proteins were synthesized by the large-scale dialysis-mode E. coli
cell-free method. The Eh-A3B3;DF complex (Fig. 5.6, PDB ID:
3VR4, Structure Weight: 399,405.1) [53] was reconstituted from
the Eh-A3B; [53] and Eh-DF [54, 55] subcomplexes.

Using 27 mL of the cell-free reaction solution, more than
15 mg of the purified complex proteins were produced [54, 55].

Disulfide bond formation is required for the correct folding and
structural stabilization of secreted and membrane proteins [56].
Cells have protein-folding catalysts to ensure that the correct pairs
of cysteine residues interact during the folding process [57]. These
enzymatic systems are located in the endoplasmic reticulum (ER) of
eukaryotes and the periplasm of Gram-negative bacteria [58]. In
bacteria, electron transfer occurs through cascades of disulfide
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bond formation/reduction between a series of proteins (DsbA,
DsbB, DsbC, and DsbD) [46]. However, the overproduction of
disulfide-bonded proteins by E. coli cells tends to result in precipi-
tation, aggregation, or inclusion body formation, thus requiring
protein solubilization and refolding.

We applied the cell-free synthesis method to the large-scale
preparation of a variety of heterodimeric complexes of disulfide-
bonded proteins and determined their crystal structures, including
the complexes such as (1) the extracellular domains (ECDs) of the
calcitonin receptor-like receptor (CLR) and the receptor activity-
modifying protein 2 (RAMP2) [the adrenomedullin 1 (AM;)
receptor] [59] and (2) the secreted homodimeric interleukin-5
(IL-5) and the IL-5 receptor a-subunit (IL-5RA) ECDs [60].
Human CLR (residues 23-136, including three pairs of Cys resi-
dues forming disulfide bonds) and human RAMP2 (residues
56-139, including two pairs of Cys residues forming disulfide
bonds) were cloned into the TA vector pCR2.1TOPO (Life Tech-
nologies). The CLR and RAMP2 ECDs were produced as fusions
with an N-terminal histidine tag and a TEV cleavage site. The
selenomethionine-labeled proteins were synthesized by the E. cols
cell-free method, using the large-scale dialysis mode [9, 22]. The
CLR and RAMP2 ECDs both precipitated during synthesis. The
precipitated proteins were denatured with 50 mM Tris-HCI buffer
(pH 8.3), containing 8 M guanidine hydrochloride and 20 mM
DTT, and were refolded together (co-refolded) by rapid dilution
into 50 mM Tris-HCI buffer (pH 8.3), containing 1 M arginine
hydrochloride, 5 mM reduced glutathione, and 0.5 mM oxidized
glutathione. The co-refolded CLReRAMP2 ECD complex was
successfully purified to homogeneity by chromatography, after the
affinity tags were enzymatically removed by TEV protease. The
disulfide bonds were properly formed during the co-refolding pro-
cess. By a similar method, human IL-5 (residues 23-134, including
two pairs of Cys residues for disulfide bonding per subunit) and
human IL-5RA (residues 21-335, including three pairs of Cys
residues for disulfide bonding) were synthesized and co-refolded.
The co-refolded IL-5¢IL-5RA ECD complex was also successtully
purified [60].

For larger proteins and more difficult complexes with numer-
ous disulfide bonds, co-translational disulfide bonding is necessary.
The openness of the cell-free system offers direct and flexible
control of the reaction environment to promote proper disulfide-
bond formation. Several groups have developed cell-free synthesis
methods for disulfide-bonded proteins, based on crude extracts
from E. coli, wheat germ, or insect cells [9, 22, 61-65]. To facilitate
disulfide-bond formation, glutathione buffer is used to control the
relatively oxidative environment. Usually, glutathione buffer is
composed of 0-5 mM oxidized glutathione (glutathione-S-S-glu-
tathione, GSSG) or a mixture of various ratios of oxidized
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glutathione (GSSG) and reduced glutathione (GSH). In addition,
incorrectly formed disulfide bonds are reshuffled by the addition of
0.2-0.8 mg/ml disulfide isomerase, DsbC, or another protein
disulfide isomerase (PDI). To favor disulfide bond formation, the
reducing agent should be removed to maintain the oxidizing con-
ditions. In fact, by the cell-free co-expression method, the above-
mentioned CLReRAMP2 ECD complex can be produced in the
disulfide-bonded and soluble form without refolding (the final
yield is 0.3 mg purified complex protein/ml reaction solution).

The cell-free synthesis method enables the efficient synthesis of
antibody fragments by co-expression of the heavy chain (Hc) and
light chain (Lc) genes encoding the Fv or Fab fragment. Several
hundred micrograms of functional anti-human I1.-23 single-chain
Fv and anti-human IL-13a1R Fab fragment were produced from a
1 ml batch reaction [66, 67]. Intact mouse IgGl against human
creatine kinase was successfully produced, although the productiv-
ity was relatively low (0.5 pg/ml reaction) even with the dialysis-
mode cell-free system [68]. Structural analyses require milligram
quantities of protein samples. The batch-mode cell-free synthesis
method is unable to produce sufficient amounts for this purpose.
For large-scale disulfide-bonded protein production, the dialysis-
mode cell-free synthesis method has been improved. For example,
3.3 mg/ml of human lysozyme-C was obtained from 1 ml reaction
solution in 6 h [69]. This method can be applied to produce
antibody fragments, including Fv, scFv, and Fab, for structural
analysis.
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