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Abstract A two-step PCR method has been developed
for the robust, high-throughput production of linear tem-
plates ready for cell-free protein synthesis. The construct
made from the cDNA expresses a target protein region with
N- and/or C-terminal tags. The procedure consists only of
mixing, dilution, and PCR steps, and is free from cloning
and purification steps. In the first step of the two-step PCR,
a target region within the coding sequence is amplified
using two gene-specific forward and reverse primers,
which contain the linker sequences and the terminal
sequences of the target region. The second PCR concate-
nates the first PCR product with the N- and C-terminal
double-stranded fragments, which contain the linker seq-
uences as well as the sequences for the tag(s) and the
initiation and termination, respectively, for T7 transcription
and ribosomal translation, and amplifies it with the uni-
versal primer. Proteins can be fused with a variety of tags,
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such as natural poly-histidine, glutathione-S-transferase,
maltose-binding protein, and/or streptavidin-binding pep-
tide. The two-step PCR method was successfully applied to
42 human target protein regions with various GC contents
(38-77%). The robustness of the two-step PCR method
against possible fluctuations of experimental conditions in
practical use was explored. The second PCR product was
obtained at 60-120 pg/ml, and was used without purifica-
tion as a template at a concentration of 2—4 pg/ml in an
Escherichia coli coupled transcription-translation system.
This combination of two-step PCR with cell-free protein
synthesis is suitable for the rapid production of proteins in
milligram quantities for genome-scale studies.
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Abbreviations

GST Glutathione-S-transferase

MBP E. coli maltose binding protein
SBP Streptavidin binding peptide
NHis Natural poly-histidine

TEV Tobacco etch virus

DMSO Dimethyl sulfoxide

HA Hemagglutinin

Introduction

The demand for high-throughput and flexible protein
expression has increased in contemporary genome-scale
research. For massive, high-throughput experiments using
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robotics, the simplicity and robustness of the experimental
procedures are especially important. Greater complexity of
the experimental protocol usually increases the rates of
human error, other experimental errors, and contamination,
and thus reduces the overall success rate of the experiment.

In the case of a protein expression experiment, one of
the keys is the protein expression method itself, and the
other is the template DNA preparation method for protein
expression. For the protein expression method, cell-free
protein synthesis is most suitable for high-throughput use.
First, the proteins can be produced from a linear template
DNA. Second, the reaction conditions can be optimized for
a target protein by adding or deleting components. For
example, 'N/'3C-labeled proteins were produced and
subjected to structural analyses by NMR [1, 2, 3, 4].
Selenomethionine-substituted protein for X-ray crystal-
lography were synthesized, and the structures were solved
[5, 6, 7]. The addition of chaperones or protein disulfide
isomerases allowed some proteins to be expressed in sol-
uble and active forms [8, 9]. Functional membrane proteins
were produced in the presence of detergents [10].
Furthermore, the protocol is simple and suitable for auto-
mation. Parallel protein expression can easily be achieved
in a multi-well format. The reaction mixtures can then be
directly subjected to protein analysis or purification.
Complicated procedures, such as cell fermentation and cell
disruption, are not necessary for producing proteins by cell-
free protein synthesis. Thus, cell-free protein synthesis is
suitable for massive and high-throughput applications
[11, 12]. For the preparation of a template DNA for protein
expression, complicated procedures such as cloning,
including ligation, transformation and culture, are used in
many cases. Gateway cloning or Ligation Independent
Cloning can simplify these procedures; however, these
methods still require transformation and time-consuming
culture steps. Some template DNA preparation methods for
cell-free protein synthesis without cloning steps were
reported [13].

Recently, another method for linear DNA template
production by two-step PCR was published [14] and suc-
cessful protein synthesis was obtained with the two-step
PCR product. In the first PCR step, a linear DNA con-
taining the coding sequence was amplified by PCR using
gene-specific primers, and was purified. In the first stage
of the second PCR step, the product DNA was combined
with the dsDNA for the T7 promoter and terminator ele-
ments. In the second stage of the second PCR step, the
extended template DNA was amplified with an additional
primer. The resultant PCR product was used as the tem-
plate DNA for cell-free protein synthesis. This method
was rapid, and generated high yields and high success rates
for many coding sequences. However, there were still some
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complicated steps, such as the purification step and the
separate PCR stages, which are not suitable for automation.

In the present study, we developed a simpler and more
robust two-step PCR protocol to prepare template DNA for
high-throughput cell-free protein synthesis. Our two-step
PCR protocol does not involve DNA purification. The
second PCR step does not require a break for primer
addition, and therefore is not separated into two stages.
This protocol provided a high yield and a high success rate,
and the protocol was applicable to target DNAs with var-
ious GC contents. In the second PCR step, the 5'- and
3/-termini of the target coding sequence can be connected
to additional sequences, such as N- and/or C-terminal tags
and transcription and translation elements, e.g., a promoter,
a ribosome binding site, and a terminator. We explored the
robustness of the two-step PCR against possible fluctua-
tions in experimental conditions in practical use. We also
expressed proteins fused with various tags by cell-free
synthesis. Both of the present methods of two-step PCR
and cell-free protein synthesis are suitable for robotics,
because they involve only simple procedures and are free
from any cloning process. Thus, we have established a
practical platform to produce and analyze proteins on a
genome scale in a high-throughput manner.

Materials and methods
Materials

Oligonucleotides were purchased from Invitrogen and
SIGMA Genosys. The purification grades of the oligonu-
cleotides were ‘desalted’ for Invitrogen and ‘cartridge’ for
SIGMA Genosys, respectively. The Expand Hi-Fi PCR kit
was obtained from Roche. The iProof Hi-Fi PCR kit was
obtained from Bio-Rad. The pCR2.1-TOPO cloning vector
was from Invitrogen.

In our experience, it is important to check the quality of
the primers and to select the appropriate primer manufac-
turer and grade carefully, especially when working with
many samples, because the quality of the primers was
strongly dependent on the manufacturers and grades. The
concentrations of the primers in some lots from some
manufacturers were far less than the specified ones. Some
primer lots contained a large amount of defective product.
The two-step PCR sometimes failed when using these
primers. The two-step PCR product obtained using some
primer lots contained more nucleotide deletions in the primer
region than in other regions, as confirmed by sequencing
after cloning into a vector followed by single colony
isolation, although the products seemed to have the proper
length, as confirmed by agarose gel electrophoresis.
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Target clones

Human cDNA clones (Ultimate ORF clones, Invitrogen),
which varied in GC contents, were used as test clones
(Table 1). A total of 18 clones were for excised domain
expression, and 24 clones were for full-length expres-
sion. The pk7-Ras plasmid [15, 7], which encodes the
human Ha-Ras protein, was used as the standard. For
full-length expression, the clones for which the locali-
zation of the translated proteins was predicted as
cytoplasmic or nuclear by PSort2 [16] were selected. The
cDNA vectors were used to transform E. coli strain
DHI10B, and the cells were cultured in a 96-well plate in
LB medium with 50 pg/ml ampicillin and 7% glycerol to
the steady-state phase without shaking. For the culture of
cells with the pk7-Ras plasmid, kanamycin was used as
the antibiotic.

In our experience, the quality of the cDNA clones
differed widely among the manufacturers. Some clones
from some manufacturers had a mismatch between the
actual sequence and the provided sequence information.
Quite a few samples that failed in the two-step PCR had
this mismatch, and the unique primers were designed
according to the mismatch region. For trouble-shooting of

problems with the two-step PCR, reconfirming the
sequence of the target cDNA clone 1is strongly
recommended.

T7 promoter (T7P) fragment

A fragment was excised by PCR using the U2T7PL primer
(GCTCTTGTCATTGTGCTTCG CATGATTACGAATTC
AGATCTCGATCCCG) and the c(NL1) primer (CCCGA
GGAGCCGCTGG) from pk7b2-NHisRas, a derivative of
pk7-Ras, which has a natural poly-histidine affinity tag
(NHis), a tobacco etch virus (TEV) protease recognition
sequence [17], and the NL1-linker sequence (CCCGAG-
GAGCCGCTGG) upstream of the c-Ha-Ras coding
sequence (NHis-TEV-TV2 fragment, Fig. la). The NHis
tag is a modified version of the HAT tag [18], which is
part of the chicken lactate dehydrogenase-A gene [19].
In addition to the NHis tag fragment, fragments with
glutathione-S-transferase (GST), maltose-binding protein
(MBP) or streptavidin-binding peptide (SBP) [20] tags
were also constructed (the GST-TEV-NL1, MBP-TEV-
NLI1, and SBP-TEV-NL1 fragments, respectively). In a
similar way, a derivative tag that contains the TV2-linker
sequence (ACTGAGAACCTGTACTTCCAGGG), instead
of the TEV recognition site and the NL1-linker, was also
constructed (the NHis-TEV-TV2 fragment). Some frag-
ments were cloned into the pCR2.1-TOPO vector

(Invitrogen), sequence-verified, and amplified from the
cloned vector by PCR, using Pyrobest polymerase (Takara)
with the U2 primer (GCTCTTGTCATTGTGCTTCG) and
the ¢(NL1) primer (CCCGAGGAGCCGCTGG) or c(TV2)
primer (CCCTGGAAGTACAGGTTCTCAGTAGTTGGG
ATATCG) for the fragments with the NL1-linker or TV2-
linker, respectively. The resultant fragment was purified by
agarose electrophoresis. The gels were stained with SYBR-
Gold and were visualized by excitation with blue-light. Gel
slices with the appropriate DNA bands were excised, and
the DNA was purified by absorption to a glass-surface
under chaotropic conditions, using a GFX column (Amer-
sham Biosciences) or a QIAGEN Plasmid Midi Kit
(QIAGEN).

T7 terminator (T7T) fragment

The CL1-Term T7T fragment was excised by PCR using
the c(CL1-Term-LN1) primer (GCGGTGGCAGCAGCC
AACTCAGCATCAATCAATTATTATCCTGACGAGGG
CCCCG:; the sequences complementary to the termination
codons are underlined) and the U2T7TL2 primer
(GCTCTTGTCATTGTGCTTCG CCAAGCTTGCATGC
CTGCAGCTC) from the pk7b2-NHisRas vector. The
sequence of the fragment was confirmed, and the fragment
was purified in a similar manner as the T7P fragment
(Fig. 1b). The CL1-Term fragment contains the CL1-linker
sequence (CCTGACGAGGGCCCCG in the anti-sense
strand) followed by the tandem repeat of termination
codons (TAATAATTGATTGAT). Derivative fragments
with the SBP- or MBP-coding sequence with the TEV
protease recognition sequence, instead of the termination
codon repeat (the CL1-TEV-SBP and CL1-TEV-MBP
fragments, respectively), and a derivative fragment in
which the CLI1-linker sequence was replaced by the
DT2-linker (GGGCGGGGATCAATCAATCATT in the
anti-sense strand) were also constructed (the DT2-Term
fragment). The linkers are shown in Fig. 2, and the entire
sequences of the fragments are shown in Supplementary
Table 1.

Unique primers for two-step PCR

The forward (FW) unique primer for the NL1 linker con-
sisted of the NL1-linker sequence and the unique sequence:
5'-CCAGCGGCTCCTCGGGA-X,-3'. The sequence X,
was identical to the 5'-terminal sequence of the target
coding sequence. The reverse (RV) unique primer for the
CL1 linker consisted of the CLI1-linker sequence and
the unique sequence: 5-CCTGACGAGGGCCCCG-Y,-3'.
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The sequence Y, was complementary to the 3’-terminal
sequence of the target coding sequence. The lengths of the
unique sequences (X, and Y,) were designed to be 14 nt or
longer, to provide a T,, of at least 46°C (Fig. 3a). The
unique sequences used for test construction are shown in
Supplementary Table 2. For the forward TV2-linker, the
FW unique primer sequence was 5-ACTGAGAACCTG
TACTTCCAGGGA-X,-3'. For the reverse DT2-linker, the
RV unique primer sequence was 5'-GGGCGGGGATCA
ATCAATCATT-Y,-3'.

Two-step PCR

We defined the ‘Standard (Std)’ two-step PCR conditions
as follows. The first PCR was carried out in a reaction
mixture (20 pl) with 3 pl of 50-fold diluted culture med-
ium of the cDNA clone as the template, 50 nM each of the
FW and RV unique primers, 0.2 mM each of dNTPs, 1x
Expand-Hi-Fi buffer and 0.5 U Expand-Hi-Fi Enzyme
(Roche) with hot start (Fig. 3a). The PCR program began
with a 2 min denaturation step at 94°C. This step was
followed by 40 cycles of denaturation at 94°C for 30 s,
annealing at 60°C for 30 s and extension at 72°C for 1 min
(after the 20th cycle, the extension duration was prolonged
for 5 s per cycle). The last step was an incubation at 72°C
for 7 min. The resultant product was immediately cooled to
10°C. The second PCR was carried out in a reaction
mixture (20 pl) with 5 pl of 5-fold diluted first PCR
product, 50 pM T7P fragment, 50 pM T7T fragment, 1 uM
U2 universal primer (GCTCTTGTCATTGTGCTTCG),
0.2 mM each of dNTPs, 1x Expand-Hi-Fi buffer and 0.5 U
Expand-Hi-Fi Enzyme (Roche) with hot start (Fig. 3b).
The PCR program began with a 2 min denaturation step at
94°C. This step was followed by 30 cycles of denaturation
at 94°C for 30 s, annealing at 60°C for 30 s and extension
at 72°C for 2 min for the N-NHis tag (the NHis-TEV-NL1
and CL1-Term fragments), 3 min for the N-SBP tag (the
SBP-TEV-NLI and CL1-Term fragments) and the N-NHis/
C-SBP tag (the NHis-TEV-NL1 and CL1-TEV-SBP frag-
ments) and 4 min for the N-MBP tag (the MBP-TEV-NL1
and CL1-Term fragments), the N-GST tag (the GST-TEV-
NL1 and CL1-Term fragments) and the N-NHis/C-MBP
tag (the NHis-TEV-NL1 and CL1-TEV-MBP fragments).
After the 10th cycle, the annealing temperature was
changed to 64°C, and the extension duration was prolonged
for 5 s per cycle. The last step was an incubation at 72°C
for 7 min. The resultant product was immediately cooled to
10°C. The concentration of the resultant product was
determined with a PicoGreen dsDNA quantification kit
(Invitrogen). All of the dilution steps in the two-step PCR
protocol were carried out using the dilution buffer (1 mM
Tris—HCIL, 0.01 mM EDTA, pH 8.0).

€ Results of the second PCR under the ‘Std’ conditions were about 60—-120 ng/pl of proper length product (2), less amount of proper length product or associated with improper length product

(1), no proper length product detected (0) or no experiment performed (blank)
" Results of the second PCR under the ‘+DMSQ’ conditions. Value definitions are the same as in the caption g

4" Annotation of full-length sequence of the target clone in GenBank or SwissProt
f Maximum GC content scanned over whole sequence of the target with 150-bp window

¢ GC content of whole sequence of the target

Table 1 continued
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Fig. 1 Fragments for the a
second PCR. (a) Preparation of T7P fragment (NHiS-TEV—NL1)
the T7P fragment (NHis-TEV-
NL1). (b) Preparation of the U2T7PL
T7T fragment (CL1-Term). \>
Arrows represent primers to f-_|T7P NHis] TEV [ NL1 }
excise the fragment - | | 3 I c(NL1) L )
pK7b2-NHisRas vector
PCR
U2 T7 Promoter
48~ [GCTCTTGTCATTGTGCTTCG| CATGATTACGAATTCAGATCTCGATCCCGCGAAAT [TAATACGACTCACTATA |
NHis
MetLysAsp
GGGAGACCACAACGGTTTCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAT | ATGAAAGAT

HisLeuIleHisAsnValHisLysGluGluHisAlaHisAlaHisAsnLys AspTyrAspIleProThrThr
CATCTCATCCACAATGTCCACAAAGAGGAGCACGCTCATGCCCACAACAAG GATTACGATATCCCAACGACC

TEV protease recognitiop site

NL1 linker

GluAsnLeuTyrPheGlnGly
GAAAACCTGTATTTTCAGGGA|

SerSerGlySerSerGly
TCCAGCGGCTCCTCGGG

b T7T fragment (CL1-Term)

~_ CL1-Term-LN1
| =

MLTEV [ NLT }

Cl—i

T7T
U2T7TL2\)

pK7b2-NHisRas vector

CL1 linker

PCR

Term

SerGlyProSerSerGly||Te

ds1 cGEEGCCCTCGTCAGEA

TAATAATTGATTGA

rTer.Ter.Ter
TGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAA

T7 Terminator

| craccaraaccccTTGeeee

CTCTAAACGGGTCTTGAGGGGTTTTTTG|CTGAAAGGAGGAACTATA

TCCGGATAACCTCGAGCTGC

Two-step PCR with DMSO conditions

The ‘Std” PCR conditions were modified as follows for the
‘+DMSO’ conditions. DMSO (5% v/v) was added to both
the first and second PCR reaction mixtures. The first
denaturation temperature was 95°C. This step was followed
by 30 cycles of denaturation at 95°C for 30 s, annealing at
60°C for 30 s and extension at 72°C for 3 min (after the
10th cycle, the extension duration was prolonged for 5 s
per cycle). The last step was an incubation step at 72°C for
7 min. The resultant product was immediately cooled to
10°C. The same cycle protocol was used for both the first
and second PCRs.

@ Springer

U2(complement)
AGGCATGCAAGCTTG|CGAAGCACAATGACAAGAGCl

High-fidelity and fast two step PCR

We defined the ‘High fidelity and Fast (HF)’ two-step PCR
conditions as follows. The first PCR was carried out a reaction
mixture (20 pl) with 10 ng of purified cDNA vector as the
template, 50 nM each of the FW and RV unique primers,
0.2 mM each of dNTPs, 1x iProof-HF buffer and 0.4 U
iProof enzyme (BioRad) with hot start. The PCR program
began with a 30 s denaturation step at 98°C. This step was
followed by 25 cycles of denaturation at 98°C for 5 s,
annealing at 60°C for 10 s and extension at 72°C for 30 s. The
last step was an incubation at 72°C for 5 min. The resultant
product was immediately cooled to 10°C. The second PCR
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Fig. 2 Linker sequence
variation. (a) The T7P
fragments. (b) The T7T
fragments. Sequences in bold
letters represent linkers. Shaded
arrows indicate the unique
primer-binding regions of the

a
N-Term linker

T7P fragment v
. IleProThrThr EIJXéHi%ﬁ%;EﬁHéE&B&i; SerSerGlySerSerGly XaaXaa...
. ATCCCAACGACC GAAAACCTGTATTTTCAGGGA TCCAGCGGCTCCTCGGG

first PCR product. Amino acid

residues under the broken line
represent the TEV recognition
sequence. Arrowheads represent
the TEV cleavage site
™2 17p fragment

5'1CCAGCGGCTCCTCGGGA XXXX . . . XXXX. ..

First PCR product

. IleProThrThr EiJKéHi%B%;EﬁHéE&%&i; XaaXaa. ..

. ATCCCAACTACT GAGAACCTGTACTTCCAGGG

5'—PCT GAGAACCTGTACTTCCAGGGA XXXX...XXXX...

b
C-Term linker
CLA1

First PCR product

T7T fragment

SerGlyProSerSerGly TerTer.Ter.Ter

CGGGGCCCTCGTCAGG ATAATAATTGATTGATGCTGAGTTGGCT ....

KRR - RERK vsoooosssvsavsma’» e

First PCR product

DT2

T7T fragment

TerTer.Ter.Ter
AATGATTGATTGATCCCCGCCC AGCTGAGTTGGCT . ...

©c CRKAKR - - - RRAR \-Z.L.I.VD.LWD.LWQ.LVSSSSDSSJ— i S

was carried out in a reaction mixture (20 pl) with 5 pl of
5-fold diluted first PCR product, 50 pM T7P fragment, 50 pM
T7T fragment, 1 pM U2 universal primer, 0.2 mM each of
dNTPs, 1x iProof-HF buffer and 0.4 U iProof enzyme
(BioRad) with hot start. The PCR program began with a 30 s
denaturation step at 98°C. This step was followed by
25 cycles of denaturation at 98°C for 5 s, annealing at 60°C
for 10 s and extension at 72°C for 45 s. The last step was an
incubation at 72°C for 5 min. The resultant product was
immediately cooled to 10°C.

Robustness of two-step PCR
Dilution factor of template culture
To explore the effects of the dilution factor of the template

culture on the two-step PCR, a culture of E. coli cells with
the pk7Ras plasmid, which was grown to 0.8 ODggnp, Was

First PCR product

diluted to various relative culture concentrations (from 1/16-
to 4-fold). One-fold of the relative culture concentration
corresponds to a 50-fold culture dilution, which is used in the
‘Std” PCR conditions. The two-step PCR was carried out
with the diluted cultures as the template for the first PCR.

Cell density in culture

To clarify the effects of the cell-density in the culture, cells
harboring the pk7Ras plasmid were grown to various densi-
ties (from 0.05 to 2 ODgqp), and the resultant culture was
subjected to the two-step PCR with the ‘Std’ conditions.

Plasmid content in a unit quantity of cells

To determine the effect of plasmid contents in a unit
quantity of cells, cultures of cells with the pk7Ras plasmid
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Fig. 3 Two-step PCR. (a)

a
Design of the unique primers First PCR
and the first PCR to amplify the
target domain-coding region.
Shaded arrows represent the < FW unique primer
unique primers. (b) Design of ~Ceag e (with NL1 linker)
the second PCR. Shaded arrows GCTCCTC e
represent the universal primer. GAxxxx. .. .xxxX
Bold bases should be ‘A’ in
order to compensate for the Target
3'-adenine overhang in the cDNA vector KEAK*+*KREKws,
fragments and the first PCR RV uni . ODDOSSSVS
products produced by Taq %ng&e IPerer QVSIQD\ .
polymerase and its variations (wi inker)
PCR
NL1 linker Target CL1 linker
SerSerGlySerSerGly XaaXaaXaaXaa......... XaaXaaXaaXaa SerGlyProSerSerGly
CCAGCGGCTCCTCGGGA [ XXXXXXXXXXXX . v v v v v v v XXXXXXXXXXXX| TCGGGGCCCTCGTCAGG
[RifelolelelolrilRlielelohil PVV.V.VV.V.V.V.V.V/V. R LYVV VNV VVVVN R Slelolleloriiale)sohfele)
Second PCR
U2 primer
5 ' ~GCTCTTGTCATTGTGCTTCG T7P fragment
GCTCTTGTCATTGTGCTTCG TCCAGCGGCTCCTCGGG
.'JS‘('?'F(CJYSLYVQYL3‘?{93 ¥9O9L09009vIIVIIID
NL1 linker
First PCR product
CCAGCGGCTCCTCGGGA | XXXX . 2 v v v v v s s xxxx | TCGGGGCCCTCGTCAGG
DDLOODDOYOOVOIIIL | AARA - == == ===+ ARAK| ¥9DDDDDDOVOIVOLID
CL1 linker
T7T fragment
CGGGGCCCTCGTCAGGA CGAAGCACAATGACAAGAGC
92000999¥DOVILIDT 90LLO9ISIIYIIOTLILID
ODILLIVLOLIYILOLLILIO- G
U2 primer
PCR
T7 Promoter, (C-Tag),

N-Tag

Target T7 Terminator

GCTCTTGTCATTGTGCTTCG TCCAGCGGCTCCTCGGCA [omx. - - - -+ -« - 30K | TCGGGGCCCTCGTCAGGA CGAAGCACAATGACAAGAGC
09YOYYIYOLYYOYIOYVAD L Blishaiiela) aba) arerelehd EY Y S ALLE| v922009997D0YDLIIL 9ILLODIOHLLYOLILLOLOD

(pk7Ras culture) and without the plasmid (blank culture)
were grown to 0.8 ODggo. The pk7Ras culture was diluted
by the blank culture to various extents (from 27 '°- to
1-fold), and the resulting cultures were subjected to the
two-step PCR with the ‘Std’ conditions.

Ramp rate of heating and cooling in PCR program

To explore the effects of the ramp rate of heating and
cooling in the PCR programs, two-step PCR under the
‘Std’ conditions with restricted ramp rates for heating and
cooling (1, 2 and 3°C/s) were carried out for test constructs
(Nos. 1-10).
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Primer concentration

To determine the effects of FW and RV primer concentration
variations, the concentration of each primer was calibrated
by its Aygo value, using the molar absorbance coefficient for
each primer, which was provided by the primer manufac-
turer, and two-step PCR was carried out with various primer
concentrations (from 1/4- to 8-fold concentrations for the
‘Std’ conditions for both the FW and RV primers) for the test
constructs (Nos. 1-10). To determine the effect of an
imbalance between the FW and RV primer concentrations,
FW and RV primers with 1/2-, 1- and 2-fold of the ‘Std’
concentration were mixed with each other, and two-step PCR
was carried out using the primer mix for the first PCR.
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Cell-free protein synthesis

The cell-free protein synthesis reaction was carried out at
30°C overnight, with the 30-pl scale dialysis method [21].
The second PCR product (0.5 pl), was used without puri-
fication as the template for cell-free protein synthesis. An
aliquot of the resultant product was reserved (total frac-
tion), and then the remainder was centrifuged at 15,000 g
at 4°C for 5 min, and the supernatant was reserved (sup.
fraction). The fractions were analyzed by SDS-PAGE
(Perfect NT Gel, DRC) and were stained by Quick-CBB
(Wako Pure Chemicals). The gel images were acquired by
LAS3000 (Fuji) or FAS III (Toyobo) imagers. The target
protein was quantified from the density of the band in the
image, using BSA as the standard. The quantification error
was estimated from multiple sets of assays of a subset of
the clones. For the tag cleavage assay, the cell-free reaction
mixture was incubated with 15 pg/ml of TEV protease at
30°C for 3 h after protein synthesis.

PCR error rate analysis and assessment of effects
on HSQC spectra

In order to quantify the error rate for the two-step PCR, the
second PCR products of construct Nos. 7 and 35 were
cloned into the pCR2.1-TOPO vector, and clones were
picked and sequenced. The error rate was calculated from
the resultant sequences.

The "H-""N-HSQC spectrum provides information about
protein folding and may be used to determine the viability
of the structure determination of the protein. We examined
the effect of template error rates higher than those in the
normal two-step PCR products on the 'H-'"N-HSQC
spectrum. The two-step PCR product with the c-Ha-Ras
coding sequence, NHis-TEV-NLI1, and CLI-Term frag-
ments were cloned into the pCR2.1-TOPO vector. The
clones were sequenced and a clone with no errors was
selected. The selected vector was used as the error-free
template for cell-free protein synthesis. Linear templates
with a higher error rate than the typical two-step PCR
product were produced by error-prone PCR, which is a
repetition of the PCR or by mutagenic PCR [22], from a
two-step PCR product. Cell-free protein synthesis reactions
were carried out with '°N-labeled amino acids, based on the
previously described protocol [23] with the error-free vector
template as the standard and linear templates with increased
error rates of 9.2 x 10™* and 3.9 x 10~ mutation/bp. The
NHis-Ras proteins were purified with Ni-affinity resin. The
NHis tag was cleaved in a reaction mixture with 7.6 pg/ml
TEV and 0.4-0.6 mg/ml of the tagged protein at 30°C
overnight, and then the 'H-"’N-HSQC spectrum was
acquired using the tag and Ras protein mixture.

Simulation of effect of template error rate on HSQC
spectra

About 1000 randomly mutated DNA sequences with a
given error rate (E) were generated from the NHis-Ras
open reading frame sequence (656 bp, including tag, linker
sequences and a termination codon). Each sequence was
translated and the mutations in the amino acid sequence
were analyzed. The average number of point mutations per
sequence (Np(E) and Ap(E) for nucleotide and amino acid
mutations, respectively) and the relative amount of non-
sense mutants (Rn(E)) in the set were calculated.

The relative peak height (H(E)) of the 'N-ISN-HSQC
amide cross peaks of the random mutant pool relative to that
from an error-free ensemble can be roughly estimated as:

H(E)=1—Rn(E) — Ap(E) * M/N,

where M is the number of peaks with chemical shifts that
change by more than the peak width at half height of the
residue of the wild type, and N is the total number of amino
acid residues of the translation product from the open
reading frame. Here, it was assumed that neither the shifted
peaks nor the peaks from nonsense mutants were observed
in the ensemble.

N is 217 (amino acid residues) for the NHis-Ras protein.
M was estimated to be 26 (a.a.), which was derived from a
comparison of the 'N-'>N-HSQC spectra of the wild type
and the Y32W mutant Ras protein (personal communica-
tion from T. Matsuda).

All of the calculations were carried out using Microsoft
Excel and Visual Basic. Standard deviations of the values
were determined from three sets of simulations.

Results
Design of two-step PCR protocols

In the first step of the two-step PCR (Fig. 3a), a linear
DNA fragment containing the sequence encoding the target
protein is amplified by PCR using two “unique primers”,
consisting of the gene-specific sequences and the N- and
C-terminal linker sequences (“NL1 and CL1 linkers”). In
the second PCR step (Fig. 3b), the product of the first PCR
step is treated with two dsDNA fragments (“T7P and T7T
fragments™) and a single PCR primer (“U2 primer”). The
T7P and T7T fragments have the promoter and terminator
sequences for T7 RNA polymerase, the optional N- and/or
C-terminal tag-coding sequences, and the NL1 and CL1
linker sequences. The NL1 and CL1 linkers were designed
based on the following concept. These linkers encode six
small hydrophilic amino acid residues, Ser-Ser-Gly-Ser-
Ser-Gly and Ser-Gly-Pro-Ser-Ser-Gly, respectively, to be
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connected to the N- and C-termini of the target protein
(Figs. 1 and 3a), so that their influence on the structure and
other properties of the target protein is minimized. The GC
contents of the linkers were set to be as high as about 75%,
in order to shorten the length of the unique primers and
thus reduce their costs. The NL1 and CL1 linkers are the
standard linkers for our high-throughput protein expres-
sion system for structural analysis. In addition to them,
we designed the TV2 and DT2 linkers in order to
minimize the number of residual amino acids after tag
cleavage with the TEV protease (Fig.2). The TV2
N-terminal linker encodes the TEV protease recognition
sequence, and only one glycine remains at the N-terminus
of the target protein region after TEV protease cleavage.
The DT2 C-terminal linker provides four termination
codons, UAA-UAA-U-UGA-U-UGA, where the tandem
in-frame UAA codons are used to avoid read-through, and
the two out-of-frame UGA codons are used to prevent
read-through by frame shifting in the target protein
region. As compared to the NL1 and CLI1 linkers, the
TV2 and DT2 linkers require longer unique primers
because of their lower GC contents. The DT2 linker is
designed to make the same C-terminal amino acid residue
as that of the target protein. Generally, an additional
adenine overhang is often attached to the 3'-terminus of
the amplified dsDNA product, in PCR using the family of
Taq polymerases. Thus, the bases around the linkers were
designed in order to completely match the fragments with
the first PCR product, even if the adenine overhangs were
attached (Fig. 3b, bold ‘A’ bases).

The U2 primer, designed with an artificial sequence to
avoid mispriming to popular vectors, was used to amplify
the final product in the second PCR step (Figs. 1 and 3b).
The U2 primer-binding site is incorporated at both the
5'-terminus of the sense strand of the T7P fragment and the
5'-terminus of the anti-sense strand of the T7T fragment.
Therefore, the second PCR amplification is performed with
the single U2 universal primer. Amplification with the
single primer could also inhibit dimerization of the primer
and increase the yield of the proper PCR product [24].

During the preparation of the T7P and T7T fragments,
UV-light excitation for visualizing the DNA band for
extraction from the agarose gel should be avoided, in order
to minimize the damage to the DNA. When the fragment
band was visualized by UV-light excitation, the following
second PCR step tended to fail (data not shown).

The concentrations of the FW and RV “unique primers”
in the first PCR step are important. The primer concen-
trations should be as low as 50 nM each, in order to
increase the priming rate per primer for amplification of the
target-coding region. This is to reduce the production of
“primer dimers”, in which the two primers are connected
head-to-head, without the target-coding region, but with an
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insertion or deletion of several nucleotides. The primer
dimers generate a byproduct, the direct concatemer of the
T7P and T7T fragments, in the second PCR step. There-
fore, the low concentrations of the unique primers enable
the direct use of the first PCR product, without any puri-
fication, as the template in the second PCR step. The
concentrations of the four materials in the second PCR step
should be in the following order: the U2 universal primer
> the first PCR product >> the T7P and T7T fragments,
which is to avoid direct concatenation of the T7P and T7T
fragments and to obtain mostly a single PCR product, by
consuming the first PCR product, the T7P fragment, and
the T7T fragment. Thus, the second PCR product can be
used as the template for protein synthesis without any
purification step. About 40 cycles of amplification were
used in the first PCR step, to ensure amplification even
from cell cultures with poor growth as the template of the
two-step PCR.

Performance and robustness of the two-step PCR
protocols

The fragments used for two-step PCR are shown in Fig. 4.
Two-step PCR experiments were performed for a test set of
human cDNA clones, with various GC contents (Table 1).
The results for the N-NHis and C-Term (no tag) fragments
are summarized in Table 1 and Fig. 5. For constructs of the
proper length, the concentration of the second PCR product
was about 60-120 pg/ml. Under the standard PCR condi-
tions (Fig. 5a, ‘Std’ condition), construction for target Nos.
37, 40, 43 and 44, which have relatively high GC contents,
failed and a 400-bp byproduct was observed in the second
PCR products. The byproduct was the direct concatemer of
the N-NHis and C-Term fragments, as confirmed by
sequencing (data not shown). Construction for a high GC
content target tended to fail in the two-step PCR under the
‘Std’ conditions. Moreover, a stronger correlation was
observed between the two-step PCR results and the maxi-
mum values of GC content, scanned over the whole
sequence with a 150-bp window (GCMax150) (Table 1).
These failed constructs were successfully recovered by the
use of the two-step PCR under the ‘+DMSO’ conditions
(Fig. 5a, ‘“+4DMSO’ conditions). This indicates that PCR
under the ‘+DMSO’ conditions would be effective for
target protein regions with a high GCMax150 value.
Construction by two-step PCR was successful at least
for target protein regions with 100-2200-bp lengths and
with 45-84% GCMax150 values or 37-75% GC contents.
Irrespective of the tag size, the N-NHis, N-SBP, N-GST,
and N-MBP tagged constructs were successfully obtained
(Table 1, Fig. 5b). The N-NHis/C-SBP tagged constructs
and the N-NHis tagged constructs with the TV2 and DT2
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Fig. 4 Schematic a
representations of fragments,
fragment codes and tag codes. T7P fragment Fragment code Tag code
(a) The T7P fragments. (b) The
T7T fragments. The closed AIG A 4 ] )
boxes represent dsDNA. NHis | TEV | NL1 NHis-TEV-NL1 N-NHis
Element names in the fragment
DNA are written in italic letters. vz 7P ATG v NLT1
The open boxes represent SBP | TEV | NL1 SBP-TEV-NL1 N-SBP
elements that are coding
sequences, and the letters in the u2 T7P NL1
box indicate element names in ATG A 4
the translated polypeptide. The GST TEV | NLA GST-TEV-NL1 N-GST
element ‘TEV’ represents the
TEV protease recognition Uz LG NL1
sequence, and the arrowheads = ¥
show the TEV cleavage site MBP TEV | NLA MBP-TEV-NL1 N-MBP
vz T7P NL1
aTG A4
NHis-TEV-TV2 N-NHis(TV2)
u2 T7P TV2
b
T7T fragment Fragment code Tag code
TAATAA
CL1 CL1-Term C-Term
cL1 T7T u2
TAATAA
CL1-SBP C-SBP
cL1 T7T (974
TAATAA
el Uzl CL1-MBP C-MBP
CL1 T7T (974
TAATAA

DT2 T7T

vz

linkers were also successfully obtained (Table 1). The two-
step PCR construction could cover a large variety of target
protein regions and tags with a few modifications of the
reaction conditions. Moreover, the experimental procedure
is simple, because it contains neither a purification step nor
a separation step.

Experimental protocols for high-throughput use, i.e.,
parallel processing of many samples, should be tolerant of
fluctuations in experimental conditions, because it is difficult
to equalize the conditions precisely for all of the samples. For
example, cumulative liquid-dispensing on the micro-liter
scale using robotic systems may sometimes cause an accu-
mulated error in the total concentration of two-fold or more,
and the cell density and the plasmid contents of cultures for
PCR templates may vary. Therefore, we investigated the
tolerance of the two-step PCR protocols against some pos-
sible variations in practical use.

Dilution factor of template culture

We examined the effect of template dilution on the two-
step PCR, and found that the PCR was successful when the
concentration relative to that under the ‘Std’ PCR condi-
tions was from 1/16- to 4-fold (Supplementary Fig. 2a).
The results indicated that the two-step PCR would be tol-
erant of actual liquid-dispensing errors.

Cell density in culture

Even if the template cultures were incubated for a certain
time at a certain temperature, the cell densities may differ,
due to the various vectors and inserts. The two-step PCR
from template cultures with various cell densities from 0.05
to 2 ODgyy was performed, and in all of the tested
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Fig. 5 Agarose electrophoresis a
of the PCR product of the two-
step PCR. (a) The N-NHis/C-
Term tag construct in the ‘Std’
conditions (without DMSO) and
the “+DMSO’ conditions (with 1000
DMSO). Numbers (1-44) 500 B
represent the construct number

in Table 1. For constructs

37-44, PCR results under the

‘+DMSQO’ conditions are also

shown. Each construct was run

in two lanes (the first PCR

product, left lane; the second

PCR product, right lane).

Markers are 100-bp and 250-bp

DNA ladders. The PCR product

(2 ul) was electrophoresed in

each lane. (b) N-GST/C-Term

(G), N-MBP/C-Term (M), and
N-SBP/C-Term (S) tag

constructs in the ‘Std’

conditions for constructs 1-36

and in the ‘+DMSOQO’ conditions

for constructs 37-44 b

[op]

1000
500

m

conditions, the PCR was successful (Supplementary
Fig. 2b). Therefore, the two-step PCR is tolerant of varia-
tions in cell density resulting from practical template
cultivation procedures.

Plasmid content in unit quantity of cells

Target plasmid contents per unit cell weight may vary
because (1) unstable inserts may become deleted from the
plasmids during cultivation, (2) plasmids without the
proper insert may contaminate the plasmid-construction
step by some procedures, (3) cells without plasmids may
contaminate some transformation procedures and grow in
cultivation after the antibiotics have been exhausted, (4) in
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N-NHis/C-Term tag (first and second PCR products)

o] W[ [ 2131456789 io]ii]i2]is]ia]i5]i6]iz]is]m [Mise]

2000
1000
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[ 37 [ 8 [ 19 | 20 | 21 |

the case of the simultaneous culture of many clones in a
multi-well plate, the culture may be contaminated with
neighboring cultures, and (5) the copy number of the
plasmids depends on the type of replication origin.
Therefore, we have investigated the tolerance to fluctua-
tions in the plasmid content in a unit amount of cells. A
culture of cells harboring the pk7Ras plasmid was diluted
with a culture of cells without plasmid at various dilution
factors, and the two-step PCR was carried out. The PCR
was successful for the 1- to 27! (=1/1024)-fold concen-
trations, and a byproduct band was observed for conditions
diluted more than 27'°-fold (Supplementary Fig. 2c).
Therefore, the tolerance to variation in the plasmid content
is sufficient for practical template preparation procedures.
The pk7Ras plasmid is a derivative of a high copy-number
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vector with the ColE1 origin, and therefore, lower copy-
number plasmids and single copy-number vectors, such as
pBR322, pACYC, and BAC derivatives, may also be used
as templates for the two-step PCR under the °Std’
conditions.

Ramp rate of heating and cooling in the PCR program

The ramp rate of heating and cooling is dependent on the
PCR manufacturers and machines. The ramp rate of one
PCR machine may also be affected by the deterioration
of the Peltier device over time. In order to assess the
durability of the PCR program against the ramp rate, the
two-step PCR experiments were performed with forced
maximum ramp rates of 3, 2 and 1°C/s. The rate of 3°C/s
corresponds to that in the ‘Std’ conditions. The PCR
was successful for all of the ramp rates (Supplementary
Fig. 2d).

Primer concentration

We examined the tolerance of the two-step PCR against
variations in the unique primer concentration. When the
concentration of the unique primer was varied from 1/8-
to 8-fold of that in the ‘Std’ conditions in the first PCR
mixture, the two-step PCR was successful at least with
1/2- to 8-fold concentrations (Supplementary Fig. 3a).
The best quality of the second PCR product was obtained
from 1- to 2-fold concentrations. The tolerance of an
imbalance between the FW and RV unique primer con-
centrations was also examined. A two-fold imbalance of
the primer concentrations relative to those in the ‘Std’
conditions did not affect the two-step PCR result (Sup-
plementary Fig. 3b).

The two-step PCR is tolerant to possible variations in
practical use, and therefore, it is robust and suitable for
high-throughput use with a robotic system.

Cell-free protein synthesis and tag variations

Cell-free synthesized proteins from template DNAs con-
structed by the two-step PCR were analyzed by SDS-
PAGE (Fig. 6 for some constructs, Supplementary Fig. 1
for all constructs). The productivity and the solubility with
various fusion tags are summarized in Table 2. The pro-
ductivity and the solubility were similar between the
N-NHis and N-SBP tagged proteins for most of the test
targets (Fig. 6a and b), although some targets showed
variations in the solubility with different tags. Although the
production of the N-GST tagged proteins was less abundant

than that of the N-NHis tagged proteins on average, they
were slightly more soluble than the N-NHis tagged proteins
(Fig. 6¢). MBP is a well-studied solubility enhancer, and
the fused target proteins do not remain soluble in some
cases after removal of the MBP tag [25]. In our study, the
N-MBP tag increased the productivity and the solubility
(Fig. 6d); out of the 44 target protein regions, 17 target
proteins were soluble with the N-MBP tag but insoluble
with the N-NHis tag, and 6 out of the 17 MBP-solubilized
protein regions precipitated after N-MBP tag cleavage
(data not shown). This result suggests that some proteins
were solubilized with the MBP tag, but were not folded
properly. The C-MBP tag also raised the solubility;
however, it was less effective than the N-MBP tag. The
N-NHis/C-SBP doubly tagged proteins and most of the
N-NHis tagged proteins with the TV2 and DT2 linkers
showed solubilities similar to those of the N-NHis tagged
proteins (Fig. 6e and g). The production levels of the
N-NHis tagged proteins with the TV2 and DT?2 linkers
were slightly less than those with the N-NHis tag with the
NL1 and CLI linkers.

PCR error rate analysis and assessment of effects
on HSQC spectra

The error rate of the two-step PCR was examined using
constructs No. 7 and No. 35, and was determined to be
3-bp mutations per 13,300-bp total read (=2.3 x 10~*
mutation/bp) and 16-bp mutations per 21,032-bp total read
(=7.6 x 10~* mutation/bp). This rate is equivalent to the
rough estimation that 0.1-0.5 point mutation exists in one
molecule, in the case of a target region with a 651-bp
length, which corresponds to the size of the NHis-tagged
Ras protein. This estimation includes silent mutations;
therefore, the error rate at the amino acid sequence level
would be lower. We tried to examine the effects of the PCR
error rate on our 'H-'"N-HSQC protein-folding assay, but
the effects were too small to detect (data not shown). Thus,
in addition to the error-free vector template (a), two kinds
of linear templates (b) and (c) with purposely-increased
error rates, 9.2 x 107* and 3.9 x 1073 mutation/bp,
respectively, were produced using error-prone PCR. The
mutation contents of templates (a), (b), and (c) were
estimated to be 0, 0.6 and 2.5 point mutations per DNA
molecule, respectively. The error rate of template (b) was
slightly higher than that of the two-step PCR product for
NHis-Ras, whereas the error rate of template (c) was
about 5-times higher than that of the two-step PCR
product. Using these three templates in cell-free protein
synthesis, we synthesized '°N-labeled Ras proteins and
measured their HSQC spectra (Fig. 7). Protein sample (b),
with an error rate slightly higher than that of the standard
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Fig. 6 SDS-PAGE of cell-free kDaM[1]2]3T4]5[6]7[8]9[10[11]12]m M[25][26]27]28]2930[ 31[32[33[34]35] m [KkDa]
protein synthesis reaction A 2 0 i eeEs mmmm e e e e e e R e R e e
mixtures for some of the test 28 !!I !Eiiiiiiilii!ilii'ii E iiii i i ii
constructs with various tags and . SS gﬂ' ' g ' .
linkers. The tags were N-NHis/ N-NHis ; " gg : i! ! ! HERES 23'6
C-Term (a), which indicates C-Term et BEHZEREE o
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two-step PCR product, provided almost the same spec-
trum as that of the error-free sample (a). Moreover, the
sample (c), with an error rate 5-times higher than that of
the two-step PCR product, also provided almost the same
spectrum as that of the error-free sample (a). We also
found that the protein productivity of sample (b) was the
same as that of sample (a), while sample (c) was some-
what less productive than samples (a) and (b) (Fig. 7b).
The efficiency of TEV cleavage was more than 80% for

@ Springer

samples (b) and (c) and slightly less than that of the error-
free sample (a). The solubility of the target proteins after
tag cleavage was the same for all of the samples. This
result indicated that even sample (c) exhibits unaffected
solubility of the ensemble of randomly mutated protein
molecules. Therefore, we concluded that the error rate of
the two-step PCR does not disturb the HSQC protein-
folding assay. For experiments that may require higher
homogeneity, e.g., for crystallization of proteins, it may
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a  (a) 0 mut/molecule

(b) 0.6 mut./molecule

(c) 2.5 mut./molecule

FF“-l

1

15115 | = 15118 {0 O i 15118 |
120 120 -"'- ERE 120
125 126 4 Wit .---'.'.'-‘- : 125
130 130 . 130
S - bl Sneornl ; o i g it dosnt
1H 1H 1H
b (a) (b) (c)
0 0.6 2.5 mutation/molecule
[kDa] m1 2 3 456 7 8 9 m [kDa]
% 5
66 66
45 b 45
NHis-Ras —#* Y O e = 29
Ras —& ." .'_" - e 201
— 142
NHis —&

Fig. 7 Effects of the PCR error rate on protein properties. (a) 'H-'">N-
HSQC spectra for the mixtures of the c-Ha-Ras protein and the cleaved
NHis tag from an error-free vector (a, 0 mutation/molecule), and linear
templates with intentionally-increased error rates of 9.2 x 107 (b, 0.6
mutation/molecule) and 3.9 x 1073 (c, 2.5 mutation/molecule). The
error rates of templates (b) and (c) were 1.1- and 5-times higher than
that of the two-step PCR product. (b) SDS-PAGE of the proteins from

be necessary to incorporate the linear template into a
vector, and after the sequence is confirmed, the vector
may be used as the template for (cell-free) protein
synthesis.

Simulation of effects of the template error rate
on the HSQC spectrum

We also simulated the effects of errors at different rates in
the DNA templates on the heights of the cross peaks,
observed in the 'N-"’N-HSQC spectrum. When a point
mutation is introduced into a protein, the chemical shifts
of the peaks of amino acid residues near the mutated one
may change, while the chemical shifts of the other peaks
would be the same as those of the wild-type protein in
most cases. Therefore, in the HSQC spectrum for the
ensemble of a random point mutant protein pool, the
shifted peaks of each mutant would be too small to detect,

an error-free vector template (a), and linear templates with error rates
0f 9.2 x 107* (b) and 3.9 x 107> (c¢). The units of the error rates are
mutation/bp. Proteins before cleavage by TEV (lanes 1, 4 and 7),
supernatant after cleavage by TEV (lanes 2, 5 and 8) and precipitate after
cleavage (lanes 3, 6 and 9). Arrows represent the positions of the NHis-
tagged Ras protein (24.5 kDa), the Ras protein with the tag removed
(20.5 kDa), and the NHis tag (4 kDa)

because the cross-peak shifts are different among the
mutants, and the other peaks remain at the same positions.
As a consequence, the same HSQC spectrum as that of
the wild-type protein is observed with somewhat weaker
intensities, even for the mutant protein pool prepared
from DNA templates with an increased error rate. We
have roughly simulated the relative peak height (H) of the
peaks observed at positions for the wild-type protein in
the 'N-'>N-HSQC spectra for given error rates on tem-
plates (E), which corresponded to the spectra in Fig. 7a.
As a result, the relative heights (H) were 93% and 71%
for E=92x 107* (0.6 nucleotide mutation/molecule)
and 3.9 x 1073 (2.5 nucleotide mutation/molecule),
respectively (Supplemental Table 3). An HSQC spectrum,
with a pattern that is almost the same as that of the wild-
type protein was predicted to be observed, even for the
increased error rate (2.5 nucleotide mutation/molecule).
These simulation results agree with the experimental
results in Fig. 7a.
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High-fidelity and fast two-step PCR

In order to reduce the error rate of the two-step PCR, we
developed the ‘HF’ conditions of the two-step PCR, using a
high-fidelity and fast-processing PCR enzyme, iProof DNA
polymerase. In addition to the use of the high fidelity
polymerase, the purified cDNA vector, instead of the cul-
ture, was used as the template in the first PCR, and the
number of PCR cycles was reduced. The iProof polymerase
has more than 17-times higher fidelity than the Expand-
Hi-Fi enzyme mix, based on their characteristics value
listed in their catalogs. For NHis-Ras, the total error rate in
the two-step PCR product prepared under the HF condi-
tions was 3.0 x 107* (0.2 mutation/molecule), which
was 40% of that of the ‘Std’ condition, 7.6 x 10~* 0.5
mutation/molecule). In more detail, the error rates in the
fragments (T7P and T7T fragments, 409 bp), the unique
primers (FW and RV primers for the first PCR, 71 bp) and
the target domain regions (476 bp) were 5.3 x 107%,
9.6 x 1074, and 0 (no mutation in 41,888-bp total read, or
<24 x 1075), respectively, under the ‘HF’ conditions,
and 1.0 x 1073, 1.3 x 1073 and 4.8 x 1074, respectively,
under the ‘Std’ conditions. The relatively high error rates
within the primers are due to errors in the chemical syn-
thesis, but not in the PCR amplification, indicating that the
use of higher quality primers may lower the error rates in
these regions. It is notable that the error rate in the target
region under the ‘HF’ conditions was reduced to one-tenth
or less of that of in the ‘Std’ conditions. This indicates that
the total mutation content under the ‘HF’ conditions would
remain low, regardless of the length of the target region.
For example, the total mutant contents of a 1000-residue
target protein were estimated to be 0.3 and 1.9 mutations
per molecule under the ‘HF’ and ‘Std” PCR conditions,
respectively. It should be emphasized that the error rate in
the linear template DNA prepared by two-step PCR under
the ‘HF’ conditions is low enough to synthesize a 1000
amino acid residue protein in cell-free protein synthesis.
The errors in the target regions could be further reduced by
optimizing the preparation protocol. Another feature of the
iProof polymerase is its high processing speed. The time
required for the two-step PCR under the ‘HF’ conditions
was about 2 h, which is about one-third of that under the
‘Std’ conditions. This feature would improve the through-
put of processing with a number of samples.

Discussion
We have developed a robust two-step PCR method for
generating linear templates, which can express the target

regions of coding sequences with N- and C-terminal tags,
for cell-free protein synthesis. This method is applicable to
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targets with various GC contents (37-75%) or GC contents
with a 150-bp window scan (45-84%) and with different
tags, by few modifications of the PCR conditions. The
main feature of the two-step PCR is (1) its simple protocol
and (2) its high tolerance to fluctuations in experimental
conditions and concentrations of materials. These features
are essential for automation, in order to process many
samples in parallel.

It is important to pay attention to the error rate of the
two-step PCR. In the ‘Std’ PCR condition, the mutation
content per molecule of the synthesized protein was at most
0.5 for a 200-residue protein and would be 1.9 for a 1000-
residue protein, as estimated from the error rates of the
two-step PCR product. The mutation was randomly
incorporated into each molecule. Therefore, this mutant
content did not disturb our HSQC protein-folding assay,
which was experimentally determined and was also con-
firmed by the simulation. The mutation content could be
reduced by a high-fidelity DNA polymerase. In the ‘HF’
PCR conditions, the mutation content was 0.2 for a 200-
residue protein and would be 0.3 for a 1000-residue pro-
tein. This mutation content would not disturb most
biochemical assays. However, for experiments that may
require even higher homogeneity, e.g., for crystallization of
proteins and single molecule assays, it may be necessary to
incorporate the linear template into a vector, and after the
sequence is confirmed, the vector may be used as the
template for (cell-free) protein synthesis. Even in these
cases, the two-step PCR is valuable for preliminary
screening, especially for a large number of constructs.

By combining two-step PCR and cell-free protein syn-
thesis, robust high-throughput protein synthesis using a
robotic system for practical use can be achieved. We
employed this system to select suitable protein samples for
structural analysis by NMR in a project of the RIKEN
Structural Genomics/Proteomics Initiative (RSGI), and
generated more than 200,000 constructs for comprehensive
screening of targets. The system can also be applied to
functional analysis.

Another feature of the two-step PCR is its extensibility
of construction. Tags can be replaced by simply switching
fragments at the second PCR step; therefore, it is easy to
screen suitable tags for the target and its application.
Fragments with SBP or epitope tags, e.g., FLAG, Myc, or
hemagglutinin (HA), may be useful for protein stabilization
onto surfaces for binding assays by surface plasmon reso-
nance, protein arrays [26] or bead displays [27], and could
be used for producing a detection probe with antibodies.
Fragments with the green fluorescent protein (GFP) will be
useful as direct fluorescence detection probes or for solu-
bility screening [28]. If mutagenic PCR [22] is performed
during the first PCR step, then an expression template
suitable for selection experiments may be obtained by the
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two-step PCR. Moreover, this method may be applicable to
produce expression templates for other systems than the
E. coli cell-free systems, by simply changing the expres-
sion regulation elements in the fragments, e.g., the
promoter, the ribosome binding site and the enhancer, to
the appropriate sequences.

Applications of the two-step PCR are not restricted to
the construction of protein expression constructs. Eventu-
ally, this method can robustly concatenate a dsDNA
fragment and two other dsDNA fragments, and thus the
two-step PCR method may serve as a useful DNA con-
struction tool for many purposes.
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