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Low-cost, high-throughput gene synthesis and precise 
control of protein expression are of critical importance to 
synthetic biology and biotechnology1–3. Here we describe 
the development of an on-chip gene synthesis technology, 
which integrates on a single microchip the synthesis of 
DNA oligonucleotides using inkjet printing, isothermal 
oligonucleotide amplification and parallel gene assembly. 
Use of a mismatch-specific endonuclease for error 
correction results in an error rate of ~0.19 errors per kb. 
We applied this approach to synthesize pools of thousands 
of codon-usage variants of lacZa and 74 challenging 
Drosophila protein antigens, which were then screened for 
expression in Escherichia coli. In one round of synthesis and 
screening, we obtained DNA sequences that were expressed 
at a wide range of levels, from zero to almost 60% of the 
total cell protein mass. This technology may facilitate 
systematic investigation of the molecular mechanisms 
of protein translation and the design, construction and 
evolution of macromolecular machines, metabolic networks 
and synthetic cells.

A number of regulatory elements, such as promoters4,5 and ribos-
omal binding sites6,7, have been used to modulate protein expression. 
However, if the protein-coding DNA sequence itself is poorly trans-
latable in a given host, modifying these elements may have a limited 
effect. This suggests that recoding the sequence with synonymous 
codons may be required. Moreover, it has not yet been possible to 
determine the full expression potential of a given protein in a given 
host or to use computer algorithms to reliably modify the coding 
sequence to achieve desired levels of protein expression3,8. Existing 
methods of optimizing codon usage for protein production in a hetero-
logous host are slow, costly and unreliable. This problem has become a 
bottleneck for biomedical research and pharmaceutical development 
and, if not addressed, could hamper efforts to design and construct 
synthetic biological systems9–15. A key technical barrier to optimiz-
ing codon usage is the inability to synthesize genes at sufficiently low 
cost and high throughput. Such a capability would enable many gene 
and genome variants to be synthesized to explore the vast protein 
coding space3.

High-throughput gene synthesis technology has been driven by 
recent advances in DNA microarrays that can produce pools of up to a 
million oligonucleotides for gene assembly1,16–19, albeit in minute quan-
tities (~105–106 molecules per sequence). The presence of too many 
oligo sequences in a pool makes it difficult to effectively use the entire 
oligo pool for gene assembly, as similar sequences can cross-hybridize.  
Practical solutions include more efficient assembly strategies19,20, 
selective amplification of oligos20 or, as we do here, physical division 
of the oligo pool.

To effectively use all the oligos synthesized on a microarray, we 
divided the whole microarray into subarrays, each containing only 
the oligos that are needed to assemble a longer DNA molecule of 
about 0.5–1 kb in total length. Subarrays are physically isolated from 
the rest of the chip by being located in individual wells, eliminating 
the need for post-synthesis partitioning of the oligo pool. Oligos are 
synthesized on an embossed plastic microchip using a custom-made 
inkjet DNA microchip synthesizer21. The printing area in each sub-
array was patterned with 150-µm spots of silica thin film to reduce 
‘edge-effects’, which could lead to poor oligo synthesis22. Our design 
allowed a standard 1′′ × 3′′ chip surface to be divided into as many 
as 30 subarrays, each containing 361 silica spots for synthesizing a 
unique DNA oligonucleotide sequence. With the setup used in this 
study, 10,830 different 85-mer oligo sequences could be synthesized 
on a single chip, providing a capacity to produce up to ~30 kb of 
assembled DNA.

We next sought to achieve additional increases in throughput by 
integrating oligo synthesis with amplification and gene assembly on 
the same chip. In previous work, chemical methods, such as NH4OH 
treatment, have been used to cleave oligos from the chip for subse-
quent off-chip gene assembly reactions16. Progress toward automating 
and miniaturizing the subsequent gene assembly reactions has been 
reported using microfluidics, resulting in reduced costs and reagent 
consumption23. Here we first use isothermal nicking and a strand dis-
placement amplification reaction (nSDA) to amplify oligos from the 
microarray surface, followed by polymerase cycling assembly (PCA) 
reaction in the same chamber (Fig. 1). Briefly, 60-mer gene construc-
tion oligo sequences are synthesized with a 25-mer universal adaptor 
added at the 3′ end, which is anchored on the chip surface. This adap-
tor contains a nicking endonuclease recognition site (Supplementary  
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Sequences). After array synthesis, a universal primer (Supplementary 
Sequences) hybridizes to the adaptor and initiates continuous elonga-
tion and nicking on the extending strand. This is catalyzed by a com-
bination of a strand-displacing polymerase (e.g., Bst large fragment) 
and a nicking endonuclease (e.g., Nt.BstNBI). The amplification is 
linear so as to keep the ratios constant among amplified oligos. The 
extent of the amplification is adjusted by controlling the reaction time. 
We estimate that a ~2 h reaction time results in an approximately 
fourfold amplification.

To avoid complex microfluidic manipulations that would otherwise 
be required to collect and purify the amplified oligos for downstream 
gene assembly reactions, we designed the gene-assembly reaction 
cocktail to allow the PCA reaction to take place immediately after 
nSDA without a buffer change. After appropriate concentrations of 
the amplified oligos were accumulated by nSDA, the reaction mode 
is switched from isothermal amplification to thermal cycling, which 
results in assembly of the amplified oligos into gene fragments in 
the same reaction chamber. The gene products are further amplified 
off-chip by PCR (Supplementary Fig. 1). The size range of the com-
bined nSDA-PCA reaction products is currently set at 0.5–1 kb for 
overall throughput and assembly efficiency considerations. Longer 
sequences can be hierarchically assembled from these 0.5–1 kb  
building blocks.

To reduce gene synthesis errors, we developed a simple yet effective 
error-correction method using the plant CEL family of mismatch-
 specific endonucleases, which have been shown to recognize and 
cleave all types of mismatches arising from base substitutions or from 
small insertions or deletions. A commercial source of a subtype of 
the CEL enzymes was the Surveyor nuclease, which has been used 
primarily for mutation detection24. To use it for error correction, 
we first denature by heat and reanneal the synthetic genes, and then 
treat them with Surveyor nuclease to cleave error-containing hetero-
duplexes at the mismatch sites. The error-free DNA duplexes remain 
intact and are amplified by overlap-extension PCR.

To test the effectiveness of this approach, we cloned chip-
 synthesized genes encoding RFP into an expression vector with and 
without Surveyor nuclease treatment. We performed sequencing and 
automated fluorescent colony-counting experiments to determine 

and compare error frequencies. By Sanger sequencing 470 randomly 
selected clones, we observed error frequencies of 1/526 bp (or ~1.9 
errors per kb) and 1/5,392 bp (or ~0.19 errors per kb) before and after 
Surveyor nuclease treatment, respectively (Supplementary Table 1). 
Automated counting of thousands of colonies showed that ~50% and 
84% of the RFP colonies were fluorescent in untreated and Surveyor 
nuclease–treated populations (Supplementary Fig. 2a). The results of 
the sequencing and the colony counting experiments correlated well 
according to statistical analysis (Supplementary Fig. 2b). Another 
study published while this manuscript was being revised reported 
comparable error frequencies using the commercial ErrASE kit20.

To apply high-throughput gene synthesis to optimize protein 
expression, we studied the distribution of protein expression levels 
of a large number of synthetic genes that all encode the same pro-
tein, called ‘codon variants’. LacZα was used as an example in this 
study. Expression of lacZα makes the host E. coli cells turn blue in 
the presence of isopropyl-β-d-thiogalactopyranoside (IPTG). First, 
we designed synthetic codon variants using an unbiased codon usage 
table, in which codons representing an amino acid were used with 
equal frequency (Supplementary Sequences). Then, we constructed 
a library of lacZα codon variants and transformed the variants into 
E. coli competent cells. We plated a small fraction of the library on 
solid agar and measured the blue color intensity of the individual 
colonies in real time by automated image analysis. Clones represent-
ing a full spectrum of protein translation levels could be readily iden-
tified with fine shades of differences in protein expression (Fig. 2a). 
Notably, we observed a bell-shaped distribution of the maximum pro-
tein expression levels of random codon variants growing on the plate 
(Fig. 2b). Approximately one-third of the variants showed higher 
expression levels than wild-type lacZα. The expression level of the 
wild-type gene was slightly above the median level of all the clones 
with measurable expressions. Although understanding the causes and 
implications of this distribution requires further study, the distribu-
tion allowed us to estimate the translational potential of the lacZα 
gene in E. coli, which is indicated by the upper boundary in the quan-
tile box plot (Fig. 2b). These observations suggest the feasibility of 
an experimental approach to reliably obtain gene sequences with the 
desired protein expression levels in a given expression system.

Oligo synthesis In situ amplification Gene assembly

Figure 1 The integrated on-chip oligo array synthesis, amplification 
and gene assembly process. Small pools of oligos are synthesized in 
separate chambers on a plastic DNA microchip using an inkjet DNA 
microarray synthesizer. The chambers are then filled with a combined 
amplification and assembly reaction mixture and sealed. In a nicking and 
strand displacement amplification reaction, a DNA polymerase (Bst large 
fragment, shown in yellow) extends and displaces the proceeding strand 
while a nicking endonuclease (Nt.BstNBI, shown in teal) separates the 
construction oligos from the universal primer (in red) and generates new 
3′-ends for extension. After amplification, the free oligos in each chamber 
are assembled into gene products by polymerase chain assembly.
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Figure 2 Expression of synthetic lacZα codon variants in E. coli. (a) A set 
of 1,296 E. coli colonies expressing distinct lacZα codon variants sorted 
by color intensity. Raw images were acquired by scanning an agar plate on 
the scanning window of a HP Photosmart C7180 Flatbed Scanner. (b) Bar 
graph and box plot showing distribution of color intensities of a different 
set of 1,468 random colonies expressing distinct lacZα codon variants 
on an agar plate. Owing to the large size of the synthetic codon variant 
library, the chance of having identical clones on a plate was extremely 
low, as confirmed by sequencing several hundred blue colonies (data not 
shown). In the box plot, the expression level of the WT lacZα is marked 
with a dash line. 
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Next we describe the successful development of such an optimiza-
tion approach in E. coli, which has been a workhorse for expressing a 
variety of proteins for research and industrial applications. To allow 
direct measurement of protein expression levels, we tag each target 
gene with a GFP reporter gene. Proteins expressed at higher levels 
will result in colonies with brighter fluorescence.

We applied this strategy to optimize the expression of 74 Drosophila 
transcription factor protein domains to be used for generating 
antibodies for the ENCODE (ENCyclopedia Of DNA Elements) 
Project25. We first tested the approach on 15 candidates that were 
not expressed in E. coli (N.N. & K.P.W., unpublished data). Libraries 
of synthetic codon variants were designed based on an E. coli codon-
usage table26 (Supplementary Sequences) and constructed using 
our on-chip gene synthesis technology (Supplementary Fig. 3).  
The enzymatic error correction procedure was not performed here 
because heteroduplexes might form between closely related codon 
variants. The synthetic genes were fused to the N terminus of GFP 
and cloned into the pAcGFP expression vector using the sequence-
 independent circular polymerase extension cloning method (CPEC)27. 
E. coli cells were transformed by the plasmid libraries and cultured 
on agar plates. GFP fluorescence from all colonies was monitored 
continuously and a small number of highly fluorescent colonies were 
selected from each pool for sequencing. All colonies contained plas-
mids with different codon usages throughout the sequence of the 
candidate proteins.

The sequence-confirmed, highly fluorescent colonies were cultured  
individually in liquid media and the expression of the protein domains 
was measured by running the total protein extracts on polyacrylamide 
gels. High-expression clones were identified for all 15 candidates using 
this strategy (Fig. 3 and Supplementary Sequences). In comparison, 
the wild-type controls cloned into the same vector and cultured under 
the same conditions showed undetectable protein expression. This 
result indicates that this method has the capability to reliably increase 
protein expression from an undetectable level to as high as represent-
ing ~50–60% of the total cell protein mass.

Encouraged by the high success rate, we performed the same 
experimental codon optimization procedure for the remaining  
59 proteins. Sequencing and protein gel results confirmed that we were 
able to predictably obtain high-expression clones for all candidates 
tested (Supplementary Figs. 3 and 4a). Wild-type and optimized 
gene fragment sequences are listed in Supplementary Sequences. 
Calculation of codon adaptation index (CAI)28, which measures 
synonymous codon usage bias, for each sequence indicates that the 
average index of the selected, highly expressed synthetic sequences 
is slightly higher (0.756 ± 0.041) than that of the nonexpressing wild-
type sequences (0.663 ± 0.047) (Supplementary Tables 2 and 3), 
suggesting a certain degree of correlation between CAI and protein 
expression level. The highly expressed transcription factor moiety 
could be freed from the GFP fusion partner by in vivo cleavage with 
a co-expressed TVMV protease and purified with an Ni-IDA column 
(Supplementary Fig. 4b). Removing the GFP fusion partner is desir-
able for obtaining unique and pure antigen proteins.

The integration of oligo synthesis and gene assembly on the same 
microchip facilitates automation and miniaturization, which leads 
to cost reduction and increases in throughput. On our current chip, 
each of the 30 chambers was used to synthesize one gene fragment up 
to 1 kb in length with a 9× redundancy in oligo usage (9 spots in one 
subarray were used to synthesize each oligo sequence). The estimated 
cost of chip-oligonucleotide synthesis for this ~30 kb of sequence was 
<$0.001/bp of final synthesized sequences (Supplementary Note), 
which is one-tenth of the lowest reported cost20. Including enzymatic 

processing and error correction, the average cost of integrated gene 
synthesis on a chip is <$0.005/bp of final synthesized gene sequences 
(Supplementary Note) with an error frequency of <0.2 error/kb. With 
multiplexing and more advanced chip design, greater throughput and 
lower costs are potentially achievable.

Protein expression optimization using high-throughput gene 
synthesis and screening demonstrates a number of advantages over 
other codon optimization methods, such as testing one design at a 
time based on unproven design rules. First, our results indicate that 
a synthetic gene sequence with a desired protein expression level 
can be selected through one round of synthesis and screening with 
high confidence. To efficiently identify high-expression clones for 
a target protein in E. coli, we find that for most of our target gene 
libraries, screening 1,000–1,500 synthetic codon variants for a target 
protein seems to be sufficient. The capability to achieve not only 
the maximum but also intermediate levels of protein expression 
will be valuable for future synthetic biology applications. Second, 
the screening-based method does not rely on knowing all the rules 
of codon usage, which are still not completely known. Incomplete 
knowledge often leads to wrong predictions using other methods. 
Third, the screening-based method is faster and cheaper and can 
be performed on a large scale with high-throughput gene synthesis 
technology. Unpredictability and repeated trial and error using other 
methods often leads to substantially increased costs, longer produc-
tion times and lower throughput. Combining high-throughput on-
chip gene synthesis and screening may pave the way for systematic 
investigation of the molecular mechanisms of protein translation.

MeTHoDs
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/reprints/index.html.

Note: Supplementary information is available on the Nature Biotechnology website.
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Figure 3 Optimization of protein expression. Seventy-four Drosophila 
transcription factor gene fragments were optimized for production in E. coli 
by synthesizing ~1,000–1,500 codon variants of each, cloning them in 
frame with GFP and screening for the colonies with the highest fluorescence. 
Data for 15 proteins shown here (see supplementary Fig. 4 for remaining 59).  
Each pair of lanes shows total cell protein extract of E. coli expressing 
the wild-type (left lane, WT) and optimized (right lane, Op) clones. The 
broad bands marked by an arrow represent highly expressed transcription 
factor–GFP fusion proteins. There was no detectable expression of wild-type 
transcription factor–GFP fusion proteins as shown in the wild-type lanes. 
Equal amounts of the total cell protein extracts were separated on NuPage 
4–12% gradient gels and stained with EZBlue Gel Staining Reagent.  
M lanes are Novex Prestained protein standards (Invitrogen).
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oNLINe MeTHoDs
Oligonucleotide synthesis. Chip oligos were synthesized using a custom-
made inkjet DNA microarray synthesizer on embossed cyclic olefin copolymer 
(COC) chips21. Gene construction oligos were designed to be 48 or 60 bases 
long with a 25-base adaptor at the 3′end, which provided a nicking site and 
anchored the oligo to the chip surface. All oligo sequences used in this study 
are listed in Supplementary Sequences. In the current designs, COC slides 
were prepatterned to form 8 or 30 subarrays of silica thin-film spots 150 µm in 
diameter and 300 µm in interfeature spacing (center to center). Each chamber 
in the 30-chamber design could print 361 spots and was used to synthesize 
only one gene or gene library up to 0.5–1 kb in length. Multiple spots were 
used to synthesize one oligo sequence.

Combined nSDA-PCA reaction for on-chip oligo amplification and gene 
assembly. The chambers on the printed COC slides were filled with the nSDA-
PCA reaction cocktail containing 0.4 mM dNTP, 0.2 mg/ml BSA, Nt.BstNBI, 
Bst large fragment and Phusion polymerase in optimized Thermopol II 
buffer. The slides with sealed chambers were placed on the slide adaptor of 
a Mastercycler Gradient thermocycler (Eppendorf) to carry out combined 
nSDA-PCA reactions. nSDA involved incubation at 50 °C for 2 h followed by 
80 °C for 20 min; the subsequent PCA reaction involved an initial denatura-
tion at 98 °C for 30 s, followed by 40 cycles of denaturation at 98 °C for 7 s, 
annealing at 60 °C for 60 s and elongation at 72 °C for 15 s/kb, and finished 
with an extended elongation step at 72 °C for 5 min.

After the nSDA-PCA reaction, 1–2 µl of the reaction from each chamber 
was used for PCR amplification with Phusion polymerase. The PCR reaction 
involved an initial denaturation at 98 °C for 30 s, followed by 30 cycles of 
denaturation at 98 °C for 10 s, annealing at 60 °C for 60 s and elongation at  
72 °C for 15 s/kb, and finished with a final elongation at 72 °C for 5 min.

Enzymatic error correction. Chip-synthesized genes diluted in 1× Taq buffer 
were denatured and reannealed by incubating at 95 °C for 2 min before cooling 
down first to 85 °C at a rate of 2 °C per second and then to 25 °C at 0.1 °C per  
second. The reaction (4 µl) was mixed with 1 µl of the Surveyor nuclease 
reagents (Transgenomic) and incubated at 42 °C for 20 min. The product  
(2 µl) was PCR amplified, cloned and sequenced.

Image analysis of E. coli colonies. We spread 150-mm LB agar plates 
evenly with transformed E. coli cells and incubated overnight at 37 °C. Raw 
images were acquired by scanning the plates with a computer-controlled HP 
Photosmart C7180 Flatbed Scanner. Bacterial colonies were then identified 
as a set of objects ranging from 2 to 30 pixels in diameter on scanned images. 
An automatic thresholding method using a mixture of Gaussians was used to 
identify local maxima29. The images were converted to grayscale and pixel 
intensities were inverted. From the set of pixels located in each colony, ten 
pixels with the maximum intensities were selected and averaged to give an 
estimate of colony color intensity.

Plasmid library construction using CPEC method. The commercial vector  
pAcGFP1 was modified by inserting a His6-tag immediately after the start 

codon and a TVMV cleavage site (ETVRFQS) in front of the GFP gene. 
The modified vector was linearized by PCR to add overlapping end sequences 
with the insert. Transcription factor open reading frames were cloned into the 
 vector using the CPEC cloning method27,30. Briefly, 250 ng of the linear vector 
was mixed with inserts at 1:2 molar ratio in a 25 µl CPEC reaction using Phusion 
polymerase. The reaction involved ten cycles of denaturation at 98 °C for 10 s,  
annealing at 55 °C for 30 s and extension at 72 °C for 15 s, and finished with 
an extended elongation step at 72 °C for 5 min. We used 4 µl of the cloning 
product for direct transformation of E. coli.

Protein expression screen. E. coli libraries of codon variants were cultured on 
LB agar plates containing 100 µg/ml carbenicillin. On each plate with 1,000–
1,500 colonies, 1–10 colonies with the highest GFP signals were selected and 
cultured overnight in Luria Broth at 37 °C with shaking. The saturated culture 
was diluted 1:50 in the same media and grown at 37 °C until mid-log phase 
(A600 = 0.5), when the temperature was shifted to 30 °C and 1 mM final con-
centration of IPTG was added. After another 4 h, 10 ml of each culture was 
centrifuged and the cell pellet was resuspended in 1× NuPAGE LDS Sample 
Buffer (Invitrogen). After the samples were heated at 90 °C for 5 min and 
centrifuged at 14,000g for 10 min, aliquots of the supernatant were analyzed 
by SDS-PAGE using a NuPage 4–12% gradient gel (Invitrogen) and stained 
with EZBlue Gel Staining Reagent (Sigma).

Cleavage and purification of transcription factor–GFP fusion proteins. For 
intracellular processing of transcription factor–GFP fusion proteins, E. coli 
cells co-transformed with a optimized transcription factor–GFP plasmid 
and the pRK1037 vector containing the TVMV protease gene were grown in  
2 ml of Luria Broth with 100 µg/ml carbenicillin and 30 µg/ml kanamycin at  
37 °C overnight. The saturated culture (1 ml) was added into 500 ml of the 
same medium and grown at 37 °C to mid-log phase (A600 = 0.5), when the 
temperature was shifted to 30 °C and IPTG was added to a final concentration 
of 1 mM. After another 4 h, the cells were harvested by centrifugation.

To purify His6-tagged transcription factor proteins, the cell paste was resus-
pended in 1×LEW Buffer (USB) and lysed by mixing with 1 mg/ml lysozyme 
for 30 min followed by sonication. The cell lysate was centrifuged at 10,000g for 
30 min at 4 °C to pellet the insoluble material. The supernatant was transferred 
to a clean tube for loading on PrepEase Ni-IDA column (USB) under native 
condition. The insoluble material was resuspended in 1× LEW buffer and 
centrifuged at 10,000g for 30 min at 4 °C. The cell pellet was then resuspended 
in 1× LEW denaturing buffer (USB) and kept on ice for 1 h with occasional 
stirring to dissolve the inclusion bodies. The suspension was then centrifuged 
at 10,000g for 30 min at 4 °C to remove any remaining insoluble material. The 
supernatant was transferred to a clean tube for loading on PrepEase Ni-IDA 
column (USB) under denaturing condition following kit instructions.

29. Lamprecht, M.R., Sabatini, D.M. & Carpenter, A.E. CellProfiler: free, versatile 
software for automated biological image analysis. Biotechniques 42, 71–75 
(2007).
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cloning of complex and combinatorial DNA libraries. Nat. Protoc. 6, 242–251 
(2011).
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