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The widespread availability of peptides and oligonucleotides synthesized by solid-phase
methods has had a profound impact upon biology and medicine, with a myriad of important
uses in research, diagnostics, and therapeutics. A limitation of current technologies is the
relatively short length of the molecules that can be synthesized, as determined by the
stepwise reaction yield, and thus peptides and oligonucleotides are usually restricted to
lengths below approximately 50 amino acids or 100 nucleotides (nt), respectively. This
synthetic limitation has driven interest in the development of alternative approaches for the
production of full-length genes and proteins. The most common strategy has been to splice
together shorter segments into a full-length, functional assembly; for example, the
Staudinger ligation reaction permits full-length proteins to be constructed from a series of
peptides,[*] and full-length genes can be obtained from multiple short single strands in a
series of sequential ligation steps[?! or by polymerase cycling assembly (PCA).[3] However,
the assembly based strategies for gene synthesis reported to date remain laborious,
expensive, and time-consuming, and thus have not yet provided the level of accessibility
needed for widespread utility.

We present herein a strategy for the assembly of full-length RNA transcripts from DNA
array elements (Figure 1). In this approach, each element of the DNA array includes a T7
RNA polymerase promoter sequence at the 5” end. Transcription from these surface-bound
promoters yields many RNA copies of the oligonucleotide elements encoded in the array.
These amplified RNA molecules self-assemble to yield the desired full-length transcript.
The transcript, once synthesized, is readily copied by reverse transcription polymerase chain
reaction (RT-PCR) to yield the corresponding gene.

We designed an oligonucleotide array with the sequences necessary to produce a full-length
transcript for the fluorescent protein ZsGreenl. We chose ZsGreenl for a proof-of-principle
demonstration for several reasons: a) the protein is relatively small in size, consisting of 231
amino acids; b) it has been shown to fold correctly under in vitro translation conditions; and
c) it is fluorescent and thus its translation is easily monitored. A full-length RNA transcript,
comprising the 696 nt that encode ZsGreenl and an additional 10 nt corresponding to the
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Kozak consensus sequence (5'-GGT CGC CAC C-3’, added to the 5 end of the RNA
transcript to enhance eukaryotic in vitro translation efficiency[#l), was assembled from
RNAs produced from photolithographically fabricated oligonucleotide arrays. The 706 nt
RNA molecule was divided into 18 segment sequences ranging in length from 18 to 58 nt,
and 17 splints of 32 nt each (Supporting Information).

Figure 1 depicts the process of generating RNA sequences from a DNA microarray, and
their subsequent assembly and ligation to produce the desired full-length RNA molecule.
The process consists of six successive steps, as follows: a) design the oligonucleotide array;
b) fabricate the array; c) produce many RNA copies of each array element (“splints” and
“segments”, see Figure 1 and the text below) using T7 RNA polymerase; d) remove
pyrophosphate from 5" terminal triphosphates on the splints and segments with RNA 5’
pyrophosphohydrolase; e) allow self-assembly of the splints and segments into the desired
full-length construct by RNA:RNA hybridization; and f) seal the nicks with T4 RNA ligase
2. This final RNA product may then be converted into a DNA copy by reverse transcription,
whereupon it may be either cloned, or employed directly to produce more full-length RNAs
for in vitro translation or other purposes.

Oligonucleotide arrays were designed to encode “segment sequences”, which are the
sections of the desired full-length RNA transcript, and “splint sequences”, which are
complementary RNAs that serve as templates to direct the correct assembly of the RNA
segments (Figure 1A). Two parameters determined the choice of segment and splint
sequences. First, each segment had to be at least 30 nt in length, to provide at least two 15 nt
stretches of sequence for hybridization during assembly (the last segment however, is not
subject to this limitation, and was only 18 nt in length, Supporting Information). Second, it
was required that the 5” end of each RNA transcript corresponded to a GG dinucleotide,
based upon the higher efficiency of transcription exhibited by T7 RNA polymerase (T7
RNAP) when multiple guanine nucleotides are present at the 5" terminus of the transcript
being synthesized (see Figure 1A).[5] GGG trinucleotide sequences at the 5” terminus were
avoided however, as they have been shown to give rise to a ladder of poly G transcripts in
which the number of G residues can range from 1-3, attributed to “slippage” of the enzyme
during coupling of GTP.[¢]

These design criteria yielded 18 segment sequences to encompass the desired 706 nt
transcript. Each of the 17 splint sequences had a length of 32 nt, corresponding to two 15 nt
regions complementary to the segments that it was to join, and an additional 5" GG
dinucleotide to enhance transcription efficiency. Each surface-bound oligonucleotide also
included at the 3" end a ten base dT spacer sequence,[’] and the three base sequence CTG to
improve the hybridization stability of the T7 RNA polymerase complement (see below). The
overall design of the surface-bound oligonucleotides is illustrated in Figure 2, and thus
consists of five different sequences; a 3'-(dT)4q spacer, a CTG trinucleotide, the 17 mer T7
promoter sequence, a CC dinucleotide, and finally the desired segment or splint sequence.
To make the necessary double-stranded DNA T7 RNA polymerase promoter, the 22 nt
complementary strand (consisting of a 5"-CAG, the 17 nt T7 promoter complement, and two
3’ guanines) is included in the T7 RNA transcription reaction. The addition of RNA
polymerase results in the synthesis of multiple copies of each RNA segment from each
oligonucleotide sequence (Figure 1C).

The DNA arrays used in this case were synthesized in situ, in a base-by-base manner, using
maskless array synthesizer (MAS) technology.[8] The arrays were synthesized on either

glass or amorphous carbon substrates with similar results. Silanized glass substrates are the
industry standard for DNA microarrays, whereas we have found that DNA arrays fabricated
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on amorphous carbon substrates are more stable than their glass analogues to prolonged
incubations at elevated temperatures and repeated hybridization cycles.[°]

The fidelity of the oligonucleotide sequences on the microarray is of critical importance for
the correct assembly of a full-length RNA transcript. The light-directed synthesis methods
used in this work were thoroughly optimized to maximize sequence fidelity and to reduce
the number of errors that occur during array fabrication. Synthesis errors (which can result
in truncates, incorrect sequences, etc.) are not detrimental to hybridization-based assays, but
can have adverse consequences in the production of useful gene and protein products. The
Supporting Information contains the methods employed in the present work, and highlights
the differences from previously published methods.[80: 90]

Milligan et al. have shown that T7 RNA polymerase will produce RNAs from single-
stranded synthetic DNA templates having a duplex DNA promoter, producing hundreds to
thousands of RNA transcripts per template molecule.[> 101 This amplification capability is
central to the approach described herein, as the increased concentrations of segment and
splint strands drive the hybridization-based assembly process, obviating the need for further
PCR ar?pl]ification prior to the PCA employed in all other gene assembly strategies reported
to date.[11

The assembly of the RNA segment sequences into the full-length RNA transcript includes
ligation with T4 RNA ligase 2. However, the transcripts generated by T7 RNA polymerase
are triphosphorylated and therefore must be “trimmed” to their monophosphorylated
analogues before ligation. This trimming is accomplished by treatment of the transcript pool
with RNA 5’ pyrophosphohydrolase (Figure 1D), removing a pyrophosphate group from the
5" end of each RNA. The assembled RNA segments are then ligated with T4 RNA ligase 2
to produce the desired full-length transcript. The pyrophosphate removal and ligation steps
utilize a compatible buffer, which permits them to be performed successively, in a single
tube, without intervening buffer-exchange steps and thereby simplifies the overall assembly
process. T4 RNA ligase 2 with ATP is thus added directly into the RNA 5
pyrophosphohydrolase-treated reaction mixture, which contains the RNA segments and
splints from the oligonucleotide array. The RNA product was reverse transcribed and PCR
amplified using forward and reverse primers for the ZsGreenl gene. The reverse primer
included a sequence encoding six histidine residues to enable His-tag purification of the
protein product.[12]

The fidelity of the assembly process was monitored in four ways. First, the RT-PCR product
was analyzed by agarose gel electrophoresis. Figure 3A shows that a single DNA band of
the expected size (714 bp) is obtained. It is likely that a variety of incomplete products also
form during the assembly process, but as the RT-PCR step uses primers from the ends of the
desired final construct, such incomplete products are not amplified and therefore are not
visible on the gel. Second, the RT-PCR product was subjected to in vitro translation and the
resultant protein product was analyzed by reducing sodium dodecylsulfate polyacrylamide
gel electrophoresis (SDS-PAGE). Figure 3B shows that only a single band of the expected
molecular weight (26 950 daltons) is visible by Coomassie Blue staining. Third, the same
protein product was analyzed by nonreducing SDS-PAGE and detected by fluorescence
imaging. Figure 3C shows that only a single fluorescent protein is observed under these
nonreducing electrophoretic conditions. Finally, we cloned the PCR product directly
(without enzymatic error corrections), and subjected 51 randomly chosen colonies to Sanger
sequencing. 22 of the clone sequences were a perfect match to the desired target sequence;
in total 33711 bases of DNA sequence were obtained and 49 transitions, three transversions,
two deletions, and one insertion were identified (1.63 errors/kb; see Supporting
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Information). This high rate of generation of the correct gene sequence (22/51 ~ 40%) is
invaluable for practical applications of gene-synthesis technology.

Gene assembly from DNA arrays was first described in 2004,[112] and has since been the
subject of several other reports.[110.0-F. 13] |5 allure lies in the potential to make complete
genes as rapidly and inexpensively as single oligonucleotides are made today, enabled by
the ability of DNA arrays to easily provide many thousands of oligonucleotides for
assembly. However, gene assembly has remained a costly and laborious endeavor. Reasons
for this include: a) the oligonucleotides that are synthesized on DNA arrays must be cleaved
from the surface prior to use and are impure, containing many truncated or chemically
modified sequences and thus necessitating various labor- and time-intensive purification or
error correction procedures;[112.0.d-f, 1301 b only minute amounts of oligonucleotide are
made per array feature, necessitating complicated amplification strategies that include
adaptor ligation and several other steps;[112.0.d-f.13b] ¢) virtually all strategies reported to
date are based upon PCA,[11. 13 which although widely used, is complex, laborious, and
prone to error.[14]

Previous work on gene assembly from oligonucleotide arrays has employed the DNA
sequences themselves, rather than assembling RNA intermediates as in this work. The
generation of an RNA intermediate has several advantages: a) approximately 100 to 1000
copies of the RNA are produced by transcription from each DNA strand present on the
array;[10] this obviates the need for complex PCR-based oligonucleotide amplification[1°]
prior to gene assembly;[11¢.f] b) parallel gene assembly of the RNA segment and splint
sequences, directly from the oligonucleotide array, eliminates a number of laborious steps
(e.g., cleavage of the oligonucleotides from the array, amplification of the oligonucleotide
pool, and purification of the oligonucleotide pool); ¢) the sequencing results obtained in the
present study show that the full-length RNA transcripts produced have a high sequence
fidelity (i.e., a low number of incorrect sequences), whereas the individual oligonucleotides
produced during in situ syntheses may include a variety of defects owing to side reactions
and incomplete nucleotide-coupling reactions.[16] Sequence errors that are present on the
array are presumably copied into the RNA transcripts; however, these deleterious sequences
may be incorporated less often into the full-length RNA transcripts owing to the additional
sequence fidelity constraints innate to the hybridization/ligation assembly procedure; d) the
assembled product is an RNA transcript that is readily copied into DNA for cloning or for
production of more RNA copies by in vitro transcription. The RNA-mediated assembly
process described herein is also considerably simpler and more rapid than previously
described multi-step and multi-day strategies,[11&.f] involving only four successive
enzymatic procedures that are readily performed in a few hours (Supporting Information,
Table S1).

There are several interesting directions in which to pursue the present work. First, although
we provide here a proof-of-principle demonstration of the feasibility of RNA-mediated gene
assembly, it will be necessary to undertake the synthesis of many different genes to ascertain
what, if any, limitations exist with respect to the universality of the approach. To this end,
we have begun to improve and generalize the design principles employed, developing
algorithms to select segment and splint sequences that hybridize with similar
thermodynamic stabilities, avoiding the use of RNA sequences that fold into excessively
stable secondary structures,[17] and exploring the effects of relaxing the requirement of a 5’
terminal GG dinucleotide to a single G residue. Second, we need to explore the length limits
of the strategy and determine how long a gene construct it will be possible to assemble in a
robust manner. Third, it will be interesting to explore the ability to assemble multiple genes
in parallel, which may then them-selves be assembled into larger final constructs. For
example, it would be advantageous to be able to assemble ten constructs of 1 kb each and to
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then stitch them together into a final construct of 10 kb, perhaps using conventional
overlapping PCR. Even more ambitious goals are readily imagined, such as the assembly, in
a step-wise manner, of large gene clusters, chromosomes, or even genomes.

In summary, we have described a strategy for the RNA-mediated assembly of genes from
DNA arrays. Proof-of-principle was demonstrated in the assembly of a small gene encoding
the green fluorescent protein, ZsGreenl and its in vitro translation to yield a functional
protein. Sequence analysis of cloned constructs indicated a yield of correct constructs of
approximately 40%.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Illustration of the RNA-mediated gene assembly process. A) Design of segment (red) and
splint (blue) sequences to be employed. B) Segment (dark red) and splint (dark blue)
complement sequences as synthesized on the DNA array with the complement of the T7
RNAP promoter sequence (green) at their 3"-termini. C) Hybridization of an oligonucleotide
encoding the T7 RNAP promoter sequence yields the necessary double-stranded promoter,
and addition of RNA polymerase causes transcription to occur. D) RNA segments and
splints have their terminal triphosphate units trimmed to monophosphates, assembly occurs
by RNA:RNA hybridization, and nicks are sealed to yield the desired full-length RNA.
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3'-(dT)10-GTC-ATTATGCTGAGTGATAT-(segment/CC-splint complement)-5’
(T7 RNAP promoter complement)

T hybridization in RNA transcription reaction
5-CAG-TAATACGACTCACTATA-GG-3’
(T7 RNAP promoter in solution)

Figure2.
Design details of the surface-bound oligonucleotides, along with their complements from
solution.
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Figure3.

Gel electrophoresis of ZsGreenl gene and protein synthesized from the RNA assemblies. A)
Agarose gel electrophoresis of the product of RT-PCR amplification of the assembled
ZsGreenl transcript with a ZsGreenl forward primer and a His-tag-appended ZsGreenl
reverse primer, along with a 100 bp DNA ladder marker (left). The expected size is 714 bp.
No RT-PCR product was detected in control experiments without template. B)
Electrophoretic analysis in a reducing SDS polyacrylamide gel of the ZsGreenl protein
product obtained in an £. coli cell-free expression system from the gene shown in (A). The
expected size is 26.9 kDa. C) Electrophoretic analysis in a nonreducing SDS polyacrylamide
gel of the same protein product and standard marker set, as shown in (B). ZsGreenl exists
under nonreducing conditions as a tetramer of theoretical molecular weight 107.6 kDa. It
does not migrate true to the expected molecular weight under these nonreducing gel
conditions.
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