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ABSTRACT

Large-scale screening and high-throughput experimental data generation are es-
sential for advancing Al-driven biomolecular design. However, these processes
are economically unfeasible due to the high costs associated with synthesizing
gene-sized DNA sequences at scale. To address this challenge, we developed a
novel method for the high-throughput assembly of gene-sized DNA sequences,
starting from cost-effective chip-synthesized oligo-pools. In contrast to Poly-
merase Cycling Assembly (PCA) methods, we employed Golden Gate Assembly
(GGA) to facilitate the ligation of short DNA fragments. This approach enabled
us to successfully assemble high-quality DNA libraries containing up to 96 gene-
sized sequences (~600 bp) in a single-pot reaction, with convenient retrieval of
individual sequences. If numerous reactions are conducted in parallel—for exam-
ple, in a 96-well plate—we can readily assemble up to 9,216 (96 x 96) genes.
When combined with advances in automation technologies, this enables the effi-
cient and cost-effective synthesis of gene-sized DNA sequences at scale, thereby
accelerating the generation of experimental data for the biomolecular design com-
munity.

1 INTRODUCTION

In recent years, DNA synthesis technologies have played a pivotal role in advancing numerous re-
search areas, including Al-driven biomolecular design. For a given design task, typically only a
small number of candidate sequences with top benchmarking results are synthesized for experimen-
tal validation, significantly limiting the sequence space being explored. In this context, large-scale
screening and high-throughput experimental data generation are essential for advancing Al-driven
biomolecular design. However, their high cost associated with the large-scale synthesis of gene-
sized DNA sequences make these process economically unfeasible.

To synthesize a gene-sized DNA sequence, it is first split into short oligonucleotides with comple-
mentary sequences. These oligonucleotides are then separately synthesized in columns. After an-
nealing and gap filling by polymerases, the target sequence is assembled from these short oligonu-
cleotides and verified by clone sequencing. This process, termed Polymerase Cycling Assembly
(PCA), is the main practical option for making gene-sized DNA sequences (Hoose et al., 2023).

Therefore, the cost of DNA synthesis primarily comes from three aspects: oligos, assembly cost,
and error-free sequence retrieval by clone sequencing. Over the past two decades, substantial efforts
have been made to reduce the cost of DNA synthesis in these areas. For example, cost-effective
chip-synthesized oligo-pools have demonstrated their utility in replacing column-synthesized oligos
(Tian et al., [2004; Kosuri et al., 2010; |Quan et al., 2011} [Plesa et al., 2018} [Lund et al., [2024) ;
another approach is to assemble DNA sequences in a pool format rather than individually, thereby
reducing the average assembly cost (Klein et al., |2016; Moravec et al [2024); the application of
error correction enzymes and dial-out PCR after high-throughput sequencing have also decreased
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the error-rate, facilitating with clone sequencing (Kosuri et all, 2010} [Saaem et all, 2012} [Sequeiral
[2016). However, to the best of our knowledge, none of these methods produces large DNA
libraries long enough (> 500bp) while maintaining a high error-free ratio (> 50%). Furthermore, an
additional high-throughput sequencing step is generally required to retrieve an error-free sequence.

To address this challenge, we developed a novel method for assembling short oligo-pools into longer
DNA libraries. In contrast to Polymerase Cycling Assembly (PCA), we employed Golden Gate
Assembly (GGA) to precisely ligate short DNA fragments. Using this approach, We successfully
assembled a set of high-quality DNA libraries, containing up to 96 gene-sized sequences ( 600
bp), with more than 50% of products being error-free. Additionally, we have efficiently retrieved
all 96 error-free DNA sequences from the resulting DNA library by picking only 155 colonies for
Sanger sequencing. If numerous reactions are conducted in parallel—for example, in a 96-well
plate—we can readily assemble up to 9,216 (96 x 96) genes. When combined with advances in
automation technologies, this enables the efficient and cost-effective synthesis of gene-sized DNA
sequences at scale, thereby accelerating the generation of experimental data for the biomolecular
design community.

2 METHODS:

Golden Gate Assembly (GGA) leverages the unique properties of Type IIS restriction endonucleases,
such as Bsal and BsmBI, which cleave outside their recognition sequence, generating a user-defined
four-base overhang and leaving no scar after ligation (Figure 1A). Traditionally, Golden Gate As-
sembly (GGA) has been used to assemble multiple DNA fragments into a single linear construct,
with the order predetermined by complementary overhang pairs 2022). However, we
shifted this paradigm by enabling multiple pairwise ligation events in a single-pot reaction. In this
context, if the pairing between complementary overhangs is both unique and orthogonal(Potapov|
2018), then parallel pairwise ligation of fragments from multiple genes can be achieved with
equally high accuracy (Figure 1B).

Given the 256 possible four-base overhangs, ideal Watson-Crick base pairing allows for a maximum
of 128 pairs of short fragments to be ligated simultaneously via unique complementary overhangs.
However, considering the potential of mismatches and the convenience of downstream PCR retrieval
in 96-well plates, we adjusted our expectations. We expect to assemble up to 96 DNA sequences in
a single-pot reaction. Meanwhile, by introducing multiple Type IIS restriction enzymes or block-
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Figure 1: Schematic illustration of the assembly process and design of the oligo-pools. A, Com-
plementary overhangs exposed after Bsal digestion. B, Assembly of two short fragment pools into
a longer DNA library. We expect to assemble up to 96 pairs of short fragments simultaneously
through unique complementary overhangs pairs. C, Design strategy of the oligo-pools: Adapter, for
amplifying the oligo-pools; Subpool barcode, for extracting individual fragment subpools from the
oligo-pools; Sequence barcode, for retrieving each sequence from the assembled library.
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ing digestion through methylation, hierarchical assembly from 4, 8, or even more fragments can
be achieved, producing exceptionally long sequences. Moreover, all sequences can be retrieved
conveniently by PCR using 96 pairs of fixed sequence barcode primers (Figure 1C).

In practice, we designed the oligo-pools as illustrated in Figure 1C to evaluate the performance of
our method. These oligo-pools were subsequently purcahsed from Twist Bioscience.

3 RESULTS

3.1 HIGH-FIDELITY ASSEMBLY OF A 32-GENE LIBRARY (7600 BP EACH)

To validate the practicability of this method, we began by assembling a library of moderate complex-
ity, comprising 32 genes, each approximately 600 bp in length. These genes were bioinformatically
partitioned into four fragments, with careful attention to ensure that the usage of complementary
overhang pairs was unique at each assembly step, thereby eliminating the mispairing between frag-
ments.

Figure 2A outlines the steps of the assembly process. Initially, four fragment subpools were ex-
tracted from the oligo-pools using primers binding to respective subpool barcodes. Subsequently,
the purified subpools A and B, along with subpools C and D, underwent Bsal digestion and liga-
tion with T4 ligase. It is evident that two short fragment pools were assembled into a longer one.
Next, we amplified the longer fragments AB and CD through PCR for the next round of assembly.
Meanwhile, we also included two negative controls by amplifying the unassembled fragments under
the same conditions. In contrast, no bands appeared in the same location, suggesting that the bands
of AB and CD were indeed the successfully assembled products. After that, the purified AB and
CD fragments were subjected to BsmBI digestion and ligation again. Finally, the assembled DNA
library (ABCD) was amplified using the same principle.
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Figure 2: The assembly process and sequencing results of a target library Lib31 (32 genes, ~600bp
each). A, Gel image of the assembly process. B, Pacbio sequencing results of the assembly product.
C, Pacbio sequencing results of four retrieved genes. Number of colonies analyzed: Seq_1 = 1683,
Seq-2 = 277, Seq_3 = 401, Seq_4 = 338. D, Number of colonies picked for Sanger sequencing to
obtain an error-free DNA sequence.
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To assess the quality of our assembly, the assembled DNA library was cloned into the pUC19 vector,
transformed into E. coli Top10 cells, and the resulting colonies were analyzed using PacBio HiFi
sequencing. (Supplemental Figure_1)

An unprecedented 58.78% of the assembly products were error-free, with all 32 target sequences
represented. Additionally, 30.78% of the products carried small mismatches or indels, which are
likely introduced during oligo-pools synthesis or PCR by polymerase. Therefore, a total of 89.56%
of the products were correctly assembled. Only 10.45% of the products were chimeras resulting
from mismatch between overhangs (Figure 2B).

It is worth noting that these were the products after three ligation processes, so we can calculate the
rate of correct assembly—denoted as ‘p’—for a single ligation process using the equation below:

P = 0.8956

Thus, approximately 96.4% of the products after a single assembly were correctly ligated, which is
remarkably high and indicates the exceptional fidelity of our method.

Furthermore, we successfully retrieved all 32 target genes from the library using sequence barcode
primers through PCR. PacBio sequencing results revealed that more than half of the retrieval prod-
ucts for the first four genes were error-free (Figure 2C). Additionally, fewer than three colonies
were required to pick for Sanger sequencing to obtain an error-free assembly of each target gene
(Figure 2D). Overall, Only 48 colonies were sequenced to obtain error-free sequences for all 32
target genes.

3.2 ERROR-CORRECTION ENZYMES ENABLE THE ASSEMBLY OF UP TO 96 GENES

3.2.1 ASSEMBLY FIDELITY DECREASES WITH INCREASING COMPLEXITY

Next, we investigated the impact of DNA library complexity on assembly fidelity. 96 genes, each
600 bp in length, were partitioned into four fragments concurrently. These genes were then split into
three DNA libraries (Lib38, 39 and 40), each containing 32 genes. This allowed us to increase the
complexity by adding one additional library at a time.

We assembled these libraries with increasing complexity following the same protocol outlined ear-
lier. Table 1 shows the Sanger sequencing results of the assembly with increasing complexity. The
ratio of chimera increased slightly from 8.3% to 16.7% when assembling 64 genes, and then surged
to 43.8% when assembling 96 genes, indicating a higher incidence of mismatches between over-
hangs. In this case, error-free assembly products became increasingly rare.

Table 1: Sanger sequencing results for the assembly with rising complexity

Lib38 Lib38 and 39 | Lib38, 39 and 40
Complexity 32 genes 64 genes 96 genes
Error-free 13/24 (54.2%) | 11/24 (45.8%) 6/32 (18.8%)
Small_ mm_or_indel | 9/24 (37.5%) | 9/24 (37.5%) 12/32 (37.5%)
Chimera 2/24 8.3%) | 4/24 (16.7%) 14/32 (43.8%)

3.2.2 ERROR-CORRECTION ENZYMES ENHANCE FIDELITY AND DIMINISH POINT MUTATIONS
INTRODUCED DURING OLIGO SYNTHESIS

Given that the issue arises from the higher incidence of mismatches between overhangs, we aim to
address this by cleaving them with error-correction enzymes, such as Authenticase (NEB).

Authenticase is a mixture of nucleases that recognize and cleave mismatches and indels (Figure 3A).
If two short fragments are incorrectly ligated due to overhang mismatch, Authenticase will cleave
the chimeric product at the mismatch, preventing its amplification in the next round and thereby
eliminating chimeras. Additionally, Authenticase may help diminish point mutations introduced
during oligo-pools synthesis. Because there are more error-free fragments in the extracted subpools,
with an additional round of denaturation and reannealing, single strand with mutations are more
likely to pair with error-free ones, forming heteroduplex with mismatches or indels. Authenticase
will then cleave these heteroduplexes as well, further diminishing point mutations.
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Table 2 shows the Sanger sequencing results for the assembly of another DNA library (96 genes,
~600bp), either with or without Authenticase digestion. The results suggest that the ratio of chimera
in the assembly product significantly decreased from 37.5% to 13.6%, while the error-free ratio
increased from 41.6% to 63.6%. Furthermore, Figure 3B indicates that the majority of the ligation
products were digested by Authenticase, which would not be the case if only the chimeric products
were digested, strongly supporting our hypothesis. All the genes within this library have also been
retrieved conveniently.(Supplemental _Figure_2)

In this case, Authenticase maintained the similarly high proportion of error-free products, even while
assembling 96 genes.

Table 2: Sanger sequencing results for the assembly, either with or without Authenticase digestion

Lib08 without Authenticase digestion | Lib0O8 with Authenticase digestion
Complexity 96 genes 96 genes
Error-free 10/24 (41.6%) 14/22 (63.6%)
Small_mm_or_indel 5/24 (20.8%) 522 (22.7%)
Chimera 9/24 (37.5%) 3/22 (13.6%)

3.3 BLOCKING Bsal DIGESTION THROUGH METHYLATION MAY ENABLE MODULAR AND
HIERARCHICAL ASSEMBLY

We have achieved the two-step assembly of four fragments by alternatively using Bsal and BsmBI.
However, multi-step hierarchical assembly, for example, a three-step assembly of eight fragments,
would necessitate various Type IIS restriction enzymes, which would impose additional constraints
on the DNA fragments to be assembled, requiring the removal of multiple internal restriction sites.

To address this issue, we hypothesized that replacing the BsmBI recognition sites with methylated
Bsal recognition sites would protect the corresponding ends from digestion, thereby preventing these
overhangs from interfering with the ongoing assembly process at the other end.

To validate this hypothesis, we synthesized a DNA with similar structure to the B fragment, the
only difference being the replacement of BsmBI with Bsal (Figure 3C). We then amplified this
fragment using the 3’ primers, either containing a methylated Bsal recognition site or not. The
amplified product was subsequently subjected to overnight Bsal digestion. Afterward, we analyzed
the digestion products by capillary electrophoresis. The results clearly indicated that only the end
without methylation was digested, while the methylated end remained completely protected (Figure
3D).
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Figure 3: Error correction of the assembly products. A, Authenticase (NEB) cleaves double-stranded
DNA (dsDNA) carrying mismatches or indels. B, Capillary electrophoresis analysis of the heterodu-
plex A and B fragments. AB ligation product (AB_Lig), AB ligation product after Authenticase
digestion (AB_Lig_Auth) and PCR-amplified AB fragment (AB_Auth_PCR). C, Diagram of block-
ing Bsal digestion through methylation. D, Capillary electrophoresis analysis of the B_Control and
Uni_Methylated_B fragments before and after Bsal digestion.
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In this case, both the applicability and final length of the DNA library to be assembled using our
method are significantly extended.

4 DISSCUSSION:

The massive scalability and minimal per-sequence reagent consumption of chip-synthesized oligo-
pools have long made them a highly attractive route for reducing the cost of DNA synthesis. How-
ever, efficiently converting them into error-free, gene-sized DNA sequences remains challenging
due to their short length and high sequence complexity.

Selective separation of the oligo-pool into subpools is a cornerstone of the strategy(Kosuri et al.,
20105 |Quan et al., [2011])), as it reduces complexity and thereby enhances assembly success through
Polymerase Cycling Assembly (PCA). Building on this strategy, recent work (Lund et al., 2024) has
suggested that Golden Gate Assembly (GGA) can also be employed to assemble these separated
oligos as an alternative to the PCA approach. However, all of these studies were limited to assem-
bling only a single gene in each single-pot reaction, which incurred considerable assembly costs and
hindered scalability.

In this context, we shifted the paradigm of Golden Gate Assembly (GGA) from assembling a single
linear construct to enabling multiple pairwise ligation events within a single-pot reaction. By in-
troducing multiple Type IIS restriction enzymes or blocking digestion through methylation, we can
assemble exceptionally long DNA sequences from 4, 8, or even more fragments.

In this work, starting from 300 bp oligo-pools purchased from TWIST Bioscience, we successfully
assembled a set of high-quality DNA libraries containing up to 96 gene-sized sequences ( 600 bp),
with more than 50% of the products being error-free. By assembling DNA sequences in a pooled
format, we have significantly reduced the average assembly cost and thereby improved scalability.

Additionally, all sequences can be retrieved conveniently by PCR using 96 pairs of fixed sequence
barcode primers. We successfully retrieved all 96 error-free DNA sequences from an assembled
DNA library (Lib08 treated with Authenticase digestion) by picking only 155 colonies for Sanger
sequencing.

If numerous reactions are conducted in parallel—for example, in a 96-well plate—we can readily
assemble up to 9,216 (96 x 96) genes. When combined with advances in automation technologies,
this enables the efficient and cost-effective synthesis of gene-sized DNA sequences at scale, thereby
accelerating the generation of experimental data for the biomolecular design community.
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A  SUPPLEMENTAL MATERIAL

After amplification and purification, the assembled DNA libraries (ABCD) were used in three ways:
(1) digested with HindIII and EcoRI and ligated into the pUC19 vector for PacBio sequencing anal-
ysis, (2) used as a template for retrieving individual sequences from the library, and (3) digested
with Ndel and Xhol for experimental functional screening.

B STRATEGY FOR PACBIO SEQUENCING

The assembled DNA library was PCR-amplified using primers containing a 19-nt (15-nt for individ-
ual sequence retrieval ) fully degenerate unique molecular identifiers (UMI) to uniquely label each
template molecule. Amplicons were digested with HindIII and EcoRI (via primer-introduced sites)
and ligated into the pUC19 vector. The ligation products were transformed into in-house—prepared
chemically competent E. coli TOP10 cells and selected on carbenicillin LB plates, with each colony
carrying a uniquely UMI-tagged insert. Colonies were pooled for plasmid extraction, and the target
region was re-amplified for PacBio HiFi circular consensus sequencing. Colony numbers were con-
trolled to ensure each UMI was represented by > 3 reads. During data processing, only UMI groups
supported by > 3 reads were used for consensus generation, filtering out low-confidence sequences
and ensuring high-accuracy reconstruction of original molecules.

Forward primer with19 nt UMI Reverse primer
—p G——
Hind il [ ABCD assembled DNA library [

|

Hind 11l EcoR|

EcoR |

pUC19 vector

Supplemental _Figure_1: Strategy for PacBio sequencing. A 19-nt UMI uniquely labels each tem-
plate molecule, which is then ligated into the pUC19 vector. Clonal copies were generated using the
bacterial DNA replication machinery, and subsequently subjected to PacBio HiFi sequencing.

C INDIVIDUAL SEQUENCE RETRIEVAL FROM RESULTING DNA LIBRARY

Using equal amounts of the assembled DNA library (LibO8 treated with Authenticase digestion) as
the template, we successfully retrieved all 96 genes via PCR, employing 96 primer pairs targeting
their respective sequence barcodes. The results of these PCR reactions are shown in the Supplemen-
tal Figure below. Most amplicons were generated in a single PCR round. An additional round of
PCR with five extra cycles was performed only for Seq_34 and Seq_37 due to concerns about their
initially weak bands, which suggested low yield. In general, all PCR products displayed sharp and
clean bands.

All 96 PCR reactions were purified using magnetic beads. Following digestion with HindIII and
EcoRI, the products were ligated into the pUC19 vector, transformed into E. coli TOP10 cells and
selected on carbenicillin LB plates as well. Several colonies were picked for Sanger sequencing as
shown in Supplemental Figure D, while others were subjected to PacBio sequencing as described
above. In total, 155 colonies were picked for Sanger sequencing to retrieve all 96 error-free DNA
sequences. Notably, approximately 15% of the colonies carried empty vectors lacking inserts, likely
due to incomplete digestion of the pUC19 backbone. Therefore, in principle, fewer than 155 colonies
would have been sufficient to retrieve all 96 error-free sequences.
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Supplemental _Figure_2: Individual sequence retrieval from resulting DNA library. A, B, C, Gel
image of retrieval PCR products. D, Number of colonies pciked for Sanger sequencing to retrieve
all 96 error-free DNA sequences from the assembled DNA library (Lib08 treated with Authenticase
digestion).
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