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(57) ABSTRACT

Methods and apparatus of some aspects of the invention relate
to the synthesis of high fidelity polynucleotides. In particular,
aspects of the invention relate to concurrent enzymatic
removal of amplification sequences and ligation of processed
oligonucleotides into nucleic acid assemblies. According to
some embodiments, the invention provides a method for pro-
ducing a target nucleic acid having a predefined sequence. In
some embodiments, the method comprises the step of provid-
ing a plurality of oligonucleotides, wherein each oligonucle-
otides comprises (i) an internal sequence identical to a differ-
ent portion of a sequence of a target nucleic acid, (ii) a 5'
sequence flanking the 5' end of the internal sequence and a 3'
flanking sequence flanking the 3' end of the internal sequence,
each of the flanking sequence comprising a primer recogni-
tion site for a primer pair and a restriction enzyme recognition
site.
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METHODS FOR NUCLEIC ACID ASSEMBLY
AND HIGH THROUGHPUT SEQUENCING

RELATED APPLICATIONS

[0001] This application claims the benefit of and priority to
U.S. Provisional Application No. 61/664,118, filed Jun. 25,
2012, and U.S. Provisional Application No. 61/731,627, filed
Now. 30, 2012, each of which is incorporated herein by ref-
erence in its entirety.

FIELD OF THE INVENTION

[0002] Methods and apparatuses provided herein relate to
the synthesis and assembly of high fidelity nucleic acids and
nucleic acid libraries having a predefined sequence. More
particularly, methods and apparatuses are provided for poly-
nucleotide synthesis, error reduction, and/or high throughput
sequence verification.

BACKGROUND

[0003] Using the techniques of recombinant DNA chemis-
try, it is now common for DNA sequences to bereplicated and
amplified from nature and then disassembled into component
parts. As component parts, the sequences are then recom-
bined or reassembled into new DNA sequences. However,
reliance on naturally available sequences significantly limits
the possibilities that may be explored by researchers. While it
is now possible for short DNA sequences to be directly syn-
thesized from individual nucleosides, it has been generally
impractical to directly construct large segments or assemblies
of polynucleotides, i.e., polynucleotide sequences longer
than about 400 base pairs.

[0004] Oligonucleotide synthesis can be performed
through massively parallel custom syntheses on microchips
(Zhou et al. (2004) Nucleic Acids Res. 32:5409; Fodor et al.
(1991) Science 251:767). However, current microchips have
very low surface areas and hence only small amounts of
oligonucleotides can be produced. When released into solu-
tion, the oligonucleotides are present at picomolar or lower
concentrations per sequence, concentrations that are insuffi-
ciently high to drive bimolecular priming reactions effi-
ciently. Current methods for assembling small numbers of
variant nucleic acids cannot be scaled up in a cost-effective
manner to generate large numbers of specified variants. As
such, a need remains for improved methods and devices for
high-fidelity gene assembly and the like.

[0005] Furthermore, oligonucleotides on microchips are
generally synthesized via chemical reactions. Spurious
chemical reactions cause random base errors in oligonucle-
otides. One of the critical limitations in chemical nucleic acid
synthesis is the error-rate. The error rate of chemically-syn-
thesized oligonucleotides (e.g. deletions at a rate of 1 in 100
bases and mismatches and insertions at about 1 in 400 bases)
exceeds the error rate obtainable through enzymatic means of
replicating an existing nucleic acid (e.g., PCR). Therefore,
there is an urgent need for new technology to produce high
yield high-fidelity polynucleotides in a cost efficient manner.

SUMMARY

[0006] Aspects of the invention relate to methods, systems
and compositions for preparing and/or assembling high fidel-
ity polymers. Also provided herein are devices and methods
for processing nucleic acid assembly reactions and assem-
bling nucleic acids. It is an object of this invention to provide
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practical, economical methods of synthesizing custom poly-
nucleotides. It is a further object to provide methods of pro-
ducing synthetic polynucleotides that have lower error rates
than synthetic polynucleotides made by methods known in
the art.

[0007] According to some embodiments, the invention pro-
vides a method for producing a target nucleic acid having a
predefined sequence. In some embodiments, the method
comprises the step of providing a plurality of oligonucle-
otides, wherein each oligonucleotides comprises (i) an inter-
nal sequence identical to a different portion of a sequence of
a target nucleic acid, (i) a 5' sequence flanking the 5' end of
the internal sequence and a 3' flanking sequence flanking the
3'end of the internal sequence, each of the flanking sequence
comprising a primer recognition site for a primer pair and a
restriction enzyme recognition site. The method further com-
prises, in some embodiments, amplifying at least a subset of
the oligonucleotides using the primer pair thereby generating
a plurality of amplified oligonucleotides. The plurality of
amplified oligonucleotides can then be exposed to a restric-
tion enzyme and ligase in a single pool, wherein the restric-
tion enzyme is capable of recognizing the restriction enzyme
recognition site, thereby generating the target nucleic acid.
[0008] In some embodiments, the method comprises sub-
jecting the assembled target nucleic acid to sequence verifi-
cation. In some embodiments, the amplified double stranded
oligonucleotides can comprise a sequence error or msimatch.
In some embodiments, the method comprises subjecting the
plurality of amplified oligonucleotides to error removal. In
some embodiments, the plurality of amplified oligonucle-
otides can be contacted with a mismatch binding agent. The
mismatch binding agent can selectively associate with the
double-stranded oligonucleotides comprising a mismatch,
resulting in a binding and cleaving action. In some embodi-
ments, the plurality of amplified oligonucleotides can be con-
tacted with a mismatch recognizing agent, for example, a
chemical such as lysine, piperidine or the like.

[0009] In some embodiments, the restriction enzyme and
the ligase are added to a single pool of amplified oligonucle-
otides under conditions suitable to promote digestion and
ligation thereby generating a mixture comprising the
assembled target nucleic acid sequences, and the flanking
regions. In some embodiments, each flanking region com-
prises a common primer recognition site. In some embodi-
ments, the restriction enzyme is a type IS restriction enzyme.
Digestion with the type IIS restriction enzyme can produce a
plurality of cohesive end double-stranded construction oligo-
nucleotides and the plurality of cohesive end double stranded
construction oligonucleotides can be ligated in a unique lin-
ear arrangement.

[0010] In some embodiments, the method comprises
amplifying the target nucleic acid using a primer pair capable
of recognizing the primer recognition sites at the 5' end and 3'
end of the target nucleic acid. In some embodiments, the
method comprises sequencing the target nucleic acid to con-
firm its sequence accuracy, for example, by high throughput
sequencing. In some embodiments, the method comprises
isolating at least one target nucleic acid having the predefined
sequence from a pool of nucleic acid sequences.

[0011] According to some embodiments, the invention pro-
vides a method for further processing the isolated nucleic
acids. In some embodiments, the method comprises assem-
bling at least two target nucleic acids. The step of assembling
can be by hierarchical assembly. In some embodiments, the at
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least two target nucleic acids are subjected to restriction
enzyme digestion and ligation thereby forming a long target
nucleic acid construct, for example, at least about 10 kilo-
bases or 100 kilobases in length.

[0012] According to some embodiments, the invention pro-
vides a method for producing a target nucleic acid having a
predefined sequence in a vector. In some embodiments, a
plurality of oligonucleotides are provided, each oligonucle-
otide comprising (i) an internal sequence identical to a differ-
ent portion of a sequence of a target nucleic acid, (ii) a 5'
flanking sequence flanking the 5' end of the internal sequence
and a 3' flanking sequence flanking the 3' end of the internal
sequence, each of the flanking sequence comprising a primer
recognition site for a primer pair and a restriction enzyme
recognition site for a restriction endonuclease. In some
embodiments, at least a subset of the oligonucleotides can be
amplified using the primer pair thereby generating a plurality
ofamplified oligonucleotides. In some embodiments, the plu-
rality of amplified oligonucleotides can be subjected to error
removal and/or correction. In some embodiments, a circular
vector having a restriction enzyme recognition site for the
restriction endonuclease is provided. In some embodiments,
the plurality of amplified oligonucleotides and circular vector
can be exposed to the restriction enzyme and ligase in a single
pool, wherein the restriction enzyme is capable of recogniz-
ing the restriction enzyme recognition sites, thereby assem-
bling the target nucleic acid in the vector. In some embodi-
ments, the method further comprises transforming the vector
into a host cell and sequence verifying the target nucleic acid
sequence.

[0013] According to some embodiments, the invention pro-
vides a composition for the assembly of a target nucleic acid
having a predefined sequence. In some embodiments, the
composition comprises a plurality of oligonucleotides,
wherein each oligonucleotide comprises (i) an internal
sequence identical to a different portion of a sequence of a
target nucleic acid, (ii) 5' flanking sequence flanking the 5'
end of the internal sequence and 3' flanking sequence flanking
the 3' end of the internal sequence, each of the flanking
sequence comprising a primer recognition site for a primer
pair and a restriction enzyme recognition site for a restriction
endonuclease. In some embodiments, the composition fur-
ther comprises a restriction endonuclease and/or a ligase. In
some embodiments, the composition further comprises a vec-
tor comprising a pair of enzyme recognition sites for arestric-
tion endonuclease. In some embodiments, the restriction
endonuclease is a type IS restriction endonuclease.

[0014] In some embodiments, the plurality of oligonucle-
otides is amplified and/or error corrected.

[0015] In some aspects of the invention, the method of
producing a target nucleic acid having a predefined sequence
comprises providing a first mixture comprising (i) a restric-
tion enzyme, and (ii) a first pool of oligonucleotides compris-
ing a first oligonucleotide comprising a sequence identical to
the 5' end of the target nucleic acid, a second oligonucleotide
comprising a sequence identical to the 3' end of the target
nucleic acid; and a plurality of oligonucleotides comprising a
sequence identical to a different portion of a sequence of a
target nucleic acid, each of the oligonucleotides having an
overlapping sequence region corresponding to a sequence
region in a next oligonucleotide, the oligonucleotides in the
first pool together comprising the target nucleic acid
sequence; and exposing the mixture to a ligase, thereby gen-
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erating the target nucleic acid. The target nucleic acid can
then be subjected to sequence verification.

[0016] Insome embodiments, the methods of the invention
comprise providing a pool of construction oligonucleotides
and involve amplification of the oligonucleotides at different
stages. The term “construction oligonucleotide” refers to a
single stranded oligonucleotide that may be used for assem-
bling nucleic acid molecules that are longer than the construc-
tion oligonucleotide itself. Construction oligonucleotides
may be single stranded oligonucleotides or double stranded
oligonucleotides. In some embodiments, construction oligo-
nucleotides are synthetic oligonucleotides and may be syn-
thesized in parallel on a substrate.

[0017] In some embodiments, the method further com-
prises prior to providing the first mixture, the step of provid-
ing a plurality of construction oligonucleotides, wherein each
construction oligonucleotide comprises (i) an internal
sequence identical to a different portion of a sequence of a
target nucleic acid, (ii) 5' flanking sequence flanking the '
end of the internal sequence and a 3' flanking sequence flank-
ing the 3' end of the internal sequence, each flanking region
comprising a primer recognition site for a primer pair and a
restriction enzyme recognition site. In some embodiments,
each flanking region can comprise a common primer recog-
nition site. In some embodiments, the plurality of construc-
tion oligonucleotides can be amplified. In some embodi-
ments, the oligonucleotides can comprise a sequence error or
mismatch. In some embodiments, the plurality of amplified
oligonucleotides can be subjected to error removal. For
example, the plurality of amplified oligonucleotides can be
contacted with a mismatch binding agent, wherein the mis-
match binding agent selectively binds and cleaves the double-
stranded oligonucleotides comprising a mismatch.

[0018] In some embodiments, the restriction enzyme and
the ligase can be added to a single pool of amplified oligo-
nucleotides under conditions suitable to promote digestion
and ligation thereby generating a mixture comprising the
assembled target nucleic acid sequences, and the flanking
regions. In some embodiments, the restriction enzyme can be
a type IIS restriction enzyme and digestion with the type IS
restriction enzyme can produce a plurality of cohesive end
double-stranded oligonucleotides and wherein the plurality
of cohesive end double stranded oligonucleotides are ligated
in a unique linear arrangement.

[0019] In some embodiments, the method further com-
prises amplifying the target nucleic acid using a primer pair
capable of recognizing a primer recognition site at the 5' end
of the first oligonucleotide and 3' end of second oligonucle-
otide.

[0020] In some embodiments, the method further com-
prises sequencing the target nucleic acid to confirm its
sequence accuracy, for example, by high throughput sequenc-
ing.

[0021] In some embodiments, the method further com-
prises isolating at least one target nucleic acid having the
predefined sequence from a pool of nucleic acid sequences.

[0022] In some embodiments, the method further com-
prises processing the target nucleic acids.

[0023] In some embodiments, the method further com-
prises providing a second mixture comprising (i) a restriction
enzyme, and (ii) a second pool of oligonucleotides compris-
ing a first oligonucleotide comprising a sequence identical to
the 5' end of the target nucleic acid, a second oligonucleotide
comprising a sequence identical to the 3' end of the target
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nucleic acid; and a plurality of oligonucleotides comprising a
sequence identical to a different portion of a sequence of a
target nucleic acid, each oligonucleotide having an overlap-
ping sequence region corresponding to a sequence region in a
next oligonucleotide, the oligonucleotides in the second pool
together comprising the second target nucleic acid. In some
embodiments, the second mixture is exposed to a ligase,
thereby generating a second target nucleic acid. In some
embodiments, the second oligonucleotide of the first pool
comprises a restriction endonuclease recognition site for a
restriction endonuclease and the first oligonucleotide of the
second pool comprises a restriction endonuclease recognition
site for the restriction endonuclease.

[0024] In some embodiments, the method further com-
prises assembling at least two target nucleic acids. In some
embodiments, the step of assembling is by hierarchical
assembly. In some embodiments, the at least two target
nucleic acids are subjected to restriction endonuclease diges-
tion and ligation thereby forming a long target nucleic acid
construct. In some embodiments, the long target nucleic acid
construct is at least about 10 kilobases in length or at least
about 100 kilobases in length.

[0025] Insome aspects, the invention relates to a composi-
tion for the assembly of a target nucleic acid having a pre-
defined sequence, the composition comprising a plurality of
oligonucleotides comprising a first oligonucleotide compris-
ing a sequence identical to the 5' end of the target nucleic acid,
a second oligonucleotide comprising a sequence identical to
the 3' end of the target nucleic acid; and one or more oligo-
nucleotides comprising a sequence identical to a different
portion of a sequence of a target nucleic acid, each of the
oligonucleotides having an overlapping sequence region cor-
responding to a sequence region in a next oligonucleotide, the
plurality of oligonucleotides together comprising the target
nucleic acid; a plurality of common sequences comprising a
primer recognition site for a primer pair and a restriction
endonuclease recognition site. In some embodiments, the
composition further comprises a restriction endonuclease
and/or a ligase. The restriction endonuclease can be a type IIS
restriction endonuclease.

[0026] In some embodiments, the plurality of oligonucle-
otides can be amplified and/or error-corrected. In some
embodiments, the composition can further comprise a linear-
ized vector having a 5' compatible with the first oligonucle-
otide and a 3' end compatible with the second oligonucle-
otide.

BRIEF DESCRIPTION OF THE FIGURES

[0027] FIG. 1 illustrates an exemplary process for high
fidelity nucleic acid assembly according to one embodiment
of the invention.

[0028] FIG. 2 illustrates a non-limiting example of assem-
bly method of a polynucleotide having a predefined sequence.
[0029] FIG. 3 illustrates a non-limiting example of assem-
bly method of a polynucleotide having a predefined sequence
into a vector.

[0030] FIG. 4 illustrates a non-limiting example of hierar-
chical assembly method of a polynucleotide having a pre-
defined sequence.

[0031] FIG. 5 illustrates the nucleotide sequence of plas-
mid pG9-1 with restriction endonuclease recognition sites
(underlined).

[0032] FIG. 6 illustrates non-limiting exemplary method of
sequence verification.
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DETAILED DESCRIPTION OF THE INVENTION

[0033] Aspects of the invention may be useful for optimiz-
ing nucleic acid assembly reactions and to reduce the number
of incorrectly assembled nucleic acids. The methods and
composition of the invention can facilitate the process of
obtaining a target sequence having a predefined sequence.
Accordingly, the methods and composition of the invention
may increase the probability of obtaining a correctly
assembled nucleic acid and thereby reduce the cost and time
associated with the production of a nucleic acid having a
predetermined sequence.

[0034] Aspects of the invention may be used to improve the
yield of one or more initial or intermediate assembly reac-
tions. In some embodiments, the methods and compositions
of the invention can improve the efficiency of the overall
assembly procedure by avoiding the requirement to separate
a number of assembly steps, such as for example, enzymatic
digestion, purification and ligation steps. Accordingly, some
aspects of the invention allows for predictable and/or reliable
assembly strategies and can significantly decrease the time
and steps needed for gene synthesis and increase the yield
and/or accuracy of intermediate product or final nucleic acid
products.

[0035] Insome aspects of the invention, the assembly pro-
cess comprises designing and implementing nucleic acid
assembly strategies that can accommodate sequence features
known or predicted to interfere with one or more assembly
steps. For example, the nucleic acid sequence to be synthe-
sized can be analyzed for sequence features, such as repeated
sequences, sequences having a significantly high or low GC
content, and/or other sequences associated with secondary
structures, that can interfere with one or more assembly steps.
One of skill in the art will understand that certain sequence
features may interfere with multiplex assembly reactions
(e.g. polymerase-based extension reactions) and/or promote
the formation of unwanted assembly products thereby reduc-
ing or preventing the assembly of correct nucleic acid prod-
ucts. In some embodiments, if a plurality of interfering
sequence features is identified in a target nucleic acid
sequence, a useful strategy may involve separating the inter-
fering sequence features during assembly. For example, a
target nucleic acid may be assembled in a process involving a
plurality of intermediate fragments or building blocks that are
designed to contain only a small number of interfering
sequences (e.g., 0, 1, 2, or 3). In some embodiments, each
intermediate fragment or building block may contain at most
one interfering sequence feature. Accordingly, each interme-
diate fragment may be assembled efficiently. In some
embodiments, the design of the nucleic acids fragments or
building blocks may exclude interfering sequence features
from their 5' and/or 3' ends. Accordingly, the interfering
sequence features may be excluded from complementary
overlapping regions between adjacent starting nucleic acids
that are designed for use assembly reaction. This may prevent
or reduce interference with sequence-specific hybridization
reactions that are important for correct assembly of the
nucleic acids. In some embodiments, it may be sufficient to
exclude an interfering sequence feature from the immediate 3'
and/or 5' end of a building block. For example, an interfering
sequence feature may be located at least one nucleotide in
from a 3' end and/or 5' end, and preferably 2, 3, 4, 5, or more
nucleotides (e.g., 5-10, 10-15, 15-20, or more nucleotides) in
from a 3' end and/or 5' end of a building block.
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[0036] Aspects of the invention may be used in conjunction
with in vitro and/or in vivo nucleic acid assembly procedures.
[0037] Aspects of the methods and compositions provided
herein are useful for increasing the accuracy, yield, through-
put, and/or cost efficiency of nucleic acid synthesis and
assembly reactions. As used herein the terms “nucleic acid”,
“polynucleotide”, “oligonucleotide” are used interchange-
ably and refer to naturally-occurring or synthetic polymeric
forms of nucleotides. The oligonucleotides and nucleic acid
molecules of the present invention may be formed from natu-
rally occurring nucleotides, for example forming deoxyribo-
nucleic acid (DNA) or ribonucleic acid (RNA) molecules.
Alternatively, the naturally occurring oligonucleotides may
include structural modifications to alter their properties, such
as in peptide nucleic acids (PNA) or in locked nucleic acids
(LNA). The solid phase synthesis of oligonucleotides and
nucleic acid molecules with naturally occurring or artificial
bases is well known in the art. The terms should be under-
stood to include equivalents, analogs of either RNA or DNA
made from nucleotide analogs and as applicable to the
embodiment being described, single-stranded or double-
stranded polynucleotides. Nucleotides useful in the invention
include, for example, naturally-occurring nucleotides (for
example, ribonucleotides or deoxyribonucleotides), or natu-
ral or synthetic modifications of nucleotides, or artificial
bases. As used herein, the term monomer refers to a member
of a set of small molecules which are and can be joined
together to from an oligomer, a polymer or a compound
composed of two or more members. The particular ordering
of monomers within a polymer is referred to herein as the
“sequence” of the polymer. The set of monomers includes but
is not limited to example, the set of common [-amino acids,
the set of D-amino acids, the set of synthetic and/or natural
amino acids, the set of nucleotides and the set of pentoses and
hexoses. Aspects of the invention described herein primarily
with regard to the preparation of oligonucleotides, but could
readily be applied in the preparation of other polymers such as
peptides or polypeptides, polysaccharides, phospholipids,
heteropolymers, polyesters, polycarbonates, polyureas,
polyamides, polyethyleneimines, polyarylene sulfides, pol-
ysiloxanes, polyimides, polyacetates, or any other polymers.

Target Nucleic Acids

[0038] As used herein, the term “predetermined sequence”
means that the sequence of the polymer is known and chosen
before synthesis or assembly of the polymer. In particular,
aspects of the invention is described herein primarily with
regard to the preparation of nucleic acids molecules, the
sequence of the oligonucleotide or polynucleotide being
known and chosen before the synthesis or assembly of the
nucleic acid molecules. In some embodiments of the technol-
ogy provided herein, immobilized oligonucleotides or poly-
nucleotides are used as a source of material. In various
embodiments, the methods described herein use pluralities of
oligonucleotides, each sequence being determined based on
the sequence of the final polynucleotides constructs to be
synthesized. In one embodiment, oligonucleotides are short
nucleic acid molecules. For example, oligonucleotides may
be from 10 to about 300 nucleotides, from 20 to about 400
nucleotides, from 30 to about 500 nucleotides, from 40 to
about 600 nucleotides, or more than about 600 nucleotides
long. However, shorter or longer oligonucleotides may be
used. Oligonucleotides may be designed to have different
length. In some embodiments, the sequence of the polynucle-
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otide construct may be divided up into a plurality of shorter
sequences that can be synthesized in parallel and assembled
into a single or a plurality of desired polynucleotide con-
structs using the methods described herein.

[0039] In some embodiments, a target nucleic acid may
have a sequence of a naturally occurring gene and/or other
naturally occurring nucleic acid (e.g., a naturally occurring
coding sequence, regulatory sequence, non-coding sequence,
chromosomal structural sequence such as a telomere or cen-
tromere sequence, etc., any fragment thereof or any combi-
nation of two or more thereof) or a sequence that is not
naturally-occurring. In some embodiments, a target nucleic
acid may be designed to have a sequence that differs from a
natural sequence at one or more positions. In other embodi-
ments, a target nucleic acid may be designed to have an
entirely novel sequence. However, it should be appreciated
that target nucleic acids may include one or more naturally
occurring sequences, non-naturally occurring sequences, or
combinations thereof.

[0040] In some embodiments, methods of assembling
libraries containing nucleic acids having predetermined
sequence variations are provided herein. Assembly strategies
provided herein can be used to generate very large libraries
representative of many different nucleic acid sequences of
interest. For example, the methods provided herein can be
used to assemble libraries having more than 10 different
sequence variants. In some embodiments, libraries of nucleic
acid are libraries of sequence variants. Sequence variants may
be variants of a single naturally-occurring protein encoding
sequence. However, in some embodiments, sequence variants
may be variants of a plurality of different protein-encoding
sequences. Accordingly, one aspect of the invention provided
herein relates to the design of assembly strategies for prepar-
ing precise high-density nucleic acid libraries. Another aspect
of the technology provided herein relates to assembling pre-
cise high-density nucleic acid libraries. Aspects of the tech-
nology provided herein also provide precise high-density
nucleic acid libraries. A high-density nucleic acid library may
include more that 100 different sequence variants (e.g., about
10?to 10%; about 10° to 10*; about 10* to 10°; about 10° to 10%;
about 10°to 107; about 107 to 10%; about 10® to 10°; about 10°
to 10%°; about 10'° to 10'*; about 10! to 10*2; about 10'2 to
10'3; about 10*3 to 10**; about 10** to 10*%; or more different
sequences) wherein a high percentage of the different
sequences are specified sequences as opposed to random
sequences (e.g., more than about 50%, more than about 60%,
more than about 70%, more than about 75%, more than about
80%, more than about 85%, more than about 90%, about
91%, about 92%, about 93%, about 94%, about 95%, about
96%, about 97%, about 98%, about 99%, or more of the
sequences are predetermined sequences of interest).

[0041] In certain embodiments, a target nucleic acid may
include a functional sequence (e.g., a protein binding
sequence, a regulatory sequence, a sequence encoding a func-
tional protein, etc., or any combination thereof). However, in
some embodiments the target nucleic acid may lack a specific
functional sequence (e.g., a target nucleic acid may include
only non-functional fragments or variants of a protein binding
sequence, regulatory sequence, or protein encoding
sequence, or any other non-functional naturally-occurring or
synthetic sequence, or any non-functional combination
thereof). Certain target nucleic acids may include both func-
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tional and non-functional sequences. These and other aspects
of target nucleic acids and their uses are described in more
detail herein.

[0042] A targetnucleic acid may, in some embodiments, be
assembled in a single multiplex assembly reaction (e.g., a
single oligonucleotide assembly reaction). However, a target
nucleic acid may also be assembled from a plurality of nucleic
acid fragments, each of which may have been generated in a
separate multiplex oligonucleotide assembly reactions. It
should be appreciated that one or more nucleic acid fragments
generated via multiplex oligonucleotide assembly may, in
some embodiments, be combined with one or more nucleic
acid molecules obtained from another source (e.g., a restric-
tion fragment, a nucleic acid amplification product, etc.) to
form a target nucleic acid. In some embodiments, a target
nucleic acid that is assembled in a first reaction may be used
as an input nucleic acid fragment for a subsequent assembly
reaction to produce a larger target nucleic acid. The terms
“multiplex assembly” and “multiplex oligonucleotide assem-
bly reaction” used herein generally refer to assembly reac-
tions involving a plurality of starting nucleic acids (e.g., a
plurality of at least partially overlapping nucleic acids) that
are assembled to produce a larger final nucleic acid.

Assembly Process

[0043] FIG. 1illustrates a process for assembling a nucleic
acid in accordance with one embodiment of the invention.
Initially, sequence information is obtained. The sequence
information may be the sequence of a predetermined target
nucleic acid that is to be assembled. In some embodiments,
the sequence may be received in the form of an order from a
customer. In some embodiments, the sequence may be
received as a nucleic acid sequence (e.g., DNA or RNA). In
some embodiments, the sequence may be received as a pro-
tein sequence. The sequence may be converted into a DNA
sequence. For example, if the sequence obtained is an RNA
sequence, the Us may be replaced with Ts to obtain the
corresponding DNA sequence. If the sequence obtained is a
protein sequence, the protein sequence may be converted into
a DNA sequence using appropriate codons for the amino
acids.

[0044] In some embodiments, the sequence information
may be analyzed to determine an assembly strategy, such as
the number and the sequences of the fragments (also referred
herein as building blocks, oligonucleotides or intermediate
fragments) to be assembled to generate the predefined
sequence of the target nucleic acid. In some embodiments, the
sequence analysis may involve scanning for the presence of
one or more interfering sequence features that are known or
predicted to interfere with oligonucleotide synthesis, ampli-
fication or assembly. For example, an interfering sequence
structure may be a sequence that has a low GC content (e.g.,
less than 30% GC, less than 20% GC, less than 10% GC, etc.)
over a length of at least 10 bases (e.g., 10-20, 20-50, 50-100,
or more than 100 bases), or a sequence that may be forming
secondary structures or stem-loop structures. Once passing
this filter, the nucleic acid sequence can be divided into
smaller pieces, such as oligonucleotide building blocks.
[0045] Insome embodiments, after the construct qualifica-
tion and parsing step, synthetic oligonucleotides for the
assembly may be designed (e.g. sequence, size, and number).
Synthetic oligonucleotides can be generated using standard
DNA synthesis chemistry (e.g. phosphoramidite method).
Synthetic oligonucleotides may be synthesized on a solid
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support, such as for example a microarray, using any appro-
priate technique known in the art or as described in more
detail herein. Oligonucleotides can be eluted from the
microarray prior to be subjected to amplification or can be
amplified on the microarray. It should be appreciated that
different oligonucleotides may be designed to have different
lengths.

[0046] In some embodiments, the building blocks oligo-
nucleotides for each target sequence can be amplified. For
example, the oligonucleotides can be designed such as having
at their 3' end and 5' end a primer binding sequence and the
oligonucleotides can be amplified by polymerase chain reac-
tion (PCR) using the appropriate primers pair(s).

[0047] It should be appreciated that synthetic oligonucle-
otides may have sequence errors. Accordingly, oligonucle-
otide preparations may be selected or screened to remove
error-containing molecules as described in more detail
herein. Error containing-oligonucleotides may be double-
stranded homoduplexes having the error on both strands (i.e.,
incorrect complementary nucleotide(s), deletion(s), or addi-
tion(s) on both strands). In some embodiments, sequence
errors may be removed using a technique that involves dena-
turing and reannealing the double-stranded nucleic acids. In
some embodiments, single strands of nucleic acids that con-
tain complementary errors may be unlikely to reanncal
together if nucleic acids containing each individual error are
present in the nucleic acid preparation at a lower frequency
than nucleic acids having the correct sequence at the same
position. Rather, error containing single strands may reanneal
with a complementary strand that contains no errors or that
contains one or more different errors. As a result, error-con-
taining strands may end up in the form of heteroduplex mol-
ecules in the re-annealed reaction product. Nucleic acid
strands that are error-free may reanneal with error-containing
strands or with other error-free strands. Reannealed error-free
strands form homoduplexes in the reannealed sample.
Accordingly, by removing heteroduplex molecules from the
re-annealed preparation of oligonucleotides, the amount or
frequency of error containing nucleic acids may be reduced.
Any suitable method known in the art for removing hetero-
duplex molecules may be used, including chromatography,
electrophoresis, selective binding of heteroduplex molecules,
etc. In some embodiments, mismatch binding proteins that
selectively (e.g., specifically) bind to heteroduplex nucleic
acid molecules may be used. In some embodiments, the mis-
match binding protein may be used on double-stranded oli-
gonucleotides or polynucleotides in solution or immobilized
onto a support.

[0048] In some embodiments, the oligonucleotides con-
taining errors are removed using a MutS filtration process, for
example, using MutS, a MutS homolog, or a combination
thereof. In E. coli, the MutS protein, which appears to func-
tion as a homodimer, serves as a mismatch recognition factor.
In eukaryotes, at least three MutS Homolog (MSH) proteins
have been identified; namely, MSH2, MSH3, and MSH6, and
they form heterodimers. For example in the yeast, Saccharo-
myces cerevisiae, the MSH2-MSH6 complex (also known as
MutS alpha) recognizes base mismatches and single nucle-
otide insertion/deletion loops, while the MSH2-MSH3 com-
plex (also known as MutSbeta) recognizes insertions/dele-
tions of up to 12-16 nucleotides, although they exert
substantially redundant functions. A mismatch binding pro-
tein may be obtained from recombinant or natural sources. A
mismatch binding protein may be heat-stable. In some
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embodiments, a thermostable mismatch binding protein from
a thermophilic organism may be used. Examples of thermo-
stable DNA mismatch binding proteins include, but are not
limited to: Tth MutS (from Thermus thermophilus), Taq MutS
(from Thermus aquaticus), Apy MutS (from Aquifex pyrophi-
lus), Tma MutS (from Thermotoga maritima), homologs
thereof any other suitable MutS or any combination of two or
more thereof.

[0049] Ithas been shown that MutS obtained from different
species can have different affinity for a specific mismatch or
for different mismatch. In some embodiments, a combination
of different MutS having different affinities for different mis-
match can be used.

[0050] In some embodiments, an enzyme complex using
one or more repair proteins can be used. Examples of repair
proteins include, but are not limited to, MutS, for mismatch
recognition, MutH, for introduction of a nick in the target
strand, and MutL,, for mediating the interactions between
MutH and MutS, homologs thereof or any combinations
thereof. In some embodiments, the mismatch binding protein
complex is a MutHLS enzyme complex.

[0051] In some embodiments, a sliding clamp technique
may be used for enriching error-free double stranded oligo-
nucleotides. In some embodiments, MutS or homolog thereof
can interact with a DNA clamp protein. Examples of DNA
clamp proteins include, but are not limited to, the bacterial
sliding clamp protein DnaN, encoded by dnaN gene, which
can function as a homodimer. In some embodiments, interac-
tion of MutS protein, or homolog thereof, with a clamp pro-
tein can increase the effectiveness of MutS in binding mis-
matches.

[0052] In some embodiments, the oligonucleotides con-
taining errors can be removed using an enzyme from the S1
family of proteins, for example CELI, CELII or a homolog
thereof, such as RESI, or a combination thereof. Enzymes
from the S1 family of proteins can recognize base mis-
matches, insertion and deletion loops. In some embodiments,
such enzymes can bind preferentially to Holliday junctions
after which the recognition site is cleaved, either through only
one or both DNA strands. In some embodiments, a thermo-
stable equivalent of a S1 protein may be used.

[0053] In some embodiments, the oligonucleotides con-
taining errors can be removed using a small molecule, chemi-
cal or inorganic material that binds to mismatched base sites.
At the mismatched site, nucleotide bases are extra-helical and
can be susceptible to chemical modification reactions. Mate-
rials such permanganate, hydroxylamine, lysine, and or pen-
taamine ruthenium can be employed in the chemical cleavage
method to modify the mismatched thymine and cytosine
respectively. The resulting modified DNA can then treated
with piperidine to cause a cleavage at the abasic sites. In some
embodiments, specificity of cleavage can be monitored using
divalent salt.

[0054] In some embodiments, in a next step, the error-
corrected oligonucleotides are combined through the sequen-
tial removal of common sequences and subsequent ligation
into longer, multi-oligonucleotide constructs.

[0055] In some aspects of the invention, the enzymatic
digestion common sequence removal step is combined with a
ligation step. One of skill in the art will appreciate that the
process of the invention allows for a concurrent removal of
common sequences and ligation into the target nucleic acid
constructs and negate the need of enzymatic removal, bead-
based capture and ligation sequential steps. In addition, one
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of'skill in the art will appreciate that the process of the inven-
tion may present a number of advantages over the standard
gene assembly process such as:

[0056] (1) Increase of the yield efficiency. Using the stan-
dard separate enzymatic removal of common sequences, the
reaction is stopped after a set time point, with unreacted
substrates or undigested oligonucleotides, still present which
are the subject of further removal. One of skill in the art will
understand that because the ligation reaction creates a desired
product which is not a substrate for the enzymatic removal,
the combination of the removal and ligation steps has the
effect of driving the reaction toward the desired product irre-
versibly.

[0057] (2) Cost efficiency: The methods according to some
aspects of the invention are cost efficient since there is no
longer a need for the purification steps between the removal
of common sequences and the ligation. Because of the elimi-
nation of purification steps, aspects of the present method also
eliminate the need for biotin-labeled primers. There may be
also anassociated savings in the form of the reduced lead time
for receipt of non-biotinylated primers over their biotin-con-
taining counterparts.

[0058] (3) Time efficiency: The time and the number of
steps needed for gene synthesis are reduced by removing the
purification steps between enzymatic common sequence
removal and ligation.

[0059] (4) Opportunities to add other sequences easily,
without regard for their sizes. Because part of the purification
step to remove undesired sequences is based on size, elimi-
nating the purification can remove the size constraint for any
additional sequences to be added for the gene synthesis. This
can include a one-step ligation into a vector, or addition of
common flanking sequences.

[0060] (5) The process allows for use of restriction sites in
the gene which are used in the gene synthesis process itself. In
previous methodologies, these restriction sites could not be
used because cut sites would result in small DNA pieces
which would be removed in the purification step. Enabling the
usage of these restriction sites can allow for recursive (hier-
archical) gene synthesis to build longer nucleic acids.
[0061] One of skill in the art would appreciate that after
oligonucleotide assembly, the assembly products (e.g. final
target nucleic acid or intermediate nucleic acid fragment)
may contain sequences containing undesired sequences. The
errors may result from sequences errors introduced during
oligonucleotide synthesis or during the assembly of oligo-
nucleotides into longer nucleic acids. In some embodiments,
nucleic acids having the correct predefined sequence can be
isolated from other nucleic acids sequences (also referred
herein as preparative in vitro cloning). In some embodiments,
the correct sequence may be isolated by selectively isolating
the correct sequence from the other incorrect sequences. For
example, nucleic acids having correct sequence can be selec-
tively moved or transferred to a different feature of the sup-
port, orto another plate. Alternatively, nucleic acids having an
incorrect sequence can be selectively removed from the fea-
ture comprising the nucleic acids of interest (see for example,
PCT/US2007/011886, which is incorporated by reference
herein in its entirety).

[0062] In some embodiments, after oligonucleotide pro-
cessing and ligation, the assembly constructs or a copy of the
assembled constructs can be isolated by clonal isolation. The
assembly constructs can be sequence verified using, for
example, high throughput sequencing. In some embodi-
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ments, sequence determination of the target nucleic acid
sequences can be performed using sequencing of individual
molecules, such as single molecule sequencing, or sequenc-
ing of an amplified population of target nucleic acid
sequences, such as polony sequencing. Any suitable methods
for sequencing, such as sequencing by hybridization,
sequencing by ligation or sequencing by synthesis may be
used.

[0063] Some aspects of the invention relate to a gene syn-
thesis platform using methods described herein. In some
embodiments, the gene synthesis platform can be combined
with a next generation sequencing platform (e.g. sequencing
by hybridization, sequencing by synthesis, sequencing by
ligation or any other suitable sequencing method).

[0064] Insomeembodiments, the assembly procedure may
include several parallel and/or sequential reaction steps in
which a plurality of different nucleic acids or oligonucle-
otides are synthesized or immobilized, amplified, and are
combined in order to be assembled (e.g., by extension or by
ligation as described herein) to generate a longer nucleic acid
product to be used for further assembly, cloning, or other
applications (see PCT application PCT/US09/55267 which is
incorporate herein by reference in its entirety).

Oligonucleotides Synthesis

[0065] In some embodiments, the methods and apparatus
provided herein use oligonucleotides that are immobilized on
a surface or substrate (e.g., support-bound oligonucleotides).
As used herein the term “support™ and “substrate” are used
interchangeably and refers to a porous or non-porous solvent
insoluble material on which polymers such as nucleic acids
are synthesized or immobilized. As used herein “porous”
means that the material contains pores having substantially
uniform diameters (for example in the nm range). Porous
materials include paper, synthetic filters etc. In such porous
materials, the reaction may take place within the pores. The
support can have any one of a number of shapes, such as pin,
strip, plate, disk, rod, bends, cylindrical structure, particle,
including bead, nanoparticles and the like. The support can
have variable widths. The support can be hydrophilic or
capable of being rendered hydrophilic and includes inorganic
powders such as silica, magnesium sulfate, and alumina;
natural polymeric materials, particularly cellulosic materials
and materials derived from cellulose, such as fiber containing
papers, e.g., filter paper, chromatographic paper, etc.; syn-
thetic or modified naturally occurring polymers, such as
nitrocellulose, cellulose acetate, poly (vinyl chloride), poly-
acrylamide, cross linked dextran, agarose, polyacrylate, poly-
ethylene, polypropylene, poly (4-methylbutene), polysty-
rene, polymethacrylate, poly(ethylene terephthalate), nylon,
poly(vinyl butyrate), polyvinylidene difluoride (PVDF)
membrane, glass, controlled pore glass, magnetic controlled
pore glass, ceramics, metals, and the like etc.; either used by
themselves or in conjunction with other materials. In some
embodiments, oligonucleotides are synthesized on an array
format. For example, single-stranded oligonucleotides are
synthesized in situ on a common support wherein each oli-
gonucleotide is synthesized on a separate or discrete feature
(or spot) on the substrate. In preferred embodiments, single
stranded oligonucleotides are bound to the surface of the
support or feature. As used herein the term “array” refers to an
arrangement of discrete features for storing, routing, ampli-
fying and releasing oligonucleotides or complementary oli-
gonucleotides for further reactions. In a preferred embodi-
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ment, the support or array is addressable: the support includes
two or more discrete addressable features at a particular pre-
determined location (i.e., an “address”) on the support.
Therefore, each oligonucleotide molecule of the array is
localized to a known and defined location on the support. The
sequence of each oligonucleotide can be determined from its
position on the support.

[0066] In some embodiments, oligonucleotides are
attached, spotted, immobilized, surface-bound, supported or
synthesized on the discrete features of the surface or array.
Oligonucleotides may be covalently attached to the surface or
deposited on the surface. Arrays may be constructed, custom
ordered or purchased from a commercial vendor (e.g., Agi-
lent, Affymetrix, Nimblegen). Various methods of construc-
tion are well known in the art e.g., maskless array synthesiz-
ers, light directed methods utilizing masks, flow channel
methods, spotting methods etc. In some embodiments, con-
struction and/or selection oligonucleotides may be synthe-
sized on a solid support using maskless array synthesizer
(MAS). Maskless array synthesizers are described, for
example, in PCT application No. WO 99/42813 and in cor-
responding U.S. Pat. No. 6,375,903. Other examples are
known of maskless instruments which can fabricate a custom
DNA microarray in which each of the features in the array has
a single-stranded DNA molecule of desired sequence. Other
methods for synthesizing construction and/or selection oli-
gonucleotides include, for example, light-directed methods
utilizing masks, flow channel methods, spotting methods,
pin-based methods, and methods utilizing multiple supports.
Light directed methods utilizing masks (e.g., VLSIPS™
methods) for the synthesis of oligonucleotides is described,
for example, in U.S. Pat. Nos. 5,143,854, 5,510,270 and
5,527,681. These methods involve activating predefined
regions of a solid support and then contacting the support with
a preselected monomer solution. Selected regions can be
activated by irradiation with a light source through a mask
much in the manner of photolithography techniques used in
integrated circuit fabrication. Other regions of the support
remain inactive because illumination is blocked by the mask
and they remain chemically protected. Thus, a light pattern
defines which regions of the support react with a given mono-
mer. By repeatedly activating different sets of predefined
regions and contacting different monomer solutions with the
support, a diverse array of polymers is produced on the sup-
port. Other steps, such as washing unreacted monomer solu-
tion from the support, can be optionally used. Other appli-
cable methods include mechanical techniques such as those
described in U.S. Pat. No. 5,384,261. Additional methods
applicable to synthesis of construction and/or selection oli-
gonucleotides on a single support are described, for example,
in U.S. Pat. No. 5,384,261. For example, reagents may be
delivered to the support by either (1) flowing within a channel
defined on predefined regions or (2) “spotting” on predefined
regions. Other approaches, as well as combinations of spot-
ting and flowing, may be employed as well. In each instance,
certain activated regions of the support are mechanically
separated from other regions when the monomer solutions are
delivered to the various reaction sites. Flow channel methods
involve, for example, microfluidic systems to control synthe-
sis of oligonucleotides on a solid support. For example,
diverse polymer sequences may be synthesized at selected
regions of a solid support by forming flow channels on a
surface of the support through which appropriate reagents
flow or in which appropriate reagents are placed. Spotting
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methods for preparation of oligonucleotides on a solid sup-
port involve delivering reactants in relatively small quantities
by directly depositing them in selected regions. In some steps,
the entire support surface can be sprayed or otherwise coated
with a solution, if it is more efficient to do so. Precisely
measured aliquots of monomer solutions may be deposited
dropwise by a dispenser that moves from region to region.
Pin-based methods for synthesis of oligonucleotides on a
solid support are described, for example, in U.S. Pat. No.
5,288,514. Pin-based methods utilize a support having a plu-
rality of pins or other extensions. The pins are each inserted
simultaneously into individual reagent containers in a tray.
An array of 96 pins is commonly utilized with a 96-container
tray, such as a 96-well microtiter dish. Each tray is filled with
a particular reagent for coupling in a particular chemical
reaction on an individual pin. Accordingly, the trays will often
contain different reagents. Since the chemical reactions have
been optimized such that each of the reactions can be per-
formed under a relatively similar set of reaction conditions, it
becomes possible to conduct multiple chemical coupling
steps simultaneously.

[0067] In another embodiment, a plurality of oligonucle-
otides may be synthesized on multiple supports. One example
is a bead based synthesis method which is described, for
example, in U.S. Pat. Nos. 5,770,358; 5,639,603; and 5,541,
061. For the synthesis of molecules such as oligonucleotides
on beads, a large plurality of beads is suspended in a suitable
carrier (such as water) in a container. The beads are provided
with optional spacer molecules having an active site to which
is complexed, optionally, a protecting group. At each step of
the synthesis, the beads are divided for coupling into a plu-
rality of containers. After the nascent oligonucleotide chains
are deprotected, a different monomer solution is added to
each container, so that on all beads in a given container, the
same nucleotide addition reaction occurs. The beads are then
washed of excess reagents, pooled in a single container,
mixed and re-distributed into another plurality of containers
in preparation for the next round of synthesis. It should be
noted that by virtue of the large number of beads utilized at the
outset, there will similarly be a large number of beads ran-
domly dispersed in the container, each having a unique oli-
gonucleotide sequence synthesized on a surface thereof after
numerous rounds of randomized addition of bases. An indi-
vidual bead may be tagged with a sequence which is unique to
the double-stranded oligonucleotide thereon, to allow for
identification during use.

[0068] Pre-synthesized oligonucleotide and/or polynucle-
otide sequences may be attached to a support or synthesized
in situ using light-directed methods, flow channel and spot-
ting methods, inkjet methods, pin-based methods and bead-
based methods set forth in the following references: McGall
et al. (1996) Proc. Natl. Acad. Sci. U.S.A. 93:13555; Syn-
thetic DNA Arrays In Genetic Engineering, Vol. 20:111, Ple-
num Press (1998); Duggan et al. (1999) Nat. Genet. S21:10;
Microarrays: Making Them and Using Them In Microarray
Bioinformatics, Cambridge University Press, 2003; U.S.
Patent Application Publication Nos. 2003/0068633 and 2002/
0081582; U.S. Pat. Nos. 6,833,450, 6,830,890, 6,824,866,
6,800,439, 6,375,903 and 5,700,637; and PCT Publication
Nos. WO 04/031399, WO 04/031351, WO 04/029586, WO
03/100012, WO 03/066212, WO 03/065038, WO 03/064699,
WO 03/064027, WO 03/064026, WO 03/046223, WO
03/040410 and WO 02/24597, the disclosures of which are
incorporated herein by reference in their entirety for all pur-
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poses. In some embodiments, pre-synthesized oligonucle-
otides are attached to a support or are synthesized using a
spotting methodology wherein monomers solutions are
deposited dropwise by a dispenser that moves from region to
region (e.g., ink jet). In some embodiments, oligonucleotides
are spotted on a support using, for example, a mechanical
wave actuated dispenser.

Amplification

[0069] In some embodiments, oligonucleotides may be
amplified using an appropriate primer pair with one primer
corresponding to each end of the oligonucleotide (e.g., one
that is complementary to the 3' end of the oligonucleotide and
one that is identical to the 5' end of the oligonucleotide). In
some embodiments, an oligonucleotide may be designed to
contain a central or internal assembly sequence (correspond-
ing to a target sequence, designed to be incorporated into the
final product) flanked by a 5' amplification sequence (e.g.,a 5'
universal sequence or 5' common amplification sequence)
and a 3' amplification sequence (e.g., a 3' universal sequence
or 5' common amplification sequence).

[0070] In some embodiments, a synthetic oligonucleotide
may include a central assembly sequence flanked by 5' and 3'
amplification sequences. The central assembly sequence is
designed for incorporation into an assembled nucleic acid.
The flanking sequences are designed for amplification and are
not intended to be incorporated into the assembled nucleic
acid. The flanking amplification sequences may be used as
primer sequences to amplify a plurality of different assembly
oligonucleotides that share the same amplification sequences
but have different central assembly sequences. In some
embodiments, the flanking sequences are removed after
amplification to produce an oligonucleotide that contains
only the assembly sequence.

[0071] Amplification primers (e.g., between 10 and 50
nucleotides long, between 15 and 45 nucleotides long, about
25 nucleotides long, etc.) corresponding to the flanking
amplification sequences may be used to amplify the oligo-
nucleotides (e.g., one primer may be complementary to the 3'
amplification sequence and one primer may have the same
sequence as the 5' amplification sequence). In some embodi-
ments, a plurality of different oligonucleotides (e.g., about 5,
10, 50, 100, or more) with different central assembly
sequences may have identical 5' amplification sequences and
identical 3' amplification sequences. These oligonucleotides
can all be amplified in the same reaction using the same
amplification primers. The amplification sequences may then
be removed from the amplified oligonucleotides using any
suitable technique to produce oligonucleotides that contain
only the assembly sequences. In some embodiments, the
amplification sequences are removed by a restriction enzyme
as described in more details herein.

[0072] Insome embodiments, the oligonucleotides may be
amplified while still attached to the support. In some embodi-
ments, the oligonucleotides may be removed or cleaved from
the support prior to amplification.

[0073] Insome embodiments, the method includes synthe-
sizing a plurality of oligonucleotides or polynucleotides in a
chain extension reaction using a first plurality of single
stranded oligonucleotides as templates. As noted above, the
oligonucleotides may be first synthesized onto a plurality of
discrete features of the surface, or may be deposited on the
plurality of features of the support. In some embodiments, the
oligonucleotides are covalently attached to the support. In
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some embodiments, the first plurality of oligonucleotides is
immobilized to a solid surface. In some embodiments, each
feature of the solid surface comprises a high density of oli-
gonucleotides having a different predetermined sequence
(e.g.,approximately 10°-10® molecules per feature). The sup-
port may comprise at least 100, at least 1,000, at least 10%, at
least 10°, at least 10°, at least 107, at least 10° features. In
some embodiments, after amplification, the double-stranded
oligonucleotides may be eluted in solution and/or subjected
to error reduction and/or assembly to form longer nucleic acid
constructs.

Error Reduction

[0074] In some embodiments, each fragment is assembled
and fidelity optimized to remove error containing nucleic
acids (e.g., using one or more post-assembly fidelity optimi-
zation techniques described herein) before being processed to
generated cohesive ends. A sequence error may include one or
more nucleotide deletions, additions, substitutions (e.g.,
transversion or transition), inversions, duplications, or any
combination of two or more thereof. Oligonucleotide errors
may be generated during oligonucleotide synthesis. Different
synthetic techniques may be prone to different error profiles
and frequencies. In some embodiments, error rates may vary
from 1/10 to 1/200 errors per base depending on the synthesis
protocol that is used. However, in some embodiments, lower
error rates may be achieved. Also, the types of errors may
depend on the synthetic techniques that are used. For
example, microarray-based oligonucleotide synthesis may
result in relatively more deletions than column-based syn-
thetic techniques.

[0075] Some aspects of the invention relate to a polynucle-
otide assembly process wherein synthetic oligonucleotides
are designed and used to assemble polynucleotides into
longer polynucleotides constructs. During enzymatic ampli-
fication or chain extension reactions, the error in sequence is
faithfully replicated. As a result, polynucleotides population
synthesized by this method contains both error-free and error-
prone sequences. In some embodiments, since synthetic oli-
gonucleotides can contain incorrect sequences due to errors
introduced during oligonucleotide synthesis, it can be useful
to remove polynucleotide that have incorporated one or more
error-containing oligonucleotides during assembly or exten-
sion. In some embodiments, one or more assembled poly-
nucleotides may be sequenced to determine whether they
contain the predetermined sequence or not. This procedure
allows fragments with the correct sequence to be identified. In
other embodiments, other techniques may be used to remove
error containing nucleic acid fragments. Such nucleic acid
fragments can be nascently synthesized oligonucleotides or
assembled nucleic acid polymers. It should be appreciated
that error containing-nucleic acids can be double-stranded
homoduplexes having the error on both strands (i.e., incorrect
complementary nucleotide(s), deletion(s), or addition(s) on
both strands), because the assembly procedure may involve
one or more rounds of polymerase extension (e.g., during
assembly or after assembly to amplify the assembled prod-
uct). During polymerase extension, the input nucleic acid
containing an error may serve as a template thereby produc-
ing a complementary strand comprising the complementary
error. In certain embodiments, a preparation of double-
stranded nucleic acid fragments or duplexes may be sus-
pected to contain a mixture of nucleic acids having the correct
predefined sequence as well as nucleic acids containing one
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or more sequence errors incorporated during assembly. The
term “duplex” refers to a nucleic acid molecule that is at least
partially double-stranded. A “stable duplex” refers to a
duplex that is relatively more likely to remain hybridized to a
complementary sequence under a given set of hybridization
conditions. In an exemplary embodiment, a stable duplex
refers to a duplex that does not contain a basepair mismatch,
insertion, or deletion. An “unstable duplex” refers to a duplex
that is relatively less likely to remain hybridized to a comple-
mentary sequence under a given set of hybridization condi-
tions such as stringent melt. In an exemplary embodiment, an
unstable duplex refers to a duplex that contains at least one
base-pair mismatch, insertion, or deletion. As used herein the
term “‘stringency” is used in reference to the conditions of
temperature, ionic strength, and the presence of other com-
pounds such as organic solvents, under which nucleic acid
hybridizations are conducted. Hybridization stringency
increases with temperature and/or the solution chemical
properties such as the amounts of salts and/or formamide in
the hybridization solution during a hybridization process.
With “high stringency” conditions, nucleic acid base pairing
will occur only between nucleic acid fragments that have a
high frequency of complementary base sequences. Stringent
conditions may be selected to be about 5° C. lower than the
thermal melting point (Tm) for a given polynucleotide duplex
at a defined ionic strength and pH. The length of the comple-
mentary polynucleotide strands and the GC content deter-
mine the Tm of the duplex, and thus the hybridization condi-
tions necessary for obtaining a desired specificity of
hybridization. The Tm is the temperature (under defined ionic
strength and pH) at which 50% of a polynucleotide sequence
hybridizes to a perfectly matched complementary strand. In
certain cases it may be desirable to increase the stringency of
the hybridization conditions to be about equal to the Tm for a
particular duplex. Appropriate stringency conditions are
known to those skilled in the art or may be determined experi-
mentally by the skilled artisan. See, for example, Current
Protocols in Molecular Biology, John Wiley & Sons, N.Y.
(1989), 6.3.1-12.3.6; Sambrook et al., 1989, Molecular Clon-
ing, A Laboratory Manual, Cold Spring Harbor Press, N.Y; S.
Agrawal (ed.) Methods in Molecular Biology, volume 20;
Tijssen (1993) Laboratory Techniques in biochemistry and
molecular biology-hybridization with nucleic acid probes,
e.g., part I chapter 2 “Overview of principles of hybridization
and the strategy of nucleic acid probe assays”, Elsevier, New
York.

[0076] In some embodiments, sequence errors may be
removed using a technique that involves denaturing and rean-
nealing the double-stranded nucleic acids. In some embodi-
ments, single strands of nucleic acids that contain comple-
mentary errors may be unlikely to reanneal together if nucleic
acids containing each individual error are present in the
nucleic acid preparation at a lower frequency than nucleic
acids having the correct sequence at the same position.
Rather, error containing single strands can reanneal with
error-free complementary strand or complementary strands
containing one or more different errors or error at different
location. As a result, error-containing strands can end up in
the form of heteroduplex molecules in the reannealed reac-
tion product. Nucleic acid strands that are error-free may
reanneal with error-containing strands or with other error-free
strands. Reannealed error-free strands form homoduplexes in
the reannealed sample. Accordingly, by removing heterodu-
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plex molecules from the reannealed preparation of nucleic
acid fragments, the amount or frequency of error containing
nucleic acids can be reduced.

[0077] Heteroduplex formation thus takes place through a
process that can be understood as shuffling, by which nucleic
acid strands from different populations can be hybridized
with one another so that perfect match and mismatch-con-
taining duplexes can be formed. Suitable method for remov-
ing heteroduplex molecules include chromatography, elec-
trophoresis, selective binding of heteroduplex molecules that
binds preferentially to double stranded DNA having a
sequence mismatch between the two strands. The term “mis-
match” or “base pair mismatch” indicates a base pair combi-
nation that generally does not form in nucleic acids according
to Watson and Crick base pairing rules. For example, when
dealing with the bases commonly found in DNA, namely
adenine, guanine, cytosine and thymidine, base pair mis-
matches are those base combinations other than the A-T and
G-C pairs normally found in DNA. As described herein, a
mismatch may be indicated, for example as C/C meaning that
a cytosine residue is found opposite another cytosine, as
opposed to the proper pairing partner, guanine.

[0078] In some embodiments, oligonucleotide prepara-
tions may be selected or screened to remove error-containing
molecules as described in more detail herein. In some
embodiments, oligonucleotides can be error-corrected using
a mismatch-binding agent as described herein.

[0079] In one aspect, the invention relates to a method for
producing high fidelity polynucleotides on a solid support.
The synthetic polynucleotides are atleastabout 1, 2,3,4, 5,8,
10, 15, 20, 25, 30, 40, 50, 75, or 100 kilobases (kb), or 1
megabase (mb), or longer. In exemplary embodiments, a
compositions of synthetic polynucleotides contains at least
about 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 15%,
20%, 25%, 50%, 60%, 70%, 80%, 90%, 95% or more, copies
that are error free (e.g., having a sequence that does not
deviate from a predetermined sequence). The percent of error
free copies is based on the number of error free copies in the
compositions as compared to the total number of copies of the
polynucleotide in the composition that were intended to have
the correct, e.g., predefined or predetermined, sequence.
[0080] Some aspects the invention relate to the design of
oligonucleotides for high fidelity polynucleotide assembly.
Aspects of the invention may be useful to increase the
throughput rate of a nucleic acid assembly procedure and/or
reduce the number of steps or amounts of reagent used to
generate a correctly assembled nucleic acid. In certain
embodiments, aspects of the invention may be useful in the
context of automated nucleic acid assembly to reduce the
time, number of steps, amount of reagents, and other factors
required for the assembly of each correct nucleic acid.
Accordingly, these and other aspects of the invention may be
useful to reduce the cost and time of one or more nucleic acid
assembly procedures.

Single-Stranded Overhangs

[0081] In some aspects of the invention, nucleic acid frag-
ments being assembled are designed to have overlapping
complementary sequences. In some embodiments, the
nucleic acid fragments are double-stranded DNA fragments
with 3' and/or 5' single-stranded overhangs. These overhangs
may be cohesive ends that can anneal to complementary
cohesive ends on different nucleic acid fragments. According
to aspects of the invention, the presence of complementary
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sequences (and particularly complementary cohesive ends)
ontwo nucleic acid fragments promotes their covalent assem-
bly. In some embodiments, a plurality of nucleic acid frag-
ments with different overlapping complementary single-
stranded cohesive ends can be assembled and their order in
the assembled nucleic acid product can be determined by the
identity of the cohesive ends on each fragment. For example,
the nucleic acid fragments may be designed so that a first
nucleic acid has a first cohesive end that is complementary to
a first cohesive end of the vector and a second cohesive end
that is complementary to a first cohesive end of a second
nucleic acid. The second cohesive end of the second nucleic
acid may be complementary to a first cohesive end of a third
nucleic acid. The second cohesive end of the third nucleic
acid may be complementary a first cohesive end of a fourth
nucleic acid. And so on through to the final nucleic acid that
has a first cohesive end that may be complementary to a
second cohesive end on the penultimate nucleic acid.

[0082] In certain embodiments, the overlapping comple-
mentary regions between adjacent nucleic acid fragments are
designed (or selected) to be sufficiently different to promote
(e.g., thermodynamically favor) assembly of a unique align-
ment of nucleic acid fragments (e.g., a selected or designed
alignment of fragments). It should be appreciated that over-
lapping regions of different length may be used. In some
embodiments, longer cohesive ends may be used when higher
numbers of nucleic acid fragments are being assembled.
Longer cohesive ends may provide more flexibility to design
or select sufficiently distinct sequences to discriminate
between correct cohesive end annealing (e.g., involving cohe-
sive ends designed to anneal to each other) and incorrect
cohesive end annealing (e.g., between non-complementary
cohesive ends).

[0083] Insomeembodiments, two or more pairs of comple-
mentary cohesive ends between different nucleic acid frag-
ments may be designed or selected to have identical or similar
sequences in order to promote the assembly of products con-
taining a relatively random arrangement (and/or number) of
the fragments that have similar or identical cohesive ends.
This may be useful to generate libraries of nucleic acid prod-
ucts with different sequence arrangements and/or different
copy numbers of certain internal sequence regions.

[0084] In some embodiments, the second cohesive end of
the final nucleic acid may be complementary to a second
cohesive end of the vector. According to aspects of the inven-
tion, this method may be used to generate a vector containing
nucleic acid fragments assembled in a predetermined linear
order (e.g., first, second, third, forth, . . . , final). In some
embodiments, each of the two terminal nucleic acid frag-
ments (e.g., the terminal fragment at each end of an
assembled product) may be designed to have a cohesive end
that is complementary to a cohesive end on a vector (e.g., on
a linearized vector). These cohesive ends may be identical
cohesive ends that can anneal to identical complementary
terminal sequences on a linearized vector. However, in some
embodiments, the cohesive ends on the terminal fragments
are different and the vector contains two different cohesive
ends, one at each end of a linearized vector, each complemen-
tary to one of the terminal fragment cohesive ends. Accord-
ingly, the vector may be a linearized plasmid that has two
cohesive ends, each of which is complementary with one end
of the assembled nucleic acid fragments.

[0085] Some aspects of the invention involve double-
stranded nucleic acids with single-stranded overhangs. Over-
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hangs may be generated using any suitable technique. In
some embodiments, a double-stranded nucleic acid fragment
(e.g., a fragment assembled in a multiplex assembly) may be
digested with an appropriate restriction enzyme to generate a
terminal single-stranded overhang. In some embodiments,
fragments that are designed to be adjacent to each other in an
assembled product may be digested with the same enzyme to
expose complementary overhangs. In some embodiments,
overhangs may be generated using a type IIS restriction
enzyme. Type IIS restriction enzymes are enzymes that bind
to a double stranded nucleic acid at one site, referred to as the
recognition site, and make a single double stranded cut out-
side of the recognition site. The double stranded cut, referred
to as the cleavage site, is generally situated 0-20 bases away
from the recognition site. The recognition site is generally
about 4-7 bp long. All type IIS restriction enzymes exhibit at
least partial asymmetric recognition. Asymmetric recogni-
tion means that 5'3' recognition sequences are different for
each strand of the nucleic acid. The enzyme activity also
shows polarity meaning that the cleavage sites are located on
only one side of the recognition site. Thus, there is generally
only one double stranded cut corresponding to each recogni-
tion site. Cleavage generally produces 1-5 nucleotide single-
stranded overhangs, with 5' or 3' termini, although some
enzymes produce blunt ends. Either cut is useful in the con-
text of the invention, although in some instances those pro-
ducing single-stranded overhangs are produced. To date,
about 80 type IIS enzymes have been identified. Examples
include but are not limited to BstF5 I, BtsC I, BsrD I, Bts 1,
Alw 1, Bee 1, BsmA [, Ear I, Mly I (blunt), Ple I, Bmr I, Bsa I,
BsmB 1, Fau I, Mnl 1, Sap 1, Bbs I, BeiV I, Hph 1, Mbo 11,
BfuA I, BspCN I, BspM I, SfaN I, Hga [, BseR I, Bbv I, Eci
1,Fok I, BceA I, BsmF I, BtgZ 1, BpuE I, Bsg I, Mme [, BseG
I, Bse3D I, BseM I, AcIW I, Alw26 1, Bst6 I, BstMA I,
Eam1104 I, Ksp632 I, Pps I, Sch I (blunt), Bfi I, Bso31 I,
BspTN I, Eco31 [, Esp3 I, Smu [, Bfu I, Bpi [, BpuA I, BstV2
I, AsuHP I, Acc36 I, Lwe I, Aar I, BseM II, TspDT I, TspGW
1,BseX 1, BstV1 1, Eco57 I, Eco57M I, Gsu L, and Beg 1. Such
enzymes and information regarding their recognition and
cleavage sites are available from commercial suppliers such
as New England Biolabs, Inc. (Ipswich, Mass., U.S.A.).

[0086] In some embodiments, commercial or engineered
restriction enzyme may be used. In some embodiments, Type
IIS restriction enzymes can be designed and engineered to
produce longer overhang lengths. Designing and engineering
restriction enzymes to produce longer single-stranded over-
hangs can allow for the joining of a larger number of oligo-
nucleotides together to form longer nucleic acid constructs.
For example, Bsal, which produces a 4 nucleotide single-
stranded overhang, can be engineered to produce a 5, or 6 or
longer single-stranded overhang. Increasing the length of the
single-stranded overhang produced by such engineered Bsal
can increase the theoretical limit of 17 nucleic acids or oli-
gonucleotides that can be joined.

[0087] Insomeembodiments, each of a plurality of nucleic
acid fragments designed for nucleic acid assembly may have
aType IIS restriction site at each end. The Type IIS restriction
sites may be oriented so that the cleavage sites are internal
relative to the recognition sequences. As a result, enzyme
digestion exposes an internal sequence (e.g., an overhang
within an internal sequence) and removes the recognition
sequences from the ends. Accordingly, the same Type IIS
sites may be used for both ends of all of the nucleic acid
fragments being prepared for assembly and/or may be used
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for linearizing a suitable vector. However, different Type I1IS
sites also may be used. Two fragments that are designed to be
adjacent in an assembled product each may include an iden-
tical overlapping terminal sequence and a flanking Type IIS
site that is appropriately located to expose complementary
overhangs within the overlapping sequence upon restriction
enzyme digestion. Accordingly, a plurality of nucleic acid
fragments may be generated with different complementary
overhangs. The restriction site at each end of a nucleic acid
fragment may be located such that digestion with the appro-
priate Type IIS enzyme removes the restriction site and
exposes a single-stranded region that is complementary to a
single-stranded region on a nucleic acid fragment that is
designed to be adjacent in the assembled nucleic acid product.
In some embodiments, one end of each of the two terminal
nucleic acid fragments may be designed to have a single-
stranded overhang (e.g., after digestion with an appropriate
restriction enzyme) that is complementary to a single-
stranded overhang of a linearized vector nucleic acid.
Accordingly, the resulting nucleic acid fragments and vector
may be transformed directly into a host cell. Alternatively, the
nucleic acid fragments and vector may be incubated to pro-
mote hybridization and annealing of the complementary
sequences prior to transformation in the host cell. It should be
appreciated that a vector may be prepared using any one ofthe
techniques described herein or any other suitable technique
that produces a single-stranded overhang that would be
complementary to an end of one of the terminal nucleic acid
fragments.

[0088] Enzymatic digestions of DNA with Type II or site-
specific restriction enzymes typically generate an overhang
of four to six nucleotides. These short cohesive ends may be
sufficient for ligating two nucleic acid fragments containing
complementary termini. However, when joining multiple
nucleic acid fragments together, longer complementary cohe-
sive termini may be preferred to facilitate assembly and to
ensure specificity. For example, cohesive ends may be long
enough to have sufficiently different sequences to prevent or
reduce mispairing between similar cohesive ends. However,
their length is preferably not long enough to stabilize mispairs
between similar cohesive sequences. In some embodiments, a
length of about 9 to about 15 bases may be used. However,
any suitable length may be selected for a region that is to be
used to generate a cohesive overhang. The importance of
specificity may depend on the number of different fragments
that are being assembled simultaneously. Also, the appropri-
ate length required to avoid stabilizing mispaired regions may
depend on the conditions used for annealing different cohe-
sive ends.

Ligase-Based Assembly

[0089] Ligase-based assembly techniques may involve one
ormore suitable ligase enzymes that can catalyze the covalent
linking of adjacent 3' and 5' nucleic acid termini (e.g., a 5'
phosphate and a 3" hydroxyl of nucleic acid(s) annealed on a
complementary template nucleic acid such that the 3' termi-
nus is immediately adjacent to the 5' terminus). Accordingly,
a ligase may catalyze a ligation reaction between the 5' phos-
phate of a first nucleic acid to the 3' hydroxyl of a second
nucleic acid if the first and second nucleic acids are annealed
next to each other on a template nucleic acid). A ligase may be
obtained from recombinant or natural sources. A ligase may
be a heat-stable ligase. In some embodiments, a thermostable
ligase from a thermophilic organism may be used. Examples
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of thermostable DNA ligases include, but are not limited to:
Tth DNA ligase (from Thermus thermophilus, available from,
for example, Eurogentec and GeneCraft); Pfu DNA ligase (a
hyperthermophilic ligase from Pyrococcus furiosus); Taq
ligase (from Thermus aquaticus), any other suitable heat-
stable ligase, or any combination thereof. In some embodi-
ments, one or more lower temperature ligases may be used
(e.g., T4 DNA ligase). A lower temperature ligase may be
useful for shorter overhangs (e.g., about 3, about 4, about 5, or
about 6 base overhangs) that may not be stable at higher
temperatures.

[0090] In some embodiments, ligase may be designed and
engineered to have a greater degree of specificity so as to
minimize unwanted ligation products formed. In some
embodiments, ligase may be used in conjunction with pro-
teins or may be fused with proteins capable of facilitating the
interaction of the ligase with nucleic acid molecules and/or of
increasing specificity of ligation.

[0091] Non-enzymatic techniques can be used to ligate
nucleic acids. For example, a 5'-end (e.g., the 5' phosphate
group) and a 3'-end (e.g., the 3' hydroxyl) of one or more
nucleic acids may be covalently linked together without using
enzymes (e.g., without using a ligase). In some embodiments,
non-enzymatic techniques may offer certain advantages over
enzyme-based ligations. For example, non-enzymatic tech-
niques may have a high tolerance of non-natural nucleotide
analogues in nucleic acid substrates, may be used to ligate
short nucleic acid substrates, may be used to ligate RNA
substrates, and/or may be cheaper and/or more suited to cer-
tain automated (e.g., high throughput) applications. Accord-
ingly, a chemical ligation may be used to form a covalent
linkage between a 5' terminus of a first nucleic acid end and a
3" terminus of a second nucleic acid end, wherein the first and
second nucleic acid ends may be ends of a single nucleic acid
or ends of separate nucleic acids. In one aspect, chemical
ligation may involve at least one nucleic acid substrate having
amodified end (e.g., a modified 5' and/or 3' terminus) includ-
ing one or more chemically reactive moieties that facilitate or
promote linkage formation. In some embodiments, chemical
ligation occurs when one or more nucleic acid termini are
brought together in close proximity (e.g., when the termini
are brought together due to annealing between complemen-
tary nucleic acid sequences). Accordingly, annealing between
complementary 3' or 5' overhangs (e.g., overhangs generated
by restriction enzyme cleavage of a double-stranded nucleic
acid) or between any combination of complementary nucleic
acids that results in a 3' terminus being brought into close
proximity with a 5' terminus (e.g., the 3' and 5' termini are
adjacent to each other when the nucleic acids are annealed to
a complementary template nucleic acid) may promote a tem-
plate-directed chemical ligation. Examples of chemical reac-
tions may include, but are not limited to, condensation, reduc-
tion, and/or photo-chemical ligation reactions. It should be
appreciated that in some embodiments chemical ligation can
be used to produce naturally-occurring phosphodiester inter-
nucleotide linkages, non-naturally-occurring phosphamide
pyrophosphate internucleotide linkages, and/or other non-
naturally-occurring internucleotide linkages.

Concurrent Enzymatic Removal of Common Oligonucle-
otide Sequences and Ligation of Processed Oligonucleotides
into Longer Constructs

[0092] FIG. 2 illustrates a method for assembling a nucleic
acid in accordance with one embodiment of the invention. In
some embodiments, the method comprises concurrent enzy-
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matic removal of common oligonucleotide sequences and
ligation of processed oligonucleotide sequences into longer
constructs. In some embodiments, the oligonucleotides are
amplified by PCR and error corrected as described herein.
Amplified oligonucleotides (10), composed of a common
priming (amplification) sequence (20) and construct specific
payload or internal sequences regions (30) are processed by
an appropriate restriction endonuclease (40). In some
embodiments, the first and last oligonucleotides contain
unique priming sequences (25) for amplification of the target
construct. The restriction endonuclease catalyzes the cleav-
age of the terminal common regions (also referred herein as
amplification regions or primer recognition sequences)
shared by all of the oligonucleotides (50), leaving internal
regions (also referred herein as free payload) with terminal
single stranded DNA sequences (60). In some embodiments,
the restriction endonuclease is a type IIS restriction endonu-
clease. These single stranded sequences are designed to
instruct the specific interaction of one oligonucleotide with
another, allowing the linear arrangement of a number of oli-
gonucleotides into a defined sequence (70). Accordingly, the
terminal single stranded DNA sequences can direct the appro-
priate interaction of oligonucleotides into the correct order,
whereby ligase (80) enzyme catalyses the joining of indi-
vidual oligonucleotides, generating the final target nucleic
acid construct (90) or intermediate nucleic acid constructs.

[0093] One of skill in the art will appreciate that if the
original common sequence is ligated back together (for
example (50) using the terminal sequences complementary to
(60)), the presence of the restriction endonuclease can ensure
that it may be cut again to generate the free end (60). How-
ever, because of the choice of restriction endonuclease, a
properly ligated junction (for example between 1' and 2') will
not be recognized as a restriction site and will not be undone.
The reaction should naturally drive toward the desired prod-
uct (90).

[0094] Insome embodiments, a variant of the process rec-
ognizes that the restriction site used for common sequence
removal can now be part of the gene to be synthesized. This
constraint removal allows for recursive (hierarchical) appli-
cations of the gene synthesis method to build longer nucleic
acid sequences (as illustrated in FIG. 4). In previous method-
ologies, where removal and ligation were performed as sepa-
rate steps, this design was disallowed due to the necessity of
a purification step in between the removal and the ligation
steps, which was based partially on size selection. In such
methodologies, pieces cut of the desired target sequence
could be lost during the purification, resulting in failure to
build the desired target sequence. In some embodiments,
using the concurrent removal and ligation step of the inven-
tion, those cut sequences would be constantly cut and re-
ligated, resulting in the presence of some of the target
sequence of interest. The amount of the desired sequence may
depend, in some embodiments, on the tuning of the relative
activities of the restriction enzyme and the ligase.

[0095] As illustrated in FIG. 4, the gene synthesis pieces
(390) and (391) can be assembled from oligonucleotide sets
(310) and (311). The oligonucleotide sets can be designed
with matching restriction endonuclease sites (340) such that
the gene synthesis pieces (390) and (391) can be joined using
the same concurrent digestion and ligation process (with sub-
sequent amplification). In some embodiments, the second
round can have been designed with restriction endonuclease
sites (340) using a second restriction enzyme. However, this
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may be undesirable due to complications of using multiple
enzymes in the process. In addition, without the concurrent
digestion and ligation, the use of two restrictions enzymes
would result in disallowing two restriction enzyme sites from
the target sequence, further constraining the genes that can be
synthesized.

[0096] Still referring to FIG. 4, the nucleic acid fragment
(390) can be amplified using primers (325), and the nucleic
acid fragment (391) can be amplified using primers (326).
The nucleic acid fragment may then be mixed together and
processed in a similar fashion to the previous synthesis step to
create the combined nucleic acid fragment (392), where the
restriction sites (340) act in a similar manner to the sites (350)
in the previous round. The combined target sequence (392)
can be amplified using the 5' primer from (325) and the 3'
primer from (326).

[0097] In some embodiments, hierarchical assembly strat-
egies may be used in accordance with the methods disclosed
herein. One of skill the art will appreciate that the present
method can be scalable to multiple nucleic acid fragments,
such that the number of nucleic acid fragments in the subse-
quent round can be similar to the number of nucleic acid
fragments in the first round. The hierarchical assembly
method can be geometric, allowing very large targets to be
constructed in a relatively few number of rounds. For
example, a target sequence of 1000 bases (1 kbp) can be
constructed from one of the pools (310) or (311). A second
round of 10 nucleic acid fragments similar to (390) or (391)
would result in a 10 kbp base target nucleic acid sequence. A
third round, using the 10 kbp nucleic acid sequences, would
resultin a 100 kbp target nucleic acid sequence, derived from
the original 100 source pools.

[0098] Insome embodiments, a plurality of assembly reac-
tions may be conducted in separate pools. Assembly con-
structs from the assembly reactions may then be mixed to
together to form even longer nucleic acid sequences. In some
embodiments, hierarchical assembly may be carried out
using restriction endonucleases to form cohesive ends that
may be joined together in a desired order. The construction
oligonucleotides may be designed and synthesized to contain
recognition and cleavage sites for one or more restriction
endonucleases at sites that would facilitate joining in a speci-
fied order. In some embodiments, one or more Type IS endo-
nuclease recognition sites may be incorporated into the ter-
mini of the construction oligonucleotides to permit cleavage
by a Type IIS restriction endonuclease. The order of joining
can be determined by hybridization of the complementary
cohesive ends.

[0099] In some embodiments, the first pool of oligonucle-
otides comprises a 3' end oligonucleotide designed to have an
additional restriction enzyme recognition site at its 3' end and
the second pool of oligonucleotides comprises a 5' end oligo-
nucleotide designed to have an additional restriction enzyme
recognition site at its 5' end. In some embodiments, the
restriction enzymes are the same. After assembly of the oli-
gonucleotides in each pool, the two subassembly constructs
can be subjected to the restriction endonuclease and to ligase
in accordance with the methods disclosed herein.

[0100] One of skill in the art would understand that the
available assembly space of the synthesis is drastically (geo-
metrically) improved by the aspects of the invention. Previ-
ously, to generate a construct of double the sequence size
(2n), double the numbers of oligonucleotides were required.
For example, to generate a construct (390), double the num-
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bers of oligonucleotides (310) were required, and thus double
the numbers of compatible single stranded ends (360) were
required. Using the method illustrated in FIG. 4, the junctions
for (310) and (311) only have to be compatible with junction
(340), thus enabling the assembly of nucleic acids of double
the size with only one extra junction used. Therefore, if oli-
gonucleotides (310) and (311) have interfering or incompat-
ible ends, they may still be joined by the process disclosed
herein (digestion (340) and ligation) to make target nucleic
acid (392), whereas joining would not be possible by solely
mixing the oligonucleotide pools (310) and (311) together.

[0101] A variant of the concurrent processing of oligo-
nucleotides and assembly into target constructs and simulta-
neous entry into a plasmid is illustrated in FIG. 3. Details of
the plasmid, pG9-1 (SEQ ID NO. 1) are shown in FIG. 5. The
plasmid contains restriction endonuclease recognition sites
(underlined text, FIG. 5) that allows a restriction endonu-
clease (in this case Bsal) to cut the plasmid at two positions,
leaving defined single stranded sequences (FIG. 5—reverse
text). Referring to FIG. 3, plasmid (100) (e.g. pG9-1) is intro-
duced into a pool comprising a mixture of oligonucleotides
(110) that have been previously amplified and error corrected
as described herein. In some embodiments, these oligonucle-
otide sequences (110) can have common sequences (120) that
are recognized by a specific restriction endonuclease (140). In
some embodiments, the plasmid (130) can have sequences
recognized by the same restriction endonuclease (140).
Action of restriction endonuclease (140) upon these
sequences results in the removal of the common sequences
from the oligonucleotides ((310), (311)) and plasmid (150),
exposing single stranded DNA sequences (160). In some
embodiments, the restriction enzyme can be atype IIS restric-
tion enzyme. In some embodiments, the single stranded
sequences are designed to instruct the specific interaction of
one oligonucleotide with another, allowing the arrangement
of'a number of oligonucleotides into a defined sequence and
entry of this ordered sequence of oligonucleotides (170) into
the plasmid (100). In some embodiments, ligase (180)
enzyme catalyzes the covalent joining of the individual oli-
gonucleotides. The final product is the plasmid (e.g. pG9-1)
containing the specified construct derived from joining the
oligonucleotides (190). This plasmid (190) may then trans-
formed into a bacteria and sequenced-verified.

[0102] Aspects of the invention relate to the sequence veri-
fication of the constructs assembled according to the methods
of'the invention. Sequence verification of constructs is illus-
trated in FIG. 6. In this process, a number of constructs (200,
C1 to C4) can be generated as shown in FIG. 3 and trans-
formed into bacteria. Bacterial transformants containing
plasmid DNA can be selected on solid growth plates (210)
using an appropriate antibiotic resistance for selection. After
growth, single colonies are picked and pooled, one from each
construct plate (220), generating pools of constructs, each
pool containing one copy of each construct. In some embodi-
ments, the number of pools can be dependent upon the num-
ber of individual constructs that are to be sequenced in order
to identify constructs with perfect sequence. As illustrated in
FIG. 6, four pools of the four constructs are generated, allow-
ing analysis of four members of each construct. Plasmid DNA
can then be prepared from the pooled material (230). Each
pool of plasmid DNA molecules can then prepared for
sequencing. This preparation may use one of a variety of
methods that cause breakage of DNA into smaller fragments
and the attachment of common sequences required for
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sequencing using, for example, next generation high through-
put sequencing. Short pieces of DNA, unique to each of the
four pools generated, are contained within these common
sequences. These unique pieces of DNA can allow identifi-
cation of which pool each sequenced construct is derived
from. Constructs with the correct sequence can then be recov-
ered by going back to the initial bacterial growth plate and
re-growing the corresponding colony containing the plasmid
with the wanted construct.

Vectors and Host Cells

[0103] Any suitable vector may be used, as the invention is
not so limited. For example, a vector may be a plasmid, a
bacterial vector, a viral vector, a phage vector, an insect vec-
tor, a yeast vector, a mammalian vector, a BAC, aYAC, or any
other suitable vector. In some embodiments, a vector may be
a vector that replicates in only one type of organism (e.g.,
bacterial, yeast, insect, mammalian, etc.) or in only one spe-
cies of organism. Some vectors may have a broad host range.
Some vectors may have different functional sequences (e.g.,
origins or replication, selectable markers, etc.) that are func-
tional in different organisms. These may be used to shuttle the
vector (and any nucleic acid fragment(s) that are cloned into
the vector) between two different types of organism (e.g.,
between bacteria and mammals, yeast and mammals, etc.). In
some embodiments, the type of vector that is used may be
determined by the type of host cell that is chosen.

[0104] It should be appreciated that a vector may encode a
detectable marker such as a selectable marker (e.g., antibiotic
resistance, etc.) so that transformed cells can be selectively
grown and the vector can be isolated and any insert can be
characterized to determine whether it contains the desired
assembled nucleic acid. The insert may be characterized
using any suitable technique (e.g., size analysis, restriction
fragment analysis, sequencing, etc.). In some embodiments,
the presence of a correctly assembly nucleic acid in a vector
may be assayed by determining whether a function predicted
to be encoded by the correctly assembled nucleic acid is
expressed in the host cell.

[0105] Insomeembodiments, host cells that harbor a vector
containing a nucleic acid insert may be selected for or
enriched by using one or more additional detectable or select-
able markers that are only functional if a correct (e.g.,
designed) terminal nucleic acid fragments is cloned into the
vector.

[0106] Accordingly, a host cell should have an appropriate
phenotype to allow selection for one or more drug resistance
markers encoded on a vector (or to allow detection of one or
more detectable markers encoded on a vector). However, any
suitable host cell type may be used (e.g., prokaryotic, eukary-
otic, bacterial, yeast, insect, mammalian, etc.). For example,
host cells may be bacterial cells (e.g., Escherichia coli, Bacil-
lus subtilis, Mycobacterium spp., M. tuberculosis, or other
suitable bacterial cells), yeast cells (for example, Saccharo-
myces spp., Picchia spp., Candida spp., or other suitable yeast
species, e.g., S. cerevisiae, C. albicans, S. pombe, etc.), Xeno-
pus cells, mouse cells, monkey cells, human cells, insect cells
(e.g., SF9 cells and Drosophila cells), worm cells (e.g., Cae-
norhabditis spp.), plant cells, or other suitable cells, including
for example, transgenic or other recombinant cell lines. In
addition, a number of heterologous cell lines may be used,
such as Chinese Hamster Ovary cells (CHO).
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Applications

[0107] Aspects of the invention may be useful for a range of
applications involving the production and/or use of synthetic
nucleic acids. As described herein, the invention provides
methods for assembling synthetic nucleic acids with
increased efficiency. The resulting assembled nucleic acids
may be amplified in vitro (e.g., using PCR, LCR, or any
suitable amplification technique), amplified in vivo (e.g., via
cloning into a suitable vector), isolated and/or purified. An
assembled nucleic acid (alone or cloned into a vector) may be
transformed into a host cell (e.g., a prokaryotic, eukaryotic,
insect, mammalian, or other host cell). In some embodiments,
the host cell may be used to propagate the nucleic acid. In
certain embodiments, the nucleic acid may be integrated into
the genome of the host cell. In some embodiments, the nucleic
acid may replace a corresponding nucleic acid region on the
genome of the cell (e.g., via homologous recombination).
Accordingly, nucleic acids may be used to produce recombi-
nant organisms. In some embodiments, a target nucleic acid
may be an entire genome or large fragments of a genome that
are used to replace all or part of the genome of a host organ-
ism. Recombinant organisms also may be used for a variety of
research, industrial, agricultural, and/or medical applica-
tions.

[0108] Many of the techniques described herein can be
used together, applying combinations of one or more exten-
sion-based and/or ligation-based assembly techniques at one
or more points to produce long nucleic acid molecules. For
example, concerted assembly may be used to assemble oli-
gonucleotide duplexes and nucleic acid fragments of less than
100 to more than 10,000 base pairs in length (e.g., 100 mers
to 500 mers, 500 mers to 1,000 mers, 1,000 mers to 5,000
mers, 5,000 mers to 10,000 mers, 25,000 mers, 50,000 mers,
75,000 mers, 100,000 mers, etc.). In an exemplary embodi-
ment, methods described herein may be used during the
assembly of an entire genome (or a large fragment thereof,
e.g., about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%,
90%, or more) of an organism (e.g., ofa viral, bacterial, yeast,
or other prokaryotic or eukaryotic organism), optionally
incorporating specific modifications into the sequence at one
or more desired locations.

[0109] Nucleic acid molecules generated using methods of
the invention can be incorporated into a vector. The vector
may be a cloning vector or an expression vector. A vector may
comprise an origin of replication and one or more selectable
markers (e.g., antibiotic resistant markers, auxotrophic mark-
ers, etc.). In some embodiments, the vector may be a viral
vector. A viral vector may comprise nucleic acid sequences
capable of infecting target cells. Similarly; in some embodi-
ments, a prokaryotic expression vector operably linked to an
appropriate promoter system can be used to transform target
cells. In other embodiments, a eukaryotic vector operably
linked to an appropriate promoter system can be used to
transfect target cells or tissues.

[0110] Transcription and/or translation of the constructs
described herein may be carried out in vitro (i.e., using cell-
free systems) or in vivo (i.e., expressed in cells). In some
embodiments, cell lysates may be prepared. In certain
embodiments, expressed RNAs or polypeptides may be iso-
lated or purified.

[0111] Aspects of the methods and devices provided herein
may include automating one or more acts described herein. In
some embodiments, one or more steps of an amplification
and/or assembly reaction may be automated using one or
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more automated sample handling devices (e.g., one or more
automated liquid or fluid handling devices). Automated
devices and procedures may be used to deliver reaction
reagents, including one or more of the following: starting
nucleic acids, buffers, enzymes (e.g., one or more ligases
and/or polymerases), nucleotides, salts, and any other suit-
able agents such as stabilizing agents. Automated devices and
procedures also may be used to control the reaction condi-
tions. For example, an automated thermal cycler may be used
to control reaction temperatures and any temperature cycles
that may be used. In some embodiments, a scanning laser may
be automated to provide one or more reaction temperatures or
temperature cycles suitable for incubating polynucleotides.
Similarly, subsequent analysis of assembled polynucleotide
products may be automated. For example, sequencing may be
automated using a sequencing device and automated
sequencing protocols. Additional steps (e.g., amplification,
cloning, etc.) also may be automated using one or more
appropriate devices and related protocols. It should be appre-
ciated that one or more of the device or device components
described herein may be combined in a system (e.g., a robotic
system) or in a micro-environment (e.g., a micro-fluidic reac-
tion chamber). Assembly reaction mixtures (e.g., liquid reac-
tion samples) may be transferred from one component of the
system to another using automated devices and procedures
(e.g., robotic manipulation and/or transfer of samples and/or
sample containers, including automated pipetting devices,
micro-systems, etc.). The system and any components thereof
may be controlled by a control system.

[0112] Accordingly, method steps and/or aspects of the
devices provided herein may be automated using, for
example, a computer system (e.g., a computer controlled
system). A computer system on which aspects of the technol-
ogy provided herein can be implemented may include a com-
puter for any type of processing (e.g., sequence analysis and/
or automated device control as described herein). However, it
should be appreciated that certain processing steps may be
provided by one or more of the automated devices that are part
of the assembly system. In some embodiments, a computer
system may include two or more computers. For example,
one computer may be coupled, via a network, to a second
computer. One computer may perform sequence analysis.
The second computer may control one or more of the auto-
mated synthesis and assembly devices in the system. In other
aspects, additional computers may be included in the network
to control one or more of the analysis or processing acts. Each
computer may include a memory and processor. The comput-
ers can take any form, as the aspects of the technology pro-
vided herein are not limited to being implemented on any
particular computer platform. Similarly, the network can take
any form, including a private network or a public network
(e.g., the Internet). Display devices can be associated with
one or more of the devices and computers. Alternatively, or in
addition, a display device may be located at a remote site and
connected for displaying the output of an analysis in accor-
dance with the technology provided herein. Connections
between the different components of the system may be via
wire, optical fiber, wireless transmission, satellite transmis-
sion, any other suitable transmission, or any combination of
two or more of the above.

[0113] Each of the different aspects, embodiments, or acts
of'the technology provided herein can be independently auto-
mated and implemented in any of numerous ways. For
example, each aspect, embodiment, or act can be indepen-
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dently implemented using hardware, software or a combina-
tion thereof. When implemented in software, the software
code can be executed on any suitable processor or collection
of processors, whether provided in a single computer or dis-
tributed among multiple computers. It should be appreciated
that any component or collection of components that perform
the functions described above can be generically considered
as one or more controllers that control the above-discussed
functions. The one or more controllers can be implemented in
numerous ways, such as with dedicated hardware, or with
general purpose hardware (e.g., one or more processors) that
is programmed using microcode or software to perform the
functions recited above.

[0114] In this respect, it should be appreciated that one
implementation of the embodiments of the technology pro-
vided herein comprises at least one computer-readable
medium (e.g., a computer memory, a floppy disk, a compact
disk, a tape, etc.) encoded with a computer program (i.e., a
plurality of instructions), which, when executed on a proces-
sor, performs one or more ofthe above-discussed functions of
the technology provided herein. The computer-readable
medium can be transportable such that the program stored
thereon can be loaded onto any computer system resource to
implement one or more functions of the technology provided
herein. In addition, it should be appreciated that the reference
to a computer program which, when executed, performs the
above-discussed functions, is not limited to an application
program running on a host computer. Rather, the term com-
puter program is used herein in a generic sense to reference
any type of computer code (e.g., software or microcode) that
can be employed to program a processor to implement the
above-discussed aspects of the technology provided herein.

[0115] It should be appreciated that in accordance with
several embodiments of the technology provided herein
wherein processes are stored in a computer readable medium,
the computer implemented processes may, during the course
of' their execution, receive input manually (e.g., from a user).

[0116] Accordingly, overall system-level control of the
assembly devices or components described herein may be
performed by a system controller which may provide control
signals to the associated nucleic acid synthesizers, liquid
handling devices, thermal cyclers, sequencing devices, asso-
ciated robotic components, as well as other suitable systems
for performing the desired input/output or other control func-
tions. Thus, the system controller along with any device con-
trollers together form a controller that controls the operation
of a nucleic acid assembly system. The controller may
include a general purpose data processing system, which can
be a general purpose computer, or network of general purpose
computers, and other associated devices, including commu-
nications devices, modems, and/or other circuitry or compo-
nents to perform the desired input/output or other functions.
The controller can also be implemented, at least in part, as a
single special purpose integrated circuit (e.g., ASIC) or an
array of ASICs, each having a main or central processor
section for overall, system-level control, and separate sec-
tions dedicated to performing various different specific com-
putations, functions and other processes under the control of
the central processor section. The controller can also be
implemented using a plurality of separate dedicated program-
mable integrated or other electronic circuits or devices, e.g.,
hard wired electronic or logic circuits such as discrete ele-
ment circuits or programmable logic devices. The controller
can also include any other components or devices, such as
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user input/output devices (monitors, displays, printers, a key-
board, a user pointing device, touch screen, or other user
interface, etc.), data storage devices, drive motors, linkages,
valve controllers, robotic devices, vacuum and other pumps,
pressure sensors, detectors, power supplies, pulse sources,
communication devices or other electronic circuitry or com-
ponents, and so on. The controller also may control operation
of other portions of a system, such as automated client order
processing, quality control, packaging, shipping, billing, etc.,
to perform other suitable functions known in the art but not
described in detail herein.

[0117] Variousaspects of the present invention may be used
alone, in combination, or in a variety of arrangements not
specifically discussed in the embodiments described in the
foregoing and is therefore not limited in its application to the
details and arrangement of components set forth in the fore-
going description or illustrated in the drawings. For example,
aspects described in one embodiment may be combined in
any manner with aspects described in other embodiments.

[0118] Use of ordinal terms such as “first,” “second,”
“third,” etc., in the claims to modify a claim element does not
by itself connote any priority, precedence, or order of one
claim element over another or the temporal order in which
acts of a method are performed, but are used merely as labels
to distinguish one claim element having a certain name from
another element having a same name (but for use of the
ordinal term) to distinguish the claim elements.
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[0119] Also, the phraseology and terminology used herein
is for the purpose of description and should not be regarded as
limiting. The use of “including,” “comprising,” or “having,”
“containing,” “involving,” and variations thereof herein, is
meant to encompass the items listed thereafter and equiva-

lents thereof as well as additional items.

EQUIVALENTS

[0120] The present invention provides among other things
novel methods and devices for high-fidelity gene assembly.
While specific embodiments of the subject invention have
been discussed, the above specification is illustrative and not
restrictive. Many variations of the invention will become
apparent to those skilled in the art upon review of this speci-
fication. The full scope of the invention should be determined
by reference to the claims, along with their full scope of
equivalents, and the specification, along with such variations.

INCORPORATION BY REFERENCE

[0121] Reference is made to U.S. application Ser. No.
13/986,368, filed Apr. 24, 2013, U.S. application Ser. No.
13/524,164, filed Jun. 15, 2012, and PCT publication PCT/
US2009/055267. All publications, patents, patent applica-
tions, and sequence database entries mentioned herein are
hereby incorporated by reference in their entirety as if each
individual publication or patent was specifically and indi-
vidually indicated to be incorporated by reference.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 1

<210> SEQ ID NO 1

<211> LENGTH: 2608

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic Construct

<400> SEQUENCE: 1

tcgegegttt cggtgatgac ggtgaaaacce tctgacacat gcagcectccceg gagacggtca 60
cagcttgtet gtaageggat gecgggagea gacaagcecceyg tcagggcegceg tcagegggtg 120
ttggegggty teggggetgg cttaactatg cggcatcaga gcagattgta ctgagagtge 180
accatatgcg gtgtgaaata ccgcacagat gcgtaaggag aaaataccgce atcaggcegcec 240
attcgecatt caggctgege aactgttggg aagggcgatce ggtgegggece tettegetat 300
tacgccaget ggcgaaaggg ggatgtgetyg caaggcgatt aagttgggta acgccagggt 360
tttecccagte acgacgttgt aaaacgacgg ccagtgaatt agtgttgaga ccattcaget 420
ccggtetega cactgagett ggegtaatca tggtcatage tgtttectgt gtgaaattgt 480
tatccgetca caattccaca caacatacga goccggaagca taaagtgtaa agcctggggt 540
gectaatgag tgagctaact cacattaatt gegttgeget cactgecege tttecagteg 600
ggaaacctgt cgtgccaget gcattaatga atcggccaac gegeggggayg aggeggtttg 660
cgtattggge getctteege ttectegete actgactege tgegeteggt cgtteggetg 720
cggcgagegg tatcagetca ctcaaaggeg gtaatacggt tatccacaga atcaggggat 780
aacgcaggaa agaacatgtg agcaaaaggc cagcaaaagyg ccaggaaccg taaaaaggcc 840
gegttgetgyg cgtttttceca taggctecge ceccctgacyg agcatcacaa aaatcgacge 900
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-continued
tcaagtcaga ggtggcgaaa cccgacagga ctataaagat accaggcegtt tcccectgga 960
agctcecteg tgcgectctee tgttceccgace ctgccgetta ccggatacct gteccgecttt 1020
ctceccttegg gaagegtgge getttcetcat agctcacget gtaggtatct cagtteggtg 1080
taggtcgttc gectccaaget gggctgtgtg cacgaaccce ccgttcagece cgaccgctgce 1140
gccttateeg gtaactatcg tcttgagtcce aacccggtaa gacacgactt atcgccactg 1200
gcagcagceca ctggtaacag gattagcaga gcgaggtatg taggcggtgce tacagagttce 1260
ttgaagtggt ggcctaacta cggctacact agaagaacag tatttggtat ctgcgctctg 1320
ctgaagccag ttaccttcegg aaaaagagtt ggtagctcett gatccggcaa acaaaccacc 1380
gctggtageg gtggtttttt tgtttgcaag cagcagatta cgcgcagaaa aaaaggatct 1440
caagaagatc ctttgatctt ttctacgggg tctgacgctc agtggaacga aaactcacgt 1500
taagggattt tggtcatgag attatcaaaa aggatcttca cctagatcct tttaaattaa 1560
aaatgaagtt ttaaatcaat ctaaagtata tatgagtaaa cttggtctga cagtcagaag 1620
aactcgtcaa gaaggcgata gaaggcgatg cgctgcgaat cgggagcegge gataccgtaa 1680
agcacgagga agcggtcagce ccattcgecg ccaagctcett cagcaatatc acgggtagece 1740
aacgctatgt cctgatagcg gtccgecaca cecagcecgge cacagtcgat gaatccagaa 1800
aagcggccat tttccaccat gatattcgge aagcaggcat cgccatgggt cacgacgaga 1860
tcetegecgt cgggcatget cgecttgage ctggcgaaca gttcecggctgg cgcgagccecce 1920
tgatgctett cgtccagatc atcctgatcg acaagaccgg cttccatcecg agtacgtget 1980
cgctcgatge gatgtttege ttggtggtcg aatgggcagg tagccggatce aagcgtatgce 2040
agccgcecgca ttgcatcage catgatggat actttctegg caggagcaag gtgagatgac 2100
aggagatcct geccccggcac ttecgeccaat agcagccagt cecttecccge ttcagtgaca 2160
acgtcgagca cagctgcgca aggaacgcecce gtegtggeca gcecacgatag ccgegetgece 2220
tcgtecttgeca gttcattcag ggcaccggac aggtcggtet tgacaaaaag aaccgggcgce 2280
ccetgegetg acagecggaa cacggcggca tcagagcagce cgattgtcetg ttgtgcccag 2340
tcatagccga atagcctcecte cacccaagcg gccggagaac ctgcgtgcaa tceccatcttgt 2400
tcaatcatac tcttecctttt tcaatattat tgaagcattt atcagggtta ttgtctcatg 2460
agcggataca tatttgaatg tatttagaaa aataaacaaa taggggttcc gcgcacattt 2520
cceccgaaaag tgccacctga cgtctaagaa accattatta tcatgacatt aacctataaa 2580
aataggcgta tcacgaggcc ctttegte 2608
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What is claimed is:

1. A method of producing a target nucleic acid having a
predefined sequence, the method comprising:
a) providing a first mixture comprising:

(1) a first pool of oligonucleotides comprising a first
plurality of oligonucleotides comprising a sequence
identical to the 5' end of the target nucleic acid, a
second plurality of oligonucleotides comprising a
sequence identical to the 3' end of the target nucleic
acid, and a plurality of oligonucleotides comprising a
sequence identical to a different portion of a sequence
of a target nucleic acid, each of the oligonucleotides
having an overlapping sequence region correspond-

ing to a sequence region in a next oligonucleotide, the
oligonucleotides in the first pool together comprising
the target nucleic acid sequence;
(ii) a restriction enzyme, and
b) exposing the first mixture to a ligase and subjecting the
first mixture comprising the ligase to conditions suitable
to promote restriction enzyme digestion and ligation,
thereby generating the target nucleic acid.
2. (canceled)

3. The method of claim 1 further comprising, prior to step
(a), providing a plurality of construction oligonucleotides,
wherein each construction oligonucleotide comprises (i) an
internal sequence identical to a different portion of a sequence
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of a target nucleic acid, (i1) 5' and 3' flanking sequences
flanking the 5' end and the 3' end of the internal sequence,
each of the flanking sequence comprising a primer recogni-
tion site for a primer pair and a restriction enzyme recognition
site.

4. The method of claim 3 further comprising amplifying
the plurality of construction oligonucleotides.

5. The method of claim 4 further comprising subjecting the
plurality of amplified oligonucleotides to error removal.

6. The method of claim 5 wherein the plurality of amplified
oligonucleotides are contacted with a mismatch binding
agent, wherein the mismatch binding agent selectively binds
and cleaves the double-stranded oligonucleotides comprising
a mismatch.

7. The method of claim 4 wherein the restriction enzyme
and the ligase are added to a single pool of amplified oligo-
nucleotides under conditions suitable to promote digestion
and ligation, thereby generating a mixture comprising the
assembled target nucleic acid sequences, and the flanking
sequences.

8. (canceled)

9. The method of claim 1 wherein the restriction enzyme is
a Type IIS restriction enzyme.

10. The method of claim 7 wherein the restriction enzyme
is a Type IIS restriction enzyme, wherein digestion with the
Type 1IS restriction enzyme produces a plurality of cohesive
end double-stranded oligonucleotides and wherein the plu-
rality of cohesive end double-stranded oligonucleotides are
ligated in a unique linear arrangement.

11. The method of claim 1 further comprising amplifying
the target nucleic acid using a primer pair capable of recog-
nizing a primer recognition site at the 5' end of the first
oligonucleotide and 3' end of second oligonucleotide.

12. (canceled)

13. (canceled)

14. The method of claim 1 further comprising sequencing
at least one target nucleic acid to confirm its sequence accu-
racy and isolating at least one target nucleic acid having the
predefined sequence from a pool of nucleic acid sequences.

15. (canceled)

16. The method of claim 1 further comprising

¢) providing a second mixture comprising

(1) a second pool of oligonucleotides comprising a first
plurality of oligonucleotides comprising a sequence
identical to the 5' end of the target nucleic acid, a
second plurality of oligonucleotides comprising a
sequence identical to the 3' end of the target nucleic
acid, and a plurality of oligonucleotides comprising a
sequence identical to a different portion of a sequence
of a target nucleic acid, each of the oligonucleotides
having an overlapping sequence region correspond-
ing to a sequence region in a next oligonucleotide, the
oligonucleotides in the second pool together compris-
ing the second target nucleic acid;

(ii) a restriction enzyme, and

d) exposing the second mixture to a ligase and subjecting

the second mixture comprising the ligase to conditions

suitable to promote restriction enzyme digestion and
ligation, thereby generating a second target nucleic acid.

17. The method of claim 16 further comprising assembling
at least two target nucleic acids.

18. (canceled)

19. The method of claim 17 wherein the second plurality of
oligonucleotides of the first pool of oligonucleotides com-
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prises a restriction endonuclease recognition site for a restric-
tion endonuclease and the first plurality of oligonucleotides
of'the second pool of oligonucleotides comprises a restriction
endonuclease recognition site for the restriction endonu-
clease.

20. The method of claim 19 wherein the at least two target
nucleic acids are subjected to restriction endonuclease diges-
tion and ligation thereby forming a long target nucleic acid
construct.

21. The method of claim 20, wherein the long target nucleic
acid construct is at least about 10 kilobases in length.

22. (canceled)

23. A method of producing a target nucleic acid having a

predefined sequence, the method comprising:

a) providing a plurality of oligonucleotides, wherein each
oligonucleotide comprises (i) an internal sequence iden-
tical to a different portion of a sequence of a target
nucleic acid, (ii) 5' flanking sequence flanking the 5' end
of the internal sequence and 3' flanking sequences flank-
ing the 3' end of the internal sequence, each of the
flanking sequences comprising a primer recognition site
for a primer pair and a restriction enzyme recognition
site for a restriction endonuclease;

b) amplifying at least a subset of the oligonucleotides using
the primer pair thereby generating a plurality of ampli-
fied oligonucleotides;

¢) optionally subjecting the plurality of amplified oligo-
nucleotides to error removal;

d) providing a circular vector having a restriction enzyme
recognition site for the restriction endonuclease; and

¢) exposing the plurality of amplified oligonucleotides and
circular vector to the restriction enzyme and ligase in a
single pool, wherein the restriction enzyme is capable of
recognizing the restriction enzyme recognition sites,
thereby assembling the target nucleic acid in the vector.

24. The method of claim 23 further comprising transform-

ing the vector into a host cell.

25. A composition for the assembly of a target nucleic acid

having a predefined sequence comprising:

a) a pool of oligonucleotides comprising a first plurality of
oligonucleotides comprising a sequence identical to the
5" end of the target nucleic acid, a second plurality of
oligonucleotides comprising a sequence identical to the
3" end of the target nucleic acid, and one or more plural-
ity of oligonucleotides comprising a sequence identical
to a different portion of a sequence of a target nucleic
acid, each ofthe oligonucleotides having an overlapping
sequence region corresponding to a sequence region in a
next oligonucleotide, the oligonucleotides in the pool
together comprising the target nucleic acid;

b) a plurality of common sequences comprising a primer
recognition site for a primer pair and a restriction endo-
nuclease recognition site;

¢) a restriction endonuclease;

d) a ligase; and

e) a linearized vector having a 5' end compatible with the
first plurality of oligonucleotides and a 3' end compat-
ible with the second plurality of oligonucleotides.

26. The composition of claim 25 wherein the oligonucle-

otides are amplified, error corrected, or amplified and error
corrected.

27. (canceled)
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28. (canceled)
29. The composition of claim 25 wherein the restriction
endonuclease is a Type IIS restriction endonuclease.

#* #* #* #* #*
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