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for the generation of highly accurate nucleic acid libraries encoding for predetermined

variants of a nucleic acid sequence. The deg

ree of variation may be complete, resulting in a saturated variant library, or less than

complete, resulting in a non-saturating library of variants. The variant nucleic acid libraries described herein may be designed for
further processing by transcription or translation. The variant nucleic acid libraries described herein may be designed to generate variant
RNA, DNA and/or protein populations. Further provided herein are method for identifying variant species with increased or decreased
activities, with applications i regulating biological functions and the design of therapeutics for treatment or reduction of disease.
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DE NOVO SYNTHESIZED COMBINATORIAL NUCLEIC ACID LIBRARIES

CROSS-REFERENCE
[0001] This application claims the benefit of U.S. Provisional Application No. 62/578,326,
filed on October 27, 2017; and U.S. Provisional Application No. 62/471,723, filed on March 15,

2017, each of which 1s incorporated herein by reference 1n its entirety.

SEQUENCE LISTING
[0002] The 1nstant application contains a Sequence Listing which has been submitted

electronically in ASCII format and 1s hereby incorporated by reference 1n 1ts entirety. Said ASCII
copy, created on March 13, 2018, 1s named 44854-729 601 SL.txt and1s 18,419 bytes in size.

BACKGROUND
[0003] The cornerstone of synthetic biology 1s the design, build, and test process —an 1terative
process that requires DNA, to be made accessible for rapid and affordable generation and
optimization of these custom pathways and organisms. In the design phase, the A, C, T and G
nucleotides that constitute DNA are formulated into the various gene sequences that would
comprise the locus or the pathway of interest, with each sequence variant representing a specific
hypothesis that will be tested. These variant gene sequences represent subsets of sequence space, a
concept that originated 1n evolutionary biology and pertains to the totality of sequences that make
up genes, genomes, transcriptome and proteome.
[0004] Many different variants are typically designed for each design-build-test cycle to enable
adequate sampling of sequence space and maximize the probability of an optimized design. Though
straightforward 1n concept, process bottlenecks around speed, throughput and quality of
conventional synthesis methods dampen the pace at which this cycle advances, extending
development time. The 1nability to sufficiently explore sequence space due to the high cost of
acutely accurate DNA and the limited throughput of current synthesis technologies remains the
rate-limiting step.
[0005] Beginning with the build phase, two processes are noteworthy: nucleic acid synthesis
and gene synthesis. Historically, synthesis of different gene variants was accomplished through
molecular cloning. While robust, this approach 1s not scalable. Early chemical gene synthesis
efforts focused on producing a large number of polynucleotides with overlapping sequence
homology. These were then pooled and subjected to multiple rounds of polymerase chain reaction
(PCR), enabling concatenation of the overlapping polynucleotides into a full length double stranded

gene. A number of factors hinder this method, including time-consuming and labor-intensive
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construction, requirement of high volumes of phosphoramidites, an expensive raw material, and
production of nanomole amounts of the final product, significantly less than required for
downstream steps, and a large number of separate polynucleotides required one 96 well plate to set
up the synthesis of one gene.

[0006] Synthesizing of polynucleotides on microarrays provided a significant increase in the
throughput of gene synthesis. A large number of polynucleotides could be synthesized on the
microarray surface, then cleaved off and pooled together. Each polynucleotide destined for a
specific gene contains a unique barcode sequence that enabled that specific subpopulation of
polynucleotides to be depooled and assembled 1nto the gene of interest. In this phase of the process,
each subpool 1s transferred into one well 1n a 96 well plate, increasing throughput to 96 genes.
While this 1s two orders of magnitude higher 1n throughput than the classical method, 1t still does
not adequately support the design, build, test cycles that require thousands of sequences at one time

due to a lack of cost efficiency and slow turnaround times.

BRIEF SUMMARY
[0007] Provided herein are methods of synthesizing a variant nucleic acid library, comprising:
(a) providing predetermined sequences encoding for at least 500 polynucleotide sequences, wherein
the at least 500 polynucleotide sequences have a preselected codon distribution; (b) synthesizing a
plurality of polynucleotides encoding for the at least 500 polynucleotide sequences; (¢) assaying an
activity for nucleic acids encoded by or proteins translated based on the plurality of
polynucleotides; and (d) collecting results from the assay in step (c¢), wherein the collecting
comprises collecting results of predetermined sequences associated with a negative or null result.
Further provided herein are methods of synthesizing a variant nucleic acid library, wherein step (d)
comprises collecting results for at least 80% of the predetermined sequences. Further provided
herein are methods of synthesizing a variant nucleic acid library, wherein step (d) comprises
collecting results for at least 90% of the predetermined sequences. Further provided herein are
methods of synthesizing a variant nucleic acid library, wherein step (d) comprises collecting results
for at least 100% of the predetermined sequences. Further provided herein are methods of
synthesizing a variant nucleic acid library, wherein at least about 70% of a predicted diversity 1s
represented. Further provided herein are methods of synthesizing a variant nucleic acid library,
wherein at least about 90% of a predicted diversity 1s represented. Further provided herein are
methods of synthesizing a variant nucleic acid library, wherein at least about 95% of a predicted
diversity 1s represented. Further provided herein are methods of synthesizing a variant nucleic acid
library, wherein at least 80% of the at least 500 polynucleotide sequences are a correct size.

Further provided herein are methods of synthesizing a variant nucleic acid library, wherein at least
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about 80% of the at least 500 polynucleotide sequences are each present in the variant nucleic acid
library 1n an amount within 2X of a mean frequency for each of the polynucleotide sequences i1n the
library. Further provided herein are methods of synthesizing a variant nucleic acid library further
comprising collecting results from the assay in step (c¢) for predetermined sequences associated
with an enhanced or reduced activity. Further provided herein are methods of synthesizing a
variant nucleic acid library, wherein the activity 1s cellular activity. Further provided herein are
methods of synthesizing a variant nucleic acid library, wherein the cellular activity comprises
reproduction, growth, adhesion, death, migration, energy production, oxygen utilization, metabolic
activity, cell signaling, response to free radical damage, or any combination thereof. Further
provided herein are methods of synthesizing a variant nucleic acid library, wherein the variant
nucleic acid library encodes sequences for variant genes or fragments thereof. Further provided
herein are methods of synthesizing a variant nucleic acid library, wherein the variant nucleic acid
library encodes for at least a portion of an antibody, an enzyme, or a peptide. Further provided
herein are methods of synthesizing a variant nucleic acid library, wherein the nucleic acid library
encodes a guide RNA (gRNA). Further provided herein are methods of synthesizing a variant
nucleic acid library, wherein the nucleic acid library encodes a siRNA, a shRNA, a RNA1, or a
miRNA.

[0008] Provided herein are methods for generating a combinatorial library of nucleic acids, the
method comprising: (a) designing predetermined sequences encoding for: (1) a first plurality of
polynucleotides, wherein each polynucleotide of the first plurality of polynucleotides encodes for
variant sequence compared to a single reference sequence and (i1) a second plurality of
polynucleotides, wherein each polynucleotide of the second plurality of polynucleotides encodes
for variant sequence compared to the single reference sequence; (b) synthesizing the first plurality
of polynucleotides and the second plurality of polynucleotides; and (¢) mixing the first plurality of
polynucleotides and the second plurality of polynucleotides to form the combinatorial library of
nucleic acids, wherein at least about 70% of a predicted diversity 1s represented. Further provided
herein are methods for generating a combinatorial library of nucleic acids, wherein the
combinatorial library 1s a non-saturating combinatorial library. Further provided herein are
methods for generating a combinatorial library of nucleic acids, wherein the combinatorial library
1S a saturating combinatorial library. Further provided herein are methods for generating a
combinatorial library of nucleic acids, wherein at least 10,000 polynucleotides are synthesized.
Further provided herein are methods for generating a combinatorial library of nucleic acids,
wherein a total number of polynucleotides for generation of the non-saturating combinatorial

library 1s at least 25% less than the total number polynucleotides for generation of a saturating
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combinatorial library. Further provided herein are methods for generating a combinatorial library
of nucleic acids, wherein at least 80% of variants are a correct size. Further provided herein are
methods for generating a combinatorial library of nucleic acids, wherein at least about 90% of a
predicted diversity 1s represented. Further provided herein are methods for generating a
combinatorial library of nucleic acids, wherein at least about 95% of a predicted diversity 1s
represented. Further provided herein are methods for generating a combinatorial library of nucleic
acids, wherein the combinatorial library encodes for a first reference sequence or a second
reference sequence. Further provided herein are methods for generating a combinatorial library of
nucleic acids, wherein the combinatorial library when translated encodes for a protein library.
Further provided herein are methods for generating a combinatorial library of nucleic acids,
wherein the nucleic acids of the combinatorial library are inserted into vectors. Further provided
herein are methods for generating a combinatorial library of nucleic acids further comprising
performing PCR mutagenesis of a nucleic acid using the combinatorial library as primers for a PCR
mutagenesis reaction. Further provided herein are methods for generating a combinatorial library
of nucleic acids, wherein the combinatorial library encodes sequences for variant genes or
fragments thereof. Further provided herein are methods for generating a combinatorial library of
nucleic acids, wherein the combinatorial library encodes for at least a portion of an antibody, an
enzyme, or a peptide. Further provided herein are methods for generating a combinatorial library
of nucleic acids, wherein the combinatorial library encodes for at least a portion of a variable region
or a constant region of the antibody. Further provided herein are methods for generating a
combinatorial library of nucleic acids, wherein the combinatorial library encodes for at least one
CDR region of the antibody. Further provided herein are methods for generating a combinatorial
library of nucleic acids, wherein the combinatorial encodes for a CDR1, a CDR2, and a CDR3 on a
heavy chain and a CDR1, a CDR2, and a CDR3 on a light chain of the antibody. Further provided
herein are methods for generating a combinatorial library of nucleic acids, wherein the
combinatorial library encodes for a guide RNA (gRNA).

[0009] Provided herein are methods of synthesizing a variant nucleic acid library, comprising:
(a) providing predetermined sequences encoding for a plurality of polynucleotides, wherein the
polynucleotides encode for a plurality of codons having a variant sequence compared to a single
reference sequence; (b) selecting a distribution value for codons at a preselected position in the
predetermined nucleic acid reference sequence; (¢) providing machine instructions to randomly
generate a set of nucleic acid sequences with a distribution value that aligns with the selected
distribution value, wherein the set of nucleic acid sequences 1s less than the amount of nucleic acid

sequences required to generate a saturating codon variant library; and (d) synthesizing the variant
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nucleic acid library with a preselected distribution, wherein at least about 70% of a predicted
diversity 1s represented. Further provided herein are methods of synthesizing a variant nucleic acid
library, wherein at least 80% of variants are a correct size. Further provided herein are methods of
synthesizing a variant nucleic acid library, wherein at least about 90% of a predicted diversity 1s
represented. Further provided herein are methods of synthesizing a variant nucleic acid library,
wherein at least about 95% of a predicted diversity 1s represented. Further provided herein are
methods of synthesizing a variant nucleic acid library, wherein the variant nucleic acid library
when translated encodes for a protein library. Further provided herein are methods of synthesizing
a variant nucleic acid library, wherein the nucleic acids of the variant nucleic acid library are
inserted into vectors. Further provided herein are methods of synthesizing a variant nucleic acid
library further comprising performing PCR mutagenesis of a nucleic acid using the variant nucleic
acid library as primers for a PCR mutagenesis reaction. Further provided herein are methods of
synthesizing a variant nucleic acid library, wherein a codon assignment 1s used for determining
each codon of the plurality of codons having a variant sequence. Further provided herein are
methods of synthesizing a variant nucleic acid library, wherein the codon assignment 1s based on
frequency of the codon sequence 1n an organism. Further provided herein are methods of
synthesizing a variant nucleic acid library, wherein the organism 1s at least one of an animal, a
plant, a fungus, a protist, an archaeon, and a bacterium. Further provided herein are methods of
synthesizing a variant nucleic acid library, wherein the codon assignment 1s based on a diversity of
the codon sequence.

[0010] Provided herein are methods of synthesizing a variant nucleic acid library, comprising:
(a) providing predetermined sequences encoding for a plurality of polynucleotides, wherein the
polynucleotides encode for a codon having a variant sequence compared to a single reference
sequence; (b) dividing the plurality of polynucleotides into 5 fragments of polynucleotides and 3’
fragments of polynucleotides; (c¢) selecting a distribution value for a codon at a preselected position
1n the predetermined nucleic acid reference sequence; (d) providing machine instructions to
randomly generate a set of nucleic acids with a distribution value that aligns with the selected
distribution value, wherein the set of nucleic acids 1s less than the amount of nucleic acids required
to generate a saturating nucleic acid library; (e) synthesizing the 5’ fragments of polynucleotides
and the 3’ fragments of polynucleotides; and (f) mixing the 5’ fragments of polynucleotides and the
3’ fragments of polynucleotides to form the variant nucleic acid library, wherein at least about 70%
of a predicted diversity 1s represented. Further provided herein are methods of synthesizing a
variant nucleic acid library, wherein at least 10,000 polynucleotides are synthesized. Further

provided herein are methods of synthesizing a variant nucleic acid library, wherein at least 80% of
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variants are a correct size. Further provided herein are methods of synthesizing a variant nucleic
acid library, wherein at least about 90% of a predicted diversity 1s represented. Further provided
herein are methods of synthesizing a variant nucleic acid library, wherein at least about 95% of a
predicted diversity 1s represented. Further provided herein are methods of synthesizing a variant
nucleic acid library, wherein the plurality of polynucleotides 1s divided into at least one of more
than one 5’ fragments and more than one 3’ fragments. Further provided herein are methods of
synthesizing a variant nucleic acid library, wherein the variant nucleic acid library when translated
encodes for a protein library. Further provided herein are methods of synthesizing a variant nucleic
acid library, wherein the nucleic acids of the variant nucleic acid library are inserted into vectors.
Further provided herein are methods of synthesizing a variant nucleic acid library further
comprising performing PCR mutagenesis of a nucleic acid using the variant nucleic acid library as
primers for a PCR mutagenesis reaction. Further provided herein are methods of synthesizing a
variant nucleic acid library further comprising 1dentifying a variant sequence with an enhanced or
reduced activity. Further provided herein are methods of synthesizing a variant nucleic acid
library, wherein the activity 1s cellular activity. Further provided herein are methods of
synthesizing a variant nucleic acid library, wherein the cellular activity comprises reproduction,
orowth, adhesion, death, migration, energy production, oxygen utilization, metabolic activity, cell
signaling, response to free radical damage, or any combination thereof. Further provided herein are
methods of synthesizing a variant nucleic acid library, wherein the variant nucleic acid library
encodes sequences for variant genes or fragments thereof. Further provided herein are methods of
synthesizing a variant nucleic acid library, wherein the variant nucleic acid library encodes for at
least a portion of an antibody, an enzyme, or a peptide. Further provided herein are methods of
synthesizing a variant nucleic acid library, wherein the variant nucleic acid library encodes for at
least a portion of a variable region or a constant region of the antibody. Further provided herein are
methods of synthesizing a variant nucleic acid library, wherein the variant nucleic acid library
encodes for at least one CDR region of the antibody. Further provided herein are methods of
synthesizing a variant nucleic acid library, wherein the variant nucleic acid library encodes for a
CDRI1, a CDR2, and a CDR3 on a heavy chain and a CDR1, a CDR2, and a CDR3 on a light chain
of the antibody. Further provided herein are methods of synthesizing a variant nucleic acid library,
wherein a number of different sequences synthesized in the variant nucleic acid library 1s 1n a range
of 50 to 1,000,000. Further provided herein are methods of synthesizing a variant nucleic acid
library, wherein a number of different sequences synthesized in the variant nucleic acid library 1s 1n
a range of 500 to 25000. Further provided herein are methods of synthesizing a variant nucleic acid

library, wherein a number of different sequences synthesized in the variant nucleic acid library 1s in
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a range of 1000 to 15000. Further provided herein are methods of synthesizing a variant nucleic
acid library further comprising performing PCR mutagenesis of a nucleic acid using the variant
nucleic acid library as primers for a PCR mutagenesis reaction. Further provided herein are
methods of synthesizing a variant nucleic acid library, wherein a codon assignment 1s used for
determining the codon having a variant sequence. Further provided herein are methods of
synthesizing a variant nucleic acid library, wherein the codon assignment 1s based on frequency of
the codon sequence 1n an organism. Further provided herein are methods of synthesizing a variant
nucleic acid library, wherein the organism 1s at least one of an animal, a plant, a fungus, a protist,
an archaeon, and a bacterium. Further provided herein are methods of synthesizing a variant
nucleic acid library, wherein the codon assignment 1s based on a diversity of the codon sequence.
Further provided herein are methods of synthesizing a variant nucleic acid library, wherein the
nucleic acid library encodes a guide RNA (gRNA).

[0011] Provided herein are methods for generating a combinatorial library of nucleic acids, the
method comprising: (a) providing predetermined sequences encoding for: (1) a first plurality of
polynucleotides, wherein each polynucleotide of the first plurality of polynucleotides encodes for a
variant sequence compared to a single reference sequence and (i1) a second plurality of
polynucleotides, wherein each polynucleotide of the second plurality of polynucleotides encodes
for a variant sequence compared to the single reference sequence; (b) providing a structure having a
surface; (c¢) synthesizing the first plurality of polynucleotides, wherein each polynucleotide of the
first plurality of polynucleotides extends from the surface; (d) synthesizing the second plurality of
polynucleotides, wherein each polynucleotide of the second plurality of polynucleotides extends
from the surface; (e) releasing the first plurality of polynucleotides and the second plurality of
polynucleotides from the surface; and (f) mixing the first plurality of polynucleotides and the
second plurality of polynucleotides to form the combinatorial library of nucleic acids, wherein at
least about 70% of a predicted diversity 1s represented. Further provided herein are methods for
generating a combinatorial library of nucleic acids, wherein at least about 90% of a predicted
diversity 1s represented. Further provided herein are methods for generating a combinatorial library
of nucleic acids, wherein at least about 95% of a predicted diversity 1s represented.

[0012] Provided herein are methods of synthesizing a variant nucleic acid library, comprising:
(a) designing predetermined sequences encoding for a plurality of polynucleotides, wherein the
polynucleotides encode for a plurality of codons having a variant sequence compared to a single
reference sequence; (b) synthesizing the plurality of polynucleotides to generate the variant nucleic
acid library, wherein at least about 70% of a predicted diversity 1s represented; (¢) expressing the

variant nucleic acid library; and (d) evaluating an activity associated with variant nucleic acid
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library. Further provided herein are methods of synthesizing a variant nucleic acid library, wherein
at least about 90% of a predicted diversity 1s represented. Further provided herein are methods of
synthesizing a variant nucleic acid library, wherein at least about 95% of a predicted diversity 1s
represented.

[0013] Provided herein are methods for generating a combinatorial library of nucleic acids, the
method comprising: (a) providing predetermined sequences encoding for: (1) a first plurality of
non-1dentical polynucleotides, wherein each non-1dentical polynucleotide of the first plurality of
non-1dentical polynucleotides encodes for a variant sequence compared to a single reference
sequence and (11) a second plurality of non-identical polynucleotides, wherein each non-identical
polynucleotide of the second plurality of non-1dentical polynucleotides encodes for a variant
sequence compared to the single reference sequence; (b) providing a structure having a surface; (c¢)
synthesizing the first plurality of non-identical polynucleotides, wherein each non-identical
polynucleotide of the first plurality of non-identical polynucleotides extends from the surface; (d)
synthesizing the second plurality of non-identical polynucleotides, wherein each non-1dentical
polynucleotide of the second plurality of non-1dentical polynucleotides extends from the surface;
(e) releasing the first plurality of non-identical polynucleotides and the second plurality of non-
1dentical polynucleotides from the surface; and (f) mixing the first plurality of polynucleotides and
the second plurality of polynucleotides to form the combinatorial library of nucleic acids, wherein
at least about 70% of a predicted diversity 1s represented. Provided herein are methods for
generating a combinatorial library of nucleic acids, wherein the combinatorial library 1s a non-
saturating combinatorial library. Provided herein are methods for generating a combinatorial
library of nucleic acids, wherein the combinatorial library 1s a saturating combinatorial library.
Provided herein are methods for generating a combinatorial library of nucleic acids, wherein at
least 10,000 polynucleotides are synthesized. Provided herein are methods for generating a
combinatorial library of nucleic acids, wherein a total number of polynucleotides for generation of
the non-saturating combinatorial library 1s at least 25% less than the total number polynucleotides
for generation of a saturating combinatorial library. Provided herein are methods for generating a
combinatorial library of nucleic acids, wherein at least 80% of variants are a correct size. Provided
herein are methods for generating a combinatorial library of nucleic acids, wherein the variant
combinatorial library encodes for a first reference sequence or a second reference sequence.
Provided herein are methods for generating a combinatorial library of nucleic acids, wherein the
combinatorial library when translated encodes for a protein library. Provided herein are methods
for generating a combinatorial library of nucleic acids, wherein the nucleic acids of the

combinatorial library are inserted 1into vectors. Provided herein are methods for generating a
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combinatorial library of nucleic acids further comprising performing PCR mutagenesis of a nucleic
acid using the combinatorial library as primers for a PCR mutagenesis reaction. Provided herein
are methods for generating a combinatorial library of nucleic acids, wherein the combinatorial
library encodes sequences for variant genes or fragments thereof. Provided herein are methods for
generating a combinatorial library of nucleic acids, wherein the combinatorial library encodes for at
least a portion of an antibody, enzyme, or peptide. Provided herein are methods for generating a
combinatorial library of nucleic acids, wherein the combinatorial library encodes for at least a
portion of a variable region or constant region of the antibody. Provided herein are methods for
generating a combinatorial library of nucleic acids, wherein the combinatorial library encodes for at
least one CDR region of the antibody. Provided herein are methods for generating a combinatonal
library of nucleic acids, wherein the combinatorial encodes for a CDR1, CDR2, and CDR3 on a
heavy chain and CDR1, CDR2, and CDR3 on a light chain of the antibody. Provided herein are
methods for generating a combinatorial library of nucleic acids, wherein the combinatonial library
encodes for guide RNA (gRNA). Provided herein are methods for generating a combinatorial
library of nucleic acids, wherein the combinatorial library has an aggregate error rate of less than 1
1n 1000 bases compared to predetermined sequences. Provided herein are methods for generating a
combinatorial library of nucleic acids, wherein the structure 1s a solid support, gel, or beads, and
wherein the solid support 1s a plate or a column.

[0014] Provided herein are methods of synthesizing a variant nucleic acid library, comprising:
(a) providing predetermined sequences encoding for a plurality of non-identical polynucleotides,
wherein the non-identical polynucleotides encode for a plurality of codons having a variant
sequence compared to a single reference sequence; (b) selecting a distribution value for codons at a
preselected position 1n the predetermined nucleic acid reference sequence; (¢) providing machine
instructions to randomly generate a set of nucleic acids, wherein the set of nucleic acids 1s less than
the amount of nucleic acids required to generate a saturating codon variant library; and (d)
synthesizing a nucleic acid library with a preselected distribution, wherein at least about 70% of a
predicted diversity 1s represented. Provided herein are methods of synthesizing a variant nucleic
acid library, wherein at least 80% of variants are a correct size. Provided herein are methods of
synthesizing a variant nucleic acid library, wherein the combinatorial library when translated
encodes for a protein library. Provided herein are methods of synthesizing a variant nucleic acid
library, wherein the nucleic acids of the combinatorial library are inserted into vectors. Provided
herein are methods of synthesizing a variant nucleic acid library further comprising performing
PCR mutagenesis of a nucleic acid using the combinatorial library as primers for a PCR

mutagenesis reaction. Provided herein are methods of synthesizing a variant nucleic acid library,
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wherein a codon assignment 1s used for determining each codon of the plurality of codons having a
variant sequence. Provided herein are methods of synthesizing a variant nucleic acid library,
wherein the codon assignment 1s based on frequency of the codon sequence in an organism.
Provided herein are methods of synthesizing a variant nucleic acid library, wherein the organism 1s
at least one of an animal, plant, fungus, protist, archaeon, and bacterium. Provided herein are
methods of synthesizing a variant nucleic acid library, wherein the codon assignment 1s based on a
diversity of the codon sequence.

[0015] Provided herein are methods of synthesizing a variant nucleic acid library, comprising:
(a) providing predetermined sequences encoding for a plurality of non-identical polynucleotides,
wherein the non-1dentical polynucleotides encode for a codon having a variant sequence compared
to a single reference sequence; (b) dividing the plurality of non-i1dentical polynucleotides into 5’
fragments of non-identical polynucleotides and 3’ fragments of non-identical polynucleotides; (¢)
selecting a distribution value for a codon at a preselected position 1n the predetermined nucleic acid
reference sequence; (d) providing machine instructions to randomly generate a set of nucleic acids,
wherein the set of nucleic acids 1s less than the amount of nucleic acids required to generate a
saturating nucleic acid library; (e) synthesizing the 5’ fragments of non-identical polynucleotides
and the 3’ fragments of non-1dentical polynucleotides; and (f) mixing the 5° fragments of non-
1dentical polynucleotides and the 3’ fragments of non-identical polynucleotides to form the variant
nucleic acid library, wherein at least about 70% of a predicted diversity 1s represented. Provided
herein are methods of synthesizing a variant nucleic acid library, wherein at least 10,000 non-
1dentical polynucleotides are synthesized. Provided herein are methods of synthesizing a variant
nucleic acid library, wherein at least 80% of variants are a correct size. Provided herein are
methods of synthesizing a variant nucleic acid library, wherein the plurality of non-identical
polynucleotides are divided into at least one of more than one 5’ fragments and more than one 3’
fragments. Provided herein are methods of synthesizing a variant nucleic acid library, wherein the
combinatorial library when translated encodes for a protein library. Provided herein are methods of
synthesizing a variant nucleic acid library, wherein the nucleic acids of the combinatorial library
are 1nserted 1into vectors. Provided herein are methods of synthesizing a variant nucleic acid library
further comprising performing PCR mutagenesis of a nucleic acid using the combinatorial library
as primers for a PCR mutagenesis reaction. Provided herein are methods of synthesizing a variant
nucleic acid library further comprising identifying a variant sequence with an enhanced or reduced
activity. Provided herein are methods of synthesizing a variant nucleic acid library, wherein the
activity 1s cellular activity. Provided herein are methods of synthesizing a variant nucleic acid

library, wherein the cellular activity comprises reproduction, growth, adhesion, death, migration,
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energy production, oxygen utilization, metabolic activity, cell signaling, response to free radical
damage, or any combination thereof. Provided herein are methods of synthesizing a variant nucleic
acid library, wherein the nucleic acid library encodes sequences for variant genes or fragments
thereof. Provided herein are methods of synthesizing a variant nucleic acid library, wherein the
nucleic acid library encodes for at least a portion of an antibody, enzyme, or peptide. Provided
herein are methods of synthesizing a variant nucleic acid library, wherein the nucleic acid library
encodes a guide RNA (gRNA). Provided herein are methods of synthesizing a variant nucleic acid
library, wherein the nucleic acid library encodes for at least a portion of a variable region or
constant region of the antibody. Provided herein are methods of synthesizing a variant nucleic acid
library, wherein the nucleic acid library encodes for at least one CDR region of the antibody.
Provided herein are methods of synthesizing a variant nucleic acid library, wherein the nucleic acid
library encodes for CDR1, CDR2, and CDR3 on a heavy chain and CDR1, CDR2, and CDR3 on a
light chain of the antibody. Provided herein are methods of synthesizing a variant nucleic acid
library, wherein the nucleic acid library has an aggregate error rate of less than 1 1n 1000 bases
compared to predetermined sequences for a plurality of non-identical polynucleotides. Provided
herein are methods of synthesizing a variant nucleic acid library, wherein a number of different
sequences synthesized 1n the nucleic acid library 1s 1n a range of about 50 to about 1,000,000.
Provided herein are methods of synthesizing a variant nucleic acid library, wherein a number of
different sequences synthesized in the nucleic acid library 1s 1n a range of about 500 to about
25000. Provided herein are methods of synthesizing a variant nucleic acid library, wherein a
number of different sequences synthesized 1n the nucleic acid library 1s 1n a range of about 1000 to
about 15000. Provided herein are methods of synthesizing a variant nucleic acid library further
comprising performing PCR mutagenesis of a nucleic acid using the combinatorial library as
primers for a PCR mutagenesis reaction. Provided herein are methods of synthesizing a variant
nucleic acid library, wherein a codon assignment 1s used for determining the codon having a variant
sequence. Provided herein are methods of synthesizing a variant nucleic acid library, wherein the
codon assignment 1s based on frequency of the codon sequence 1in an organism. Provided herein
are methods of synthesizing a variant nucleic acid library, wherein the organism 1s at least one of an
animal, plant, fungus, protist, archaeon, and bacterium. Provided herein are methods of
synthesizing a variant nucleic acid library, wherein the codon assignment 1s based on a diversity of
the codon sequence.

[0016] Provided herein are methods of synthesizing a variant nucleic acid library, comprising:
(a) designing predetermined sequences encoding for a plurality of non-1dentical polynucleotides,

wherein the non-1dentical polynucleotides encode for a plurality of codons having a variant
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sequence compared to a single reference sequence; (b) synthesizing the plurality of non-1dentical
polynucleotides to generate the variant nucleic acid library, wherein at least about 70% of a
predicted diversity 1s represented; (¢) expressing the variant nucleic acid library; and (d) evaluating

an activity associated with variant nucleic acid library.
INCORPORATION BY REFERENCE

[0017] All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as 1f each individual publication, patent, or

patent application was specifically and individually indicated to be incorporated by reference.
BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Figure 1 depicts a schematic for generation of a non-saturating combinatorial library.
[0019] Figure 2 depicts a schematic for generation of a saturating combinatorial library.

[0020] Figures 3A-3D depict a process workflow for the synthesis of variant biological
molecules incorporating a PCR mutagenesis step.

[0021] Figures 4A-4D depict a process workflow for the generation of a nucleic acid
comprising a nucleic acid sequence which differs from a reference nucleic acid sequence at a single
predetermined codon site.

[0022] Figures SA-SF depict an alternative workflow for the generation of a set of nucleic acid
variants from a template nucleic acid, with each variant comprising a different nucleic acid
sequence at a single codon position. Each variant nucleic acid encodes for a different amino acid at
their single codon position, the different codons represented by X, Y, and Z.

[0023] Figures 6A-6E depict a reference amino acid sequence (FIG. 6A) having a number of
amino acids, each residue indicated by a single circle, and variant amino acid sequences (FIGS.
6B, 6C, 6D, & 6E) generated using methods described herein. The reference amino acid sequence
and variant sequences are encoded by nucleic acids and variants thereof generated by processes
described herein.

[0024] Figures 7A-7B depict a reference amino acid sequence (FIG. 7A, SEQ ID NO: 24) and
a library of variant amino acid sequences (FIG. 7B, SEQ ID NOS 25-31, respectively, in order of
appearance), each variant comprising a single residue variant (indicated by an “X”). The reference
amino acid sequence and variant sequences are encoded by nucleic acids and variants thereof
generated by processes described herein.

[0025] Figures 8A-8B depict a reference amino acid sequence (FIG. 8A) and a library of

variant amino acid sequences (FIG. 8B), each variant comprising two sites of single position
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variants. Each variant 1s indicated by differently patterned circles. The reference amino acid
sequence and variant sequences are encoded by nucleic acids and variants thereof generated by
processes described herein.

[0026] Figures 9A-9B depict a reference amino acid sequence (FIG. 9A) and a library of
variant amino acid sequences (FIG. 9B), each variant comprising a stretch of amino acids
(indicated by a box around the circles), each stretch having three sites of position variants
(encoding for histidine) differing in sequence from the reference amino acid sequence. The
reference amino acid sequence and variant sequences are encoded by nucleic acids and variants
thereof generated by processes described herein.

[0027] Figures 10A-10B depict a reference amino acid sequence (FIG. 10A) and a library of
variant amino acid sequences (FIG. 10B), each variant comprising two stretches of amino acid
sequences (indicated by a box around the circles), each stretch having one site of single position
variants (illustrated by the patterned circles) differing in sequence from reference amino acid
sequence. The reference amino acid sequence and variant sequences are encoded by nucleic acids
and variants thereof generated by processes described herein.

[0028] Figures 11A-11B depict a reference amino acid sequence (FIG. 11A) and a library of
amino acid sequence variants (FIG. 11B), each variant comprising a stretch of amino acids
(indicated by patterned circles), each stretch having a single site of multiple position variants
differing in sequence from the reference amino acid sequence. In this 1llustration, 5 positions are
varied where the first position has a 50/50 K/R ratio; the second position has a 50/25/25 V/L/S
rat10, the third position has a 50/25/25 Y/R/D ratio, the fourth position has an equal ratio for all
amino acids, and the fifth position has a 75/25 ratio for G/P. The reference amino acid sequence
and variant sequences are encoded by nucleic acids and variants thereof generated by processes
described herein.

[0029] Figure 12 depicts a template nucleic acid encoding for an antibody having CDR1,
CDR2, and CDR3 regions, where each CDR region comprises multiple sites for variation, each
single site (indicated by a star) comprising a single position and/or stretch of multiple, consecutive
positions interchangeable with any codon sequence different from the template nucleic acid
sequence.

[0030] Figure 13 depicts a plot of predicted variant distribution and resultant variant diversity.
[0031] Figure 14 depicts an exemplary number of variants produced by interchanging sections
of two expression cassettes (e.g., promotors, open reading frames, and terminators) to generate a

variant library of expression cassettes.

13



CA 03056386 2015-09-12

WO 2018/170164 PCT/US2018/022487

[0032] Figure 15 presents a diagram of steps demonstrating an exemplary process workflow
for gene synthesis as disclosed herein.

[0033] Figure 16 1llustrates an example of a computer system.

[0034] Figure 17 1s a block diagram 1llustrating an architecture of a computer system.

[0035] Figure 18 1s a diagram demonstrating a network configured to incorporate a plurality of
computer systems, a plurality of cell phones and personal data assistants, and Network Attached
Storage (NAS).

[0036] Figure 19 1s a block diagram of a multiprocessor computer system using a shared
virtual address memory space.

[0037] Figure 20 depicts a BioAnalyzer plot of PCR reaction products resolved by gel
electrophoresis.

[0038] Figure 21 depicts an electropherogram showing 96 sets of PCR products, each set of
PCR products differing in sequence from a wild-type template nucleic acid at a single codon
position, where the single codon position of each set 1s located at a different site in the wild-type
template nucleic acid sequence. Each set of PCR products comprises 19 variant nucleic acids, each
variant encoding for a different amino acid at their single codon position.

[0039] Figure 22 depicts a plot comparing observed frequency and expected probability of
variants.

[0040] Figure 23 depicts a plot of an average count per probability bin.

[0041] Figure 24 depicts a plot of analysis of PCR products. X axis 1s base pairs and Y axis 1s
fluorescent units.

[0042] Figure 25 depicts a plot of distribution of observed combinatorial variants.

[0043] Figures 26A-26D 1llustrate generation of a non-saturating combinatorial library.

[0044] Figures 27A-27C depict schemas of variants in single or multiple CDR regions.

[0045] Figure 28A depicts a schema of variants 1n single or multiple heavy chain and light
chain scaffolds.

[0046] Figure 28B depicts a schema of variants in a single or multiple frameworks.

DETAILED DESCRIPTION
[0047] The present disclosure employs, unless otherwise indicated, conventional molecular
biology techniques, which are within the skill of the art. Unless defined otherwise, all technical
and scientific terms used herein have the same meaning as 1s commonly understood by one of

ordinary skill in the art.
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[0048] Definitions

[0049] Throughout this disclosure, numerical features are presented 1n a range format. It should
be understood that the description 1n range format 1s merely for convenience and brevity and should
not be construed as an inflexible limitation on the scope of any embodiments. Accordingly, the
description of a range should be considered to have specifically disclosed all the possible subranges
as well as individual numerical values within that range to the tenth of the unit of the lower limit
unless the context clearly dictates otherwise. For example, description of a range such as from 1 to
6 should be considered to have specifically disclosed subranges such as from 1 to 3, from 1 to 4,
from 1 to 5, from 2 to 4, from 2 to 6, from 3 to 6 etc., as well as individual values within that range,
for example, 1.1, 2, 2.3, 5, and 5.9. This applies regardless of the breadth of the range. The upper
and lower limits of these intervening ranges may independently be included 1n the smaller ranges,
and are also encompassed within the invention, subject to any specifically excluded limit in the
stated range. Where the stated range includes one or both of the limits, ranges excluding either or
both of those included limits are also included 1n the invention, unless the context clearly dictates
otherwise.

[0050] The terminology used herein 1s for the purpose of describing particular embodiments
only and 1s not intended to be limiting of any embodiment. As used herein, the singular forms “a,”
“an” and “the” are intended to include the plural forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms “comprises” and/or “comprising,” when used
1n this specification, specify the presence of stated features, integers, steps, operations, elements,
and/or components, but do not preclude the presence or addition of one or more other features,
Integers, steps, operations, elements, components, and/or groups thereof. As used herein, the term
“and/or” 1includes any and all combinations of one or more of the associated listed items.

[0051] Unless specifically stated or obvious from context, as used herein, the term “about” in
reference to a number or range of numbers 1s understood to mean the stated number and numbers
+/- 10% thereof, or 10% below the lower listed limit and 10% above the higher listed limit for the
values listed for a range.

[0052] As used herein, the terms “preselected sequence”, “predefined sequence” or
“predetermined sequence” are used interchangeably. The terms mean that the sequence of the
polymer 1s known and chosen before synthesis or assembly of the polymer. In particular, various
aspects of the invention are 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.
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[0053] Provided herein are methods and compositions for production of synthetic (1.e. de novo
synthesized or chemically synthesized) polynucleotides. The term oligonucleotide, oligo, and
polynucleotide are defined to be synonymous throughout. Libraries of synthesized polynucleotides
described herein may comprise a plurality of polynucleotides collectively encoding for one or more
genes or gene fragments. In some instances, the polynucleotide library comprises coding or non-
coding sequences. In some 1nstances, the polynucleotide library encodes for a plurality of cDNA
sequences. Reference gene sequences from which the cDNA sequences are based may contain
introns, whereas cDNA sequences exclude introns. Polynucleotides described herein may encode
for genes or gene fragments from an organism. Exemplary organisms include, without limitation,
prokaryotes (e.g., bacteria) and eukaryotes (e.g., mice, rabbits, humans, and non-human primates).
In some 1nstances, the polynucleotide library comprises one or more polynucleotides, each of the
one or more polynucleotides encoding sequences for multiple exons. Each polynucleotide within a
library described herein may encode a different sequence, 1.e., non-identical sequence. In some
instances, each polynucleotide within a library described herein comprises at least one portion that
1s complementary to sequence of another polynucleotide within the library. Polynucleotide
sequences described herein may be, unless stated otherwise, comprise DNA or RNA.

[0054] Provided herein are methods and compositions for production of synthetic (1.e. de novo
synthesized) genes. Libraries comprising synthetic genes may be constructed by a variety of
methods described in further detail elsewhere herein, such as PCA, non-PCA gene assembly
methods or hierarchical gene assembly, combining (“stitching”) two or more double-stranded
polynucleotides to produce larger DNA units (i.e., a chassis). Libraries of large constructs may
involve polynucleotides that are at least 1, 1.5, 2, 3,4, 5,6, 7, 8,9, 10, 15, 20, 30, 40, 50, 60, 70,
80, 90, 100, 125, 150, 175, 200, 250, 300, 400, 500 kb long or longer. The large constructs can be
bounded by an independently selected upper limit of about 5000, 10000, 20000 or 50000 base
pairs. The synthesis of any number of polypeptide-segment encoding nucleotide sequences,
including sequences encoding non-ribosomal peptides (NRPs), sequences encoding non-ribosomal
peptide-synthetase (NRPS) modules and synthetic variants, polypeptide segments of other modular
proteins, such as antibodies, polypeptide segments from other protein families, including non-
coding DNA or RNA, such as regulatory sequences e.g. promoters, transcription factors, enhancers,
siRNA, shRNA, RNA1, miRNA, small nucleolar RNA derived from microRNA, or any functional
or structural DNA or RNA unit of interest. The following are non-limiting examples of
polynucleotides: coding or non-coding regions of a gene or gene fragment, intergenic DNA, loci

(locus) defined from linkage analysis, exons, introns, messenger RNA (mRNA), transfer RNA,

ribosomal RNA, short interfering RNA (siRNA), short-hairpin RNA (shRNA), micro-RNA
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(miRNA), small nucleolar RNA, ribozymes, complementary DNA (cDNA), which 1s a DNA
representation of mRNA, usually obtained by reverse transcription of messenger RNA (mRNA) or
by amplification; DNA molecules produced synthetically or by amplification, genomic DNA,
recombinant polynucleotides, branched polynucleotides, plasmids, vectors, 1solated DNA of any
sequence, 1solated RNA of any sequence, nucleic acid probes, and primers. cDNA encoding for a
gene or gene fragment referred to herein, may comprise at least one region encoding for exon
sequence(s) without an intervening intron sequence found 1n the corresponding genomic sequence.
Alternatively, the corresponding genomic sequence to a cDNA may lack intron sequence in the first
place.

[0055] Variant Library Synthesis

[0056] Methods described herein provide for synthesis of a library of nucleic acids each
encoding for a predetermined variant of at least one predetermined reference nucleic acid sequence.
In some cases, the predetermined reference sequence 1s a nucleic acid sequence encoding for a
protein, and the variant library comprises sequences encoding for variation of at least a single
codon such that a plurality of different variants of a single residue 1n the subsequent protein
encoded by the synthesized nucleic acid are generated by standard translation processes. The
synthesized specific alterations in the nucleic acid sequence can be introduced by incorporating
nucleotide changes into overlapping or blunt ended polynucleotide primers. Alternatively, a
population of polynucleotides may collectively encode for a long nucleic acid (e.g., a gene) and
variants thereof. In this arrangement, the population of polynucleotides can be hybridized and
subject to standard molecular biology techniques to form the long nucleic acid (e.g., a gene) and
variants thereof. When the long nucleic acid (e.g., a gene) and variants thereof are expressed in
cells, a variant protein library can be generated. Similarly, provided herein are methods for
synthesis of variant libraries encoding for RNA sequences (e.g., miRNA, shRNA, and mRNA) or
DNA sequences (e.g., enhancer, promoter, UTR, and terminator regions). In some instances, the
sequences are exon sequences or coding sequences. In some instances, the sequences do not
comprise intron sequences. Also provided herein are downstream applications for variants selected
out of the libraries synthesized using methods described herein. Downstream applications include
1dentification of variant nucleic acids or protein sequences with enhanced biologically relevant
functions, e.g., biochemical affinity, enzymatic activity, changes in cellular activity, and for the
treatment or prevention of a disease state.

[00S57] Combinatorial Nucleic Acid Libraries

[0058] Described herein are methods for an efficient system of synthesizing variant nucleic

acid libraries, which are highly accurate. Further provided herein are methods for synthesizing
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combination based variant libraries. An advantageous feature of methods provided herein 1s that
the product and frequency of assembled nucleic acids 1n the combinatorial library can be accurately
predicted, allowing for screening of the combinatorial library with an accurate understanding of
those combinatorial products associated with a negative or null result, as well as those
combinatorial products associated with an enhancement associated with a biochemical or cellular
activity. Such a system 1s advantageous over contemporary methods, 1.e. phage display, which do
not allow for an efficient means to gather information on negative or null result. Another
advantageous feature of methods provided herein 1s that when a representative combinatorial
library 1s designed and tested, less material and associated costs are needed than in comparison to a
fully saturating library, while also allowing for rapid generation of second and third generation
libraries with a refined variegation criteria based on information gathered from screening of
products of the first generation combinatonal library.

[0059] Methods as described herein for efficient and accurate synthesis of variant nucleic acid
libraries may result in a uniform and diverse library. Libraries generated using methods described
herein are non-random. Libraries generated using methods described herein provide for precise
introduction of each intended variant at the desired frequency. Libraries generated using methods
described herein provide for high precision on account of decreased dropout rate of representation
and improved uniformity across species of polynucleotides or longer nucleic acids within each
library. In addition, the benefits from such precision at the polynucleotide synthesis level allows
for high precision at a functional level for the downstream applications, such as assessing protein
activity from translation products incorporating predetermine variance encoded at the codon level.
In some instances, methods as described herein for generation of precise libraries allows for an
improved design of subsequent libraries. Such subsequent libraries may be more focused 1n the
design as a result of information gathered on a negative or null result from a first library. For
example, a first variant nucleic acid library synthesized using methods described herein may be
used to generate a variant library of functional RNAs or proteins which are screened for a certain
activity. Based on observations of both the positive and negative results associated with precisely
defined, non-random libraries, design selections are then made for a second variant library which 1s
then used for further screening steps for further screen and select for species associated with a
specified activity. This process can be repeated 1, 2, 3,4, 5,6, 7, 8, 9, 10 or more times. Methods
for library design, build, screening and repeating can be done to 1dentify enhanced species
associated with a single activity, or multiple activities (e.g., binding affinity, stability, and

expression).
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[0060] Using generation of libraries 1n silico, sequences may be known and be non-random. In
some 1nstances, the libraries comprise at least or about 10*, 10%, 10°, 10*. 10°, 10°, 107, 10°, 10’
10", or more than 10'” variants. In some instances, sequences for each variant of the libraries
comprising at least or about 10', 10%, 10°, 10*, 10>, 10°, 107, 10°, 10°, or 10'? variants are known.

In some 1nstances, the libraries comprise a predicted diversity of variants. In some instances, the
diversity represented 1n the libraries 1s at least or about 60%, 65%, 70%, 75%, 80%, 85%, 90%,
95%, or more than 95% of the predicted diversity. In some instances, the diversity represented in
the libraries 1s at least or about 70% of the predicted diversity. In some instances, the diversity
represented 1n the libraries 1s at least or about 80% of the predicted diversity. In some instances,
the diversity represented in the libraries 1s at least or about 90% of the predicted diversity. In some
instances, the diversity represented 1n the libraries 1s at least or about 99% of the predicted
diversity. As described herein the term “predicted diversity” refers to a total theoretical diversity in
a population comprising all possible variants.

[0061] Generation of highly uniform and diverse libraries as described herein where sequences
for each variant are known results 1n an accurate understanding of those combinatorial products
associated with an enhanced or reduced activity and those combinatorial products associated with a
negative or null result. Knowing the products associated with an enhanced or reduced activity and
those combinatorial products associated with a negative or null result may allow for efficient use of
the libraries for subsequent assays. For example, 1in performing a large screen, the variant
sequences that will result in an enhanced or reduced activity are known. In performing subsequent
screens, sequences that resulted in a negative or null result may be excluded such that only variant
sequences that result 1n an enhanced or reduced activity are screened.

[0062] In some 1nstances, the enhanced or reduced activity 1s associated with a cellular activity.
The cellular activity includes, but 1s not limited to, reproduction, growth, adhesion, death,
migration, energy production, oxygen utilization, metabolic activity, cell signaling, response to free
radical damage, or any combination thereof.

[0063] In a first exemplary process, a non-saturating combinatorial library 1s generated.
Generation of a non-saturating combinatorial library can reduce the number of synthesis steps.
Referring to FIG. 1, a first population of nucleic acids 110 exhibits diversity at positions 1, 2, 3,
and 4. A second population of nucleic acids 120 exhibits diversity at positions 5, 6, 7, and 8. The
first population of nucleic acids 110 1s combined with the second population of nucleic acids 120 to
yield 16 combinations of nucleic acid fragments. The first population of nucleic acids 110 can be
combined with the second population of nucleic acids 120 by blunt end ligation. In some 1nstances,

the first population and the second population are designed such that they have a complementary
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overlapping sequence comprising a restriction enzyme recognition region, such that subsequent to
cleavage of the nucleic acids in each population, the first population and the second population are
able to anneal to each other.

[0064] In some cases, a nucleic acid library 1s synthesized with two or more nucleic acid
fragments. A nucleic acid library can be synthesized with at least two fragments, at least 3
fragments, at least 4 fragments, at least 5 fragments, or more. The length of each of the nucleic
acid fragments or average length of the nucleic acids synthesized may be at least or about at least
10, 15, 20, 25, 30, 35, 40, 45, 50, 100, 150, 200, 300, 400, 500, 2000 nucleotides, or more. The
length of each of the nucleic acid fragments or average length of the nucleic acids synthesized may
be at most or about at most 2000, 500, 400, 300, 200, 150, 100, 50, 45, 35, 30, 25, 20, 19, 18, 17,
16, 15, 14, 13, 12, 11, 10 nucleotides, or less. The length of each of the nucleic acid fragments or
average length of the nucleic acids synthesized may fall from 10-2000, 10-500, 9-400, 11-300, 12-
200, 13-150, 14-100, 15-50, 16-45, 17-40, 18-35, 19-25.

[0065] Various mixing processes, such as by ligation, and reagents are known 1n the art and can
be useful for carrying out the methods provided herein. Blunt end ligation can be used to join a
fragment from one population of nucleic acids with a fragment from a second population of nucleic
acids. Ligases can include, but are not limited to, £. coli ligase, T4 ligase, mammalian ligases (e.g.,
DNA ligase I, DNA ligase II, DNA ligase III, DNA ligase IV), thermostable ligases, and fast
ligases. In some instances, PCR extension overlap methods are used to anneal and link two
fragments to form a longer nucleic acid. In such an arrangement, a first fragment has a region
complementary to second fragment such that, in the presence of a DNA polymerase and amplification
reagents, e.g., dNTPs, buffer solution, and ATP, each fragment serves as a primer for the other
fragment for an amplification reaction extending from the location of annealing. In some instances, a
fragment from one population of nucleic acids 1s joined with a fragment from a second population
of nucleic acids by ligation subsequent to cleavage of a restriction enzyme recognition region. In
some 1nstances, the restriction enzyme generates overhangs that are then joined by a ligase. A molar
ratio of 1:1 of one nucleic acid fragment to another nucleic acid fragment can be used. In some
cases, the molar ratio 1s at least 1:1, at least 1:2, at least 1:3, at least 1:4, or more. Alternately, the
ratio can be at least 2:1, at least 3:1, at least 4:1, or more. Total molar mass of the nucleic acid

fragments ligated or the molar mass of each of the nucleic acid fragments may be at least or at least

about 1. 10, 20, 30, 40, 50, 100. 250, 500, 750, 1000. 2000, 3000, 4000, 5000, 6000, 7000, 8000,
9000, 10000, 25000, 50000, 75000, 100000 picomoles, or more.

[0066] In some cases, the nucleic acid fragments generated by the methods described herein are

blunt ended prior to ligation. The nucleic acids can be blunted using T4 DNA polymerase or the
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Klenow fragment. Alternately, an enzyme (e.g., Sma I, Dpn I, Pvu II, Eco RV) 1s used that
produces a blunt end directly. In some instances, a DNA endonuclease or a DNA exonuclease 1s
used to produce blunt ends.

[0067] In a second exemplary workflow, a saturating combinatorial library 1s generated.
Referring to FIG. 2, a first population of nucleic acids 210 exhibits diversity at positions 1, 2, 3,
and 4. A second population of nucleic acids 220 exhibits diversity at positions 5, 6, 7, and 8. As
seen in FIG. 2, the population of nucleic acids 210 on the “left” of the gene fragment has 4
diversity. The population of nucleic acids 220 on the “right” of the gene fragment has 4* diversity.
A long gene fragment can then be synthesized with diversity across the “left” halt of the desired
gene combined with another fragment with diversity across the “right” half of the desired gene
vielding 4° total diversity. The length of each of the nucleic acid fragments or average length of the
nucleic acids synthesized may be at least or about at least 10, 15, 20, 25, 30, 35, 40, 45, 50, 100,
150, 200, 300, 400, 500, 2000 nucleotides, or more. The length of each of the nucleic acid
fragments or average length of the nucleic acids synthesized may be at most or about at most 2000,
500, 400, 300, 200, 150, 100, 50, 45, 35, 30, 25, 20, 19, 18, 17, 16, 15, 14, 13, 12, 11, 10
nucleotides, or less. The length of each of the nucleic acid fragments or average length of the
nucleic acids synthesized may fall from 10-2000, 10-500, 9-400, 11-300, 12-200, 13-150, 14-100,
15-50, 16-45, 17-40, 18-35, 19-25.

[0068] The resulting nucleic acids can be verified. In some cases, the nucleic acids are verified
by sequencing. In some instances, the nucleic acids are verified by high-throughput sequencing
such as by next generation sequencing. Sequencing of the sequencing library can be performed
with any appropriate sequencing technology, including but not limited to single-molecule real-time
(SMRT) sequencing, Polony sequencing, sequencing by ligation, reversible terminator sequencing,
proton detection sequencing, 1on semiconductor sequencing, nanopore sequencing, electronic
sequencing, pyrosequencing, Maxam-Gilbert sequencing, chain termination (e.g., Sanger)
sequencing, +S sequencing, or sequencing by synthesis.

[0069] Provided herein are methods for the synthesis of nucleic acid libraries, non-saturating or
saturating in their degree of variance, which are highly accurate. In some instances, about 70% of
nucleic acids are insertion and deletion free. In some 1nstances, at least 60%, 65%, 70%, 75%, 80%,
85%, 90%, 95%, 99%. or more than 99% of nucleic acids are insertion and deletion free. In some
1nstances, about 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 99%, or more than 99% of nucleic
acids are insertion and deletion free. In some instances, more than 90% of nucleic acids are

insertion and deletion free. In some 1nstance, at least 80% of the nucleic acids have no errors. In
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some 1nstances, at least about 70%, 75%, 80%, 85%, 90%, 95%, 99%. or more of the nucleic acids
have no errors.

[0070] Provided herein are methods for the synthesis of nucleic acid libraries, non-saturating or
saturating in their degree of variance, which are highly accurate. In some instances, more than 80%
of nucleic acids in a de novo synthesized nucleic acid library described herein are represented
within at least about 1.5X the mean representation for the entire library following amplification. In
some 1nstances, more than 80% of nucleic acids 1n a de novo synthesized nucleic acid library
described herein are represented within at least about 1.5X, 2X, 2.5X, 3X, 3.5X, or 4X the mean
representation for the entire library following amplification. In some instances, more than 90% of
nucleic acids 1in a de novo synthesized nucleic acid library described herein are represented within
at least about 1.5X the mean representation for the entire library following amplification. In some
instances, more than 90% of nucleic acids 1n a de novo synthesized nucleic acid library described
herein are represented within at least about 1.5X, 2X, 2.5X, 3X, 3.5X, or 4X the mean
representation for the entire library following amplification. In some instances, more than 80% of
nucleic acids 1in a de novo synthesized nucleic acid library described herein are represented within
at least about 2X the mean representation for the entire library following amplification. In some
instances, more than 80% of nucleic acids 1n a de novo synthesized nucleic acid library described
herein are represented within at least about 2X the mean representation for the entire library
following amplification.

[0071] Generation of Representative Nucleic Acid Libraries

[0072] Described herein are methods for synthesizing nucleic acid libraries having a
preselected distribution of variant codon encoding regions. Moreover, such library may be non-
saturating for the preselected distribution while providing insight into a representative distribution.
Further provided herein are methods relating to generation of nucleic acids that, once translated,
provide for a preselected distribution of amino acids at a specific position. By generating random
samples from the preselected distribution, a less than saturating nucleic acid library 1s designed to
have a representative distribution close to the preselected population distribution. Nucleic acid
libraries as described herein with representative distribution close to the preselected population
distribution may further comprise precise introduction of each intended variant at the desired
preselected distribution.

[0073] Computational techniques described herein include, without limitation, random
sampling. In a first process, for a preselected distribution of codon variance at each position, a
cumulative distribution value for each position 1s calculated. In some 1nstances, the cumulative

distribution value maps to a probability between about 0.0 and 1.0. For a population of nucleic
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acids, the cumulative distribution value provides for determining the likelthood of a codon variant
at a particular position. For example, the number of times at each position the codon variant
appears across the population of nucleic acids 1s summed, and the percentage that each amino acid
appears at each position can then be determined. The percentage 1n the sample population of
nucleic acids 1s then compared to the preselected distribution. With a sufficient number of nucleic
acids 1n a population, a sample distribution 1s generated that aligns with the preselected distribution.
In some 1nstances, the sampling performed 1s a form of Monte Carlo sampling, applying uniform
random sampling.

[0074] In some 1nstances, nucleic acid libraries designed and synthesized to have a preselected
distribution encode for about 1%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%,
60%, or more than 60% of non-1dentical nucleic acids compared to a saturating nucleic acid library.
In some 1nstances, nucleic acid libraries designed and synthesized to have a preselected distribution
encode for at least 1%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, or
more than 60% of non-1dentical nucleic acids compared to a saturating nucleic acid library.

[0075] In some 1nstances, nucleic acid libraries designed and synthesized to have a preselected
distribution encode for about 1%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%,
60%, or more than 60% of non-1dentical nucleic acids compared to a larger nucleic acid library. In
some 1nstances, nucleic acid libraries designed and synthesized to have a preselected distribution
encode for at least 1%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, or
more than 60% of non-1dentical nucleic acids compared to a larger nucleic acid library.

[0076] In some 1nstances, the number of nucleic acids designed and synthesized in a
representative sub-population from a larger variant nucleic acid library 1s 1n the range of about 50-
100000, 100-75000, 250-50000, 500-25000, and 1000-15000, 2000-10000, and 4000-8000
sequences. In some 1nstances, a population of nucleic acids 1s 500 sequences. In some instances, a
population of nucleic acids 1s 5000, 10000, or 15000 sequences. In some instances, a population of
nucleic acids has at least 50, 100, 150, 500, 1000, 2000, 5000, 10000, 20000, 50000, 100000,
200000, 400000, 800000, 1000000, or more different sequences. In some instances, each population
of nucleic acids 1s up to 50, 100, 500, 1000, 2000, 5000, 10000, 20000, 50000, 100000, 200000,
400000, 800000, or 1000000.

[0077] In some 1nstances, synthesis of nucleic acid libraries by combinatorial methods to arrive
at a preselected distribution of variant codon encoding regions represents 70% to 99% of the
predicted diversity. In some 1nstances, synthesis of nucleic acid libraries by combinatorial methods
to arrive at a preselected distribution of variant codon encoding regions represent at least 70% of

the predicted diversity. In some instances, synthesis of nucleic acid libraries by combinatorial
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methods to arrive at a preselected distribution of variant codon encoding regions represent 70% to
75%, 70% to 80%, 70% to 85%, 70% to 90%, 70% to 95%, 70% to 97%, 70% to 99%, 75% to
80%, 75% to 85%, 75% to 90%, 75% to 95%, 75% to 97%, 75% to 99%, 80% to 85%, 80% to
90%, 80% to 95%, 80% to 97%, 80% to 99%, 85% to 90%, 85% to 95%, 85% to 97%, 85% to
99%, 90% to 95%, 90% to 97%, 90% to 99%, 95% to 97%, 95% to 99%, or 97% to 99% of the
predicted diversity. In some 1nstances, the diversity represented of the synthesized representative
population of nucleic acids 1s at least or about 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, or
more than 95% of the predicted diversity. In some instances, the diversity represented of the
synthesized representative population of nucleic acids 1s 99% of the predicted diversity.

[0078] Generation of Representative Nucleic Acid Libraries Using Combinatorial Methods
[0079] Provided herein are methods for synthesis of nucleic acid libraries by combinatorial
methods to arrive at a preselected distribution of variant codon encoding regions. In some 1nstances,
a reference sequence, serving as the template for variant for synthesizing a population of nucleic
acids, 1s split such that a first portion 1s a reference sequence for a first variant population of nucleic
acids, and a second portion 1s a reference sequence for a second variant population of nucleic acids.
[0080] In some 1nstances, random sampling methods as described herein are used to generate a
representative variant distribution for portions from a larger variant library. A first representative
population of nucleic acids, representing variants for a first portion of a full reference sequence, and
a second representative population of nucleic acids, representing variant for a second portion of a
full reference sequence are synthesized and then combined by ligation, such as by blunt end ligation
or by some other biochemical technique known 1n the art. In some cases, a resulting nucleic acid
library 1s saturating. In some cases, a resulting nucleic acid library 1s non-saturating.

[0081] In some cases, a nucleic acid library 1s synthesized with two or more variant nucleic
acid populations that, when joined, results in a desired longer nucleic acid variant library. A
nucleic acid library can be synthesized with at least 2, 3, 4, 5, 6, 7, 8, 9, 10, or more than 10
populations, each encoding for a different region of a reference nucleic acid. In some 1nstances,
each nucleic acid population 1s in the range of about 50-100000, 100-75000, 250-50000, 500-
25000, and 1000-15000, 2000-10000, and 4000-8000 sequences. In some instances, each nucleic
acid population 1s about 500, 1000, 5000, 10000, 15000 or more sequences. In some instance, each
nucleic acid population 1s at least 50, 100, 150, 500, 1000, 2000, 5000, 10000, 20000, 50000,
100000, 200000, 400000, 800000, 1000000, or more. In some 1nstance, each nucleic acid
population 1s up to 50, 100, 500, 1000, 2000, 5000, 10000, 20000, 50000, 100000, 200000, 400000,
800000, and 1000000.
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[0082] In some 1nstances, synthesis of nucleic acid libraries by combinatorial methods to arrive
at a preselected distribution of variant codon encoding regions represent 70% to 99% of the
predicted diversity. In some 1nstances, synthesis of nucleic acid libraries by combinatorial methods
to arrive at a preselected distribution of variant codon encoding regions represent at least 70% of
the predicted diversity. In some instances, synthesis of nucleic acid libraries by combinatorial
methods to arrive at a preselected distribution of variant codon encoding regions represent 70% to
75%, 70% to 80%, 70% to 85%, 70% to 90%, 70% to 95%, 70% to 97%, 70% to 99%, 75% to
80%, 75% to 85%, 75% to 90%, 75% to 95%., 75% to 97%, 75% to 99%, 80% to 85%, 80% to
90%, 80% to 95%, 80% to 97%, 80% to 99%, 85% to 90%, 85% to 95%, 85% to 97%, 85% to
99%., 90% to 95%, 90% to 97%, 90% to 99%, 95% to 97%, 95% to 99%, or 97% to 99% of the
predicted diversity. In some 1nstances, synthesis of nucleic acid libraries by combinatorial methods
to arrive at a preselected distribution of variant codon encoding regions 1s at least or about 60%,
65%, 70%, 75%, 80%, 85%, 90%, 95%, or more than 95% of the predicted diversity. In some
instances, the diversity represented of the synthesized representative population of nucleic acids 1s
99% of the predicted diversity.

[0083] Synthesis followed by PCR Mutagenesis

[0084] Nucleic acid libraries generated by combinatorial methods described herein (e.g.
saturating or non-saturating) can be used for PCR mutagenesis methods. In some cases, the
representative nucleic acid library having a preselected distribution 1s used for PCR mutagenesis
methods. In this workflow, a plurality of polynucleotides are synthesized, wherein each
polynucleotide encodes for a predetermined sequence which 1s a predetermined variant of a
reference nucleic acid sequence. Referring to the figures, an exemplary workflow 1n depicted 1n
FIGS. 3A-3D, wherein polynucleotides are generated on a surface. FIG. 3A depicts an expansion
view of a single cluster of a surface with 121 loci. Each nucleic acid depicted in FIG. 3B 1s a
primer that can be used for amplification from a reference nucleic acid sequence to produce a
library of variant long nucleic acids, FIG. 3C. The library of variant long nucleic acids 1s then,
optionally, subject to transcription and or translation to generate a variant RNA or protein library,
FIG. 3D. In this exemplary illustration, a device having a substantially planar surface 1s used for
de novo synthesis of polynucleotides 1s depicted, FIG. 3A. In some instances, the device
comprises a cluster of loci, wherein each locus 1s a site for polynucleotide extension. In some
instances, a single cluster comprises all the polynucleotide variants needed to generate a desired
variant sequence library. In an alternative arrangement, a plate comprises a field of loct which are

not segregated into clusters.
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[0085] Provided herein are methods for synthesis of polynucleotides within a cluster (e.g., as
seen 1n FIG. 3) followed by amplification of polynucleotides within a single cluster. Such an
arrangement provides for improved nucleic acid representation 1n comparison to amplification of
non-1dentical polynucleotides across an entire plate without a clustered arrangement. In some
instances, amplification of polynucleotides synthesized on surfaces of loci within a cluster
overcomes negative effects on representation due to repeated synthesis of large polynucleotide
populations having polynucleotides with heavy GC content. In some 1nstances, a cluster described
herein, comprises about 50-1000, 75-900, 100-800, 125-700, 150-600, 200-500, or 300-400
discrete loci. In some 1nstances, a loci 1s a spot, well, microwell, channel, or post. In some
instances, each cluster has at least 1X, 2X, 3X, 4X, 5X, 6X, 7X, 8X, 9X, 10X, or more redundancy
of separate features supporting extension of polynucleotides having identical sequence. In some
instances, 1X redundancy means having no polynucleotides with 1dentical sequence.

[0086] A de novo synthesized polynucleotide library described herein may comprise a plurality
of polynucleotides, each with at least one variant sequence at first position, position “x ", and each
variant polynucleotide 1s used as a primer 1n a first round of PCR to generate a first extension
product. In this example, position “x” 1n a first polynucleotide 420 encodes for a variant codon
sequence, 1.e., one of 19 possible variants from a reference sequence. See FIG. 4A. A second
polynucleotide 425 comprising a sequence overlapping that of the first polynucleotide 1s also used
as a primer 1n a separate round of PCR to generate a second extension product. In addition, outer
primers 415, 430 may be used for amplification of fragments from a long nucleic acid sequence.
The resultant amplification products are fragments of the long nucleic acid sequence 435, 440. See
FIG. 4B. The fragments of the long nucleic acid sequence 43S, 440 are then hybridized, and
subject to an extension reaction to form a variant of the long nucleic acid 44S. See FIG. 4C. The
overlapping ends of the first and second extension products may serve as primer of a second round
of PCR, thereby generating a third extension product (FIG. 4D) that contains the variant. To
increase the yield, the variant of the long nucleic acid 1s amplified 1n a reaction including a DNA
polymerase, amplification reagents, and the outer primers 415, 430. In some 1nstances, the second
polynucleotide comprises a sequence adjacent to, but not including, the variant site. In an
alternative arrangement, a first polynucleotide 1s generated that has a region that overlaps with a
second polynucleotide. In this scenario, the first nucleic acid 1s synthesized with variation at a
single codon for up to 19 variants. The second nucleic acid does not comprise a variant sequence.
Optionally, a first population comprises the first polynucleotide variants and additional
polynucleotides encoding for variants at a different codon site. Alternatively, the first

polynucleotide and the second polynucleotide may be designed for blunt end ligation.
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[0087] An alternative mutagenesis PCR method 1s depicted in FIGS. SA-SF. In such a process,
a template nucleic acid molecule S00 comprising a first and second strand 508, S10 1s amplified 1n
a PCR reaction containing a first primer S1S5 and a second primer 520 (FIG. SA). The
amplification reaction includes uracil as a nucleotide reagent. A uracil-labeled extension product
525 (FIG. SB) 1s generated, optionally purified, and serves as a template for a subsequent PCR
reaction using a first polynucleotide S35 and a plurality of second polynucleotides 530 to generate
first extension products 540 and 545 (FIGS. SC-5D). In this process, a plurality of polynucleotides
S30 comprises polynucleotides encoding for variant sequences (denoted as X, ¥, and Z, in FIG.
SC). The uracil-labeled template nucleic acid 1s digested by a uracil-specific excision reagent, e.g..
USER digest available commercially from New England Biolabs. Variant S35 and different codons
530 with variants X, Y, and Z are added and a limited PCR step 1s performed to generate FIG. SD.
After the uracil-containing template 1s digested, the overlapping ends of the extension products
serve to prime a PCR reaction with the first extension products 540 and 545 acting as primers in
combination with a first outer primer SS0 and a second outer primer 53§, thereby generating a
library of nucleic acid molecules S60 containing a plurality of variants X, Y, and Z at the variant
site FIG. SF.

[0088] De novo synthesis of a population with variant and non-variant portions of a long
nucleic acid

[0089] Nucleic acid libraries generated by combinatorial methods described herein (e.g.
saturating or non-saturating) can be used for de novo synthesis of multiple fragments of a long
nucleic acid, wherein at least one of the fragments 1s synthesized 1n multiple versions, each version
being of a different variant sequence. In some cases, the representative nucleic acid library having
a preselected distribution 1s used for de novo synthesis, wherein at least one of the fragments 1s
synthesized 1in multiple versions, each version being of a different variant sequence. In this
arrangement, all of the fragments needed to assemble a library of variant long range nucleic acids
are de novo synthesized. The synthesized fragments may have an overlapping sequence such that,
following synthesis, the fragment library 1s subject to hybridization. Following hybridization, an
extension reaction may be performed to fill in any complementary gaps.

[0090] Alternatively, the synthesized fragments may be amplified with primers and then subject
to etther blunt end ligation or overlapping hybridization. In some instances, the device comprises a
cluster of loci, wherein each locus 1s a site for polynucleotide extension. In some instances, a
single cluster comprises all the polynucleotide variants and other fragment sequences of a

predetermined long nucleic acid to generate a desired variant nucleic acid sequence library. The
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cluster may comprise about 50 to 500 loci. In some arrangements, a cluster comprises greater than
500 loci.

[0091] Each individual polynucleotide 1n the first polynucleotide population may be generated
on a separate, individually addressable locus of a cluster. One polynucleotide variant may be
represented by a plurality of individually addressable loci. Each variant in the first polynucleotide
population may be represented 1, 2, 3,4, 5, 6,7, 8,9, 10, or more times. In some 1nstances, each
variant 1n the first polynucleotide population 1s represented at 3 or less loci. In some 1nstances,
each variant 1n the first polynucleotide population 1s represented at two loci. In some 1nstances,
each variant in the first polynucleotide population 1s represented at only a single locus.

[0092] Methods are provided herein to generate nucleic acid libraries with reduced redundancy.
In some 1nstances, variant nucleic acids may be generated without the need to synthesize the variant
nucleic acid more than 1 time to obtain the desired variant nucleic acid. In some 1nstances, the
present disclosure provides methods to generate variant nucleic acids without the need to
synthesize the variant nucleic acid more than 1, 2, 3, 4, 5 times, 6, 7, 8, 9, 10, or more times to
generate the desired variant nucleic acid.

[0093] Variant nucleic acids may be generated without the need to synthesize the variant
nucleic acid at more than 1 discrete site to obtain the desired variant nucleic acid. The present
disclosure provides methods to generate variant nucleic acids without the need to synthesize the
variant nucleic acid at more than 1 site, 2 sites, 3 sites, 4 sites, 5 sites, 6 sites, 7 sites, 8 sites, 9 sites,
or 10 sites, to generate the desired variant nucleic acid. In some instances, a nucleic acid 1s
synthesized in at most 6, 5, 4, 3, 2, or 1 discrete sites. The same nucleic acid may be synthesized in
1, 2, or 3 discrete loc1 on a surface.

[0094] In some 1nstances, the amount of loc1 representing a single variant nucleic acid 1s a
function of the amount of nucleic acid material required for downstream processing, e.g., an
amplification reaction or cellular assay. In some instances, the amount of loci representing a single
variant nucleic acid 1s a function of the available loci 1n a single cluster.

[0095] Provided herein are methods for generation of a library of nucleic acids comprising
variant nucleic acids differing at a plurality of sites in a reference nucleic acid. In such cases, each
variant library 1s generated on an individually addressable locus within a cluster of loci. It will be
understood that the number of variant sites represented by the nucleic acid library will be
determined by the number of individually addressable loc1 1n the cluster and the number of desired
variants at each site. In some instances, each cluster comprises about 50 to 500 loci. In some

instances, each cluster comprises 100 to 150 loci.
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[0096] In an exemplary arrangement, 19 variants are represented at a variant site corresponding
to codons encoding for each of the 19 possible variant amino acids. In another exemplary case, 61
variants are represented at a variant site corresponding to triplets encoding for each of the 19
possible varitant amino acids. In a non-limiting example, a cluster comprises 121 individually
addressable loci. In this example, a nucleic acid population comprises 6 replicates each of a single-
site variant (6 replicates x 1 variant site x 19 variants = 114 loci), 3 replicates each of a double-site
variant (3 replicates x 2 variant sites x 19 variants = 114 loc1), or 2 replicates each of a triple-site
variant (2 replicates x 3 variant sites x 19 variants = 114 loci). In some instances, a nucleic acid
population comprises variants at four, five, six or more than six variant sites.

[0097] Provided herein are methods and compositions for production of synthetic (1.e. de novo
synthesized or chemically synthesized) nucleic acids. Libraries of synthesized nucleic acids
described herein may comprise a plurality of nucleic acids collectively encoding for one or more
genes or gene fragments. In some instances, the nucleic acid library comprises coding or non-
coding sequence. In some 1nstances, the nucleic acid library encodes for a plurality of cDNA
sequences. In some 1nstances, the nucleic acid library comprises one or more nucleic acids, each of
the one or more nucleic acids encoding sequence for multiple exons. Each nucleic acid within a
library described herein may encode a different sequence, 1.e., non-identical sequence. In some
instances, each nucleic acid within a library described herein comprises at least one portion that 1s
complementary to sequence of another nucleic acid within the library. Nucleic acid sequences
described herein may be, unless stated otherwise, comprise DNA or RNA.

[0098] Provided herein are methods and compositions for production of synthetic (1.e. de novo
synthesized) genes. Libraries comprising synthetic genes may be constructed by a variety of
methods described 1n further detail elsewhere herein, such as PCA, non-PCA gene assembly
methods or hierarchical gene assembly, combining (“stitching”) two or more double-stranded
nucleic acids to produce larger DNA units (1.e., a chassis). Libraries of large constructs may
involve nucleic acids that are atleast 1, 1.5, 2.3,4.5,6,7,8,9. 10, 15, 20, 30, 40, 50, 60, 70, 80,
90, 100, 125, 150, 175, 200, 250, 300, 400, 500 kb long or longer. The large constructs may be
bound by an independently selected upper limit of about 5000, 10000, 20000 or 50000 base pairs.
The synthesis of any number of polypeptide-segment encoding nucleotide sequences may include
sequences encoding non-ribosomal peptides (NRPs), sequences encoding non-ribosomal peptide-
synthetase (NRPS) modules and synthetic variants, polypeptide segments of other modular
proteins, such as antibodies, polypeptide segments from other protein families, including non-

coding DNA or RNA, such as regulatory sequences e.g. promoters, transcription factors, enhancers,

siRNA, shRNA, RNA1, miRNA, small nucleolar RNA derived from microRNA, or any functional
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or structural DNA or RNA unit of interest. The following are non-limiting examples of nucleic
acids: coding or non-coding regions of a gene or gene fragment, intergenic DNA, loci (locus)
defined from linkage analysis, exons, introns, messenger RNA (mRNA), transfer RNA, ribosomal
RNA, short interfering RNA (siRNA), short-hairpin RNA (shRNA), micro-RNA (miRNA), small
nucleolar RNA, ribozymes, cDNA, which 1s a DNA representation of mRNA, usually obtained by
reverse transcription of messenger RNA (mRNA) or by amplification; DNA molecules produced
synthetically or by amplification, genomic DNA, recombinant polynucleotides, branched
polynucleotides, plasmids, vectors, 1solated DNA of any sequence, 1solated RNA of any sequence,
nucleic acid probes, and primers. In the context of cDNA, the term gene or gene fragment refers to
a DNA nucleic acid sequence comprising at least one region encoding for exon sequences without
an intervening intron sequence.

[0099] In various embodiments, methods and compositions described herein relate to a library
of genes. The gene library may comprise a plurality of subsegments. In one or more subsegments,
the genes of the library may be covalently linked together. In one or more subsegments, the genes
of the library may encode for components of a first metabolic pathway with one or more metabolic
end products. In one or more subsegments, genes of the library may be selected based on the
manufacturing process of one or more targeted metabolic end products. The one or more metabolic
end products may comprise a biofuel. In one or more subsegments, the genes of the library may
encode for components of a second metabolic pathway with one or more metabolic end products.
The one or more end products of the first and second metabolic pathways may comprise one or
more shared end products. In some cases, the first metabolic pathway comprises an end product
that 1s manipulated in the second metabolic pathway.

[00100] Variant Nucleic Acid Libraries for an Organism

[00101] Vanant nucleic acid libraries generated by methods described herein may encode for at
least one gene of an organism. In some cases, the nucleic acid libraries encode for a single gene, a
pathway or an entire genome of an organism. In some instances, the variant nucleic acid library
encodes at least one of a gene (e.g., 1000 base pairs), parts (e.g., 3-10 genes), pathways (e.g., 10-
100 genes), or a chassis (e.g., 100-1000 genes) of an organism. A non-limiting exemplary list of

model organisms 1s provided in Table 1.

Table 1. Model Organism and Gene Number

Model Organism Protein Coding Genes*
Arabidopsis thaliana 27000
Caenorhabditis elegans 20000
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Canis lupus familiaris 19000
Chlamydomonas reinhardtii 14000
Danio rerio 26000
Dictyostelium discoideum 13000
Drosophila melanogaster 14000
Lischerichia coli 4300

Macaca mulatta 22000
Mus musculus 20000
Oryctolagus cuniculus 27000
Rattus norvegicus 22000
Saccharomyces cerevisiae 6600

Sus scrofa 21000

* Numbers here reflect the number of protein coding genes and excludes tRNA and non-coding

RNA. Ron Milo & Rob Phillips, Cell Biology by the Numbers 286 (2015).

[00102] Codon variation

[00103] Vanant nucleic acid libranies described herein may comprise a plurality of nucleic acids,
wherein each nucleic acid encodes for a variant codon sequence compared to a reference nucleic
acid sequence. In some instances, each nucleic acid of a first nucleic acid population contains a
variant at a single variant site. In some instances, the first nucleic acid population contains a
plurality of variants at a single variant site such that the first nucleic acid population contains more
than one variant at the same variant site. The first nucleic acid population may comprise nucleic
acids collectively encoding multiple codon variants at the same variant site. The first nucleic acid
population may comprise nucleic acids collectively encoding up to 19 or more codons at the same
position. The first nucleic acid population may comprise nucleic acids collectively encoding up to
60 variant triplets at the same position, or the first nucleic acid population may comprise nucleic
acids collectively encoding up to 61 different triplets of codons at the same position. Each variant
may encode for a codon that results 1n a different amino acid during translation. Table 2 provides a

listing of each codon possible (and the representative amino acid) for a variant site.

31



CA 03056386 2015-09-12

WO 2018/170164 PCT/US2018/022487

Table 2. List of Codons and Amino Acids

Amino Acids | One | Three Codons
letter | letter
code | code
Alanine A Ala GCA | GCC | GCG | GCT
Cysteine C Cys TGC TGT
Aspartic acid | D Asp GAC | GAT
Glutamic acid | E Glu GAA | GAG
Phenylalanine | F Phe TTC TTT
Glycine G Gly GGA | GGC | GGG | GGT
Histidine H His CAC | CAT
Isoleucine I Iso ATA | ATC | ATT
Lysine K Lys AAA | AAG
Leucine L Leu TTA |TTG |[CTA |CTC CTG | CTT
Methionine M Met ATG
Asparagine N Asn AAC | AAT
Proline P Pro CCA |CCC |CCG |CCT
Glutamine Q Gln CAA | CAG
Arginine R Arg AGA | AGG |CGA | CGC | CGG | CGT
Serine S Ser AGC | AGT |TCA |TCC TCG | TCT
Threonine T Thr ACA | ACC |ACG | ACT
Valine \Y Val GTA | GTC GTG | GTT
Tryptophan W Trp TGG
Tyrosine Y Tyr TAC | TAT
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[00104] Provided herein are variant nucleic acid libraries comprising nucleic acids that encode
for a variant codon sequence compared to a reference nucleic acid sequence, wherein the variant
codon sequence 1s chosen based on a codon assignment. An exemplary codon assignment 1s seen
in Table 3 1n which a variant codon sequence 1s chosen first from left to right. In some instances,
the codon assignment 1s based on frequency of a codon 1n an organism. Exemplary organisms

include, but are not limited, to an animal, plant, fungus, protist, archaeon, or bacterium. For

example, the codon assignment 1s based on Luscherichia coli or Homo sapiens.

Table 3. Codon Assignment

Amino Acids | One | Three Codons
letter | letter
code | code
Alanine A Ala GCT |GCA |GCC |GCG
Cysteine C Cys TGC TGT
Aspartic acid | D Asp GAT | GAC
Glutamic acid | E Glu GAG | GAA
Phenylalanine | F Phe TTC TTT
Glycine G Gly GGT | GGA | GGC | GGG
Histidine H His CAC | CAT
Isoleucine I Iso ATC | ATT ATA
Lysine K Lys AAG | AAA
Leucine L Leu CTG | CTC CTT TTG | TTA CTA
Methionine M Met ATG
Asparagine N Asn AAC | AAT
Proline P Pro CCT CCA |CCG | CCC
Glutamine Q Gln CAG | CAA
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Arginine R Arg AGA | CGT |[|AGG |CGA | CGC | CGG

Serine S Ser AGC | TCT TCC AGT |TCA | TCG

Threonine T Thr ACC | ACA | ACT ACG

Valine \Y Val GTG | GIT GTC GTA

Tryptophan W Trp TGG

Tyrosine Y Tyr TAC | TAT

Stop codon TGA | TAA | TAG
[00105] Provided herein are variant nucleic acid libraries comprising nucleic acids that encode

for a variant codon sequence compared to a reference nucleic acid sequence, wherein the variant
codon sequence based on the codon assignment 1s determined by various factors. In some
instances, the variant codon sequence 1s chosen based on complexity or diversity of the codon
sequence. For example, a codon sequence comprising three different nucleobases 1s chosen instead
of a codon sequence comprising two different nucleobases or a codon sequence comprising same
nucleobases. In some instances, the codon sequence 1s chosen based on downstream applications.
Downstream applications include, but are not limited to, minimizing effects on expression levels
following protein translation or improving detection of the variant codon sequence by next
generation sequencing. Improving detection of the variant codon sequence by next generation
sequencing may comprise avoiding homopolymers with high error rates. In some instances, the
codon sequence 1s chosen unless the codon sequence results in a site that results in a disruption 1n
the sequence such as a restriction enzyme site.

[00106] Codon sequences for a variant site based on a codon assignment as described herein
may be randomized. In some instances, the codon sequence 1s not randomized. For example, for
single variant libraries where one mutation 1s chosen per peptide, the codon sequences are not
randomized. In some instances, multiple variant libraries comprise codon sequences that are
randomized.

[00107] A nucleic acid population may comprise varied nucleic acids collectively encoding up to
20 codon variations at multiple positions. In such cases, each nucleic acid 1n the population
comprises variation for codons at more than one position in the same nucleic acid. In some

instances, each nucleic acid in the population comprises variation for codons at 1, 2, 3,4, 5, 6, 7, 8,

9,10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20 or more codons 1n a single nucleic acid. In some
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instances, each variant long nucleic acid comprises variation for codons at 1, 2, 3,4, 5,6, 7, 8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30 or more codons 1n a
single long nucleic acid. In some instances, the variant nucleic acid population comprises variation
forcodonsat 1,2, 3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27, 28, 29, 30 or more codons 1n a single nucleic acid. In some instances, the variant nucleic acid
population comprises variation for codons 1n at least about 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
125, 150, 175, 200, 225, 250, 275, 300, or more codons 1n a single long nucleic acid.

[00108] Provided herein are processes where a second nucleic acid population 1s generated on a
second cluster containing a plurality of individually addressable loci. The second nucleic acid
population may comprise a plurality of second nucleic acids that are constant for each codon
position (1.e., encode the same amino acid at each position). The second nucleic acid may overlap
with at least a portion of the first nucleic acids. In some instances, the second nucleic acids do not
contain the variant site represented on the first nucleic acids. Alternatively, the second nucleic acid
population may comprise a plurality of second nucleic acids that contain at least one variant for one
or more codon positions.

[00109] Provided herein are methods for synthesizing a library of nucleic acids where a single
population of nucleic acids 1s generated comprising variants at multiple codon positions. A first
nucleic acid population may be generated on a first cluster containing a plurality of individually
addressable loci. In such cases, the first nucleic acid population comprises variants at different
codon positions. In some instances, the different sites are consecutive (1.e., encoding consecutive
amino acids). For example, the first nucleic acid population comprises variants in two consecutive
codon positions, encoding up to 19 variants at a position. In some 1nstances, the first nucleic acid
population comprises variants 1n two consecutive codon positions, encoding from about 1 to about
19 variants at a position. In some instances, about 38 nucleic acids are synthesized. A first nucleic
acid population may comprise varied nucleic acids collectively encoding up to 19 codon variants at
the same, or additional variant site. A first nucleic acid population may include a plurality of first
nucleic acids that contains up to 19 variants at position x, up to 19 variants at position y, and up to
19 variants at position z. In such an arrangement, each variant encodes a different amino acid such
that up to 19 amino acid variants are encoded at each of the different variant sites. In an additional
instance, a second nucleic acid population 1s generated on a second cluster containing a plurality of
individually addressable loci. The second nucleic acid population may comprise a plurality of
second nucleic acids that are constant for each codon position (1.e., encode the same amino acid at

each position). The second nucleic acids may overlap with at least a portion of the first nucleic
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acids. The second nucleic acids may not contain the variant site represented on the first nucleic
acids.

[00110] Variant nucleic acid libraries generated by processes described herein provide for the
generation of variant protein libraries. In a first exemplary arrangement, a template nucleic acid
encodes for sequence that, when transcribed and translated, results 1n a reference amino acid
sequence (FIG. 6A) having a number of codon positions, indicated by a single circle. Nucleic acid
variants of the template can be generated using methods described herein. In some instances, a
single variant 1s present 1n the nucleic acid, resulting 1n a single amino acid sequence (FIG. 6B). In
some 1nstances, more than one variant 1s present in the nucleic acid, wherein the variants are
separated by one or more codons, resulting in a protein with spacing between variant residues
(FIG. 6C). In some instances, more than one variant 1s present in the nucleic acid, wherein the
variants are sequential and adjacent or consecutive to one another, resulting 1in spaced variant
stretches of residues (FIG. 6D). In some instances, two stretches of variants are present in the
nucleic acid, wherein each stretch of variants comprises sequential and adjacent or consecutive
variants (FIG. 6E).

[00111] Provided herein are methods to generate a library of nucleic acid variants, wherein each
variant comprises a single position codon variant. In one instance, a template nucleic acid has a
number of codon positions wherein exemplary amino acid residues are indicated by circles with
their respective one letter code protein codon, FIG. 7A. FIG. 7B depicts a library of amino acid
variants encoded by a library of variant nucle1 acids, wherein each variant comprises a single
position variant, indicated by an “X”, located at a different single site. A first position variant has
any codon to replace alanine, a second variant with any codon encoded by the library of variant
nucle1 acids to replace tryptophan, a third variant with any codon to replace 1soleucine, a fourth
variant with any codon to replace lysine, a fifth variant with any codon to replace arginine, a sixth
variant with any codon to replace glutamic acid, and a seventh variant with any codon to replace
glutamine. When all or less than all codon variants are encoded by the variant nucleic acid library,
a resulting corresponding population of amino acid sequence variants 1s generated following
protein expression (1.e., standard cellular events of DNA transcription followed by translation and
processing events).

[00112] In some arrangements, a library 1s generated with multiple sites of single position
variants. As depicted in FIG. 8A, a wild-type template 1s provided. FIG. 8B depicts the resultant
am1no acid sequence with two sites of single position codon variants, wherein each codon variant

encoding for a different amino acid 1s indicated by differently patterned circles.
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[00113] Provided herein are methods to generate a library having a stretch of multiple site,
single position variants. Each stretch of nucleic acid may have 1, 2, 3, 4, 5, or more variants. Each
stretch of nucleic acid may have at least 1 variant. Each stretch of nucleic acid may have at least 2
variants. Each stretch of nucleic acid may have at least 3 variants. For example, a stretch of 5
nucleic acids may have 1 variant. A stretch of 5 nucleic acids may have 2 varniants. A stretch of 5
nucleic acids may have 3 variants. A stretch of 5 nucleic acids may have 4 variants. For example,
a stretch of 4 nucleic acids may have 1 variant. A stretch of 4 nucleic acids may have 2 variants. A
stretch of 4 nucleic acids may have 3 variants. A stretch of 4 nucleic acids may have 4 varants.
[00114] In some instances, single position variants may all encode for the same amino acid, e.g.
a histidine. As depicted in FIG. 9A, a reference amino acid sequence 1s provided. In this
arrangement, a stretch of a nucleic acid encodes for multiple sites of single position variants and,
when expressed, results 1n an amino acid sequence having all single position variants encoding for
a histidine, FIG. 9B. In some embodiments, a variant library synthesized by methods described
herein does not encode for more than 4 histidine residues 1n a resultant amino acid sequence.
[00115] In some instances, a variant library of nucleic acids generated by methods described
herein provides for expression of amino acid sequences that have separate stretches of variation. A
template amino acid sequence 1s depicted in FIG. 10A. A stretch of nucleic acids may have only 1
variant codon 1n two stretches and, when expressed, result in an amino acid sequence depicted 1n
FIG. 10B. Varnants are depicted in FIG. 10B by the differently patterned circles to indicate
variation in amino acids at different positions in a single stretch.

[00116] Provided herein are methods and devices to synthesize nucleic acid libraries with 1, 2, 3,
or more codon variants, wherein the variant for each site 1s selectively controlled. The ratio of two
amino acids for a single site variant may be about 1:100, 1:50, 1:10, 1:5, 1:3, 1:2, 1:1. The ratio of
three amino acids for a single site variant may be about 1:1:100, 1:1:50, 1:1:20, 1:1:10, 1:1:5, 1:1:3,
1:1:2, 1:1:1, 1:10:10, 1:5:5, 1:3:3, or 1:2:2. FIG. 11A depicts a wild-type reference amino acid
sequence encoded by a wild-type nucleic acid sequence. FIG. 11B depicts a library of amino acid
variants, wherein each variant comprising a stretch of sequence (indicated by the patterned circles),
wherein each position may have a certain ratio of amino acids 1n the resultant variant protein
library. The resultant variant protein library 1s encoded by a variant nucleic acid library generated
by methods described herein. In this illustration, 5 positions are varied: the first position 1100 has
a 50/50 K/R ratio; the second position 1110 has a 50/25/25 V/L/S ratio, the third position 1120 has
a 50/25/25 Y/R/D ratio, the fourth position 1130 has an equal ratio for all 20 amino acids, and the
fifth position 1140 has a 75/25 ratio for G/P. The ratios described herein are exemplary only.
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[00117] In some instances, a synthesized variant library 1s generated which encodes for a nucleic
acid sequence that 1s ultimately translated into an amino acid sequence of a protein. Exemplary
amino acid sequences includes those encoding for small peptides as well as at least a portion of
large peptides, e.g., antibody sequence. In some 1nstances, the nucleic acids synthesized each
encode for a variant codon 1n a portion of an antibody sequence. Exemplary antibody sequences
for which the portion of variant synthesized nucleic acid encodes includes the antigen-binding or
variable region thereof, or a fragment thereof. Examples of antibody fragments for which the
nucleic acids described herein encode a portion of include, without limitation, Fab, Fab', F(ab')2
and Fv fragments, diabodies, linear antibodies, single-chain antibody molecules, and multispecific
antibodies formed from antibody fragments. Examples antibody regions for which the nucleic acids
described herein encode a portion of include, without limitation, Fc region, Fab region, variable
region of the Fab region, constant region of the Fab region, variable domain of the heavy chain or
light chain (Vg or Vi), or specific complementarity-determining regions (CDRs) of Vg or Vi.
Variant libraries generated by methods disclosed herein can result 1n variation of one or more of the
antibody regions described herein. In one exemplary process, a variant library 1s generated for
nucleic acids encoding for a several CDRs. See FIG. 12. A template nucleic acid encoding for an
antibody having CDR1 1210, CDR2 1220, and CDR3 1230 regions, 1s modified by methods
described herein, where each CDR region comprises multiple sites for variation. Vanations for
each of 3 CDRs 1n a single variable domain of a heavy chain or light chain 1215, 122§, and 1235
are generated. Each site, indicated by a star, may comprise a single position, a stretch of multiple,
consecutive positions, or both, that are interchangeable with any codon sequence different from the
template nucleic acid sequence. Diversity of variant libraries may dramatically increase using
methods provided herein, with up to ~10" diversity, or more.

[00118] In some instances, variant libraries comprise single or multiple variants of a variable
domain of a heavy chain or a light chain (Vg or Vr). In some instances, variant libraries comprise
single or multiple variants 1n a Vg region. Exemplary Vg regions include, but are not limited to,
IGHV1, IGHV2, IGHV3, IGHV4, IGHVS, IGHV6, and IGHV7. In some instances, variant
libraries comprise single or multiple variants 1n a Vi region. Exemplary Vi regions include, but are
not limited to, IGKV1, IGKV2, IGKV3, IGKV4, IGKVS, IGLV1, IGLV2, and IGLV3.

[00119] Variation in expression cassettes

[00120] In some instances, a synthesized variant library 1s generated which encodes for a portion
of an expression construct. Exemplary portions of an expression construct include the promoter,
open reading frame, and termination region. In some instances, the expression construct encodes

for one, two, three or more expression cassettes. A nucleic acid library may be generated, encoding
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for codon variation at a single site or multiple sites separate regions that make up potions of an
expression construct cassette, as depicted in FIG. 14. To generate a two construct expressing
cassette, variant nucleic acids were synthesized encoding at least a portion of a variant sequence of
a first promoter 1410, first open reading frame 1420, first terminator 1430, second promoter 1440,
second open reading frame 1450, or second terminator sequence 1460. After rounds of
amplification, as described 1n previous examples, a library of 1,024 expression constructs was
generated. FIG. 14 provides but one example arrangement. In some instances, additional regulator
sequences, such as untranslated regulatory region (UTR) or an enhancer region, 1s are also included
1n an expression cassette referred to herein. An expression cassette may comprise 1, 2, 3,4, 5,6, 7,
8, 9, 10 or more components for which variant sequences are generated by methods described
herein. In some 1nstances, the expression construct comprises more than one gene in a
multicistronic vector. In one example, the synthesized DNA nucleic acids are inserted into viral
vectors (e.g., a lentivirus) and then packaged for transduction into cells, or non-viral vectors for
transfer into cells, followed by screening and analysis.

[00121] Expression vectors for inserting nucleic acids disclosed herein comprise eukaryotic
(e.g., bacterial and fungal) and prokaryotic (e.g., mammalian, plant and 1insect expression

vectors). Exemplary expression vectors include, without limitation, mammalian expression vectors:
pSF-CMV-NEO-NH2-PPT-3XFLAG, pSF-CMV-NEO-COOH-3XFLAG, pSF-CMV-PURO-NH2-
GST-TEV, pSF-OXB20-COOH-TEV-FLAG(R)-6His (“6His” disclosed as SEQ ID NO: 32),
pCEP4 pDEST27, pSF-CMV-Ub-KrYFP, pSF-CMV-FMDV-daGFP, pEF1a-mCherry-N1 Vector,
pEF1a-tdTomato Vector, pSF-CMV-FMDV-Hygro, pSF-CMV-PGK-Puro, pMCP-tag(m), and
pSF-CMV-PURO-NH2-CMYC; bacterial expression vectors: pSF-OXB20-BetaGal,pSF-OXB20-
Fluc, pSF-OXB20, and pSF-Tac; plant expression vectors: pRI 101-AN DNA and pCambi1a2301;
and yeast expression vectors: pTYB21 and pKLAC2, and insect vectors: pAc5.1/V5-His A and
pDESTS8. Exemplary cells include without limitation, prokaryotic and eukaryotic cells. Exemplary
eukaryotic cells include, without limitation, animal, plant, and fungal cells. Exemplary animal cells
include, without limitation, insect, fish and mammalian cells. Exemplary mammalian cells include
mouse, human, and primate cells. Nucleic acids synthesized by methods described herein may be
transferred into cells done by various methods known 1n the art, including, without limitation,
transfection, transduction, and electroporation. Exemplary cellular functions tested include,
without limitation, changes 1n cellular proliferation, migration/adhesion, metabolic, and cell-

signaling activity.
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[00122] Highly Parallel Nucleic Acid Synthesis

[00123] Provided herein 1s a platform approach utilizing miniaturization, parallelization, and
vertical integration of the end-to-end process from polynucleotide synthesis to gene assembly
within nanowells on silicon to create a revolutionary synthesis plattorm. Devices described herein
provide, with the same footprint as a 96-well plate, a silicon synthesis platform capable of
increasing throughput by a factor of up to 1,000 or more compared to traditional synthesis methods,
with production of up to approximately 1,000,000 or more polynucleotides, or 10,000 or more
genes 1n a single highly-parallelized run.

[00124] With the advent of next-generation sequencing, high resolution genomic data has
become an important factor for studies that delve into the biological roles of various genes 1n both
normal biology and disease pathogenesis. At the core of this research 1s the central dogma of
molecular biology and the concept of “residue-by-residue transfer of sequential information.”
Genomic information encoded in the DNA 1s transcribed into a message that 1s then translated into
the protein that 1s the active product within a given biological pathway.

[00125] Another exciting area of study 1s on the discovery, development and manufacturing of
therapeutic molecules focused on a highly-specific cellular target. High diversity DNA sequence
libraries are at the core of development pipelines for targeted therapeutics. Gene mutants are used
to express proteins 1n a design, build, and test protein engineering cycle that ideally culminates in
an optimized gene for high expression of a protein with high affinity for 1ts therapeutic target. As
an example, consider the binding pocket of a receptor. The ability to test all sequence permutations
of all residues within the binding pocket simultaneously will allow for a thorough exploration,
increasing chances of success. Saturation mutagenesis, 1n which a researcher attempts to generate
all possible mutations at a specific site within the receptor, represents one approach to this
development challenge. Though costly and time and labor-intensive, 1t enables each variant to be
introduced 1nto each position. In contrast, combinatorial mutagenesis, where a few selected
positions or short stretch of DNA may be modified extensively, generates an incomplete repertoire
of variants with biased representation.

[00126] To accelerate the drug development pipeline, a library with the desired variants
available at the intended frequency 1n the right position available for testing—in other words, a
precision library, enables reduced costs as well as turnaround time for screening. Provided herein
are methods for synthesizing nucleic acid synthetic variant libraries which provide for precise
introduction of each intended variant at the desired frequency. To the end user, this translates to the
ability to not only thoroughly sample sequence space but also be able to query these hypotheses 1n

an efficient manner, reducing cost and screening time. Genome-wide editing can elucidate
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important pathways, libraries where each variant and sequence permutation can be tested for
optimal functionality, and thousands of genes can be used to reconstruct entire pathways and
genomes to re-engineer biological systems for drug discovery.

[00127] In a first example, a drug itself can 1s optimized using methods described herein. For
example, to improve a specified function of an antibody, a variant nucleic acid library encoding for
a portion of the antibody 1s designed and synthesized. A variant nucleic acid library for the
antibody can then be generated by processes described herein (e.g., PCR mutagenesis followed by
insertion into a vector). The antibody i1s then expressed in a production cell line and screened for
enhanced activity. Example screens include examining modulation 1n binding affinity to an
antigen, stability, or effector function (e.g., ADCC, complement, or apoptosis). Exemplary regions
to optimize the antibody include, without limitation, the Fc region, Fab region, variable region of
the Fab region, constant region of the Fab region, variable domain of the heavy chain or light chain
(Vu or Vp), and specific complementarity-determining regions (CDRs) of Vg or Vi.

[00128] Alternatively, the molecule to optimize 1s a receptor binding epitope for use as an
activating agent or competitive inhibitor. Subsequent to synthesis of a variant library of nucleic
acids, the variant library of nucleic acids may be 1inserted 1into a vector sequence and then expressed
1n cells. The receptor antigen may be expressed in cells (e.g., insect, mammalian or bacterial) and
then purified, or 1t may be expressed in cells (e.g., mammalian) to examine a functional
consequence from variation of the sequence. Functional consequences include, without limitation,
a change 1n the proteins expression, binding affinity and stability. Cellular functional consequence
include, without limitation, a change in reproduction, growth, adhesion, death, migration, energy
production, oxygen utilization, metabolic activity, cell signaling, aging, response to free radical
damage, or any combination thereof. In some embodiments, the type of protein selected for
optimization 1s an enzyme, transporter proteins, G-protein coupled receptors, voltage-gated 10on
channels, transcription factors, polymerases, adaptor proteins (proteins without enzymatic activity
the serve to bring two other proteins together), and cytoskeletal proteins. Exemplary types of
enzymes include, without limitation, signaling enzymes (such as protein kinases, protein
phosphatases, phosphodiesterases, histone deacteylases, and GTPases).

[00129] Provided herein are variant nucleic acid libraries comprising variants for molecules
involved 1n an entire pathway or an entire genome. Exemplary pathways include, without
limitation a metabolic, cell death, cell cycle progression, immune cell activation, inflammatory
response, angiogenesis, lymphogenesis, hypoxia and oxidative stress response, or cell
adhesion/migration pathway. Exemplary proteins in a cell death pathway include, without

limitation, Fas, Cadd, Caspase 3, Caspase 6, Caspase 8, Caspase 9, Caspase 10, IAP, TNFRI1,
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TNF, TNFR2, NF-kB, TRAFs, ASK, BAD, and Akt. Exemplary proteins in a cell cycle pathway
include, without limitation, NFkB, E2F, Rb, p53, p21, cyclin A, cyclin B, cyclin D, cyclin E, and
cdc 25. Exemplary proteins 1n a cell migration pathway include, without limitation, Ras, Raf, PLC,
cofilin, MEK, ERK, MLP,LIMK, ROCK, RhoA, Src, Rac, Myosin II, ARP2/3, MAPK, PIP2,
integrins, talin, kindlin, migfilin and filamin.

[00130] Nucleic acid libraries synthesized by methods described herein may be expressed in
various cell types. Exemplary cell types include prokaryotes (e.g., bacteria and fungi) and
eukaryotes (e.g., plants and animals). Exemplary animals include, without limitation, mice, rabbits,
primates, fish, and insects. Exemplary plants include, without limitation, a monocot and dicot.
Exemplary plants also include, without limitation, microalgae, kelp, cyanobacteria, and green,
brown and red algae, wheat, tobacco, and corn, rice, cotton, vegetables, and fruit.

[00131] Nucleic acid libraries synthesized by methods described herein may be expressed in
various cells associated with a disease state. Cells associated with a disease state include cell lines,
tissue samples, primary cells from a subject, cultured cells expanded from a subject, or cells in a
model system. Exemplary model systems include, without limitation, plant and animal models of a
disease state.

[00132] Nucleic acid libraries synthesized by methods described herein may be expressed in
various cell types assess a change 1n cellular activity. Exemplary cellular activities include, without
l[imitation, proliferation, cycle progression, cell death, adhesion, migration, reproduction, cell
signaling, energy production, oxygen utilization, metabolic activity, and aging, response to free
radical damage, or any combination thereof.

[00133] Toidentity a variant molecule associated with prevention, reduction or treatment of a
disease state, a variant nucleic acid library described herein 1s expressed in a cell associated with a
disease state, or one 1n which a disease state can be induced. In some instances, an agent 1s used to
induce a disease state in cells. Exemplary tools for disease state induction include, without
limitation, a Cre/Lox recombination system, LPS inflammation induction, and streptozotocin to
induce hypoglycemia. The cells associated with a disease state may be cells from a model system
or cultured cells, as well as cells from a subject having a particular disease condition. Exemplary
disease conditions include a bacterial, fungal, viral, autoommune, or proliferative disorder (e.g.,
cancer). In some instances, the variant nucleic acid library 1s expressed 1n the model system, cell
line, or primary cells derived from a subject, and screened for changes 1n at least one cellular
activity. Exemplary cellular activities include, without limitation, proliferation, cycle progression,
cell death, adhesion, migration, reproduction, cell signaling, energy production, oxygen utilization

2

metabolic activity, and aging, response to free radical damage, or any combination thereof.
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[00134] Substrates

[00135] Provided herein are substrates comprising a plurality of clusters, wherein each cluster
comprises a plurality of loci that support the attachment and synthesis of polynucleotides. The term
“locus” as used herein refers to a discrete region on a structure which provides support for
polynucleotides encoding for a single predetermined sequence to extend from the surface. In some
instances, a locus 1s on a two dimensional surface, e.g., a substantially planar surface. In some
instances, a locus refers to a discrete raised or lowered site on a surface e.g., a well, microwell,
channel, or post. In some instances, a surface of a locus comprises a material that 1s actively
functionalized to attach to at least one nucleotide for polynucleotide synthesis, or preferably, a
population of 1dentical nucleotides for synthesis of a population of polynucleotides. In some
instances, polynucleotide refers to a population of polynucleotides encoding for the same nucleic
acid sequence. In some 1nstances, a surface of a device 1s inclusive of one or a plurality of surfaces
of a substrate.

[00136] Average error rates for polynucleotides synthesized within a library using the systems
and methods provided may be less than 1 1in 1000, less than 1 1n 1250, less than 1 in 1500, less than
1 1n 2000, less than 1 1n 3000 or less often. In some instances, average error rates for
polynucleotides synthesized within a library using the systems and methods provided are less than
1/500, 1/600, 1/700, 1/800, 1/900, 1/1000, 1/1100, 1/1200, 1/1250, 1/1300, 1/1400, 1/1500, 1/1600,
1/1700, 1/1800, 1/1900, 1/2000, 1/3000, or less. In some 1nstances, average error rates for
polynucleotides synthesized within a library using the systems and methods provided are less than
1/1000.

[00137] In some instances, aggregate error rates for polynucleotides synthesized within a library
using the systems and methods provided are less than 1/500, 1/600, 1/700, 1/800, 1/900, 1/1000,
1/1100, 1/1200, 1/1250, 1/1300, 1/1400, 1/1500, 1/1600, 1/1700, 1/1800, 1/1900, 1/2000, 1/3000,
or less compared to the predetermined sequences. In some 1nstances, aggregate error rates for
polynucleotides synthesized within a library using the systems and methods provided are less than
1/500, 1/600, 1/700, 1/800, 1/900, or 1/1000. In some 1nstances, aggregate error rates for
polynucleotides synthesized within a library using the systems and methods provided herein are
less than 1/500 or less compared to the predetermined sequences.

[00138] In some instances, an error correction enzyme may be used for polynucleotides
synthesized within a library using the systems and methods provided can use. In some 1nstances,
aggregate error rates for polynucleotides with error correction can be less than 1/500, 1/600, 1/700,
1/800, 1/900, 1/1000, 1/1100, 1/1200, 1/1300, 1/1400, 1/1500, 1/1600, 1/1700, 1/1800, 1/1900,

1/2000, 1/3000, or less compared to the predetermined sequences. In some 1nstances, aggregate
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error rates with error correction for polynucleotides synthesized within a library using the systems
and methods provided can be less than 1/500, 1/600, 1/700, 1/800, 1/900, or 1/1000. In some
instances, aggregate error rates with error correction for polynucleotides synthesized within a
library using the systems and methods provided can be less than 1/1000.

[00139] Error rate may limit the value of gene synthesis for the production of libraries of gene
variants. With an error rate of 1/300, about 0.7% of the clones 1n a 1500 base pair gene will be
correct. As most of the errors from polynucleotide synthesis result in frame-shift mutations, over
99% of the clones 1n such a library will not produce a full-length protein. Reducing the error rate
by 75% would increase the fraction of clones that are correct by a factor of 40. The methods and
compositions of the disclosure allow for fast de novo synthesis of large nucleic acid and gene
libraries with error rates that are lower than commonly observed gene synthesis methods both due
to the improved quality of synthesis and the applicability of error correction methods that are
enabled 1n a massively parallel and time-efficient manner. Accordingly, libraries may be
synthesized with base insertion, deletion, substitution, or total error rates that are under 1/300,
1/400, 1/500, 1/600, 1/700, 1/800, 1/900, 1/1000, 1/1250, 1/1500, 1/2000, 1/2500, 1/3000, 1/4000,
1/5000, 1/6000, 1/7000, 1/8000, 1/9000, 1/10000, 1/12000, 1/15000, 1/20000, 1/25000, 1/30000,
1/40000, 1/50000, 1/60000, 1/70000, 1/80000, 1/90000, 1/100000, 1/125000, 1/150000, 1/200000,
1/300000, 1/400000, 1/500000, 1/600000, 1/700000, 1/800000, 1/900000, 1/1000000, or less,
across the library, or across more than 80%, 85%, 90%, 93%, 95%, 96%, 97%, 98%, 99%, 99.5%,
99.8%, 99.9%, 99.95%, 99.98%, 99.99%, or more of the library. The methods and compositions of
the disclosure further relate to large synthetic nucleic acid and gene libraries with low error rates
associated with at least 30%, 40%, 50%, 60%, 70%, 75%, 80%, 85%, 90%, 93%, 95%, 96%, 97%,
98%., 99%, 99.5%, 99.8%, 99.9%, 99.95%, 99.98%, 99.99%, or more of the polynucleotides or
genes 1n at least a subset of the library to relate to error free sequences in comparison to a
predetermined/preselected sequence. In some instances, at least 30%, 40%, 50%, 60%, 70%, 75%,
80%, 85%, 90%, 93%, 95%, 96%, 97%, 98%, 99%, 99.5%, 99.8%, 99.9%, 99.95%, 99.98%,,
99.99%, or more of the polynucleotides or genes 1n an 1solated volume within the library have the
same sequence. In some instances, at least 30%, 40%, 50%, 60%, 70%, 75%, 80%, 85%, 90%,
93%, 95%, 96%, 97%, 98%, 99%, 99.5%, 99.8%, 99.9%, 99.95%., 99.98%, 99.99%, or more of any
polynucleotides or genes related with more than 95%, 96%, 97%, 98%, 99%, 99.5%, 99.6%,
99.7%, 99.8%, 99.9% or more similarity or identity have the same sequence. In some instances,
the error rate related to a specified locus on a polynucleotide or gene 1s optimized. Thus, a given

locus or a plurality of selected loci of one or more polynucleotides or genes as part of a large

library may each have an error rate that 1s less than 1/300, 1/400, 1/500, 1/600, 1/700, 1/800, 1/900,
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1/1000, 1/1250, 1/1500, 1/2000, 1/2500, 1/3000, 1/4000, 1/5000, 1/6000, 1/7000, 1/8000, 1/9000,
1/10000, 1/12000, 1/15000, 1/20000, 1/25000, 1/30000, 1/40000, 1/50000, 1/60000, 1/70000,
1/80000, 1/90000, 1/100000, 1/125000, 1/150000, 1/200000, 1/300000, 1/400000, 1/500000,
1/600000, 1/700000, 1/800000, 1/900000, 1/1000000, or less. In various instances, such error
optimized loct may comprise atleast 1, 2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1500,
2000, 2500, 3000, 4000, 5000, 6000, 7000, 8000, 9000, 10000, 30000, 50000, 75000, 100000,
500000, 1000000, 2000000, 3000000 or more loci. The error optimized loct may be distributed to
atleast 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 35, 40, 45, 50, 60,
70, 80, 90, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1500, 2000, 2500, 3000, 4000, 5000,
6000, 7000, 8000, 9000, 10000, 30000, 75000, 100000, 500000, 1000000, 2000000, 3000000 or
more polynucleotides or genes.

[00140] The error rates can be achieved with or without error correction. The error rates can be
achieved across the library, or across more than 80%, 85%, 90%, 93%, 95%, 96%, 97%, 98%,
99%, 99.5%, 99.8%, 99.9%, 99.95%, 99.98%, 99.99%, or more of the library.

[00141] Provided herein are structures that may comprise a surface that supports the synthesis of
a plurality of polynucleotides having different predetermined sequences at addressable locations on
a common support. In some instances, a device provides support for the synthesis of more than
2,000; 5,000; 10,000; 20,000; 30,000; 50,000; 75,000; 100,000; 200,000; 300,000; 400,000;
500,000; 600,000; 700,000; 800,000; 900,000; 1,000,000; 1,200,000; 1,400,000; 1,600,000;
1,800,000; 2,000,000; 2,500,000; 3,000,000; 3,500,000; 4,000,000; 4,500,000; 5,000,000;
10,000,000 or more non-identical polynucleotides. In some instances, the device provides support
for the synthesis of more than 2,000; 5,000; 10,000; 20,000; 30,000; 50,000; 75,000; 100,000;
200,000; 300,000; 400,000; 500,000; 600,000; 700,000; 800,000; 900,000; 1,000,000; 1,200,000;
1,400,000; 1,600,000; 1,800,000; 2,000,000; 2,500,000; 3,000,000; 3,500,000; 4,000,000;
4.,500,000; 5,000,000; 10,000,000 or more polynucleotides encoding for distinct sequences. In
some instances, at least a portion of the polynucleotides have an identical sequence or are
configured to be synthesized with an 1dentical sequence.

[00142] Provided herein are methods and devices for manufacture and growth of
polynucleotides about 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 125, 150, 175, 200, 225, 250, 275,
300, 325, 350, 375, 400, 425, 450, 475, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400,
1500, 1600, 1700, 1800, 1900, or 2000 bases 1n length. In some instances, the length of the
polynucleotide formed 1s about 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 125, 150, 175, 200, or 225
bases in length. A polynucleotide may be at least 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100 bases
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1n length. A polynucleotide may be from 10 to 225 bases in length, from 12 to 100 bases in length
from 20 to 150 bases 1n length, from 20 to 130 bases 1n length, or from 30 to 100 bases 1n length.
[00143] In some instances, polynucleotides are synthesized on distinct loct of a substrate,
wherein each locus supports the synthesis of a population of polynucleotides. In some 1nstances,
each locus supports the synthesis of a population of polynucleotides having a different sequence
than a population of polynucleotides grown on another locus. In some 1nstances, the loci of a
device are located within a plurality of clusters. In some instances, a device comprises at least 10,
500, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 9000, 10000, 11000, 12000, 13000, 14000,
15000, 20000, 30000, 40000, 50000 or more clusters. In some instances, a device comprises more
than 2,000; 5,000; 10,000; 100,000; 200,000; 300,000; 400,000; 500,000; 600,000; 700,000;
800,000; 900,000; 1,000,000; 1,100,000; 1,200,000; 1,300,000; 1,400,000; 1,500,000; 1,600,000;
1,700,000; 1,800,000; 1,900,000; 2,000,000; 300,000; 400,000; 500,000; 600,000; 700,000;
800,000; 900,000; 1,000,000 1,200,000; 1,400,000; 1,600,000; 1,800,000; 2,000,000; 2,500,000;
3,000,000; 3,500,000; 4,000,000; 4,500,000; 5,000,000; or 10,000,000 or more distinct loc1. In
some 1nstances, a device comprises about 10,000 distinct loci. The amount of loct within a single
cluster 1s varied 1n different instances. In some instances, each cluster includes 1, 2, 3,4, 5, 6, 7, 8,
9, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 130, 150, 200, 300, 400, 500, 1000 or more loc1. In
some 1nstances, each cluster includes about 50-500 loci. In some instances, each cluster includes
about 100-200 loc1. In some 1nstances, each cluster includes about 100-150 loci. In some
instances, each cluster includes about 109, 121, 130 or 137 loci. In some instances, each cluster
includes about 19, 20, 61, 64 or more loci.

[00144] The number of distinct polynucleotides synthesized on a device may be dependent on
the number of distinct loc1 available 1n the substrate. In some instances, the density of loc1 within a
cluster of a device is at least or about 1 locus per mm~, 10 loci per mm®, 25 loci per mm?, 50 loci
per mm”, 65 loci per mm”, 75 loci per mm~, 100 loci per mm®, 130 loci per mm”, 150 loci per mm”,
175 loci per mm®, 200 loci per mm~, 300 loci per mm®, 400 loci per mm~, 500 loci per mm~, 1,000
loci per mm” or more. In some instances, a device comprises from about 10 loci per mm” to about
500 mm®, from about 25 loci per mm” to about 400 mm~, from about 50 loci per mm” to about 500
mm”, from about 100 loci per mm” to about 500 mm®, from about 150 loci per mm~ to about 500
mm”, from about 10 loci per mm~ to about 250 mm~, from about 50 loci per mm” to about 250
mm”, from about 10 loci per mm” to about 200 mm~, or from about 50 loci per mm” to about 200
mm°. In some instances, the distance from the centers of two adjacent loci within a <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>