CODON OPTIMIZATION

SUBMISSION OF SEQUENCE LISTING ON ASCII TEXT FILE

[0001] The content of the following submission on ASCII text file is incorporated herein by
reference in its entirety: a computer readable form (CRF) of the Sequence Listing (file name:

759892000440SEQLIST.TXT, date recorded: July 25, 2018, size: 4 KB).

FIELD OF INVENTION

[0002] The present disclosure relates generally to optimization techniques, and more
specifically to systems and methods for optimizing a sequence (e.g., a nucleic acid sequence) for

expression of a protein in a host.

BACKGROUND

[0003] Codon degeneracy refers to the redundancy of the genetic code, which is exhibited as
the phenomenon that an amino acid could be specified by different synonymous codons.
Notably, it was discovered that these synonymous codons are used in unequal frequencies in

most sequenced genomes. This phenomenon is termed codon-usage bias.

[0004] Since high-quality proteins with correct folding and modifications are required for
biomedical and biotechnological research and industrial production, how to explore and
summarize the potentially beneficial rules and patterns reflecting codon-usage bias of highly-
expressed genes is essential for improving expression level of proteins. However, protein
expression is a multi-step process involving regulation at the level of transcription, mRNA
turnover, translation and post translational modifications enabling the formation of a stable
product. Even a single synonymous codon substitution can increase the expression of a
transgene by more than 1,000-fold. Thus, codon optimization is poised for the optimal

expression of synthetic genes in the recombinant host.

SUMMARY

[0005] Provided herein are systems and methods for enhanced codon optimization that takes
account of, as well as balances, a plurality of factors using a multi-objective optimization
algorithm. According to some examples, the codon optimization is based on, among other



things, three objectives: (i) how to allocate the count of synonymous codons of certain amino
acid at first, (ii) how to place a synonymous codon into its most suitable location, and (iii) how to
reduce the adverse but accidentally generated subsequences and/or motifs. In some examples,
these three objectives are quantified as the harmony index, the codon context index, and the
outlier index. During optimization, the objectives are considered using a multi-objective
algorithm such as the nondominated sorting genetic algorithm III (NSGA-III) or a variant
thereof. Specifically, the objectives can be calculated, for a given candidate nucleic acid
sequence, with reference to known characteristics of highly-expressed genes. In some examples,
various known adverse motifs and/or features (e.g., as identified from literature) are removed

from one or more optimized sequences before gene synthesis and protein expression.

[0006] Accordingly, the disclosure provides a systematic method whereby preferably all or
most of the parameters and factors affecting protein expression including, but not limited to,
codon harmony, codon usage (e.g., synonymous codon distribution), codon context index, cis-
acting mRNA destabilizing motifs, RNase splicing sites, GC-content, ribosome binding site
(RBS), mRNA secondary structure of the genes (e.g., mRNA free energy), and repetitive element
are taken into consideration to improve and optimize the nucleic acid sequences to boost the
protein expression of genes in expression systems, such as in expression host cells including both
eukaryotic and prokaryotic cells such as mammalian, insect, yeast, bacterial, algal, and in cell-

free expression system.

[0007] In one aspect, there is provided a computer-implemented method for optimizing a
nucleic acid sequence for expression of a protein in a host, comprising: a) receiving an initial
population set, wherein the initial population set comprises a plurality of initial candidate nucleic
acid sequences capable of expressing the protein; and b) performing, based on the initial
population set, optimization of a harmony index, a codon context index, and an outlier index
using a computer-assisted NSGA-III algorithm or a variant thereof, thereby obtaining a plurality
of optimized nucleic acid sequences capable of expressing the protein, wherein the harmony
index of a candidate nucleic acid sequence is indicative of consistency of usage frequency
distribution of synonymous codons between a plurality of highly expressed genes and the
candidate nucleic acid sequence, wherein the codon context index of the candidate nucleic acid

sequence is a measure for placing a synonymous codon into a suitable location, and wherein



the outlier index of the candidate nucleic acid sequence is a measure of negative effect of a

plurality of predetermined sequence features on the candidate nucleic acid sequence.

[0008] In some examples, the method further comprises providing an output indicative of at

least one optimized nucleic acid sequence of the plurality of optimized nucleic acid sequences.

[0009] In some examples, receiving an initial population set comprises: receiving a protein

sequence; generating the initial population set based on the received protein sequence.

[0010] In some examples, receiving an initial population set comprises: receiving a nucleic
acid sequence; translating the received nucleic acid sequence into a protein sequence; generating

the initial population set based on the protein sequence.
[0011] In some examples, the initial population set is of a predetermined size.

[0012] In some examples, the initial population set includes binary representations of the

plurality of initial candidate nucleic acid sequences.

[0013] In some examples, performing optimization of a harmony index, a codon context
index, and an outlier index comprises: maximizing the harmony index; maximizing the codon

context index; and minimizing the outlier index.

[0014] In some examples, performing optimization of a harmony index, a codon context
index, and an outlier index comprises: calculating, for each initial candidate nucleic acid
sequence of the initial population set, a respective harmony index value, a respective codon
context index value, and a respective outlier index value for a respective initial candidate nucleic
acid sequence; based on the calculating, assigning a plurality of fitness values corresponding to
the plurality of initial candidate nucleic acid sequences; based on the plurality of fitness values,
sorting the plurality of initial candidate nucleic acid sequences; and including a subset of the
sorted plurality of initial candidate nucleic acid sequences in a subsequent population set. In
some examples, the plurality of fitness values includes the harmony index, the codon context

index, and the outlier index for the candidate nucleic acid sequence.



[0015] In some examples, the method further comprises generating an offspring population
based on the initial population; and including the offspring population in the subsequent

population set.

[0016] In some examples, the offspring population is generated via binary tournament

selection, crossover/recombination, mutation, or any combination thereof.

[0017] In some examples, the initial population set and the subsequent population set are of

the same size.

[0018] In some examples, performing optimization of a harmony index, a codon context
index, and an outlier index comprises a plurality of iterations, wherein the i-th iteration of the
plurality of iterations comprises: receiving a population set of nucleic acid sequences
corresponding to the (i-1)th iteration; associating each nucleic acid sequence of the population
set corresponding to the (i-1)th iteration with a non-domination level; sorting the nucleic acid
sequences in the population set corresponding to the (i-1)th iteration based on the associated non-
domination levels; generating a population set corresponding to the i-th iteration, wherein the
population set corresponding to the i-th iteration includes a subset of the sorted nucleic acid
sequences corresponding to the (i-1)th iteration and an offspring population generated based on
the sorted nucleic acid sequences corresponding to the (i-1)th iteration; and determining, based
on one or more terminating conditions, whether to proceed to a (i+1)th iteration using the

population set corresponding to the i-th iteration.

[0019] In some examples, associating each nucleic acid sequence with a non-domination
level comprises: calculating, for each nucleic acid sequence of the population set corresponding
to the (i-1)th iteration, a respective harmony index value, a respective codon context index value,
and a respective outlier index value.

[0020] In some examples, generating a population set corresponding to the i-th iteration
comprises: associating at least one nucleic acid sequence of the sorted nucleic acid sequence
corresponding to the (i-1)th iteration with one of a plurality of predetermined reference points.

[0021] In some examples, the one or more terminating conditions includes: a fixed number

of iterations reached, best fitness reached a plateau and no better results produced, a



minimum criteria of near-optimal solution satisfied by some solutions, or any combination

thereof.

[0022] In some examples, the harmony index of a candidate nucleic acid sequence is
calculated based on a formula: H = 1 — D(Fj;, Fs), wherein D() indicates a distance function;
wherein Fys includes a vector comprising frequencies of synonymous codons of a plurality of
amino acids within a plurality of highly expressed genes; and wherein Fis includes a vector
comprising of frequencies of synonymous codons of the plurality of amino acids within a coding

gene of the candidate nucleic acid sequence.

[0023] In some examples, D() indicates a function measuring a distance between two
vectors. In some examples, D() is a distance function that includes, but is not limited to:
Euclidean distance, a Cosine distance, a Manhattan distance, or a Minkowski distance of two

vectors.

[0024] In some examples, a frequency of a synonymous codon of the plurality of highly
expressed genes or a candidate nucleic acid sequence is defined as: Egl.j =

total occurancy of synonymous codon j

,Vi €

total occurancy of amino acid i

{A,C,D,E,F,G,H,1,K,L,N,P,Q,R,S,T,V,Y} and 3j € 59 synonymous codons.

[0025] In some examples, the codon context index of a candidate nucleic acid sequence is
calculated based on a formula: CC = 1 — D(Fj., Ftcc), Wherein D() indicates a distance
function; wherein Fncc comprises a vector comprising frequencies of synonymous codon pairs of
two continual amino acids within a plurality of highly expressed genes; and wherein Ficc
comprises a vector comprising frequencies of synonymous codon pairs of two continual amino

acids within a coding gene of the candidate nucleic acid sequence.

[0026] In some examples, D() indicates a function measuring a distance between two
vectors. In some examples, D() is a distance function that includes, but is not limited to:
Euclidean distance, a Cosine distance, a Manhattan distance, or a Minkowski distance of two

vectors.



[0027] In some examples, a frequency of a synonymous codon pair of the plurality of highly
expressed genes or a candidate nucleic acid sequence is defined as: Fcci]- =

total occurancy of synonymous codon pair j

,Vi €

total occurancy of amino acid pair i
the permutation of two amino acids besides MM, MW, WW and WM; 3j €

3717 codon pairs.

[0028] In some examples, the outlier index is calculated based on a formula: O =
N w; X f;(x), wherein N is the number of the plurality of predetermined sequence features;
wherein fi(x) denotes a penalty scoring function of the ith sequence feature of the plurality of

predetermined sequence features; and wherein wi denotes a relative weight associated with fi(x).

[0029] In some examples, the plurality of predetermined features includes: GC-content
value, CIS elements, repetitive elements, RNA splicing sites, ribosome binding sequences,

minimal free energy of mRNA, or any combination thereof.

[0030] In some examples, the plurality of predetermined features is identified based on a

selected expression system.

[0031] In some examples, a variant of the NSGA-III algorithm includes the EliteNSGA-III
algorithm or a NSGA-II based immune algorithm.

[0032] In some examples, performing optimization of a harmony index, a codon context
index, and an outlier index comprises: ranking the plurality of optimized nucleic acid sequences
by descending order of harmony index, then by descending order of codon context index, and
then by ascending order of outlier index; selecting one or more top-ranked optimized nucleic
acid sequences for synthesis.

[0033] In some examples, the method further comprises: ¢) removing a predetermined
adverse subsequence or motif from an optimized nucleic acid sequence of the plurality of

optimized nucleic acid sequences.

[0034] In some examples, the predetermined adverse subsequence or motif is identified

based on analysis of a plurality of text portions.



[0035] In some examples, removing the predetermined adverse subsequence or motif

comprises: identifying the predetermined adverse subsequence or motif in the optimized nucleic
acid sequence; identifying a plurality of synonymous codons based on identified predetermined
adverse subsequence or motif; selecting a synonymous codon from the plurality of synonymous
codons for substitution with the identified predetermined adverse subsequence in the optimized

nucleic acid sequence.

[0036] In some examples, at least one of the harmony index, the codon context index, and
the outlier index is calculated based on one or more characteristics of a plurality of highly-

expressed genes from one or more databases.

[0037] In some examples, the one or more characteristics include codon frequency,

synonymous codon frequency, codon pair frequency, or a combination thereof.

[0038] In some examples, the method further comprises setting one or more parameters,
wherein the one or more parameters include a size of a population set, a number of divisions, a
distribution index for simulated binary crossover, a crossover rate for simulated binary crossover,
a mutation rate for bit flip mutation, a distribution index for bit flip mutation, or any combination

thereof.

[0039] In one aspect, there is provided a non-transitory computer-readable storage medium
storing one or more programs, the one or more programs comprising instructions, which when
executed by one or more processors of an electronic device, cause the electronic device to carry

out any of the methods described herein.

[0040] In one aspect, there is provided a system for optimizing a nucleic acid sequence for
expression of a protein in a host, the system comprising: one or more processors; a memory; and
one or more programs, wherein the one or more programs are stored in the memory and
configured to be executed by the one or more processors, the one or more programs including

instructions for carrying out any of the methods described herein.

[0041] In one aspect, there is provided an electronic device for optimizing a nucleic acid
sequence for expression of a protein in a host, the device comprising means for carrying out any

of the methods described herein.



[0042] In one aspect, there is provided a program product stored on a recordable medium for
optimizing a nucleic acid sequence for expression of a protein in a host, the program product

comprising a computer software for carrying out any of the methods described herein.

[0043] In one aspect, there is provided an isolated nucleic acid molecule comprising the

optimized nucleic acid sequence obtained from any of the methods described herein.

[0044] In one aspect, there is provided a vector comprising the above-mentioned isolated

nucleic acid molecule.

[0045] In one aspect, there is provided a recombinant host cell comprising the above-

mentioned isolated nucleic acid molecule or the above-mentioned vector.

[0046] In one aspect, there is provided a method for expressing a protein in a host cell, the
method comprising: (a) obtaining an optimized nucleic acid sequence for expression of the
protein in the host cell using any of the methods described herein, (b) synthesizing a nucleic acid
molecule comprising the optimized nucleic acid sequence; (¢) introducing the nucleic acid
molecule into the host cell to obtain a recombinant host cell; and (d) cultivating the recombinant
host cell under conditions to allow expression of the protein from the optimized nucleic acid

sequence.

DESCRIPTION OF THE FIGURES

[0047] FIG. 1 depicts a block diagram of an exemplary process for codon optimization, in
accordance with some embodiments.

[0048] FIG. 2A depicts an exemplary pipeline for constructing and executing an algorithm
for optimizing a sequence (e.g., a nucleic acid sequence) for expression of a protein in a host, in
accordance with some embodiments.

[0049] FIG. 2B depicts an exemplary general workflow of genetic algorithm, in accordance
with some embodiments.

[0050] FIG. 3 depicts Western blot result of optimized GFP and JNK3A1 relative to their

wild type, in accordance with some embodiments.



