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Abstract

Codon optimization erhances the efficiency of DNA
expression vectors wsed in DNA vaccination and gene
therapy by increasing proiein expression. Additionally,
certain nucleotide motifs have experimerially been shown
o be imomuno-stimulaiory while ceriain others nvmuno-
suppressive. In thiz paper, we preseni algorithms io
locate a given set of immuno-modulatory motifs in the
DNA expression veciors corresponding fo a given aming
acid sequence and maximize or minimize the number and
the context af the immmo-modulatory moiifs in the DNA
expression vectors. The main cowmiribution it fo wse
muliiple pattern maiching algorithms fo synthesize a DNA
sequence for a given amino acid sequence and a graph
theoretic approach jor finding the longesi weighted path
in a directed graph that will maximize or minimize
certain motifs. This is achieved wsing O} time, where n
is the length of the amino acid sequence. Based on this,
we develop a saftware tool
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1. Introduction

DNA vaccmes have revolutionized the field of vaccine
technology by demonsirating the ability to induce humoral
and cellular mmume responses In experimental amimals
and humans [9]. Immunization of animalz with plasmud
DNA encoding a protein antigen was an accidental
observation that eventually led the way to a novel strategy
of mmunization. DNA vaccines, alzo kmown az "naked
DNA" or "mucleic acid” vaccines, encode the anhpens of
pathopemic orgamisms mcludng viruses, bactena, fung
and parasites [40]. The protein antizen 1z processed within
the cell and presented by the MHC-I and -II pathways
thereby eliciing specific immune responses essenthal for
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n:,-:rntm-lljng pathogenic infechons [2]. Although DNA
vaccines have been successful m penerating strong
immune responses 10 smaller ammal model such az mousze,
they have not been as efficient m larger speciez such as
primates and bumans [23, 3, 23, 4]. Stimulating both the
arms of the immmme system is often desirable for efficient
control of infectious diseases especially in the larger
animalz. In the case of recombmnant proten vaccines,
immune-enhancers technically kmown as adjuvants, such
az Freund's adjuvants and Alum are m use to enhance
antigen specific mmume responses. However, no such
adjuvants are available for uze m the context of DINA
vaccines. The lack of suitable adjuvants for DNA vaccines
13 one important reason for the poor performance of the
DNA vaccines n larger ammals.

Nucleohide zequence encoding a foreign protein is
directly placed under the conitol of a2 mammalian
promoter to construct a DNA vaccine. Several amino
acids are enceded by more than one tnplet codon and
different orgamizms have vanable requirement for codon
preference [13]. Cloning of 2 wild fype gene from a
parasite mto a DINA vaccine often leads to msufficient
levels of protein syntheziz i the host cell as a result of
codon bias between the species. Successful immunization
with DNA vaccines requires high expression of cloned
zenes to syvnthesize large quantities of the forelgn protein.
For imstance, the overall genetic content of Human
Immunodeficiency Virus-1 13 AT-nch, while that of the
human beings 1z CG-nich. The codon frequency of the
pathogemic DNA embedded mto the mammalian

expression vecter may net be optimal for adequate protein
expression in the host resulting in low level protein

expression. A potential solution for the coden bias 1z to
optimize the codon sequences of a gene to swit the
requirements of the host without altermg the ongmal
amme acid sequence of the protem [41, 16]. Tlus
approach has been zuccessful n ehciting stronp mmune
responses In several species of experimental ammals [8,



28]. While mmunization with synthetic genes, codon-
opiimized for mammahan expreszion shimulated sirong
mmune response, mmmunization performed i parallel
with wild type genes generated low or moderate levels of
Immune rezponse [34, 36].

In addiion to codon optmmzafion of the symthehc
genes, a range of molecular approaches 1z being evaluated
to up-regulate immune responses generated by D"*L-’L
vaccines. Co-expression of m‘tﬂ-lnne Zenes [20],
stimulatory receptors [12, 35] or nﬂlerlmmunemndulatﬂ-rs
[33], synthetic aszembly of T-helper or CTL epitopes [6]
and formulation with a vanety of chemical adjovants [11,
24, 33, 57, 39] have been zome of the approaches
reported. However, most of these approaches may not be
surtable for human appheation due to toxic mamfestations
of the adjuvants. An ideal agent uzed as an adjuvant for
DNA vaccine must enhance the mmmmnogemcity without
apparent cytotoxicity to the host Enpineerng CpG
1slands mitc DNA vaccines haz been ome promizing
approach that showed enhanced immune responses [19].

The well-established mmune-enhancing property of
bacterial DNA haz been mapped to sequence mofifs
conzisting of un-methylated CpG dmuclectides flanked
by base pars m a specific context [18]. Two important
differences between the bactenal and mammalian DNA
enable the mammalian innate mmune system to
recognize the former az a foreign component. CpG motifs
in bacteria are found at the expected 1:16 frequency;
however, therr frequency 1n mammals 1= 4 times less than
expected. Bactenal CpG are non-methylated while those
of mammalz are mostly methylated The mammahan
immune svstem takes advantage of these two chemical
differences between the bacterial and mammalian DNA to
identify a bactenial infection and wage strong and rapid
anfi-bacterial immune responses [29].

CpG-mediated activation of the mammalian innate
immune system has been extensively exploited m the
vaccination technology. Co-injection of CpG containing
oligonuclectides or empty vectors with protem anhgens
ehcited potent mmmune response to the anhgen
Methylahon of the CpG motfs, on the other hand
abrogated immnume response to the antigens suggesting
that the CpG meotifs possess adjuvant properties omly
when unmethylated or hypomethylated [[3, 17]. Smce the
DNA expression vectors used m genetic immumizations
are usually prown in bactena, several CpG mobfz on the
plasmids are not methylated possibly activating the innate
component of the mammalian mmwmme system. Prezence
of hvpo-methylated CpG motifs 15 essential for mduchion

of mmune responses to the antigens encoded by the
vectors.

While cerfam CpG motifs are mmumo-stmulatory
(CpG-5), enhancing mmune responzes when the host 13
vaccinated, others CpG mofifs in a different nuclectide
context are mmuno-inmbrtory or -neutrahzmg (CpG-N)
abropating anfipen-specific immune response [18]
Engineenng the nature and the frequency of the CpG
motifs may be cribical for the design of DNA expression
vectors. DNA expression vectors are primarily used for
two different applications. expression of a foreipn gene in
a host for vaccmation or for comecting a genetic defect of
the host [26].

Although the basic design of these two types of vectors
15 1dentical in several respects, ther requirement for the
prezence and nature of CpG motfs 1z diagonally opposite.
While genefic vaccines require Cp(3-5 mohfs for efficient
simulation of the host mmune system, such a sirong
response must be avoided for long-term survival of the
DNA expression vector mtended for gene therapy. An
1deal strategy for desigming DNA vaccines must recrt as
many CpG-5 metifs as poszble, concomitantly
E]Jmmatmg az many CpG-N motifs as possible without
altering the u-ng.nzl proten sequence of the genes. In
contrast, design of a DNA expression vector intended for
gene therapy mmst eliminate as many CpG-5 mobfs as
possible and recrnt as many CpG-N mohifs az possible
for the best result. Thus, depending on the application,
some CpG motifs may be desirable, while certain others
may be undesirable.

The software tool we report here 1= designed fo help
the researcher to engineer the composition of a gene with
respect to codon usape and CpG mobfs without
modifying the ongmal amine acid sequence of the
protemn. Codon optimization 1z advantapeous for protein
expression In a heterologous expression svstem such as
Ecoli, Picchia  Saccharomyces, Baculo virus,
mammalian cellz ete. The software could alzo enpmeer
the content and nature of the CpG mohfs recruited mic a
DNA expression vector m addrion to optmizing the
codon usage and resclve potential conflicts anzing
between these two requirements and find an optimal
nuclectide sequence.

2. Prior Work and
Contributions

Summary  of



Objective of thiz alponthm 15 to (1) 1dentify the best
inplet codon for coden optimization and (2) engineer the
nature and content of the CpG motifs of a gene expressed
from a genetic vector. Input for the software 1z the amino
acid sequence of a gene of mierest or the nuclectide
sequence that needs genetic modification. The mput
amine acid sequence 1z reverse-ranslated to generate
mucleohide sequence that 13 optimized for the codon and
CpG content. Dunng the process of reverse-translation,
there 1z a one-to-many relabonship between the amino
acid zequence and the DNA zequences. A given amino
acid sequence could comespond to an exponential mumber
of DNA zequences with respect to the length of the given
amine acid sequence. Our task here 1z to choose the

particular sequence that has the desirable properties
(mammum number of the desirable motifs, and the

mumimum number of the undezirable mohfs) from this
large mumber of poszible DNA sequences. A brute force
search on all the possible DINA zequences will take

exponential time. The motifs (or the patternz) that need
opiimization are small DNA sequences, generally not
exceeding eight nucleotidez i length. If different motifs
have to be optimized simultaneously, 1t 13 pozsible to have
multiple motf occumrences (both desirable  and
undesirable) sharing the same position in the amine acid
sequence. In such cases it may not be possible to have all
the mohf occurences in the same DNA sequence. This
problem wall be explamed i detail in Section 4.

McInemev([2/] presented a program to perform the
codon usage analyzis on a sequence or a database of
sequences. Other work m thiz area of homformatics 1s
mosthy on finding CpG island: within the gene: and
franscriptional elements that regulate gene expression
Ponger et al [30] developed a zoftware package fo locate
CpG 1zlands associated with the tranzeniphion start sites of

the genes. Lim et al [1] presented software for locating
non-overlapping maximum average segments In a given

sequence. [heze publications analyzed DINA sequences
and searched for nucleotide mohifs with high CG content.

Our emphazis in this paper 1z fo synmthesize a DNA
sequence that codes for a funchonal protein, with certamn
charactenstics and optimizabion parameters. The mam
copinbution 13 fo wse multiple pattern-matching
algonthms to synthesize a DNA sequence for a given
aminge acid sequence and a graph theoretic approach for
finding the longest weighted path m a directed graph that
will maximize or munmize certam motfs az well as
ouarantee certain fitness factors of codon frequency usage
for a particular species. Thiz iz achieved using Oi(n?) time
and storage resources compared to the brute force
algorithm that might take exponental amount of

resources, where n 135 the length of the amino acid
sequence. The software tools developed for the purposze
will find applications m the rapid development of
vaccines and gene therapy.

In Section 3, we introduce the basic terminology. In
Section 4, we give a precise combinatorial formulation of

the problem m terms of pattern matchmg operations and
prezent the mamn algonthm Sechon 3 pives the
complexity analyzis. Section § gives a descniphion of the
software and in Section 7 we present the results.

3. Terms and definitions

The alphabet of a DNA sequence iz denoted as 2y =
{4,C,G, I} where A/ C,G, I are the four DNA molecules
adenme, cytosine, guanine, and thymine, respectrvely.
The alphabet for the amine acid sequence 1z £, =
(ARNDCOEGHILEMFPSTW.Y Vstop}, each
letter mmdicating cne of the 20 amino acids, and stop
indicating the stop coden. For example, “A° indicates
Alamne, ‘R’ indicates Argimine, "N indicates Asparagine
etc. A eodon ¢ is a triplet of the DNA symbols m f,: As
the zize of DNA alphabet 15 4, there are 64 possible
codons. In the context of ammo acid translabion from
mBENA, each element of J; gets mapped to a maximum of
6 codons®. This mapping iz also referred to as the genetic
code. Symbolically, the mapping of an amino acid 7 £ 2,
can be denoted az a zet O(&) of m;codons, where [/ =n, =
. The inverse-mapping assoclates an anmino acid owith a
codon ¢, denoted bv C7(c) = o The frequency of
occurrence of members of C{c 13 different for each
species. Thizs relative difference mn the frequency of
occurrence for each codon 13 called codom bias. The
codon usage table for a sgecles gives the codon bias
information for that species’. For an amine acid & the
codon bias (or the frequency information) is given by the
set of frachions F{ &), comrespondmg to C(J). For each ff £

Fiah, | sisnmg 0 5 fis 1 and Zf =1. When
ol

desipming a DNA vaccme for a species, it 1z often
desirable to have thosze codons that occur more frequently

~ Tha pratain synthasis takes place from mENA. The actuzl RNA
alphabet is {A C G}, in which thymins is raplaced by uracil. For
simplicity of notation, we usa T instead of 1T in this paper
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