
INFECTION AND IMMUNITY,
0019-9567/01/$04.00�0 DOI: 10.1128/IAI.69.12.7250–7253.2001

Dec. 2001, p. 7250–7253 Vol. 69, No. 12

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Codon Optimization of Gene Fragments Encoding Plasmodium
falciparum Merzoite Proteins Enhances DNA Vaccine Protein

Expression and Immunogenicity in Mice
DAVID L. NARUM,1 SANJAI KUMAR,2 WILLIAM O. ROGERS,2 STEVEN R. FUHRMANN,1

HONG LIANG,1 MIRANDA OAKLEY,2 ALEM TAYE,2 B. KIM LEE SIM,1

AND STEPHEN L. HOFFMAN2*

EntreMed, Inc., Rockville,1 and Malaria Program, Naval Medical Research Center,
Silver Spring,2 Maryland

Received 29 May 2001/Returned for modification 7 July 2001/Accepted 30 August 2001

In contrast to conventional vaccines, DNA and other subunit vaccines exclusively utilize host cell molecules
for transcription and translation of proteins. The adenine plus thymine content of Plasmodium falciparum gene
sequences (�80%) is much greater than that of Homo sapiens (�59%); consequently, codon usage is markedly
different. We hypothesized that modifying codon usage of P. falciparum genes encoded by DNA vaccines from
that used by the parasite to those resembling mammalian codon usage would lead to increased P. falciparum protein
expression in vitro in mouse cells and increased antibody responses in DNA-vaccinated mice. We synthesized gene
fragments encoding the receptor-binding domain of the 175-kDa P. falciparum erythrocyte-binding protein (EBA-
175 region II) and the 42-kDa C-terminal processed fragment of the P. falciparum merozoite surface protein 1
(MSP-142) using the most frequently occurring codon in mammals to code for each amino acid, and inserted the
synthetic genes in DNA vaccine plasmids. In in vitro transient-expression assays, plasmids containing codon-
optimized synthetic gene fragments (pS plasmids) showed greater than fourfold increased protein expression in
mouse cells compared to those containing native gene fragments (pN plasmids). In mice immunized with 0.5, 5.0,
or 50 �g of the DNA plasmids, the dose of DNA required to induce equivalent antibody titers was 10- to 100-fold
lower for pS than for pN plasmids. These data demonstrate that optimizing codon usage in DNA vaccines can
improve protein expression and consequently the immunogenicity of gene fragments in DNA vaccines for organisms
whose codon usage differs substantially from that of mammals.

Malaria is a major cause of illness and death throughout
the world, accounting for 150 to 270 million cases and 1.5 to
2.7 million deaths annually. DNA vaccination has recently
emerged as a promising approach to development of vac-
cines for a wide range of pathogens, including malaria (7).
In murine models, vaccination with DNA encoding antigens
expressed in either the preerythrocytic or erythrocytic stages
of the parasite has protected mice from challenge with in-
fective sporozoites (2, 5, 18). Immunization of human vol-
unteers with a DNA plasmid encoding the major coat pro-
tein of the sporozoite, the circumsporozoite protein of
Plasmodium falciparum, induced antigen-specific cytotoxic
T-lymphocyte (CTL) responses (25). However, the first gen-
eration of DNA vaccines did not induce optimal protective
responses. In the murine model, protection is incomplete,
and in humans, although a CTL response was induced, no
antibody response was made (25). One approach to improv-
ing the response to DNA vaccines is to maximize the ex-
pression of malaria proteins from the vaccine plasmids.

A major obstacle to optimal expression of P. falciparum
genes in transfected cells in the mammalian host may be the
dramatic differences in codon usage between P. falciparum and
mammals. The A�T content in the genome of P. falciparum is
80%, compared to 59% in humans. Each amino acid, with the
exception of methionine and tryptophan, can be encoded by

two to six different synonymous codons. The frequencies at
which these synonymous codons are used depend on the level
of protein expression and also differ among organisms. In gen-
eral, highly expressed genes are biased towards codons that are
recognized by the most abundant tRNA species in the organ-
ism (10). One measure of this bias is the codon adaptation
index (CAI) (19), which measures the extent to which the
codons used to encode each amino acid in a particular gene are
those which occur most frequently in a reference set of highly
expressed genes from an organism. A number of studies have
found that there is a good correlation between the codon bias
of a gene and its level of expression (1, 3, 6, 20, 26). Further-
more, a recent study showed a correlation between the CAI
(based on mammalian codon usage) of a series of synthetic
gene segments encoding the same T-cell epitope from Plasmo-
dium yoelii and the level of expression in in vitro transfection
assays and of T-cell responses in mice (15). Because the native
sequences of Plasmodium genes have very low CAIs in mam-
malian cells, it is to be expected that expression of these native
sequences will be suboptimal. We therefore synthesized gene
segments encoding two P. falciparum vaccine candidate anti-
gens using a set of codons designed to maximize the mamma-
lian CAI and tested their in vitro expression and murine im-
munogenicity.

We chose two leading malaria vaccine candidate antigens.
The first molecule is the 175-kDa P. falciparum erythrocyte-
binding protein EBA-175, which is a parasite ligand that binds
to its erythrocyte receptor sialic acids on glycophorin A for
invasion of erythrocytes (22). A domain within EBA-175, iden-
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tified as region II (RII), has been identified as the receptor-
binding domain (24). Antibodies directed against RII block
invasion of P. falciparum strains which have the ability to in-
vade erythrocytes by distinct pathways in vitro (17). Immuni-
zation of mice, rabbits, and Aotus monkeys with an RII DNA
vaccine plasmid encoded by the native gene (pNRII) induces
RII-specific antibodies that block EBA-175 binding to eryth-
rocytes and inhibit parasite growth in vitro (23). Aotus mon-
keys immunized against RII by a DNA prime/protein boost
approach control blood-stage challenge infections (11).

The second vaccine target is the 42-kDa carboxy-terminal
fragment of merozoite surface protein 1 (MSP-1) of P. falci-
parum. MSP-1 is synthesized as an approximately 200-kDa
precursor protein and processed into several smaller fragments
which reside on the merozoite surface. The 42-kDa MSP-1
C-terminal fragment (MSP-142) is further processed to a 33-
kDa and a 19-kDa fragment at the time of merozoite invasion
(4). Immunization of mice or monkeys with either the native
full-length MSP-1 or the 19-kDa or 42-kDa carboxy-terminal
fragment has induced protective immunity (12).

Here we report on the construction, in vitro expression, and
immunogenicity of DNA vaccines using codon-optimized syn-
thetic gene fragments encoding EBA-175 RII and MSP-142.

MATERIALS AND METHODS

DNA vaccine construction. The DNA vaccine containing the native gene
fragment for EBA-175 RII has been described previously (23). Synthetic DNA
sequences encoding the 616 amino acids of EBA-175 RII (3D7 strain) and the
376 amino acids of MSP-142 (FVO strain) were designed by reverse translation
of the amino acid sequence using DNAStar Lasergene99 (DNAStar, Inc. Mad-
ison, Wis.). The reverse translation used the most abundant codon for each
amino acid found in a compendium of highly expressed human genes (8) (Table
1) except for S, which was reverse translated as UCC rather than AGC (the two
codons are used at approximately equal frequency in highly expressed human
genes). Within the back-translations encoding RII and MSP-142, BamHI or
BamHI and Bg1II restriction enzyme sites, respectively, were removed by chang-
ing individual nucleotides without altering the amino acid sequence. The RII and
MSP-142 genes were synthesized by Operon Technologies, Inc. (Alameda, Cal-
if.), and by Retrogen (San Diego, Calif.), respectively.

The synthetic RII and synthetic and native MSP-142 genes were amplified by
PCR and cloned into the DNA vaccine plasmid VR1020 (14). The synthetic gene
fragment encoding RII was PCR amplified using the following primers: sense,
5�-ATCGGGATCCGGCCGCAACACCTCCTCC-3�, and antisense, 5�-ATCG
GGATCCTCAGGAGGTCTGCTCGTTGTT-3�, and directly cloned into a
Bg1II restriction site in plasmid VR1020. The native and synthetic gene frag-
ments encoding the 42-kDa fragment of MSP-1 were PCR amplified using the
following primers: sense, 5�-ATGGATCCGGAGAAGCAGTAACTCCTTCCG
TAATT-3�, and antisense, 5�-GATGGATCCTTAAATGAAACTGTATAATA

TTAACAT-3�, and sense, 5�-GGTACCGGATCCGCCGTGACCCCCTCCGT
GATCGAC-3�, and antisense, 5�-GATCTGGATCCTTAGATGAAGGAGTA
CAGGATCAG-3�, respectively. The PCR-amplified gene fragments of MSP-142

were cloned into a BamHI restriction site in plasmid VR1020. The DNA sequence
of the junction site of the inserted gene or the complete insert was determined to
ensure that an open reading frame was maintained. EBA-175 RII (pSRII) and
MSP-142 (Synthetic, pSMSP-142, and native, pNMSP-142) DNA vaccines were pu-
rified by methods described previously (23). Endotoxin levels detected using either
the Kinetic-QCL endotoxin detection assay (BioWhittaker, Walkersville, Md.) or
the Limulus amebocyte assay (Associates of Cape Cod, Cape Cod, Mass.) were less
than 10 endotoxin units/mg of plasmid DNA.

In vitro transfection studies. Mouse melanoma cells (VM92) were transiently
transfected with plasmids separately with Lipofectamine following the manufac-
turer’s suggestions (Life Technologies, Gaithersburg, Md.). Recombinant RII
that was secreted into culture supernatant or MSP-142 localized within the cell
cytosol was detected and quantitated as a chemiluminescent signal by using
specific RII monoclonal antibody (MAb) R217 (D. L. Narum, unpublished data)
or MSP-142-specific conformation-dependent MAb 5.2 (21) and a commercially
obtained chemiluminescence-linked Western blot kit (Western-Light, Tropix,
Bedford, Mass.) according to the manufacturer’s protocol. Chemiluminescent
signals were detected by exposure of the processed membrane to autoradio-
graphic film (Hyperfilm-ECL; Amersham Life Sciences Inc., Cleveland, Ohio).
Quantitation of enhanced chemiluminescence Western blots was performed on
a Molecular Imager FX (Bio-Rad, Hercules, Calif.), and units of intensity are
reported as counts per square millimeter.

Animals, immunizations, and antibody assays. Groups of outbred ICR (Har-
lan Sprague Dawley, Inc., Indianapolis, Ind.) or CDI (Charles River, Raleigh, N.C.)
mice were inoculated intradermally in the tail with a total of 100 �g of plasmid DNA
thrice at 3-week intervals and bled 2 weeks after the final boost essentially as
previously described (23). Sera were assessed for RII- or MSP142-specific anti-
bodies by enzyme-linked immunosorbent assay (ELISA) and indirect immuno-
fluorescent antibody test (IFAT) as previously described (13, 23). The mouse
experiments reported herein were conducted according to the principles set forth
in the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory
Animal Resources, National Research Council, National Academy Press, 1996).

Analysis of codon usage. The most commonly used codons for H. sapiens and
P. falciparum were determined from the Codon Usage Tabulated from Genbank
website (www.kazusa.or.jp/codon/) (16). CAIs (19) were calculated using the
Codon W software (J. Peden; available as freeware at www.molbiol.ox.ac.uk/cu
/codonW.html) with a user-defined set of codon relative adaptiveness values
(wcodon) based on codon usage in a compendium of highly expressed human
genes (8).

Statistical analysis. Comparisons between antibody responses were performed
by two-tailed t test on log-transformed titers except when all members of a group
had no detectable response, in which case the Mann-Whitney test was used.

RESULTS AND DISCUSSION

Codon optimization. In order to test the hypothesis that
codon optimization would improve the expression and immu-
nogenicity of malaria DNA vaccine plasmids, we designed co-
don-optimized gene fragments encoding EBA-175 RII and
MSP-142. There are large differences between the most fre-
quently used codons in P. falciparum genes and in highly ex-
pressed human genes (Table 1). For every amino acid which
can be encoded by more than one codon, the most frequently
used codon in P. falciparum is different from that used in
humans. Approximately one in three nucleotides was changed
to optimize the sequences, and the G � C content was raised

TABLE 1. Comparison of most abundant codon for each amino
acid used by P. falciparum and highly expressed H. sapiens genes

Amino
acid

Most abundant codon Amino
acid

Most abundant codon

P. falciparum H. sapiens P. falciparum H. sapiens

A GCA GCC
R AGA CGC
N AAU AAC
D GAU GAC
C UGU UGC
Q CAA CAG
E GAA GAG
G GGU GGC
H CAU CAC
I AUU AUC

a Encoded by single codons.

L UUA CUG
K AAA AAG
Ma AUG AUG
F UUU UUC
P CCA CCC
S AGU AGC
T ACA ACC
Wa UGG UGG
Y UAU UAC
V GUA GUG

TABLE 2. Comparison of native and optimized
vaccine candidate sequences

Gene
No. of native

nucleotides altered/
total (% altered)

G�C
content (%),

native/optimized

CAI, native/
optimized

EBA-175 RII 591/1,848 (32.0) 27.3/56.7 0.276/0.988
MSP-142 370/1,128 (32.8) 25.7/56.8 0.245/0.980
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from approximately 26% to approximately 56% in the opti-
mized sequences (Table 2). The CAI of the codon-optimized
pSRII and pSMSP142 genes was increased from �0.28 to
�0.98 (maximum possible value, 1.0).

In vitro protein expression. We next asked whether the
greatly increased CAI of the Plasmodium gene fragments in
the optimized codon plasmids would be associated with in-
creased protein expression. Comparison of protein levels ex-
pressed by DNA vaccine plasmids pNRII and pSRII or pNMSP-
142 and pSMSP-142 revealed that levels from optimized-codon
gene fragments were greater than levels from native genes (Fig.
1). A comparison of the in vitro expression levels comparing
secreted RII or cell-based MSP-142 for pNRII and pNMSP-142 to
the expression levels of pSRII and pSMSP-142 is shown in Fig. 1A
and B. The results indicated that 0.25 �g of pSRII or pSMSP-
142 expressed amounts of protein comparable to 1 �g of pNRII
or pNMSP-142, respectively. For example, quantitating RII ex-
pression by correlating the levels of RII protein with band in-
tensities demonstrated that 0.125 and 0.25 �g of pSRII ex-
pressed 1,919 and 4,361 counts/mm2, respectively, compared to

1 �g of pNRII, which expressed an average of 3,298 counts/mm2

for the duplicate samples (Fig. 1A). This represents a greater
than fourfold increase in protein expression. The proteins en-
coded by the vaccine plasmids retained conformational epi-
topes, because RII and MSP-142 proteins produced in in vitro
transfection experiments were recognized by RII-specific and
MSP-1-specific growth-inhibitory MAbs R217 (Narum, unpub-
lished) and 12.10 (4), respectively, which recognize reduction-
sensitive epitopes (data not shown).

In vivo immunogenicity. Outbred ICR mice were immunized
with 0.5, 5.0, and 50 �g of EBA-175 RII plasmids. At each dose
of DNA tested, mice immunized with pSRII had statistically
significantly higher ELISA titers against recombinant RII (Fig.
2A) than mice immunized with pNRII (P � 0.024, 0.003, and
0.003 at 50, 5.0, and 0.5 �g, respectively, by two-tailed t-test on
log-transformed titers). Similar results were obtained against
whole parasites in IFAT tests against parasite-infected eryth-
rocytes (data not shown).

In outbred CD-1 mice, pSMSP-142 was dramatically more
immunogenic than the corresponding pNMSP-142 (Fig. 2B).
At each DNA dose, the ELISA titers induced by pSMSP-142

were higher than those induced by pNMSP-142. Essentially no
antibodies were detected with the native construct at the two
lower DNA doses, while the synthetic construct induced geo-
metric mean ELISA titers of 44 (0.5 �g), 12,883 (5 �g), and
40,310 (50 �g). At the 50-�g dose, the geometric mean ELISA
titer induced by pSMSP-142 was approximately 50-fold higher
than that induced by pNMSP-142 (P � 0.001, by two-tailed t
test on log-transformed titers; 95% confidence interval for fold
increase, 9 to 268). Similar results were obtained in IFAT
assays (data not shown). The geometric mean IFAT titer in
sera from mice immunized with 0.5 �g of pSRII was similar to
that induced by 50.0 �g of pNRII. Thus, the same antibody
response was induced by 100-fold less of the plasmid express-
ing the codon-optimized synthetic gene.

We have demonstrated that codon optimization of two dif-
ferent P. falciparum antigen genes leads to substantial im-

FIG. 1. Protein expression in mouse melanoma cells transfected
with various quantities of plasmids expressing native or synthetic RII
of EBA-175 or MSP-142. pSRII and pSMSP-142 expressed greater quan-
tities of recombinant protein than pNRII and pNMSP-142 (A and
B, respectively).

FIG. 2. Antibody titers in outbred mice immunized with DNA vaccines expressing native or synthetic EBA-175 RII or MSP142. ELISA results
are reported as the interpolated reciprocal dilution estimated to give an optical density of 0.5. Group sizes were as follows: for pSRII and pNRII,
10 ICR mice/group; for pSMSP-142 and pNMSP-142, 8 CD-1 mice/group, except for 50-�g pNMSP-142, which had 6 mice. Bars represent geometric
mean titers, and solid circles represent individual responses.

7252 NARUM ET AL. INFECT. IMMUN.



provement in in vitro expression by mammalian cells and com-
parable increases in antibody responses in outbred mice, which
is consistent with similar codon optimization studies reported
for genes encoded by the human immunodeficiency virus (1,
26). There were two characteristics to the improved immuno-
genicity. At any single dose, the codon-optimized constructs
induced higher antibody titers than the native constructs. In
addition, 10- to 50-fold less of the synthetic construct was
required to induce antibody titers comparable to those induced
by the native construct at the highest DNA dose tested. By
enabling the use of reduced DNA doses for individual antigen
genes, codon optimization may allow the combination of large
numbers of plasmids encoding different vaccine targets into a
single vaccine cocktail. This will be essential for any vaccine
strategy based on taking advantages of the hundreds of poten-
tial new vaccine targets emerging from the Malaria Genome
Project (9). Furthermore, to date, while DNA vaccines have
been shown to induce T-cell responses in humans (25), they
have not been effective in eliciting antibody responses. This
may be a function of quantity of protein, and improving pro-
tein expression may lead to improved immune responses even
at the highest doses of DNA.

Codon optimization may improve expression of P. falcipa-
rum genes in mammalian cells by a number of possible mech-
anisms. For example, the use of common mammalian codons
may prevent the depletion of rare tRNAs or may kinetically
improve the rate of translation by avoiding the requirement for
tRNAs present at stable but low concentrations, or the global
reduction in A � T content may affect mRNA stability in
mammalian cells or the rate at which mRNA is exported to the
cytoplasm. A clearer understanding of the mechanism of im-
proved expression would allow more rational design of further
optimized synthetic genes in the future.

In summary, we report that plasmids carrying P. falciparum
synthetic gene fragments encoding EBA-175 RII and MSP-142

with mammalian codon usage gave increased levels of protein
expression and enhanced immunogenicity in outbred mice
compared to plasmids with native gene fragments. Preclinical
studies in Aotus monkeys comparing these synthetic and native
DNA vaccine plasmids are under way, and plasmids suitable
for human use are being manufactured.
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