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Abstract

Parasite genes often use codons which are rarely used in the highly expressed genes of Escherichia coli, possibly resulting in
translational stalling and lower yields of recombinant protein. We have constructed the “RIG” plasmid to overcome the
potential codon-bias problem seen in Plasmodium genes. RIG contains the genes that encode three tRNAs (Arg, Ile, Gly), which
recognise rare codons found in parasite genes. When co-transformed into E. coli along with expression plasmids containing
parasite genes, RIG can greatly increase levels of overexpressed protein. Codon frequency analysis suggests that RIG may be
applied to a variety of protozoan and helminth genes. © 2000 Australian Society for Parasitology Inc. Published by Elsevier

Science Ltd. All rights reserved.
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Overexpression of parasite genes is important for
providing sufficient amounts of recombinant protein
for biophysical studies, such as X-ray crystallography
and NMR, as well as for immunological applications,
such as vaccine production and the production of
recombinant antigens for the generation of research
antibodies. The overexpression of parasite genes in
Escherichia coli, in particular those of Plasmodium fal-
ciparum, has often been a challenge because of the
codon bias of these organisms. Plasmodium falciparum
has an extremely AT-rich genome of about 80%,
which has in many instances made heterologous ex-
pression of Plasmodium genes in E. coli very difficult
[1,2]. Certain codons that are preferentially used by P.
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falciparum are rarely used by FE. coli in highly
expressed genes [2]. Rare codons have been shown to
greatly diminish expression levels of recombinant pro-
tein in E. coli because of translational stalling [3,4].
One method by which this codon bias has been over-
come is to re-engineer the Plasmodium gene to be over-
expressed so that it uses the preferred codons of E. coli
[5,6]. This method is both costly and time consuming.
Alternatively, co-transformation of E. coli with a plas-
mid carrying the gene for the rare codon’s cognate
tRNA can increase levels of heterologous expression
[3,4,7-10].

We have constructed a plasmid to overcome some
of the potential codon-bias problems seen in P. falci-
parum genes. This “RIG” plasmid contains the genes
that encode three tRNAs (Arg, Ile, Gly) which recog-
nise codons that are both frequently found in Plasmo-
dium and other parasite genes [11], but which are
among the most rarely used by E. coli in highly
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expressed genes [3]. Here we report the use of the
RIG-plasmid for the overexpression of a variety of
parasite proteins, including two P. falciparum proteins:
dihydropteroate synthase (DHPS) and aldolase. The
RIG-plasmid also proved to be beneficial for overex-
pressing Plasmodium berghei aldolase and Cryptospori-
dium parvum dihydrofolate reductase (DHFR). Our
analysis of the rare codon frequency in parasite genes
suggests that the RIG-plasmid may be broadly appli-
cable for the overexpression of a variety of AT-rich
protozoan and helminth genes. The time and expense
of redesigning AT-rich parasite genes into the optimal
codon bias of E. coli may now be circumvented by use
of the RIG-plasmid in certain instances.

Codon frequency analysis shows that for some
amino acids such as Arg, Ile, and Gly, P. falci-

Table 1

parum preferentially uses codons [11] which are
among the most rarely used codons by E. coli in
highly expressed genes [3]. Table 1 lists the codon
usage of Arg AG(A/G), lle AUA, and Gly GGA
for genes that are highly and continuously expressed
in E. coli during exponential growth [12], as well as
for a variety of protozoan and helminth parasites
[11]. It is noteworthy that the codon usage of
highly expressed genes is distinctly different from
the overall codon usage of all E. coli genes [3,11-
13]. Heterologous genes which contain the codon
usage of E. coli’s highly expressed genes are gener-
ally overexpressed in E. coli at better yields [3.4].
Note that there is almost a hundred fold difference
between E. coli’s preferred codon usage for highly
expressed genes of AG(A/G) and AUA and the

Usage of rare codons in Escherichia coli and selected parasites. All organisms use certain of the selected rare codons more than 10% of the time.
Genes overexpressed from these organisms in E.coli may benefit from the RIG-plasmid

AGA/AGG (Arg) AUA (Ile) GGA (Gly)
Organism /1000* Fraction® /1000* Fraction® /1000* Fraction® Reference
Escherichia coliHighly expressed genes nrd 0.91 nrd 0.57 nrd 1.97 [12]
Plasmodium Parasites
Plasmodium falciparum 20.6 76.3¢ 44.9 53.3¢ 16.6 43.5¢ [11]
Plasmodium vivax 23.5 62.7° 10.8 27.3 32.3 43.4¢ [11]
Plasmodium malariae 15.7 87.8¢ 15.2 52.8°¢ 98.5 73.0° [11]
Plasmodium berghei 22.7 72.3¢ 30.8 42.6° 25.0 44.9¢ [11]
Plasmodium chabaudi 17.1 77.6° 28.2 46.0° 20.7 42.2° [11]
Plasmodium knowlesi 29.9 70.0° 17.5 34.6¢ 32.9 44 .4¢ [11]
Plasmodium yoelii 159 71.3¢ 41.7 49.6° 22.5 50.2¢ [11]
Protozoan Parasites
Toxoplasma gondii 17.4 30.4° 5.2 11.0 20.9 27.2 [11]
Theileria parva 29.9 79.6¢ 15.1 29.7 35.3 51.1¢ [11]
Babesia bovis 19.2 42.4° 13.2 26.3 10.7 21.4 [11]
Eimeria tenella 18.1 38.2 8.3 18.3 26.4 32.1 [11]
Naegleria fowleri 27.6 58.3¢ 1.7 2.4 26.6 36.6 [11]
Cryptosporidium parvum 30.0 79.0¢ 19.5 24.7 25.3 38.2 [11]
Entamoeba histolytica 31.0 83.2¢ 10.3 13.6 50.4 71.6° [11]
Giardia lamblia 15.2 333 10.6 20.4 174 23.5 [11]
Trichomonas vaginalis 13.3 30.6 1.8 2.6 8.4 11.2 [11]
Trypanosoma brucei 14.8 24.8 16.5 23.0 10.6 23.2 [11]
Trypanosoma cruzi 11.4 18.8 5.0 12.5 12.2 16.5 [11]
Leishmania spp. 6.6 10.1 2.3 6.6 5.3 7.4 [11]
Helminth Parasites
Echinococcus spp. 14.4 23.4 8.3 16.1 7.5 12.8 [11]
Taenia spp. 14.0 24.9 10.7 17.9 16.1 27.2 [11]
Schistosoma mansoni 13.9 29.2 19.7 30.5 19.3 29.3 [11]
Schistosoma japonicum 17.1 32.1 16.5 28.4 21.0 28.9 [11]
Onchocerca volvulus 11.6 20.8 14.2 21.6 20.9 34.2 [11]
Brugia malayi 14.7 259 13.3 23.8 29.2 37.1 [11]
Brugia pahangi 12.7 249 13.3 22.6 17.6 29.6 [11]
Opportunistic Yeasts
Pneumocystis carinii 20.5 54.1¢ 18.3 32.6 28.3 49.2° [11]
Candida albicans 26.8 70.9¢ 11.9 18.1 13.8 22.8 [11]

% Number of times this codon occurs per 1000 codons.

® Percentage usage of synonymous codons (i.e. usage of this codon relative to all other codons which code for the same amino acid).

¢ Preferred codon.
4 nr: Not Reported.
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usage by P. falciparum, and that there is a twenty-
fold difference in the usage of the GGA codon.

We have tested the effects of the addition of cognate
tRNAs for the rare codons AGA, AGG, AUA, and
GGA on the overexpression of four different apicom-
plexan proteins in different E. coli expression systems.
(Table 2). These codons were chosen because when the
codon usage of highly expressed genes in E. coli was
compared with the codon usage of P. falciparum, these
four codons showed the greatest difference. Each of
the E. coli expression systems we chose to investigate
results in very poor yields of the target parasite pro-
tein. (See below.) We hypothesised that the poor ex-
pression is due to the presence of a large number of
evenly distributed rare codons found in these genes, as
shown in Table 2, and that coexpression of arginyl,
isoleucyl, and glycyl tRNAs, which recognise the
codons AG(A/G), AUA, and GGA, respectively,
would relieve the translational stress present in E. coli
during heterologous gene expression. In fact, the genes
shown in Table 2 also contain rare codon doublets
and triplets, which can result in translational stalling
[3]. We thus designed the RIG-plasmid to carry the
following tRNA genes under control of their natural
promoters: the minor tRNAsG,/G) gene (argU), the

Table 2

minor tRNAaya gene minor
tRNAGG(A/G) gene (glyT)

pRI9S2, a pBR322-compatible vector, is a
PACYC184 derivative which carries the argU and ileX
genes and served as the parent plasmid from which the
RIG-plasmid was constructed [10]. The oligonucleotide
primers 5" CAGCTGCtcatgaggtacctaggCTGTTTCTT-
CATCGTGTCGCATAAAATG 3’ (forward) and 5’
GCAGCTGtcatgatctagacgtcATCGATTGTCCCTC-
TAAGACACGGATAAATC 3’ (reverse) were used in
a PCR to amplify the g/yT gene, which encodes the
tRNA recognising the codon GGA, from genomic E.
coli DNA. The first primer contains BspHI, Avrll, and
Kpnl sites and the second primer contains Aatll, Xbal,
and BspHI sites. The PCR reaction contained 10 mM
Tris-HCI (pH 8.8), 1.5 mM MgCl,, 75 mM KCI, 5 nM
EDTA, 50 ng of genomic DNA, 75 pmol of each of
the two primers, 10 nmol of the four dNTPs, and 1.2
units of Taq 2000 polymerase (Stratagene) in a total
volume of 50 pl. The cycling conditions were 94°C for
30 s, 62°C for 30 s, and 72°C for 30 s for a total of 25
cycles with a final extension time of 7 min at 72°C. A
PCR fragment of expected size of 707 bp was gel-puri-
fied and ligated into the pCRII-TOPO vector (Invitro-
gen). pCRII-TOPO-glyT was digested with BspHI and
Xhol and the correct partial digest product containing

(ileX), and the

Parasite Expression Systems Tested with the RIG-plasmid in Escherichia coli

Expression P. falciparum dihydropteroate P. falciparum aldolase P. berghei aldolase C. parvum dihydrofolate
System synthase (DHPS) reductase (DHFR)
Description Residues 373-706 of the Residues 6-368 of aldolase Residues 4-369 of aldolase Residues 1-182 of the
bifunctional PPPK-DHPS fused to a N-terminal hexa- fused to a N-terminal hexa- bifunctional DHFR-TS
enzyme fused to a C-terminal histidine tag histidine tag enzyme
hexa-histidine tag
Vector pET-23a (Novagen) pDS78/RBSII,6xHis[15] pDS78/RBSII,6xHis[15] pET-9d (Novagen)
Promoter T7 promoter TS promoter TS promoter T7 promoter
E. coli BL21(DE3),Novagen XL1-Blue, Stratagene XL1-Blue, Stratagene BL21(DE3), Novagen
Expression
Strain
Reference [14] [16] [17] [18]
Occurrences of Rare Codons in Parasite Genes Tested
#/(total)* #/(total)® #/(total)* #/(total)*
R (AGA/ 11 (13) 14 (14) 12 (14) 8 (8)
AGG)
I (AUA) 18 (34) 2(17) 5(19) 9(19)
G (GGA) 9 (15) 14 (31) 16 (32) 4 (7)
Rare codon 6 2 4 4
doublets®
Rare codon 0 0 0 1
triplets®
Total number 334 363 365 182
of amino
acids

% The first number represents the number of times the rare codon occurs in the gene. The number in parenthesis represents the total number of

occurrences of the corresponding amino acid in the gene.

® A rare codon doublet is two tandem (both identical and different) rare codons.
© A rare codon triplet is three tandem (both identical and different) rare codons.
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the glyT gene was identified and subcloned into
pRI952 digested with BspHI and Sall. The identity of
the g/yT gene in the RIG-plasmid (pRI952 with g/yT)
was verified by DNA sequencing analysis.

The RIG-plasmid is a pACYCI184 derivative which
carries a chloramphenicol resistance marker and the
p15A origin of replication and is thus compatible with
most commercially available expression vectors, which
are of pBR322 origin and carry an ampicillin or kana-
mycin resistance marker and the ColEI origin of repli-
cation. The RIG-plasmid carries the argU, ileX, and
glyT tRNA genes. A vector map as well as a complete
vector sequence can be found at (http://www.bmsc.
washington.edu).

Co-transformation of the RIG-plasmid along with
the four expression plasmids listed in Table 2 into the
different E. coli strains was performed using standard
techniques [19]. Ten nanograms of the RIG-plasmid
and 10 ng of the expression plasmid were mixed and
transformed into competent E. coli cells. Transfor-
mants were selected on media containing chloramphe-
nicol (25 pg ml™") and ampicillin (100 pg ml™') and
were further tested for the presence of both plasmids
using PCR analysis. Primers specific for pACYC184
were used to amplify regions of the RIG-plasmid,
whereas primers specific for the inserted parasite gene
in each expression plasmid were used to amplify
regions of the expression plasmid.

Co-transformant colonies were directly picked into
30 pl of sterile water, boiled for 10 min, and 20 pl of
the cleared lysate was added to the following PCR
components to a final volume of 50 pl: 50 pmol of
each primer, 10 nmol of the four dNTPs, 1 unit of
Taq 2000 polymerase (Stratagene), 10 mM Tris-HCI
(pH 8.8), 1.5 mM MgCl,, 75 mM KCI, 5 nM EDTA.

1,353 bp
1,078 <4 DHPS band
872 < RIG band

603

Fig. 1. PCR detection of RIG-plasmid in E. coli Co-transformants:
Lane 1 is the marker ®X174Haelll digest. Lanes 2 and 3 are PCR
amplification products of lysates of E. coli transformed only with the
RIG-plasmid using RIG and DHPS primer pairs, respectively. A
837-bp band corresponding to a RIG-plasmid fragment is only seen
in Lane 2. Lanes 4 and 5 are PCR amplification products of lysates
of E. coli transformed only with the DHPS expression plasmid using
RIG and DHPS primer pairs, respectively. A 1000-bp band corre-
sponding to a DHPS fragment is only seen in Lane 5. Lanes 6 and 7
are PCR amplification products of lysates of E. coli transformed
with both the RIG-plasmid and the DHPS expression plasmid using
RIG and DHPS primer pairs, respectively. A 837-bp band corre-
sponding to a RIG-plasmid fragment is seen in Lane 6 and a 1000-
bp band corresponding to a DHPS fragment is seen in Lane 7.

The cycling conditions were 94°C for 30 s, 62°C for
30 s, and 72°C for 30 s for a total of 25 cycles with
a final extension time of 7 min at 72°C. Primers
specific to the pACYCI184 backbone were used
to detect the RIG-plasmid: P-RIG1 5 CGCCGAC-
ATCACCGATGGGGAAG 3 and P-RIG2 5’
CGCGCCCACCGGAAGGAGCTGACTG 3', and
primers specific to P. falciparum DHPS were used to
detect the expression plasmid: P-DHPS1 5° AAAAG-
GATATATGTATTAAAAGATAG 3’ and P-DHPS2
5" CACTTGGTCTATTTTTGTTAAAAC 3’ (Fig. 1).

Escherichia coli co-transformed with the expression
plasmid and RIG were compared with E. coli co-trans-
formed with the expression plasmid and pACYC184
(control). Overnight cultures were prepared by picking
single colonies of co-transformed E. coli and inoculat-
ing 3 ml Luria—Bertani (LB) media supplemented
with ampicillin (100 pg ml™') and chloramphenicol
(25 pg ml'). The following morning, 100 pl of the
overnight culture were used to inoculate flasks contain-
ing 25 ml of LB media supplemented with ampicillin
(100 ug ml™") and chloramphenicol (25 pg ml™"). These
cultures were incubated for 3-4 h at 37°C until cell
density ODgoo reached 0.5-0.7. The cultures were
induced by the addition of IPTG to a final concen-
tration of 0.5 mM and then harvested 3 h after induc-
tion. Expression of protein was monitored by SDS-
PAGE of pre-induction and harvest whole cell lysates
of cells with and without the RIG-plasmid. Western
Analysis was performed on P. falciparum DHPS to
confirm protein identity; enzyme assays were per-
formed on P. falciparum and P. berghei aldolases, and
C. parvum DHFR. The level of expression of all
recombinant proteins was enhanced by the presence of
the RIG-plasmid.

Plasmodium falciparum DHPS could only be overex-
pressed in the presence of the RIG-plasmid. In the
absence of the RIG-plasmid, no induced band could
be seen. With the RIG-plasmid, an induced band of
40.2 kDa corresponding to P. falciparum DHPS con-
stituted up to 30% of E. coli protein at harvest. (Fig.
2). The protein was purified from inclusion bodies and
Western Analysis using an antibody directed against
residues P. falciparum PPPK-DHPS 631-644 [14] con-
firmed the identity of the protein as P. falciparum
DHPS.

The expression of both P. falciparum and P. berghei
aldolases was greatly enhanced by the RIG-plasmid.
Without the RIG-plasmid, no induced band could be
seen by SDS-PAGE, and expression of both aldolases
was only 2-3 mg protein 1! cell culture after a three-
step purification protocol [16,17]. With the RIG-plas-
mid, an induced band of 41 kDa corresponding to the
Plasmodium aldolases could be seen by SDS-PAGE
and the aldolases were produced at a yield of 12 mg
protein 1! cell culture (L.Y. Fuchs, personal communi-
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cation). (Fig. 2). With these improved yields, only one
Ni-affinity chromatography step was needed to purify
the protein. Enzyme activity assays of the purified pro-
tein [16,17] confirmed the identity as aldolase.
Cryptosporidium parvumm DHFR could only be
expressed and purified in the presence of the RIG-plas-
mid (V.H. Brophy and C.H. Sibley, personal com-
munication). DHFR activity was  determined
spectrophotometrically by monitoring the decrease in
Ajz40nm at room temperature of cofactor NADPH (100
uM) in buffer containing 50 mM TES pH 7.0, 1 mM
EDTA, 75 mM B-mercaptoethanol, 1% bovine serum
albumin, and 20 pM dihydrofolate. Cell lysate concen-
trations were adjusted to give linear rates over the 5-
min duration of the assay, and reactions were initiated
by adding an equal volume of 40-uM dihydrofolate in
assay buffer. A unit of activity is defined as the
amount of enzyme required to produce 1 umol of pro-
duct per minute at room temperature. Without the
RIG-plasmid, DHFR activity in crude whole cell
lysates at harvest was 0.06 U mg ' protein, which was
no greater than background E. coli DHFR activity.
With the RIG-plasmid, DHFR activity in the crude
whole cell lysates increased by 33% to 0.08 U mg '
protein, which allowed for the purification of C. par-
vum DHFR with a methotrexate affinity column to a
yield of 2.3 mg I'! cell culture. Without RIG, C. par-

o - (— 98 kDa
E 64
50
_{ -4—— DHPS
36
30

16

B 6

vum DHFR could not be purified (V.H. Brophy and
C.H. Sibley, personal communication).

The RIG-plasmid appears to be a useful tool which
allows for the overexpression of several AT-rich para-
site genes in E. coli. The RIG-plasmid is compatible
with most commercially available vectors and E. coli
expression strains. When co-transformed with the
RIG-plasmid, the E. coli expression systems tested
could produce milligram amounts of recombinant
parasite protein which were previously expressed in
low yields.

The RIG-plasmid may help circumvent difficulties in
the translation of genes containing the codons AG(A/
G), AUA, and GGA. Other codons may need to be
considered when expressing AT-rich genes, such as
Leu (UUA) and Thr (ACA), but the RIG-plasmid
encodes the cognate tRNAs for codons which showed
the greatest difference in usage between P. falciparum
and highly expressed genes in E. coli and thus provides
a good starting point for overexpression experiments.
It should be noted that the RIG-plasmid does not
address difficulties encountered in the transcription of
AT-rich genes or problems associated with mRNA sec-
ondary structure or stability. Additionally, the RIG-
plasmid is not designed to alter the solubility, stability,
folding behaviour, degradation, or toxicity to the host
cell of the overexpressed recombinant protein. It is for
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Fig. 2. SDS-PAGE Gels of Whole Cell Lysates with and without the RIG-plasmid. Lanes 1 and 2: Pre-induction and harvest samples of
BL21(DE3) transformed with pET-P. falciparum DHPS and pACYCI184. Very little induced band can be seen in the harvest sample. Lanes 3
and 4: Pre-induction and harvest samples of BL21(DE3) transformed with pET-P. falciparum DHPS and RIG. A band corresponding to P. falci-
parum DHPS can clearly be seen in the harvest sample. Lane 5: SeeBlue (Novex) molecular weight marker. Lanes 6 and 7: Pre-induction and
harvest samples of XL1-Blue transformed with the P. berghei aldolase expression plasmid and pACYCI184. Very little induced band can be seen
in the harvest sample. Lanes 8 and 9: Pre-induction and harvest samples of XLI-Blue transformed with the P. berghei aldolase expression plas-
mid and RIG. A band corresponding to P. berghei aldolase can clearly be seen in the harvest sample. Lane 10: SeeBlue molecular weight marker.

Results for P. falciparum aldolase are similar. (Not shown.)
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these reasons that we believe the RIG-plasmid did not
have the same magnitude of effect on each of the four
expression systems tested. Each of these expression sys-
tems is different in the type of protein expressed. How-
ever, for all the expression systems tested, the RIG-
plasmid had a positive effect on yields of overexpressed
recombinant protein.

The RIG-plasmid may be broadly applicable for the
overexpression of a variety of AT-rich protozoan, hel-
minth, and fungal genes which contain large numbers
of the codons for Arg, Ile, and Gly that are rarely
used by E. coli in highly expressed genes, as shown in
Table 1. The RIG-plasmid is a simple and convenient
tool to test when performing initial overexpression ex-
periments of AT-rich genes. In the same amount of
time it takes to construct one synthetic parasite gene
into the optimal codon usage of E. coli, various sized
constructs of the same parasite gene can be tested in
combination with the RIG-plasmid. In certain cases,
the time and expense of redesigning parasite genes into
the optimal codon bias of E. coli may now be circum-
vented by use of the RIG-plasmid. Further infor-
mation on the RIG-plasmid, including information on
obtaining the plasmid, can be found at (http://
www.bmsc.washington.edu).
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