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Combined Spatial Limitation around Residues 16 and 108 of
Plasmodium falciparum Dihydrofolate Reductase Explains Resistance
to Cycloguanil
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Natural mutations of Plasmodium falciparum dihydrofolate reductase (P/DHFR) at A16V and S108T specifically confer resis-
tance to cycloguanil (CYC) but not to pyrimethamine (PYR). In order to understand the nature of CYC resistance, the effects of
various mutations at A16 on substrate and inhibitor binding were examined. Three series of mutations at A16 with or without
the S108T/N mutation were generated. Only three mutants with small side chains at residue 16 (G, C, and S) were viable from
bacterial complementation assay in the S108 series, whereas these three and an additional four mutants (T, V, M, and I) with
slightly larger side chains were viable with simultaneous S108T mutation. Among these combinations, the A16V+S108T mutant
was the most CYC resistant, and all of the S108T series ranged from being highly to moderately sensitive to PYR. In the S108N
series, a strict requirement for alanine was observed at position 16. Crystal structure analyses reveal that in PADHFR-TS variant
T9/94 (A16V+S108T) complexed with CYC, the ligand has substantial steric conflicts with the side chains of both A16V and
S108T, whereas in the complex with PYR, the ligand only showed mild conflict with S108T. CYC analogs designed to avoid such
conflicts improved the binding affinity of the mutant enzymes. These results show that there is greater spatial limitation around

the S108T/N residue when combined with the limitation imposed by A16V. The limitation of mutation of this series provides
opportunities for drug design and development against antifolate-resistant malaria.

lasmodium falciparum dihydrofolate reductase (P/DHFR) is

one of the most well-defined drug targets in malaria chemo-
therapy with such antifolates as pyrimethamine (PYR) and cy-
cloguanil (CYC; administered as proguanil) among its inhibitors
(26). It catalyzes the NADPH-dependent reduction of 7,8-dihy-
drofolate (DHF) to 5,6,7,8-tetrahydrofolate (THF) in the biosyn-
thesis of deoxythymidylate (dTMP). After decades of antifolate
deployment, the parasite has become increasingly resistant to PYR
and CYC due to mutations that reduce the binding affinity of
inhibitors. While PADHFR mutations at residues 108, 59, 51, and
164 confer cross-resistance to both PYR and CYC, the double-
mutation variant A16V+S108T specifically confers resistance to
CYC. The CYC-resistant mutant was postulated to have arisen by
the S108T mutation followed by A16V, giving rise to high CYC
resistance without a loss in catalytic efficiency (18). Molecular
modeling suggests that the A16V mutation causes steric clash be-
tween the side chain and one of the 2,2-dimethyl groups of CYC
(15). PYR, on the other hand, avoids such a steric clash, presum-
ably due to lack of a group equivalent to the methyl of CYC (15).
However, the lack of crystal structure data for the A16V+S108T
PfDHER and its complex with CYC makes such conclusion a ten-
tative one.

Unlike cumulative mutations in the S108N series of PYR resis-
tance-generating mutant P/DHEFRs, no other resistant variants in
the S108T series apart from A16V+S108T have been identified
from the field. Laboratory selection for PYR resistance in a wild-
type parasite strain led to the identification of mutants with a
single mutation at either A16S or 1164M (22). In the same study,
selection for increased PYR resistance in the PfDHFR-TS
A16V+S108T mutant strain T9/94 demonstrated DHFR-TS gene
amplification but no further mutation of the protein (22). An-
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other study of laboratory-induced PYR resistance reported
A16V+S108T variants with additional mutations at F223S and
D54N (20). The A16V+S108T+D54E+F223S mutant enzyme
shows enhanced resistance to CYC and is also resistant to PYR
(19).

We investigated here the effect of mutation at residue 16 on
PfDHER catalytic activity and antifolate resistance. In the pres-
ence or the absence of the S108T/N mutation, mutants of A16X
were catalytically active only when X was an amino acid with a
small side chain, suggesting limitation in space around residue 16.
Crystal structures of PADHFR-TS T9/94 variant (A16V+S108T)
in complex with CYC and PYR were determined to reveal the
different modes of inhibitor binding. The structural information
presented here shows confinement of the DHFR binding pocket at
subsites containing residues 16 and 108, with the mutual effects of
steric constraint in one subsite exerting further confinement on
another subsite. Such mutual effects are present in the binding of
CYC, which has a 2-methyl group in conflict with the side chain of
V16, and a p-chlorine atom in conflict with the side chain of T108.
These constraints are absent in the binding of PYR, which lacks an
equivalent group in the vicinity of V16. Therefore, the resistance
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of the A16V+S108T PfDHFR-bearing parasite only to CYC, but
not to PYR, is explained. This information should help in the
design of effective inhibitors against mutant PADHFRs and against
antifolate-resistant malaria.

MATERIALS AND METHODS

Construction of mutant libraries. Mutant libraries of A16-saturated mu-
tations were generated by QuikChange site-directed mutagenesis using
pET17b containing synthetic PADHFR-A16V +S108T gene as a template,
5'-CTTT GACATC TAC GCT ATC TGC [NNG/C] TGCTGT AAAGTT
GAA AGC AAA-3' as the sense primer, and 5'-TTT GCT TTC AACTTT
ACA GCA [G/CNN] GCA GAT AGC GTA GAT GTC AAA G-3' as the
antisense primer, where the A16X codon is marked by brackets, and N
represents all four bases. The mutagenesis reaction contained 40 ng of
template, 125 ng of each primer, 1X Pfu buffer, and 10 U of Pfu DNA
polymerase (Promega) and was carried out using the following tempera-
ture cycling profile: 95°C for 5 min, followed by 20 cycles of 95°C for 30's,
45°C for 1 min, and 68°C for 8 min, with a final incubation at 68°C for 10
min. The mutagenesis product was digested with 20 U of Dpnl at 37°C for
1 h and then transformed into E. coli DH5a. Recombinant clones grown
on Luria-Bertani (LB) agar with 100 pg of ampicillin (Amp) ml™" were
randomly selected for sequencing. Generation of A16X+S108 series was
performed using the same protocol with an equimolar mixture of the 20
identified A16X+S108T as templates and a pair of primers that allowed
mutation of T108 back to S108—5'-GTT GTT ATG GGC CGC ACC
TCGTGG GAATCGATT CCGAAAAAATTC-3" and 5'-GAATTT TTT
CGG AAT CGA TTC CCA CGA GGT GCG GCC CAT AAC AAC-3"—as
the sense and antisense primers, respectively. A16X mutants in the N108
series were limited to G, C, S, T, and V. The mutagenesis reactions were
performed separately using specific templates from the T108 series and a
pair of primers that allowed the mutation of T108N: 5'-GGG CCG CAC
CAA CTG GGA ATC GAT-3' and 5'-ATC GAT TCC CAG TTG GTG
CGG CCC-3". The clones obtained were verified by automated Sanger
sequencing to ensure that there were no adventitious mutations in the
course of making the site-specific mutations.

Screening of active DHFR mutants by bacterial complementation
assay. Plasmids from the pET-PfDHFR mutants were retransformed into
E. coli BL21(DE3)/pLysS. The transformants were grown on LB agar with
100 pg of Amp ml™ ' and 34 pg of chloramphenicol (Cam) ml™'. The
mutant clones were screened for P/DHFR activity by streaking them on
minimal medium containing 100 wg of Amp ml™ ' and 34 ug of Cam
ml ™! with or without 4 wM trimethoprim. After overnight incubation at
37°C, transformed bacteria are only able to grow in the presence of tri-
methoprim if the PADHFR has adequate activity; mutants with low activity
do not support growth (4).

Expression and purification of mutant PADHFRs. All of the mutants
were expressed in E. coli BL21(DE3)/pLysS by cultivation in LB supple-
mented with 100 p.g of Amp ml™' and 34 pug of Cam ml™ ' and 0.4 mM
IPTG (isopropyl-B-p-thiogalactopyranoside) induction at 20°C for 24 h.
The expression levels of all mutants were confirmed by SDS-PAGE. The
relative PADHFR activity of each mutant compared to wild-type enzyme
was determined from crude protein extracts. Those with relative crude
activity higher than 3% were further purified by methotrexate-Sepharose
affinity chromatography (17) and anion exchange as previously described
(2,9).

Enzyme kinetic analysis and inhibition by antifolates. DHFR activ-
ities were determined spectrophotometrically using a Hewlett Packard
UV-VIS spectrophotometer (HP8453) in a 1-ml reaction containing 100
M concentrations each of dihydrofolate and NADPH in 50 mM TES
(pH 7.0), 75 mM B-mercaptoethanol, 1 mg of bovine serum albumin
ml ™', and the appropriate amount of purified enzyme (1 to 5 mU) to
initiate the reaction. PYR, CYC, WR99210, and a series of CYC analogues
(15, 27) were 2-fold serial diluted in dimethyl sulfoxide in 96-well plates
(200 pl, final well volume), and binding constants were determined using
the protocol described previously (21). Kinetic parameters were calcu-
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lated by a nonlinear least-square fit of the data to the Michaelis-Menten
equation using the software Kaleidagraph 3.51 as previously described
(9,21).

Crystallization, data collection, and structure determination. The
bifunctional DHFR-TS enzymes of both wild-type strain TM4 and the
A16V+S108T mutant strain T9/94 of P. falciparum were cloned, ex-
pressed, and purified as previously described (2, 28). Protein was cocrys-
tallized with either 2 mM CYC or 2 mM PYR in the presence of NADPH
and dUMP. X-ray diffraction data were collected at the CuKa wavelength
(1.5418 A) on a Bruker-Nonius FR591 X-ray generator equipped with a
kCCD detector. The data were indexed, integrated and scaled using the
Denzo/Scalepack program in the HKL-2000 package (14). The data were
directly refined at 3.0-A resolution using PADHFR-TS TM4 (PDB 1J31) as
a template in the Crystallography and NMR System (1, 28). The models
were iteratively rebuilt and adjusted in program O (8) and gradually re-
fined to the highest resolution in CNS (1). Ligands and water molecules
were added to a positive Fourier difference electron density map (F, —
F.). The final models were verified by PROCHECK (11) with Ramachan-
dran parameters listed in Table 1. Structural figures were prepared with
PyMOL (16).

PDB accession codes. Coordinates and structure factors have been
deposited in the Protein Data Bank (PDB) under accession codes 3UMS5,
3UMS6, and 3UMS.

RESULTS

Screening of active A16X+S108T/N P/DHFR mutants. Con-
structs of wild-type and 45 A16X mutants with S108 or ST08N/T
mutations were successfully generated and verified by DNA se-
quencing. These mutants included 19 from the A16X+S108
series, 20 from the A16X+S108T series, and 6 from the S108N
series. For the S108N series, only the A16 mutants that are
capable of complementing bacterial growth in the S108T series
were created, i.e., G, A, C, S, T, and V.

The activities of the wild-type and mutant P/ADHFRs in E. coli
BL21(DE3)/pLysS were screened by complementation assay. Only
six mutants from S108T series showed adequate activity
for growth, namely, S108T, A16C+S108T, A16G+S108T,
A16S+S108T, A16T+S108T, and A16V+S108T. Hence, only the
amino acids with small side chains at position 16 when combined
with S108T were functionally active. Moreover, two mutants with
slightly larger side chains at position 16, namely, A16I+S108T and
A16M+S108T, could also complement host DHFR under the
same conditions, albeit poorly (Table 2). Further investigation of
the S108 series showed that only the wild type and three mutants
(A16G, A16S, and A16C) were found to be catalytically active by
bacterial complementation assay, while the others were not. In the
S108N series, only alanine was tolerated at position 16 among the
six mutants tested.

Crude extracts of wild-type PADHFR and 45 mutants with
A16X and S108 or SI08N/T were prepared in 50 ml of LB broth
with IPTG induction in order to examine their expression levels
and DHEFR activities. SDS-PAGE analysis of the crude extracts
revealed that all of the constructs expressed P/DHFR similarly to
the wild-type construct (data not shown). However, these crude
extracts exhibited a wide range of enzyme specific activities. The
relative DHFR activity of crude protein extracts of the active mu-
tants, defined from the ability to complement bacterial DHFR in
the presence of trimethoprim in bacterial complementation assay,
ranged from 1.4 to 62.4% of the wild-type enzyme (Table 3), while
the activities of the inactive mutants were negligible. The results
are in line with our previous reports, wherein only constructs
expressing relative DHFR activity higher than 1.3% of the wild-
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TABLE 1 Data collection and refinement statistics of crystal structures

Enzyme and ligand

PDHFR-TS T9/94

Parameter” PYR CYC PDHFR-TS TM4 (CYC)
Data collection
Space group P2,2,2, P2,2,2, P2,2,2,
Unit cell parameters (A)
a 56.529 56.696 58.761
b 155.119 155.549 157.538
c 165.257 164.962 164.509
Resolution* (&) 30-2.40 (2.49-2.40) 30-2.65 (2.74-2.65) 50-2.60 (2.69-2.60)
Rinerge” (%) 6.5 (35.1) 7.9 (35.5) 4.1 (25.8)
I/ol* 15.5 (3.0) 19.2 (4.2) 20.3 (4.3)
Completeness* (%) 98.7 (95.0) 99.9 (99.7) 98.4 (93.2)
Redundancy 4.6 8.1 44
Refinement
Resolution (A) 30-2.40 30-2.65 50-2.60
No. reflections (unique) 56,048 43,280 47,165
Ryyorid Rised 20.2/25.4 20.3/25.7 21.2/25.8
No. of atoms
Protein 9,058 9,048 9,046
PYR or CYC 34 34 34
NADPH 96 96 96
dUMP 40 40
Water 781 371 456
Phosphate 10
Avg B factor (A%) 46.9 48.5 52.5
Ramachandran plot (%)
Favored region 85.6 84.6 87.3
Additional allowed region 14.2 15.2 12.3
Generously allowed region 0.2 0.2 0.2
Disallowed region 0 0 0.2
RMS deviations
Bond length (A) 0.006 0.007 0.008
Bond angle (°) 1.4 1.4 1.5

“%, Values in parentheses are for the highest-resolution shell. RMS, root mean square.

b Rpyee is calculated from 5% of reflections chosen randomly in each of the 10 resolution bins.

¢ Lys49 is located on a flexible loop of each molecule of PADHFR-TS.

type enzymes could support bacterial growth on trimethoprim
plates (4, 9).

Kinetic parameters of P/DHFR mutants. Wild-type PADHFR
and 10 active A16X P/DHFR mutants with or without S108T/N
mutations were purified to homogeneity and enzyme kinetic pa-
rameters determined. As summarized in Table 3, the k,, values of
all of the active mutants varied from 1.6 to 86% of that of the
wild-type enzyme. Among these mutants, A16C+S108T exhib-
ited the highest k_,, value, while A16T+S108T was the lowest. The
k.o values of the others were 14 to 51% of the wild-type enzyme.

Mutations of A16 and S108 affected DHF binding to various
degrees. The A16S and S108N mutants showed 3- to 4-fold-higher
K, values for DHF than those of the wild type, while the K,,, values
for the S108T and A16C+S108T mutants were about 2- to 4-fold
less. Unlike DHF, the K, values for NADPH were not much af-
fected by mutations since the values were within a 2-fold range
of the wild-type enzyme. Among the 10 active mutants,
A16C+S108T and S108T showed the highest catalytic efficiency
(k.a/K,,,), about 1.4- to 1.6-fold that of the wild-type enzyme. The
catalytic efficiency of the other mutants, including A16V +S108T,
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was about 4 to 38% that of the wild-type enzyme and that of
A16T+S5108T was <1%.

Antifolate sensitivity of P/DHFR mutants. The inhibition
constants (K;) of PYR, CYC, and WR99210, as well as of three CYC
derivatives, namely, C17 (R', R? and R® = H, Me, and p-Cl phe-
nyl, respectively), C88 (R, R?, and R* = Me, Me, and m-Cl phe-
nyl, respectively), and C248 (R', R%, and R’ = H, Me, and m-Cl
phenyl, respectively), against the 10 mutants were determined in
order to understand the drug resistance pattern of the active mu-
tants. The data are summarized in Table 4.

Among the three active A16X single mutants, only A16S was
highly resistant to CYC, with K; values ~83 times higher than that
of the wild type, while the others were about 1- to 3.5 times that of
the wild type. In combination with S108T mutation, the K; values
of CYC against all of the active double mutants were markedly
increased, i.e., by about 58- to 1,014-fold that of the wild-type and
20- to 345-fold that of the S108T single mutant. In addition, the K;
values of CYC against S108N were 8 times that of the wild-type
enzyme and 2.7 times that of S108T. These results suggested that
the steric conflicts of the p-Cl group at R* and a 2-methyl group of
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TABLE 2 Summary of bacterial complementation assay of PADHEFR activities in E. coli BL21(DE3)/pLysS on a minimal medium plate in the

presence of trimethoprim®

Amino acid at Residue vol®

Surf . Bacterial complementation
urface area

residue 16 Type (A% (A% S108 T108 N108
G Aliphatic 60.1 75 + + -

A (wild type) Aliphatic 88.6 115 + + +
p Aliphatic 112.7 145 - - NA4
v Aliphatic 140.0 155 - + -
M Aliphatic 162.9 185 - +/- NA
I Aliphatic 166.7 175 - +/- NA
L Aliphatic 166.7 170 - - NA
S Polar, uncharged 89.0 115 + + -

C Polar, uncharged 108.5 135 + + -
N Polar, uncharged 114.1 160 — — NA
T Polar, uncharged 116.1 140 - + -
Q Polar, uncharged 143.8 180 - - NA
H Positively charged 153.2 195 - - NA
K Positively charged 168.6 200 - - NA
R Positively charged 173.4 225 - - NA
D Negatively charged 111.1 150 - - NA
E Negatively charged 138.4 190 - - NA
F Aromatic 189.9 210 - - NA
Y Aromatic 193.6 230 - - NA
w Aromatic 227.8 255 - - NA

“ The results are indicated as positive (+) and negative (-) for bacterial growth and no growth, respectively.

b Zamyatnin (29).
¢ Chothia (3).
4NA, not analyzed.

CYC with side chains of amino acid residues 108 and 16, respec-
tively, are significant and that the clash with S108N exerted a
greater effect on the binding affinity than that of S108T, which is in
line with previous observations (18).

In order to reduce the steric clash of inhibitors with A16X
mutants, the inhibitor C17 was designed with only one methyl
group at the position 2 of the dihydrotriazine ring (either R' or
R?), while maintaining its p-Cl phenyl group at R. The K; values
of C17 against the wild type and most of mutants were generally
similar to those of CYC (0.2- to 2.2-fold) but reduced markedly by

10.7-fold against A16V+S108T compared to CYC. By moving the
p-Cl group to the m-position to avoid steric clash with S108T
while preserving the 2,2-dimethyl groups of CYC, the inhibitor
C88 showed reduction of K; values against all of the double mu-
tants to an even greater extent than C17, by 4- to 41-fold com-
pared to CYC. With the combination of both features so as
to avoid steric conflicts on both sites, C248 (desmethyl and m-
Cl phenyl) showed dramatically lower K; values against
A16V+S108T by a factor of 51 compared to that of CYC (from
1,518 nM for CYC to 30 nM for C248). The K; values against other

TABLE 3 Crude enzyme activity and kinetic properties of purified PADHFR wild-type and mutant enzymes of A16X with or without the S108 T/N

mutation

Crude enzyme activity Kinetic parameters of purified enzyme®

Mean sp act Relative Mean K,,, = SD (kM)
Enzyme (nmol/min/mg) + SD activity DHF NADPH ket 571 koK,
Wild type (A16+S108) 1,978 * 284 100 122 £ 2.0 58 1.7 72.9 5.9
S108N 516 = 147 26.1 325+ 1.8 3.7*£04 36.1 1.1
S108T 1,235 £ 232 62.4 3.0 0.6 2.1 0.6 24.7 8.2
Al16C 274 = 33 13.8 16.4 + 1.7 3.6 0.6 37.4 2.3
A16G 77 £ 21 3.9 15223 11.7 £ 2.0 10.4 0.68
A16S 130 £ 5 6.6 47.6 £ 1.1 4.8 *£0.3 10.8 0.23
A16C+S108T 1,181 = 198 59.7 6.6 = 0.6 4.7 *13 62.6 9.5
A16G+S108T 176 £ 33 8.9 102 £ 1.5 7914 16.9 1.7
A16S+S108T 733 £195 37.1 19.4 £33 24*03 16.6 0.86
A16T+S108T 70 =7 3.5 23.8 £ 1.8 23 *0.1 1.2 0.05
A16V+S108T 241 £ 49 12.2 213*29 4.5 * 0.5 18.9 0.89
A16M+S108T 33+7 1.7 ND ND ND ND
A161+S108T 272 1.4 ND ND ND ND

“ND, not determined.
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TABLE 4 Inhibition constant (K;) of P/ADHFR wild-type and mutant enzymes of A16X combination with or without the S108T/N mutation

Inhibitor R! R? R3 - a
NH, cyc CH3 CH3 p-CICgH4 :
NJ\NfR3 c17 H CH; p-CICeHs N
o r? 88 CHs CH; m-CICgHq . N/KN
HN™ °N™ 1 C248 H CH; m-CICgHq4 2
WR99210  CHs CH3 2,4,5-Cl3CgH,0(CH,);0 oVR
Mean K; = SD (nM)
Enzyme CYC C17 C88 C248 WR99210 PYR
Wild type 1.6+03 3.9+ 0.5 3.0 £ 0.1 6.0 0.2 0.4+02 0.6 * 0.1
S108N 13+ 0.4 53 + 6.0 2.8+ 0.5 8.8+ 18 1.1+0.1 14+21
S108T 47+08 25+29 8.1+ 15 52+0.8 0.1 + 0.03 0.6 * 0.07
A16C 1.8+0.2 6.1 + 0.4 6.3+ 0.3 5.0 * 0.4 0.8+ 0.1 0.8 * 0.1
A16G 55+ 0.9 43+ 12 16 = 3.8 53 + 10 1.1*0.1 14+03
Al6S 132 + 23 497 + 78 259 + 45 780 + 90 46+ 05 12+1.1
A16C+S108T 93 + 15 42+ 4 76+ 1.1 79+ 13 0.1 * 0.02 0.3 * 0.1
A16G+S108T 135 + 28 250 =+ 34 16 = 1.0 46 * 0.6 0.2 * 0.05 0.7 * 0.05
A16S+S108T 733 + 126 711 + 64 18+25 94 + 12 0.4 + 0.05 0.7 0.1
A16T+S108T 1,623 + 199 1,809 *+ 212 369 * 25 344 * 22 0.6 * 0.03 0.9 * 0.1
A16V+S108T 1,518 + 503 142+ 8 330 * 61 30 +2 0.7 0.1 0.6 0.2

A16X+S108T mutants were also reduced by factors of 3 to 12
compared to CYC. Unlike CYC and its derivatives, PYR with p-ClI
phenyl at R? remained effective against most of the mutants cre-
ated. The K; values of PYR against the active mutants were mostly
<1 nM. Only the A16S and S108N mutants showed slightly
poorer binding to PYR, with K; values of 12 and 14 nM, respec-
tively, mainly due to their high DHF K,, value. Likewise,
WR99210, a flexible antifolate, also remained effective against the
entire collection of active P/ADHFR mutants. The WR99210 K; val-
ues against these mutants ranged from 0.1 to 1.1 nM, with the
highest K; value of 4.6 nM against the A16S mutant.

Structure analysis of P/DHFR-TS from T9/94 strain. Four
crystal structures of the PADHFR-TS wild type (TM4, PYR/CYC
sensitive) and A16V+S108T (T9/94, PYR sensitive and CYC re-
sistant) in complex with PYR (TM4-PYR [PDB 3QGT] and T9/
94-PYR) and CYC (TM4-CYC and T9/94-CYC) were studied in
order to understand the basis of A16V+S108T resistance to CYC.
Superimposition of TM4-CYC to TM4-PYR (Fig. 1A) showed
similar overall structures, with only a slight shift of CYC, as indi-
cated by movement of the p-Cl group of CYC 0.8 A away from that
of PYR in TM4-PYR. The fact that TM4 is sensitive to CYC (K;
value of 1.6 nM, Table 4) suggests that the slight shift does not
affect the binding affinity of CYC in the TM4 variant. Similarly,
the superposition of T9/94-PYR to TM4-PYR (Fig. 1B) also re-
vealed an unchanged overall structure of the DHFR enzyme active
site and only a minor displacement of PYR due to a slight clash of
the y-CHj; group of T108 of T9/94 with the p-Cl group of PYR.
This is seen from a shift of the p-Cl group of PYR in T9/94-PYR by
0.8 A and a slight twist of the phenyl ring of PYR in T9/94-PYR by
6.8° (the torsion angle of the two rings of PYR changed from
111.1° to 104.3° in TM4-PYR and T9/94-PYR, respectively). The
displacement of PYR in the T9/94 binding pocket is an adjust-
ment, which does not have any significant effect on the PYR bind-
ing affinity, since the T9/94 remains sensitive to PYR (K; value =
0.6 nM for both, Table 4).

In contrast, in the structure of T9/94-CYC superposed on
TM4-CYC (Fig. 1C), a slightly outward shift of the backbone of
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the T9/94 around V16 and T108 to expand the active site chamber
was observed, presumably due to restricted space. Furthermore,
the B-branched side chains of S108T and A16V in T9/94-CYC
cause steric conflict to the p-Cl group and one of the 2,2-dimethyl
groups of CYC, respectively, and hence the displacement of CYC
molecule in T9/94-CYC, as evidenced from a 1.3-A shift of the
p-Cl group and a 0.8-A shift of 2,2-dimethyl groups compared to
CYC in the TM4-CYC structure. The p-CI phenyl ring of CYC is
twisted by 10.6° (the torsion angles of the two rings of CYC
changed from 108.9° to 98.3° in TM4-CYC and T9/94-CYC, re-
spectively). Superposition of T9/94-CYC to T9/94-PYR (Fig. 1D)
clearly confirms that the steric conflict is much more pronounced
on CYC than on PYR, as shown by the movement of the side chain
0f V16 of the T9/94-CYC by 0.4 A compared to that of T9/94-PYR.
The conflict also resulted in a shift of the p-Cl group of CYC by 1.6
A compared to T9/94-PYR. This would explain the very high K;
value of T9/94-CYC (K; value = 1,518 nM, Table 4). The higher
degree of displacement of CYC in T9/94-CYC, compared to PYR
in T9/94-PYR, suggested a less favorable binding interaction with
the enzyme, thus causing CYC resistance in the T9/94 strain.

Taken altogether, these results indicated that the steric hin-
drance caused by A16V and S108T in the active site of T9/94-CYC
aggravate the binding of CYC, but not PYR. This is reflected by the
poor binding affinity of CYC to A16V+S108T, which results in
resistance of T9/94 parasite to CYC, but not to PYR.

DISCUSSION

It has been well established that mutations of PADHFR are respon-
sible for antifolate resistance in P. falciparum. PADHFR mutants in
the SIO8N series are resistant to both CYC and PYR, while
A16V+S108T, the only member of the S108T series, confers re-
sistance to CYC only. In this report, we confirm that the mutation
of residue A16 to V16 in the presence of S108T is indeed the
outcome of a compromise between its catalytic activity and CYC
resistance.

In combination with or without S108T/N mutation, only 12
mutants of A16X enzymes were catalytically active, as revealed by
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FIG 1 Comparison of cocrystal structures of PADHFR domains with CYC and PYR. (A) Superposition of the wild-type P/ADHFR in complex with PYR
(TM4-PYR, light green, PDB 3QGT) and CYC (TM4-CYC, cyan, PDB 3UMS) shows no significant difference in overall structure and ligands binding in the
active-site pocket. (B) The PYR complex of mutant A16V+S108T Pf/DHER (T9/94-PYR, pink, PDB id: 3UM5) was superimposed on that of TM4-PYR (light
green). The p-Cl group of PYR (green sphere) in TM4 has only a minor steric conflict with the y-CH, group of T108 of T9/94 (pink sphere). Hence, PYR in T9/94
is slightly shifted (0.8 A), and its ring twisting was observed. (C) T9/94-CYC (light orange, PDB 3UM6) was superimposed on TM4-CYC (cyan). A slight shift of
enzyme backbone and CYC displacement/ring twisting were observed due to steric clashes at the p-Cl group of CYC with the y-CH; group of T108 of T9/94 and
one of the two methyl groups of CYC with the y-CH; group of V16 of T9/94, as indicated by spheres. (D) Superposition of T9/94-PYR (pink) and T9/94-CYC
(light orange) shows displacement and ring twisting of CYC compared to PYR. The side chains of residues within 3.5 A around the ligands are shown and labeled.

Oxygen, nitrogen, sulfur, and chlorine atoms are colored red, blue, yellow, and green, respectively.

a bacterial complementation assay in the presence of tri-
methoprim to inhibit host DHFR (Table 2). These A16X active
mutants were confined to those amino acids with small aliphatic
side chains, likely due to restriction in space around the substrate
binding area for this residue. However, residues with either
charged (D and E) or y/8-polar side chains (Q and N) also cannot
replace A at position 16, indicating that factors other than space
around this area are also important.

Among the A16X mutants, A16C and A16C+S108T mutants
exhibited the highest catalytic efficiency (k_/K,,) and enzyme
turnover rate (k_,,). These mutants have not been found in nature,
probably due to the fact that the A16C mutation requires changes
of all three codon nucleotides (from GCA to UGU/C). Unlike
A16C mutants, the A16S and A16G mutants have been found in
nature. Despite poor catalytic properties and high PYR sensitivity
of the A16G mutant, P. falciparum harboring A16G mutant, Santa
Lucia strain, was isolated from El Salvador and adapted in mon-
keys for vaccine development (5, 6). The A16S mutant, on the
contrary, showed resistance to all of the antifolates tested, includ-
ing PYR. Parasites harboring the A16S mutant could survive un-
der low PYR pressure in vitro (22). In addition, the A165S+C59R
mutant parasite has also been identified in Pakistan under Fansi-
dar (PYR-sulfadoxine) pressure without any mutation in the di-
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hydropteroate synthase gene (25). Based on the PfDHFR-TS
structure, C59R appears to play a rescuing role on enzyme activity,
enhancing substrate binding through ionic attraction with the
glutamate moiety (28). The identification of A16S+C59R thus
confirms the PYR-resistant phenotype of A16S and supports our
finding of antifolate resistance (CYC and PYR) of this mutant. The
A16S+S108T double mutant has better kinetic properties and is
more CYC resistant than the A16S single mutant. However, this
double mutant is more sensitive to PYR than the A16S mutant
(Table 4), explaining why it was not found in the nature under
PYR or Fansidar pressure. In the background of S108N mutation,
none of the five A16X mutants with small amino acid side chains
(G, G, S, T, and V) could give rise to active DHFR enzyme. This
finding is in line with previous observations, where further muta-
tions of A16V+S108N vyielded protein with no DHFR activity
(18). These findings suggest that the areas around A16 and S108 in
the active- site cleft are crucial for substrate binding. In short,
mutation is limited by the ability of the substrate to bind with the
enzyme leading to catalytic activity. Although S108N mutation
alone confers only a low level of CYC and PYR resistance and no
further mutation at A16X is possible, the parasite adopts addi-
tional mutations at other residues in the active site such as residues
51, 59, and 164 instead. This narrow evolutionary path of muta-
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tion is determined by the fitness of antifolate-resistant variants (7,
12, 18), which explains why these mutations are commonly found
in the field (26).

Compounds C17 and C88 (15, 27) were used to investigate
the implications of steric clash from both A16X and S108T/N
series. C17, a CYC derivative with one methyl group removed,
is expected to avoid the hindrance at position 16. However,
except for the naturally occurring A16V+S108T mutant, the K
values of C17 for most of the selected active mutants are higher
than those of CYC, which is probably complicated by the na-
ture of the amino acid at position 16. The polar amino acids at
position 16 affect not only the space available for DHF or in-
hibitor binding but also likely interact with the nicotinamide
moiety of NADPH, as revealed by lower NADPH K,, values
(Table 3). Presumably, interaction of A16C/S/T with the amino
group of the nicotinamide ring shifts the ring toward the DHF
or inhibitor site, resulting in decreased affinity for C17 as the
site is in part restricted by NADPH. In comparison to C17, C88
with m-Cl in place of p-Cl has little constraint at position 108,
and the K; values are reduced dramatically in the S108T/N
series. C248, which is a desmethyl CYC derivative with an m-Cl
group, shows K; values similar to those of C88 for the A16X and
most of A16X+S108T mutants, indicating that the inhibitor is
more susceptible to the clash at position 108 than at position
16. However, the A16V+S108T mutant is more sensitive to
C248 and C17, suggesting that relaxed binding occurs at posi-
tion 16 irrespective of whether an m- or p-Cl substituent is
present in the vicinity of position 108.

The crystal structure of PADHFR-TS T9/94 (A16V+S108T) in
complex with CYC (T9/94-CYC) confirms that CYC resistance of
T9/94 is due to steric conflict of the B-methyl group of A16V and
one of 2,2-dimethyl groups of CYC, together with the S108T and
p-Clgroup of CYC (Fig. 1B). For the S1I08N mutant, there is space
restriction imposed on both PYR and CYC due to the amino
group of S108N, which could clash with the p-Cl groups of both
compounds. However, the displacement of PYR from the
conflict with SIO8N is less because the side chain of S108N
twists, with a push on NADPH, as observed in the structures of
PYR complex of PfDHFR-TS mutants (C59R+S108N and
N511+C59R+S108N+1164L) and S58R+S117N PvDHEFR (10,
23, 28). In comparison, the side chain of T108 retains its con-
formation in complexing with PYR or CYC (Fig. 1A), suggest-
ing space restriction. These mutants, e.g., S108N and
A16V+S5108T, bind reasonably well with DHF in optimal con-
straint from both positions as revealed from K,,, and K; (Tables
3 and 4), whereas A16V+S108N, an inactive mutant, may pose
steric clash dramatically with DHF. Hence, it can be concluded
that S108T has a more direct effect on the p-Cl group of CYC
than that of PYR, whereas S1I08N affects the binding of both
inhibitors. The double mutation A16V+S108T further reduces
active-site space available for CYC, with little effect on PYR,
which has no steric conflict around the A16V site. On the other
hand, WR99210 binds comfortably with the A16 mutant series
mainly due to its flexibility, as reflected by the K; values (Table
4). The steric clash of a 2-methyl group of CYC with A16V side
chain in T9/94-CYC supports our previous hypothesis based
on molecular modeling and inhibitors testing (15, 27) and
gives a more exact explanation of the difference in sensitivity to
CYC and PYR.

Inarecent modeling study (13), it was predicted that the S108T
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mutant has increased stability by van der Waals interactions with
neighboring residues and greater affinity for NADPH than does
the S108N mutant. This prediction is generally supported by
our X-ray structural data. Our report further explains why
A16V+S108T is the sole member of the S108T series identified
from CYC-resistant parasites since 1977 (6, 24). The blind alley for
this series is due to its susceptibility to PYR and limitation of
further mutation imposed by necessity for residual enzyme activ-
ity. The limitation of DHFR mutations described here offers hope
for drug development against resistant parasites, highlighting the
potential of focusing on the parts of the target where resistant
mutation is constrained by its biological activity, which is essential
for the survival of the parasite.
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