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ABSTRACT. Plasmodium falciparunthymidylate synthasedihydrofolate reductase (TS-DHFR) is an
essential enzyme in nucleotide biosynthesis and a validated molecular drug target in malaria. Because
falciparumTS and DHFR are highly homologous to their human counterparts, existing active-site antifolate
drugs can have dose-limiting toxicities. In humans, TS and DHFR are two separate protefhs. In
falciparum however, TS-DHFR is bifunctional, with both TS and DHFR active sites on a single polypeptide
chain of the enzyme. Consequent®,falciparumTS-DHFR contains unique distant or nonactive regions
that might modulate catalysis: (1) an N-terminal tail and (2) a linker region tethering DHFR to TS, and
encoding a crossover helix that forms critical electrostatic interactions with the DHFR active site. The
role of these nonactive sites in the bifunctioRalfalciparumTS-DHFR is unknown. We report the first
in-depth, pre-steady-state kinetic characterization of the full-length, wild-type ®VTalciparumTS-

DHFR enzyme and probe the role of distant, nonactive regions through mutational analysis. We show
that the overall rate-limiting step in the WH. falciparumTS-DHFR enzyme is TS catalysis. We further
show that if TS is in an activated (liganded) conformation, the DHFR rate is 2-fold activated, from 60 s

to 130 st in the WT enzyme. The TS rate is also reciprocally activated-tiys-fold if DHFR is in an
activated, ligand-bound conformation. Mutations to the linker region affect neither catalytic rate nor
domain-domain communication. Deletion of the N-terminal tail, although in a location remote from the
active site, decreases the DHFR single rate and the bifunctional TS-DHFR rate by a factor of 2. The
2-fold activation of the DHFR rate by TS ligands remains intact, although even the activated N-terminal
mutant has just half the DHFR activity of the WT enzyme. However, the reciprocal communication between
TS active site and DHFR ligands is impaired in N-terminal mutants. Surprisingly, deletion of the analogous
N-terminal tail inLeishmania majoif S-DHFR causes a 3-folenhancemerdf the DHFR rate from~14

s1to ~40 s L. In summary, our results demonstrate a complex interplay of denaimain communication

and nonactive-site modulation of catalysisHnfalciparumTS-DHFR. Furthermore, each parasitic TS-
DHFR is activated by unique mechanisms, modulated by their nonactive site regions. Finally, our studies
suggest the N-terminal tail d®. falciparumTS-DHFR is a highly selective, novel target for potential
antifolate development in malaria.

Malaria is a parasitic disease that kills over 3000 people Thymidylate synthasedihydrofolate reductase (TS-
per day and infects some 300 million people per year. The DHFR) is a critical metabolic enzyme and validated drug
causative agents of malaria @éasmodiunmspp. parasites,  target inP. falciparum(2). As illustrated in Figure la, TS
bred in warm stagnant waters and spread in humans by thecatalyzes the conversion of methylenetetrahydrofolatetizH
bite of the Anophelesmosquito. While many species of folate) to dihydrofolate (kfolate) while methylating 2
Plasmodiumare endemic to different regions, it asmo- deoxyuridine monophosphate (dUMP) tet2ymidine mono-
dium falciparumthat accounts for over 90% of malaria- phosphate (ATMPR). DHFR subsequently convertsfdlate
related deaths. Despite advances in health care, mortalityto Hsfolate while oxidizing NADPH to NADP. Both Hy-
from malaria has increased by nearly 25% over the pastand Hfolate are important metabolites in the nucleotide
decade in sub-Saharan Africa, due in large part to an increaseiosynthesis pathway; consequently, active-site inhibitors of
in drug-resistant parasites. High-dose therapy is often limited

by the toxicity of the antimalarial drugd), New, targeted 1 Abbreviations: TS-DHFR, thymidylate synthasdihydrofolate

therapies are urgently needed. reductase (this is a functional designation, as dihydrofolate is produced
at TS and utilized at DHFR; this enzyme is also commonly referred to
TThis work was supported in part by NIH Grant Al 44630 (to as DHFR-TS in the literature because the DHFR domain is N-terminal
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crossover helix irP. falciparumTS-DHFR (residues 283
295) has numerous acidic residues (residues—289 are
either Asp or Glu, followed by F290, V291, Y292, F293,
N294, and F295), which form electrostatic interactions with
the many positively charged residues (primarily Lys) in the
backside of the DHFR active site (shown in Figure 2b).
Mutational disruption of the electrostatic interactions of the
crossover helix irC. hominisTS-DHFR diminishes DHFR
catalytic rates by 10-fold if the entire crossover helix is
substituted with alanines or by 3-fold with alanine substitu-
tion of only the face of the helix that forms interactions with
the DHFR active site 1(1). However, the kinetic conse-

¢ quences of disrupting the electrostatic interactions crossover

bifunctional parasitic TS-DHFR enzymes. (a) TS catalyzes the helix in P. falciparumTS-DHFR have not yet been studied.

conversion of CHHfolate and dUMP to dTMP and ffblate. H-
Folate is converted to Mfblate at the DHFR active site while an
NADPH is oxidized to NADP. (b) Diagrammatic representation
of organism-specific differences in nonactive-site regions of TS-
DHFR. The N-terminal tail (yellow) of the DHFR active site (blue)

The interactions between the crossover helix face and the
DHFR active site that can potentially be disrupted by
mutagenesis are shown in Figure 2b.

The N-terminal tail comprises the first few amino acids

can be of variable length or completely absent. This is also true of preceding the DHFR domains in certain TS-DHFRs.

the linker or junctional region (green), which links the DHFR and
TS (red) active sites.

P. falciparumDHFR (e.g., pyrimethamine, cycloguanil) have
been used successfully in antifolate therapy in mald&ja (
TS-DHFR is a bifunctional enzyme. Most higher eukary-

falciparum TS-DHFR ha a 6 aalong N-terminal tail,
oriented away from the DHFR, in a position remote from
the active site9) (Figure 2a,c). The N-terminal tail is absent
in C. hominisTS-DHFR; inL. major, it is 22 aa long and is
of unknown function (Figure 1b). Thie. major N-terminal
tail has no homology to its counterpartfh falciparum it

otes, including humans and prokaryotes, express TS andwraps around the surface of the bifunctional enzyme, making
DHFR as two discrete enzymes. However, several humanextensive direct contacts with the TS domal)( Studies

parasites liké®. falciparumencode TS and DHFR on a single
polypeptide chain, with DHFR N-terminal to TR+4).

done on the monofunction®. falciparumDHFR and TS
enzymes suggest that deletions of the N-terminal region

Previous studies have highlighted novel characteristics of decrease activity of DHFR and coexpressed I (L3).

these bifunctional enzymes, with significant variation in
different parasites5—7). One such interesting property is
domain-domain communication: if the TS active site is
liganded in thelLeishmania majorTS-DHFR, a 10-fold
activation of the DHFR rate result®)( Conformational

However, the role of the N-terminal tail in modulating
catalysis in the full-length, bifunctional TS-DHFR enzyme
has not yet been studied.

To investigate the kinetics of the WH. falciparumTS-
DHFR and the role of its nonactive-site regions, we used

changes in TS and DHFR are thought to modulate this pre-steady-state kinetic analysis. Transient kinetic methodol-

domain-domain communicatiord. Notably, this activation
is absent in theCryptosporidium homini€nzyme §) and
has not previously been exploredRnfalciparumTS-DHFR.

Because TS and DHFR are evolutionarily well-conserved,

ogy allows one to follow chemical catalysis individually at
both TS and DHFR active sites, to investigate chemical rates
of all three reactions (TS, DHFR, and TS-DHFR) individu-
ally, to monitor intermediates as they shift from one active

there is high homology with the corresponding enzymes from site to another, and to investigate the importance of com-
other eukaryotes (including humans). However, flanking the munication between these active sites.

TS and DHFR active sites in parasitic TS-DHFRs are distinct,

distant structural or “nonactive-site” regions, which have no
homology between organism-10). Our work thus focuses
on two such nonactive-site regions i falciparumTS-
DHFR: the crossover helix of the linker region and the
N-terminal tail (Figure 1b).

The linker, a long region connecting TS and DHFR, is 89
and 52 amino acids (aa) in. falciparumand C. hominis
respectively. Thé.. major TS-DHFR has no linker (Figure

Ouir first objective was a detailed transient kinetic analysis
of the wild-type (WT)P. falciparum TS-DHFR enzyme.
Specifically, using rapid chemical quench and stopped-flow
fluorescence, we asked whether communication occurs
between the TS and DHFR domains of the enzyme. Our
second objective was to determine whether the electrostatic
interactions of the crossover helix play an important role in
catalysis and communication iA. falciparumTS-DHFR.

The face of the crossover helix that interacts with the DHFR

1b). Although there is no sequence homology between theactive site is comprised of five residues; we substituted only

linkers of P. falciparumandC. hominis both encode a 15-

these five residues with alanines to form the Ala-FACE helix

aa crossover helix, one face of which forms electrostatic mutant, or we replaced the entire crossover helix with

interactions with the backside of the DHFR active s&e- (
10). The crossover helices i@. hominisandP. falciparum
TS-DHFR vary in their amino acid compositions and
interactions. InC. hominis the face of the crossover is
composed of hydrophilic and hydrophobic residues (like
S195, D198, L202, 1206, and R210), which interact with

several important residues in the DHFR backbone (like Y132,

alanines to form the all-Ala helix mutant &f. falciparum
TS-DHFR. Finally, our third objective was to understand
the effects of an N-terminal tail mutation on the pre-steady-
state kinetics of the bifunctional, full-lengf. falciparum
TS-DHFR enzyme. The results of deleting residue$ f
N-terminal tail inP. falciparum(mutant D4) were compared
to those of an analogous deletion of residue2 of the

N42, F35, F172, and E31). However, remarkably, the N-terminal tail inL. major (mutant N22). We used the same
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Ficure 2: Nonactive-site regions oP. falciparum TS-DHFR enzymes, highlighting the interactions disrupted in the Ala-FACE
and D4 mutants. (a) The. falciparum TS-DHFR structure (PDB entry 1J3l) is colored with DHFR domains in blue and TS in
red, with the linker region highlighted in green and the N-terminal tail in yellow. (b) Interactions between the crossover helix (green)
and the backside DHFR active site (burgundy) disrupted by the Ala-FACE mutant. The residues shown are Asp 284, Glu 285,
Asp 288, Asp 289, and Tyr 292 in the crossover helix and Lys 69, Lys 72, Tyr 158, Lys 160, Lys 180, Lys 181, and Tyr 183 in the
DHFR backbone. Substrates WR99210 and NADPH are shown in navy blue to mark the active site. For clarity, only a single
DHFR monomer and its adjacent TS domain are shown, and also the residues Asn 231 to Asp 222 and Lys 227 are not shown. (c) Inter-
actions of the residues of the N-terminal tail (shown in yellow) with insert Il (shown in orange) and withBh$E loop (shown in

purple). The residues highlighted are Glu 3 and Val 5 in the N-terminal tail, Tyr 90 in insert Il, and lle 50 mEhBE loop.

The substrates WR9921@3) and NADPH are shown in navy blue to mark the active site. Only a single DHFR domain is shown for
clarity.

nomenclature for th®. falciparumN-terminal mutants as  development of more targeted and less toxic therapies for
described previously in the literatur&2). this deadly disease.

This is the first systematic, transient kinetic characteriza-
tion of the WTP. falciparum TS-DHFR enzyme and of the MATERIALS AND METHODS
nonactive-site regions of any bifunctional parasitic TS- Reagents, Chemicals, and Bacterial Straige used
DHFR. We demonstrate that elegant communication exists reagents of the highest available commercial grade. Millipore
between the TS and DHFR active sitesoffalciparumTS-  ultrapure water was used in the preparation of all solutions.
DHFR. Also, we show that mutations of the linker crossover B-Nicotinamine adenine dinucleotidé-ghosphate (NAD-
helix do not disrupt the catalytic rates in this enzyme. A 4 PH), 2-deoxyuridine 5monophosphate disodium salt (dUMP),
aa deletion of the N-terminal tail, however, affects the 5-fluoro-2-deoxyuridine 5monophosphate sodium salt
chemical rates of the TS, DHFR, and TS-DHFR reactions (FdUMP), sodium hydrosulfite, chloramphenicol, and meth-
in P. falciparumTS-DHFR. Surprisingly, analogous muta- otrexate agarose were purchased from Sigildrich (St
tions in theL. major N-terminal tail increase the DHFR  Louis, MO). 1,4-Dithitothreitol, isopropyp-p-thiogalacto-
chemical rate of the enzyme, suggesting differential regula- pyranoside (IPTG) and ampicillinofo-aminobenzylpeni-
tion between bifunctional TS-DHFRs from different organ- cillin) were purchased from American Bioanalytical. Luria
isms. Our studies of the. falciparumTS-DHFR enzyme  broth (LB) and Terrific broth (TB) were obtained from
highlight the unique regulation of the kinetic mechanisms Invitrogen (Carlsbad, Ca) and VWR International (West
of bifunctional parasitic TS-DHFR enzymes, especially since Chester, PA), respectively.
P. falciparumencodes both an N-terminal tail and a linker ~ The tritiated Hfolate was prepared also by reducing
with crossover helix. Since TS-DHFR is also a validated drug commercially available [&',7,9°H]folic acid (Moravek
target, understanding the role of these distinct structural Biochemicals, Brea, CA) with sodium hydrosulfite and
regions may also aid in rational drug design for the purified by use of a triethylammonium bicarbonate (TEAB)
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gradient on DE-52 resinl@, 15). CH,Hfolate (methylene-  assayed by incubating the enzyme with £kfolate, NAD-
tetrahydrofolate) was prepared first by enzymatic conversion PH, and dUMP, and following the increase in absorbance at
of Hyfolate to (R,9-5,6,7,8-tetrahydrofolate and then by a 340 nm with the production of dTMP and H4-folate. An
condensation reaction in the presence of formaldehyde.extinction coefficient of~6.4 mM™ cm™* was used for the
Radiolabeled CkHfolate was prepared from tritiated,H TS reaction 7).

folate, with the synthesis otherwise identical to that of the Rapid Chemical Quench Experimentge performed rapid
unlabeled CI2H4IfQIate. Both unlabeled and tri.tiated GHy- chemical quench experiments on a Kintek RFQ-3 rapid
folate were purified by use of a TEAB gradient on DE-52 chemical quench apparatus (Kintek Instruments, Austin, TX)
resin (Whatman) ¥4, 15). The purity of the radiolabeled  to enable us to study enzymatic experiments on a millisecond
substrates was confirmed by HPLC analysis (see below).time scale. All reactions were performed at 26. The
Calcium-competentEscherichia colistrain BL21 (DE3)  reactions involved mixing 1%L of enzyme solution with
pLysS was purchased from Invitrogen (Carlsbad, CA). 15uL of substrate solution. The substrates were tritiated (as
Enzyme Mutagenesis, Expression, and Purificatitime described above), which enabled subsequent high-perfor-
plasmid expressing the TM4/8.2 strain of wild-tyfe mance liquid chromatographic (HPLC) analysis to follow
falciparumTS-DHFR is a generous gift from Drs. Penchit  the reaction substrates and products (see below for details).
Chitnumsub and Yongyuth Yuthavong (BIOTEC, National The enzyme solution consisted of a mixture of enzyme,
Science and Technology Development Agency, Thailand) nonlimiting substrate, and-2reaction buffer (50 mM MgG|
(16). Using the QuikChange site-directed mutagenesis Kit 1 mm EDTA, and 50 mM Tris-HCI, pH 7.8). The substrate
(Stratagene, La Jolla, CA), we mutated falciparumTS- solution consisted of approximately 20 000 dpm of the

DHFR residues 283295 to Ala to create an all-alanine . e :
. . appropriate tritiated substrate. The DHFR single-turnover
crossover helix, and we mutated residues 284, 285, 288, 289experiment consisted of mixing an enzyme solution of

and 292 to Ala to make the Ala-FACE crossover helix. We enzyme, NADPH, and 2 reaction buffer with a substrate

also deleted residues-5 to make the N-terminal tail mutant solution of tritiated Hfolate. The TS single-turnover experi-
D4 and residues26 to make the mutant D5. Primers were . ol 9 . P
ment consisted of mixing an enzyme solution of enzyme,

synthesized and gel-purified by the Yale Keck Facility . . .

: . . - .dUMP, and % reaction buffer with a substrate solution of
according to protocols available online. The mutated plasmids == ° ) . .

ng 10 p Vel ! . P I tritiated CHHjfolate. Finally, the TS-DHFR bifunctional

were amplified in calcium-competent DHEEScherichia coli ; . . L
cells and then purified by use of the Qiaprep spin miniprep single-turnover experiment consisted of mixing an enzyme
kit (Qiagen, Valencia, CA). Plasmids were sequenced by the Selution of enzyme, dUMP, NADPH and<2reaction buffer
Yale Keck Facility (New Haven, CT) to confirm the with a substrate solution of tritiated GHsfolate. All
mutagenesis and were stored-20 °C. Concentration of ~ reactions were quenched by addition of &7 of 0.78 M
DNA was determined spectrophotometrically by absorbance KOH solution. In each reaction, the final concentration of
at 260 nm. The plasmid expressing the TS-DHFR enzyme reaction buffer was . All concentrations for enzyme and
from L. major was the generous gift of C.-C. Kan and D. substrate listed in the text are final concentrations after
Matthews (Agouron Pharmaceuticals, La Jolla, CA). Its mixing.

N-terminal residues-222 were deleted by use of QgikChange High-Performance Liquid Chromatographic Analysitie
(Stratagene, La Jolla, CA) to create the N-terminal mutant yitiated reaction products from the rapid chemical quench
N22. The plasmid was cloned into & pET11b for expression yoactions were analyzed by HPLC with radioactivity and
in E. coll BL21.c':eIIs. All p]asm|ds were s'equenced by the ultraviolet flow detectors. A BDS-Hypersil C18 reverse-
Yale Keck Facility to confirm mutagenesis. phase column (25& 4.6 mn?, Keystone Scientific, Belle-
The P. falciparum WT TS-DHFR was expressed and  ¢nte  pA) was used for separation. We used a solvent
purified as previously describedl). The protocol for —— qqiqting of 100 methanol in 180 mM triethylammonium
%xprgss;on ﬁf AIa-F{?\dCE and ?".'Ala helix mutantshwas bicarbonate (pH 7.8), in isocratic separation mode at a flow
identical to that for wild-type?. falciparumTS-DHFR. The rate of 1 mL/min, for optimal separation of our substrates

protocols for expression and purification of the D4 and D5 o "
) : ; : and products. Under these conditions, tritiatetbldte eluted
N-terminal mutants were also identical to that for the WT at 7 min, tritiated Holate at 14 min. and tritiated GiHa-

enzyme, except that 350 mM KCI (insteaidloM KCI) was .
used to wash the unbound enzyme off the methotrexatelate at 15 min.
affinity resin. The active-site concentrations of WT and  Stopped-Flow ExperimentsVe used a Kintek SF-2001
mutant enzymes were equivalent, as determined by pre-stopped-flow apparatus (Kintek Instruments, Austin, TX) to
steady-state burst amplitudes of their DHFR reactions (seeprobe communication between the TS and DHFR domains.

below). The methods for expression and purificatiorLof  Reactions were performed under burst conditions, in which
major TS-DHFR WT and N23 deletion mutant were as gsypstrate concentration is in slight excess over enzyme

described previously). _ . concentration. For the DHFR reaction, the enzyme solution,
Assessment of Enzyme Concentration and#ctEnzyme  consisting of enzyme, NADPHECH,H.folate, +FdUMP,
;:ollnce_ntratlé) n vt\)/as dete;rgéned sTphectrophot_ometrlc{?Ily BY and 2« reaction buffer, was mixed with the substrate solution
ollowing absorbance at 280 nm. The extinction coefficient ’ . :
: - : 1 vl of Hjfolate. For the TS reaction, the enzyme solution,
for P. fajciparumTS-DHFR is 83 740 M" cm* and forL. consisting of enzyme and dUMPNADPH, was mixed with

major TS-DHFR is 69 955 M! cm™. DHFR steady-state ) .
activity was assessed by reacting enzyme wifoldte and the substrate solution of GHsfolate. For the DHFR reaction,

NADPH and following absorbance at 340 nm, which We excited the reaction at 287 nm and followed the

decreases as NADPH is depleted to form NADRAn fluorescent resonance energy transfer (FRET) at 450 nm. For
extinction coefficient of—12.8 mM* cm! was used for  the TS reaction, we excited the reaction at 287 nm and
the DHFR reaction. TS-DHFR steady-state activity was followed the fluorescent emission at 340 nm.
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RESULTS

Expression of P. falciparum WT and Mutant TS-DHFR
EnzymesWe were able to produce 0.28 mg of WT enzyme,
0.29 mg of Ala-FACE enzyme, and 0.14 mg of D4 pure
protein per liter ofE. coli culture. The DHFR steady-state
rates for the WT, Ala-FACE, and D4 enzymes were 16.7
0.164 s?, 17.6 + 0.258 s?, and 0.496+ 0.00421 s?,
respectively. The bifunctional TS-DHFR steady-state rates
for the WT, Ala-FACE, and D4 enzymes were 1¥70.0795
s%, 1.875+ 0.0693 s?, and 2.53+ (0.537 x 1072 s,
respectively. We also mutated tRe falciparumTS-DHFR
plasmid to encode an all-Ala crossover helix. The full-length,
all-Ala enzyme consistently copurified with a 39 kDa band,
which was confirmed by mass spectrometry to be a fragment
of P. falciparumTS-DHFR (and not ak. coli TS or DHFR
enzyme). Despite the use of high concentrations of protease
inhibitors and expedited protein purification, degradation of
the all-Ala mutant into this 39 kDa fragment could not be
prevented. Under these conditions, only 0.01 mg of pure all-
Ala helix mutant could be expressed per liter Bf coli
culture. When we tried to express a mutant with the crossover
helix completely deleted, the protein was consistently
degraded intracellularly. The interactions disrupted by the
Ala-FACE and N-terminal deletion mutants are highlighted
in Figure 2b,c.

We also tried to express the D5 mutant of the N-terminal
tail in which residues 26 of P. falciparumWT TS-DHFR
were deleted. Protein expression was too low to allow a
detailed kinetic characterization of the protein; however, the
expressed enzyme reproducibly showed DHFR activity by
spectrophotometric analysis.

Single-Turneer Experiments for DHFR Reaction for
P. falciparum TS-DHFRTo examine the DHFR activity
for WT and for Ala-FACE, and D4 mutants, single enzyme
turnover experiments were conducted by a rapid chem-
ical quench approach. The formation of tritiatedfdtate
was monitored over time by HPLC analysis of the re-
action products. We preincubated 891 of the appropriate
enzyme and a saturating concentration of NADPH (500
uM) and then added 6.6M tritiated Hfolate. All reactions
were carried out to completion but only the earlier time
points are shown here for clarity (Figure 3a). The data
were fit to a single-exponential equation, and the rate
constants for WT and the Ala-FACE mutant were similar
at 80+ 5.2 st and 64+ 4.4 s, respectively. The rate
constant for the D4 mutant was2-fold slower than WT at
38+ 2451

Single-Turneer Experiments for the TS Reaction for P.
falciparum TS-DHFRTo examine the TS activity for WT
and for Ala-FACE and D4 mutants, single enzyme turnover
experiments were conducted, again by a rapid chemical
quench approach. The formation of tritiatedfélate was
followed over time by HPLC analysis of the reaction
products. In these experiments, 8M of the appropriate
enzyme was preincubated with a saturating concentration of
dUMP (500 uM) and then mixed with 6.5«M tritiated
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Ficure 3: Single-turnover experiments for WT and for Ala-FACE
and D4 mutants oP. falciparumTS-DHFR show the N-terminal
tail mutant slows all three reactions: TS, DHFR, and TS-DHFR.
Data for WT enzyme (red circles), Ala-FACE mutant (blue squares),
and D4 N-terminal mutant (green diamondd) are plotted for each
reaction. The reactions were conducted in a rapid chemical quench
apparatus under single-turnover conditions at@5(a) The DHFR
experiment was conducted with 8M enzyme and 50QuM
NADPH mixed with 6.5 uM tritiated Hfolate. (b) The TS
experiment was conducted with 88 enzyme and 50aM dUMP
mixed with 6.54M tritiated CHHfolate. (c) The bifunctional TS-
DHFR experiment was conducted with @8 enzyme, 50(uM
NADPH, and 500uM dUMP mixed with 6.5 uM tritiated
CH;Hfolate. In all cases, the data were fit to a single-exponential
equation, and the rate constants from these are summarized in Table
1.

3 35 4

s 1, demonstrating that the TS activity of the enzyme for
the D4 is very similar to that of the WT enzyme. These
results are summarized in Table 1.

Single-Turneer Experiments for the Bifunctional Reaction
for P. falciparum TS-DHFRTo0 examine the TS-DHFR
bifunctional activity for WT and for Ala-FACE and D4
mutants, single enzyme turnover experiments were conducted
with a similar rapid chemical quench approach. In this case,
the formation of tritiated kfolate was monitored over time

CH;Hfolate. All reactions were carried out to completion by HPLC analysis of the reaction products. We preincubated
but only a subset of the data is shown here (Figure 3b). The80uM of the appropriate enzyme with a saturating concen-
data were fit to a single-exponential equation, and the ratetration of dUMP (50QuM) and NADPH (50QuM) and then
constants for WT and the Ala-FACE mutant were similar at added 6.5uM tritiated CHHsfolate. The reactions were
1.24 0.22 st and 1.44 0.28 s%, respectively. The rate  carried out to completion but only a subset of the data is
constant for the D4 N-terminal tail mutant was 0-84.083 shown here for clarity (Figure 3c). The data were fit to a
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Table 1: Summary of Single Turnover Results from Rapid 25 uM CH:Hjfolate. For the experiment in the presence of

Chemical Quench Experiments NADPH, the corresponding enzyme (%®) was preincu-
DHFR rate TS rate bifunctional bated with 10uM dUMP and 50Q«M NADPH, and then
constant constant TS-DHFR rate 25uM CH;Hfolate was added in the stopped-flow apparatus.
enzyme (s (s constant (3% The data were fit to a single-exponential burst equation. The
WT 80+ 5.2 1.24+0.22 1.2+ 0.085 TS rates, in the absence of DHFR ligand NADPH, for WT
Ala-FACE 64+ 4.4 1.44+0.28 1.440.091 and for Ala-FACE and D4 mutants were 9.940.203 s,
D4 38+2.4 0.844- 0.083 0.60+ 0.15 8.58 £ 0.249 s, and 10.1+ 0.507 s?, respectively.

aThe data were fit to a single-exponential equation, and the However, the TS rates in the presence of NADPH were 15.3

conditions used were as summarized in the legend for Figure 3. 4+ 0.428 st 13.2+ 0.324 s, and 10.3+ 0.541 s?i,
respectively. Thus, the DHFR ligand NADPH seems to

single-exponential equation, and the rate constants for WT activate the TS burst rate in WT and Ala-FACE enzymes
and the Ala-FACE mutant were similar at 420.085 s? but not in the D4 mutant.
and 1.44 0.091 s?, respectively. The rate constant for the L. major N22 DHFR Single-Turne@r and Pre-Steady-
D4 N-terminal tail mutant for this same reaction is only half State DHFR BurstWe also expressed the. major WT
that, at 0.60+ 0.15 s*. These results are summarized in bifunctional TS-DHFR enzyme and a mutation in which only
Figure 3c and Table 1. its N-terminal tail is deleted (N22). Though expression of

Pre-Steady-State Burst Experiments of the DHFR ReactionN22 was about 0.07 mg of pure protein/LBf coli culture,
for P. falciparum TS-DHFRNADPH bound to the DHFR  DHFR single-turnover and pre-steady-state burst experiments
active site produces a fluorescent resonant energy transfecould be performed. As described above, 48 L. major
(FRET) at 450 nm. As blolate is added, the NADPH bound  WT or N22 TS-DHFR was preincubated with 5Q0M
at the active site is oxidized to NADPproducing a decrease  NADPH, and then 5.5(M tritiated Hyfolate was added in
in fluorescence. Thus, stopped-flow fluorescence studies canthe rapid chemical quench apparatus. The production of
be used to follow consumption of NADPH at the DHFR tritiated Hjfolate was monitored over time by HPLC analysis.
active site on a millisecond time scale. The purpose of theseThe rate constant for DHFR is 402 4.60 s in the N22
particular studies was to confirm the rapid chemical quench mutant (Figure 5a), compared to the WT major DHFR
DHFR chemical rates determined by following the produc- catalytic rate of 14.5 1.37 s (data not shown). The DHFR
tion of Hifolate. In these reactions, the corresponding enzymerate constant for the WTL. major enzyme is similar to
(7.5uM) was preincubated with 500M NADPH, and then  previously published daté). However, the fast chemical
50 uM Hfolate was added in the stopped-flow apparatus. rate was unexpected in the N22 mutant. To confirm this fast
Excitation was at 287 nm and emission was at 450 nm. Therate, a pre-steady-state DHFR burst experiment of the N22
data were fit to a single-exponential burst equation (Figure enzyme was also performed by stopped-flow analysis, as
4 a), and the rate constants are reported in Table 2. Theoutlined above for thé. falciparumenzyme. We preincu-
chemical rates determined from the stopped-flow burst pated 7.5:M enzyme and 50@M NADPH and then added
experiments are very similar to those obtained by rapid 50,M H.folate. Excitation was at 287 nm and emission was
chemical quench single-turnover experiments. Importantly, at 450 nm, and the data were fit to a single exponential. The
these results also confirm that the D4 mutant has a DHFR DHFER burst rate constant for the N22 mutant was 4521
rate constant about half that of the WT and Ala-FACE 0.853 s (Figure 5b), which is in good agreement with our
€nzymes. single-turnover rate.

DHFR Actiation Reaction in the Presence of TS Ligands
FAUMP and CHHjFolate. We also monitored DHFR  DISCUSSION
activity in the presence of the two TS ligands, Etfolate o ) )
and FAUMP (a dead-end inhibitor of TS), for WT and mutant _ Kinetics of the Wild-Tpe P. falciparum TS-DHFR Enzyme.
P. falciparust_DHFRs_ The Corresponding enzyme (75 Th|S iS the ﬁrSt I’eport Of the Single-tumovel’ rate constants
uM) was preincubated with 50aM NADPH, 100 uM for the TS, DHFR, and bifunctional TS-DHFR reactions for
FAUMP, and 25:M CHH.folate, and then 5@M Hfolate ~ P- falciparumTS-DHFR. We have shown that, in WR.
was added in the stopped-flow apparatus. Excitation was atfalciparumTS-DHFR, the DHFR chemical rate (705 is
287 nm and emission was at 450 nm. The data were fit to aSignificantly faster than TS. TS is the rate-limiting step in
sing|e_exp0nentia| burst equation (Figure 4b) and sum- both the TS reaction and the bifunctional TS-DHFR reaction

marized in Table 2. In the presence of TS ligands, the With a chemical rate of-1 s™* (Table 1), an observation

chemical rate is almost doubled in all three enzym@&T, consistent with the known kinetic mechanisms for other
Ala-FACE, and D4-and the D4 rate remains about half that Parasitic TS-DHFRSY, 6).
of the WT enzyme. This is also the first report of domaidomain com-

Pre-Steady-State Burst Experiments of the TS Reaction inmunication inP. falciparumTS-DHFR. We show that if the
the Absence and Presence of the DHFR Ligand NADPH. TS active site is liganded in thie. falciparumTS-DHFR,
We also asked the reciprocal question of whether the TSthe DHFR chemical rate is nearly doublec@30 st (Table
rate is activated by the DHFR ligand NADPH. Using the 2). This communication between TS and DHFR active sites
stopped-flow apparatus, we followed the change in intrinsic is important for three reasons. First, the activationPof
fluorescence at the TS active site upon substrate binding andalciparum DHFR is analogous to the regulation of DHFR
conversion to product. Excitation was at 287 nm and activity in theL. major TS-DHFR enzyme but very different
emission was at 340 nm. We preincubated the correspondingirom that ofC. hominisandToxoplasma gondil S-DHFRs,
enzyme (7.5M) with 100 xM dUMP and mixed this with which are activated regardless of whether ligands are bound
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Ficure 4: DHFR rate inP. falciparumTS-DHFR is activated in the presence of TS ligands dUMP angHgfdlate. DHFR burst experiments
for WT and for Ala-FACE and D4 N-terminal mutants were conducted in the presence or absence of TS ligands. Using stopped-flow
fluorescence, we performed these experiments under burst conditions, with fluorescence excitation at 287 nm and the emission at 450 nm.

Column a shows data from DHFR burst experiments conducted

in the absence of TS ligands. The conditions were usediMere 7.5

enzyme and 500M NADPH, mixed with 50uM Hfolate. Column b shows data from DHFR burst experiments conducted in the presence
of TS ligands FAUMP, and Ciisfolate. The conditions were used were # enzyme, 500«M NADPH, 100uM FAUMP, and 25uM
CH,H4folate, mixed with 5QuM Hfolate. WT data points are shown in red, Ala-FACE data points in blue, and D4 data points in green.
In all cases, the data were fit to a single-exponential equation, and the rate constants from these are summarized in Table 2.

Table 2: Summary of DHFR Rate Constants from Stopped-Flow
FRET Experiments under Burst Conditiéns

+no TS +FdUMP

ligands +CH,H, folate
WT DHFR burst rate () 61.0+ 7.52 135+ 9.18
Ala-FACE DHFR burstrate (8) 68.0+8.14 161+ 7.09
D4 DHFR burst rate (3) 28.9+ 4.56 63.24+2.93

@ The data were fit to a single-exponential burst equation, and the
conditions used were as summarized in the legend for Figure 4.

occurs between TS and DHFR in the WT enzyme, as the
TS rate is activated in the presence of the DHFR ligand,
NADPH.

This communication between active sites is likely mediated
by conformational changes to the enzyme active site initiated
by ligand binding, a well-studied phenomenon in both the
E. coli TS and DHFR enzymed 8—22). In fact, when we
performed the DHFR reactions in the presence of only
FAUMP (without CHH,folate), the DHFR chemical rates
were not activated (data not shown). The published crystal

at the TS active site. Second, the rates of the activatedstructure ofP. falciparumTS-DHFR has a doubly liganded

P. falciparum and L. major DHFRs are about 130§
and 120 s! (6), respectively, while the rate constants
of DHFR from C. hominisandT. gondiiare about 1308
and 180 s!, respectively. This suggests that these
four parasitic TS-DHFR enzymes have similar in vitro DHFR
chemical rates but different methods of activation. And
third, since presumably the. falciparumTS-DHFR is in a
liganded state in the cell, this activated DHFR rate is

DHFR active site [bound with NADPH and WR99210, a
triazine DHFR inhibitor 23, 24)] but only a singly liganded

TS active site (bound with dUMP but no folate ligan8).(

It would be interesting to see if our kinetic data on activation
and communication are reflected in significant structural
differences in a TS-DHFR where the TS is doubly liganded.
If the DHFR active site is conformationally different in the
presence of a fully liganded TS, then these activation data

probably a more accurate representation of the chemicalcould have considerable implications for structure-based drug

rate. Our data also show that a reciprocal communication

design againsP. falciparumTS-DHFR.
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Ficure 5: DHFR reactions of thé. major N-terminal deletion
mutant N22 show that the N-terminal tail is autoinhibitory in the
L. major TS-DHFR enzyme. (a) Single-turnover, rapid chemical
guench experiments for N22 conducted with /48 enzyme and
500 uM NADPH mixed with 5.5uM tritiated Hfolate. The data

were fit to a single-exponential equation to provide a rate constant

of 40.2+ 4.6 s’1. In comparison, the DHFR single-turnover rate
for WT L. major TS-DHFR had a rate constant of 14t51.37 s1

(data not shown). (b) N22 mutant DHFR burst experiment,
performed in the stopped-flow apparatus, was conducted with 7.

uM enzyme and 50@M NADPH, mixed with 50uM Hfolate.
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of DHFR (as shown in Figure 2bP). The importance of
this helix, already suggested by its numerous interactions
with the DHFR domain, was compounded by unpublished
data from W. Sirawaraporn demonstrating that the shortest
region of a linker-TS construct that could interact with
DHFR started at residue 282, immediately N-terminal to the
crossover helix. InC. hominis,mutations of the crossover
helix have been shown to reduce DHFR activity)(

Thus, we designed three mutations of the crossover
helix: (1) deletion of the entire helixA-helix), (2) substitu-
tion of all residues of the helix with alanines (all-Ala), and
(3) substitution of only those residues on the face of the helix
that interact with the backside of the DHFR active site (Ala-
FACE). The A-helix and all-Ala mutations underwent
significant intracellular proteolysis and could not be ex-
pressed in sufficient quantity for detailed kinetic analysis.

The Ala-FACE enzyme had TS, DHFR, and TS-DHFR
chemical rates that were very similar to WT, under both
single-turnover and pre-steady-state burst conditions (Tables
1 and 2). Also, the Ala-FACE enzyme had a similar
activation of the DHFR chemical rate by TS ligands (Table
2) and of the TS rate by the DHFR ligand NADPH. Taken
together, these results suggest that the crossover helix perhaps
plays a role in stabilizing the interaction between TS and
DHFR in theP. falciparumbifunctional enzyme but does
not affect catalytic rate directly. Significant disruption of the
electrostatic interactions of the helix, or deletion of the helix,
might expose previously internalized regions of the enzyme
to cytosolic proteases. Since disruption of crossover helix
interactions inC. hominissignificantly decreases the DHFR
catalytic rate, similar results for th. falciparumenzyme
had initially been expected. However, h falciparum the
much higher prevalence of acidic residues in, and the larger
number of electrostatic interactions made by, the helix with
the DHFR backbone perhaps renders this crossover helix
more critical in maintaining structural integrity in this large
enzyme.

D4 N-Terminal Mutant of P. falciparum TS-DHFR En-
zyme.The N-terminal tail of theP, falciparum protein
comprises only residues-b, and yet two previous studies

5 have suggested it plays an important role in DHFR activity

and the interaction between TS and DHFR domali2s13).

The fluorescence excitation was at 287 nm and the emission wasShallom et al. 13) demonstrated that the integrity of the
at 450 nm. The data were fit to a single-exponential burst equation N-terminal region ofP. falciparumDHFR is essential for

to provide a rate constant of 45.210.853 s. (c) TheL. major
TS-DHFR structure is colored with DHFR domains in blue, TS in
red, and the N-terminal tail in yellow; the N-terminal tail wraps

TS to be active. Wattanarangsan et &R)(made sequential
deletions of the N-terminal region of the DHFR domain and

around and makes extensive contacts with the TS domain. Thefound that the number of amino acids deleted from the
substrates methotrexate, NADPH, FdUMP, and 10-propargyl-5,8- N-terminal tail corresponded with decreasing DHFR activity.

dideazafolate (PDDF) are shown in gray.
Crossaer Helix Mutant of P. falciparum TS-DHFR

They also suggest that TS will remain active in the presence
of a conformationally intact DHFR, even though the DHFR

EnzymeOur results show that the crossover helix does not enzyme has significantly impaired activity. One must note

play a role in modulating catalysis iR. falciparumTS-

that neither of these previous studies was carried out on the

DHFR. We designed several mutations of the crossover helix full-length, bifunctionalP. falciparumTS-DHFR enzyme or

(residues 284295) in the linker region of the. falciparum

involved pre-steady-state kinetic analysis. They involved

TS-DHFR enzyme, and we probed these mutants for changesxpressing monofunctionBl falciparumDHFR and linkef-

in the chemical rates of the TS, DHFR, and bifunctional TS-

TS constructs and monitoring their interaction via comple-

DHFR reactions. The sequence encoding the crossover helixmentation assays i. coli.

has no homology to the linker region of other parasitic TS-

DHFRs, but the helix itself is conserved in tRe hominis
and T. gondii TS-DHFR enzymes. IrP. falciparum the

Our results confirm that deleting the N-terminal tailfn
falciparumTS-DHFR decreases DHFR catalytic rate (Figures
3 and 4). Furthermore, our data newly suggest that the rate

crossover helix is very negatively charged and interacts with of the bifunctional TS-DHFR reaction is 2-fold slower in
positively charged residues of the backside of the active sitethe D4 mutant than in WT, although the TS chemical rate
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in the D4 mutant is about two-thirds that of WT (Table 2, experiments offers a reliable means for comparing WT and
Figure 3c). We also show that 2-fold activation of DHFR mutant bifunctional TS-DHFR proteins. The steady-state
rate by TS ligands remains intact in the D4 mutant (Table determination of TS specific activity has also been suggested
2) but is impaired in the activation of TS by the DHFR ligand as a reliable indicator of functional protei@8) but cannot
NADPH. be used to compare mutants with impaired TS function.

It is imperative to note that the bifunctional D4 mutant is N22 N-Terminal Mutant of the L. major TS-DHFR
significantly more active than might have been suggested EnzymeWe wanted to determine whether deleting the 22
by the previous studies on the monofunctional DHER) ( aa N-terminal tail irL. major TS-DHFR would also decrease
Wattanarangsan et all%) show the D4 DHFR mutant to  the DHFR catalytic rate. Surprisingly, we found that the N22
be 80-fold less active than WT DHFR when activity is mutation had a faster single-turnover DHFR rate, an observa-
determined spectrophotometrically from crude extract and tion confirmed with pre-steady-state burst studies in the
over 400-fold less active when DHFR activity is determined stopped-flow apparatus (Figure 5a,b). Since the N-terminal
by bacterial complementation assay. In our studies, the D4tail in L. majormakes extensive contacts with the TS domain
mutant DHFR rate is only 2-fold decreased compared to WT (Figure 5c¢) (0), perhaps it is playing an autoinhibitory role
under single-turnover conditions and about 30-fold decreasedand is dislocated during the coordinated motions that
under steady-state conditions. Also, we show that the full- accompany catalysis in TS and DHFR enzymes. The pre-
length D4 mutant has impaired bifunctional TS-DHFR steady-state DHFR burst experiment in the presence of TS
activity under both single-turnover and steady-state condi- ligands for the N22 mutant shows that the enzyme has lost
tions (Figure 3b). We attribute the differences between the its DHFR burst when TS is activated (data not shown),
monofunctional and bifunctional D4 enzyme studies to the although it is already known that the W major enzyme
elegant communication between TS and DHFR domains in demonstrates clear domaidomain communication between
the intact enzyme. Our results also suggest that the DHFRDHFR and TS §). Therefore, we conclude that deleting the
ligand NADPH does not activate TS activity, which might L. major TS-DHFR N-terminal tail leads to a faster DHFR
explain why the bifunctional TS-DHFR chemical rate is rate of chemistry and a disruption in the activation of DHFR
somewhat slower than the TS single-turnover rate alone. Theby TS. Furthermore, the N-terminal tail plays opposite roles
differences in our pre-steady-state in vitro data, comparedin L. majorandP. falciparumTS-DHFRs. Perhaps because
to previous studies on N-terminal mutants, may also be of the extensive contacts it makes with the TS domain, the
accounted for by the different microenvironment of the N-terminal tail may play an autoinhibitory role, and must
intracellular environment. be dislocated for the enzyme to be active (Figure 5c).

Why does the N-terminal tail, although remote from the =~ Summary and Implications for Parasitic Bifunctional TS-
active site, affect catalysis? Since D4 DHFR can still be DHFRs and Inhibitor DesignThis is the first systematic,
activated in the presence of TS ligands (Figure 4), and sincein-depth, pre-steady-state kinetic analysis of the nonactive-
substrate channeling from TS to DHFR domains remains site regions of any bifunctional TS-DHFR enzyme, especially
unperturbed in the D4 mutant (data not shown), we suggestone fromP. falciparum Our results show that, in the WT
that the D4 mutant is affecting coordinated, domailomain enzyme, TS catalyzes the rate-limiting step, and communica-
motions that occur during catalysis and ligand binding in tion occurs between the TS and the DHFR domains.
DHFR. Such movements have been clearly demonstrated inMutations to the face of the crossover helix in the linker
E. coli DHFR (18, 22) and TS enzymesl@—21). Close region affect neither the rate of catalysis at either active site
examination of the structure d?. falciparum TS-DHFR nor interdomain communication. Deletion of the N-terminal
shows that the N-terminal tail is distant from the active site tail of P. falciparumTS-DHFR decreases the DHFR single-
but can interact with helices in insert Il (a 35 aa region unique turnover rate by half and the bifunctional TS-DHFR
to plasmodial DHFRs) and thes loop, which encodes part  rate by about a third. While the DHFR rate can still be
of the active site § (Figure 2c). Thus, the interaction activated 2-fold in the presence of TS ligands, reciprocal
between these loops and the N-terminal tail may be essentialactivation of TS by DHFR ligands is impaired in the D4
in the coordinated motions of DHFR during catalysis. Since mutant. However, an analogous deletion in the N-terminal
the structure of the fully liganded®. falciparumTS-DHFR tail of the L. major TS-DHFR N-terminal tail leads to a
enzyme has not yet been solved, there may be additional, or3-fold-activated DHFR rate and impaired DHFR-to-TS
distinct, interactions between the N-terminal tail and regions communication.
linked to the DHFR active site that are not fully appreciable  Even though there is overall structural similarity in parasite
with the present structure. TS-DHFRSs, general conclusions about enzyme mechanism

It should be noted, however, that our data cannot exclude cannot be drawn: TS-DHFR enzymes from different para-
solvation differences between WT and mutant enzymes to sites are regulated very differently, and there is minimal
account for the difference in their activities. We would expect kinetic basis for previous phylogenetic classification of these
such differences to be negligible, given that only four amino TS-DHFR enzymes by homologous structural featu?&s.
acids were deleted to make the D4 mutant. However, suchThe N-terminal tail can have both an activating and an
potential solvation differences may especially become im- autoinhibitory role. The crossover helix in the linker may
portant in ligand design if the N-terminal tail Bf falciparum increase catalytic activity or have a minimal effect on the
TS-DFHR is targeted in rational drug desigzb{-27). rate of chemistry at DHFR7. Each one of these enzymes

A comparison of mutant forms of the enzyme with WT is unique and elegant in its design. The impact of these
requires normalization of the active functional protein. Our nonactive mutations needs to be further elucidated in cell
previous studies on other enzymes have established that usingulture models oP. falciparumandL. major parasites. More
equivalent active-site concentrations in pre-steady-state bursstudies are needed to dissect the interaction of the DHFR
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N-terminal tail with its neighboring helices in the DHFR
domain.

Implications for Na@el Therapeutics.In many well-
characterized enzymes like HIV reverse transcriptase and
HIV-1 protease, the importance of nonactive-site regions in
drug design and drug resistance is already well-appreciated
(30, 31). Even in human ané. coli DHFRs, the nonactive-
site regions have long been known to play an important role
in therapeutics and regulation of expressiosg, (33).
Antifolates are used in the clinic for treatment of malaria
and leishmaniasis, and in both cases, toxicity is a limiting
factor in high-dose treatmer@4). Thus, a better understand-
ing of the nonactive-site regions, with no homologous
counterparts in the corresponding human enzymes, could lead
to the development of more targeted therapyp Ifalciparum
TS-DHFR, inhibitors directed toward the N-terminus could
be used in combination with active-site inhibitors for a
synergistic inhibition of the malaria TS-DHFR. Our study,
examining the functional contributions of nonactive-site
regions inP. falciparumandL. major TS-DHFR, thus has
implications in the design of novel, selective, less toxic
therapies for these parasitic diseases.
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