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ABSTRACT: Most species, such as humans, have monofunctional forms of
thymidylate synthase (TS) and dihydrofolate reductase (DHFR) that are key
folate metabolism enzymes making critical folate components required for DNA
synthesis. In contrast, several parasitic protozoa, including Toxoplasma gondii,
contain a unique bifunctional thymidylate synthase-dihydrofolate reductase (TS-
DHFR) having the catalytic activities contained on a single polypeptide chain. The
prevalence of T. gondii infections across the world, especially for those
immunocompromised, underscores the need to understand TS-DHFR enzyme
function and to find new avenues to exploit for the design of novel antiparasitic
drugs. As a first step, we have solved the first three-dimensional structures of T.
gondii TS-DHFR at 3.7 Å and of a loop truncated TS-DHFR, removing several
flexible surface loops in the DHFR domain, improving resolution to 2.2 Å.
Distinct structural features of the TS-DHFR homodimer include a junctional
region containing a kinked crossover helix between the DHFR domains of the two adjacent monomers, a long linker connecting
the TS and DHFR domains, and a DHFR domain that is positively charged. The roles of these unique structural features were
probed by site-directed mutagenesis coupled with presteady state and steady state kinetics. Mutational analysis of the crossover
helix region combined with kinetic characterization established the importance of this region not only in DHFR catalysis but also
in modulating the distal TS activity, suggesting a role for TS-DHFR interdomain interactions. Additional kinetic studies revealed
that substrate channeling occurs in which dihydrofolate is directly transferred from the TS to DHFR active site without entering
bulk solution. The crystal structure suggests that the positively charged DHFR domain governs this electrostatically mediated
movement of dihydrofolate, preventing release from the enzyme. Taken together, these structural and kinetic studies reveal
unique, functional regions on the T. gondii TS-DHFR enzyme that may be targeted for inhibition, thus paving the way for
designing species specific inhibitors.

For most organisms, folate metabolism and nucleotide
synthesis are linked via the activities of dihydrofolate reductase
(DHFR) and thymidylate synthase (TS).1,2 TS catalyzes the
formation of the nucleotide deoxythymidine monophosphate
(dTMP) from deoxyuridine monophosphate (dUMP) with the
aid of (6R)-L-5,10-methylene-tetrahydrofolate (CH2H4F),
which is converted to dihydrofolate (H2F) upon the transfer
of one carbon unit.3,4 DHFR on the other hand converts the
H2F to tetrahydrofolate (H4F) through a hydride transfer step
utilizing the cofactor NADPH (Figure 1A).5 Although these
enzymes are expressed on separate polypeptides in almost all
other organisms including humans, in the opportunistic
parasites Toxoplasma gondii, Leishmania major, Cryptosporidium
hominis, Trypansoma cruzi, Babesia bovis, and Plasmodium
falciparum, TS and DHFR are linked together to form a
bifunctional enzyme (Figure 1B).3,6−10 It has been suggested
that bifunctional forms of TS-DHFR might exhibit “substrate
channeling”, which is defined as the transfer of a metabolite
from one enzyme active site to another without allowing
diffusion of the molecule into bulk solution.11−13 In this

scenario, dihydrofolate is directly transferred from the TS site
to the DHFR site (Figure 1A). Substrate channeling has been
suggested to play an integral role in numerous essential cellular
functions, have implications for an understanding of metabolic
regulation, and in this instance, offer a survival advantage for
the parasite.11

As illustrated in Figure 1B, the overall domain architecture
among the bifunctional TS-DHFRs differs substantially for
individual parasites. Some such as L. major and P. falciparum
contain an N-terminal extension of the DHFR (shown in
yellow, Figure 1B), whereas others such as C. hominis, T. gondii,
and P. falciparum contain a junctional region between the
DHFR and TS (shown in green, Figure 1B). An overall
sequence alignment for the TS and DHFR from human and the
bifunctional forms of TS-DHFRa shows that TS is rather highly
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conserved, whereas DHFR is more variable (Figure S3,
Supporting Information).7,14

The first crystal structure solved for a bifunctional TS-DHFR
was that of L. major (Lm).6 This structure, complexed with TS
and DHFR active site inhibitors, revealed a homodimer in
which each monomer of the enzyme contains an N-terminal
DHFR domain that rests on the shoulders of the TS
domain.6,7,15 In the Lm structure, the TS domain forms the
majority of the dimerization interface, whereas the DHFR
domains are spatially separated. This has also been shown to be
the case for T. cruzi (Tc).8 More recent structures for those
bifunctional enzymes containing a junctional region where the
TS and the DHFR domains of each monomer are linked
together [C. hominis (Ch), B. bovis (Bb), and P. falciparum
(Pf)] show distinct structural differences. In contrast to the Lm
structure, the structures of bifunctional enzymes with a
junctional region show that DHFR domains from each
monomer are closer together, and a part of this junctional
region forms a crossover or “donated” helix that interacts with
the catalytic B-helix of the DHFR domain adjacent mono-
mer.6−10 These key differences between the bifunctional TS-
DHFR enzymes from various parasitic species have led to their
classification of Class I or Class II in which the presence of the
junctional region defines Class I, whereas its absence defines
Class II.7,16

In the current work, we describe the first crystal structure of
the bifunctional TS-DHFR enzyme from T. gondii as a new
member of the Class I family that contains several structural
features unique to this parasite. The functional importance of
these features was examined with mutational analysis and

kinetic characterization. Additional structural and kinetic
studies establish the substrate channeling of dihydrofolate
from the TS to the DHFR sites as well as provide an
understanding of how this process may be mediated at a
structural level. The availability of the structure also suggests
several novel strategies that could be exploited for the design of
species specific inhibitors.

■ MATERIALS AND METHODS

Chemicals. All buffers and other reagents employed were of
the highest commercial purity. 7,8-Dihydrofolate (H2F) was
chemically prepared by the reduction of folic acid (Sigma) with
sodium hydrosulfite.17 Tritium-labeled and unlabeled CH2H4F
were synthesized using tritiated or unlabeled folic acid,
respectively, as starting material, as previously described.18

NADPH was purchased from Sigma and dUMP from MP
Biomedicals. The propargyl dideazfolate (PDDF) used in the
studies was generously provided by Dr. Roy Kisliuk and Dr.
Ann Jackman.

Purification of T. gondii TS-DHFR. T. gondii TS-DHFR
was prepared from Escherichia coli BL21 cells (Invitrogen)
freshly transformed with PET15b plasmid containing the
coding sequence for T. gondii TS-DHFR. The T. gondii TS-
DHFR plasmid was a generous gift from Dr. David S. Roos. For
the single amino acid mutations, site-directed mutagenesis was
performed using a QuikChange mutagenesis kit (Stratagene).
For the loop truncations (residues deleted: 49−73 and 201−
219) and crossover helix deletion (residues 291−296), 5′-
phosphorylated primers (IDT) flanking the region to be
deleted were used in PCR. The resulting product then ligated

Figure 1. (A) Schematic of reactions catalyzed by bifunctional TS-DHFR and substrate channeling. The TS reaction converts CH2H4F and dUMP
to H2F and dTMP, whereas the DHFR reaction converts H2F to H4F using NADPH as a cofactor. Substrate channeling occurs when H2F is directly
transferred from the TS to the DHFR without being released into solution by the TS and then bound from solution by DHFR. (B) Interspecies
comparison of domains and linker regions in TS-DHFR.
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together with T4 DNA ligase (New England Biolabs) to delete
the specific portion of the loops.
The protein was purified using an affinity column of

methotrexate bound to agarose (Sigma), as described
previously.19,20 A PD-10 column (Amersham Biosciences)
was also used to remove residual H2F after purification. The
concentration of purified T. gondii TS-DHFR was determined
spectrophotometrically at 280 nm using an extinction
coefficient of 71 850 M−1 cm−1. The enzyme was flash frozen
in storage buffer: 25 mM Tris 7.3, 10 mM dithiothreitol
(DTT), and 10% glycerol and stored in −80 °C.
Steady State Kinetic Experiments. Steady state TS and

DHFR kinetic experiments were performed by incubating 100
nM of enzyme with a saturating concentration of one TS or
DHFR ligand (100 μM, confirmed to be well above saturating)
and measuring the reaction rate at varying concentrations of the
complementary TS or DHFR ligand (up to 250 μM).
Experiments were performed in a 1× enzyme buffer: 50 mM
Tris pH 7.8, 25 mM MgCl2, 1 mM ethylenediaminetetraacetic
acid (EDTA), and 2 mM DTT. The DHFR activity was
measured by a decrease in absorbance at 340 nm as NADPH
and H2F were converted to NADP+ and H4F (Δε = 10
mM−1 cm−1). The TS activity was measured by an increase in
absorbance at 340 nm as dUMP and CH2H4F were converted
to dTMP and H2F (Δε = 6.4 mM−1 cm−1). Rate constants for
steady state experiments were estimated by fitting the data to a
Michaelis−Menten hyperbolic curve (v = Vmax[S]/(Km + [S])),
where v is the reaction rate, [S] the concentration of substrate,
and Km the Michaelis constant) using the curve-fitting program,
Kaleidagraph (version 4.03, Synergy Software).
Stopped-Flow Kinetic Experiments. Stopped-flow ex-

periments were performed using a Kintek SF-2001 apparatus
(Kintek Instruments, Austin, TX). To the determine rate of the
DHFR reaction, coenzyme fluorescence resonance energy
transfer experiments were carried out with 290 nm excitation
and emission using an interference filter at 450 nm.
Concentrations of enzyme and substrates described are those
after mixing. To find the single turnover rate (kchem) of the
DHFR reaction, the enzyme (50 μM in 2× enzyme buffer: 100
mM Tris pH 7.8, 50 mM MgCl2, 2 mM EDTA, and 2 mM
DTT) was incubated with NADPH (250 μM) and then mixed
with H2F (25 μM). Changes in fluorescence upon mixing were
monitored, and the resultant data were fit in Kaleidagraph to a
single exponential curve, fluorescence = Ae(−kchem·time), where A is
the amplitude of fluorescence and kchem is the exponential rate
constant. Stopped-flow traces were smoothed using the Kintek
software smoothing program which averages together adjacent
points to reduce noise.
For the TS burst reaction, the enzyme (25 μM) was

preincubated with excess dUMP (1 mM) and mixed with
excess CH2H4F (500 μM). Changes in absorbance at 340 nm
were monitored, and the trace was fit to a burst curve,
Fluorescence = Ae(−kburst·time) + kss·time, where A is the amplitude
of absorbance, kburst is the exponential phase rate constant, and
kss is the linear phase rate constant.
Rapid Chemical Quench. The bifunctional TS-DHFR

reaction was measured via using a Kintek RFQ-3 rapid chemical
quench apparatus (Kintek Instruments, Austin, TX). The
reactions were initiated by mixing a 15 μL enzyme solution
(enzyme + 2× enzyme buffer) with 15 μL of radiolabeled
CH2−H4F. The reactions were terminated by quenching with
89 μL of a solution of 0.78 N KOH, 10% sodium ascorbate, and
200 mM 2-mercaptoethanol. The TS-DHFR single turnover

bifunctional reaction was monitored by addition of [3H]−
CH2H4F (10 μM) to the enzyme (50 μM), dUMP (500 μM),
and NADPH (500 μM). For the pulse-chase experiment, 50
μM enzyme was incubated with 500 μM dUMP and 500 μM
NADPH. The reaction was initiated by mixing the enzyme
solution with 25 μM [3H]−CH2H4F and 150 μM unlabeled
H2F. The data from the single enzyme turnover experiments
were fit to a single exponential equation using Kaleidagraph.

High Performance Liquid Chromatography (HPLC)
Analysis. Tritiated products of the rapid chemical quench
experiments were quantified by HPLC in combination with a
radioactivity flow detector as described previously.18,21 The
HPLC separation was performed using a BDS-Hypersil C18
reverse phase column (Thermo) with a flow rate of 1 mL/min.
An isocratic separation using a solvent system of 10% methanol
in 200 mM triethylammonium bicarbonate at pH 8.0 was used.
The elution times were as follows: H4F, 9 min; H2F, 18 min;
CH2H4F, 20 min.

Crystallization. Crystals of the wild-type (WT) and the
loop truncation mutant T. gondii TS-DHFR were obtained by
vapor diffusion when protein (10 mg/mL) in a storage buffer,
active site ligands dUMP and NADPH (10 mM each), and
active site inhibitors (2S)-2-[(4-{[(2,4-diaminopteridin-6-yl)-
methyl](methyl)amino}phenyl)formamido]pentanedioic acid
(methotrexate), and N10-propargyl-5,8-dideazafolate (PDDF)
(10 mM each) were mixed with 18% polyethylene glycol
(PEG) 3350, 0.1 M potassium formate in a 1:1 ratio. The
crystals grew within 4−6 days and were stabilized in a solution
containing an increased amount of PEG 3350. They were then
cryoprotected in two steps with stabilizing solutions containing
15 and 25% ethylene glycol and flash-frozen in liquid nitrogen.

Structure Determination. Diffraction data for the WT and
the loop truncation mutant T. gondii TS-DHFR were collected
at the beamline station, X25, at the National Synchrotron Light
Source at Brookhaven National Laboratory (Upton, NY). Initial
processing and scaling of the raw data were carried out by using
HKL2000.22 General handling of scaled data was done in
CCP423 and corrected for anisotropy.24 There were four dimer
molecules per asymmetic unit with the majority of contacts
made between the DHFR domain of one dimer and the TS of
the other.
Initial phases were obtained by molecular replacement with

PHASER25 in CCP4 by using C. hominis TS (PDB ID 1QZF)
and Pneumocystis carinii DHFR (PDB ID 3OAF) as search
models.7,16,26 These domains (not including the linker) were
used as a search model to reduce model bias in this part of the
structure. The model of the WT T. gondii TS-DHFR was built
by using the program COOT.27 The crystal structure of the
loop truncation mutant was solved by molecular replacement
using the model of WT T. gondii TS-DHFR as the search
model. Refinement was carried out by using REFMAC with
translation, libration, and screw rotation (TLS) parameters and
restrained refinements. During refinement, electron density was
observed for the crossover helical region and part of the linker
(see additional details provided in Figures S1 and S2,
Supporting Information, including sim omit (Fo − Fc)
difference density map of the crossover helix). The side chain
density for W296 was used as the starting point for this stage of
the model building, and eventually the junctional region was
linked to the TS domain belonging to the same polypeptide
chain. There is some missing density. The model for residues
from 254 to 287 that lie in the portion between the junctional
region and the DHFR domain could not be built because little

Biochemistry Article

dx.doi.org/10.1021/bi400576t | Biochemistry 2013, 52, 7305−73177307



or no electron density was observed for this portion of the
molecule. For the WT, the final Rcryst was 34.66% and the final
Rfree was 39.86% (Table 1). The loop truncated mutant refined
to an Rcryst of 18.30% and an Rfree of 23.33%. Figures were
generated using the program Pymol.28

■ RESULTS

The crystal structure of the T. gondii (Tg) TS-DHFR presented
here reveals that it belongs to Class I and has several unique
structural features that may influence various aspects of catalytic
function (Figure 2). The closest structural homologue to Tg
TS-DHFR is that of Ch TS-DHFR.7 The T. gondii DHFR
domain contains three flexible surface loops that are not
present in the structure of C. hominis (Ch). The WT Tg TS-
DHFR crystals diffracted to 3.7 Å and removal of two of these
loops in a loop truncated Tg TS-DHFR improved resolution to
2.2 Å (Table 1) without impacting catalytic activity. Although
the structures of the Class I bifunctional TS-DHFR enzymes all
contain a crossover helix within the junctional region, this
helical segment varies in length and amino acid composition.
The crossover helix is in an extended helical conformation in all
other Class I structures, including Ch TS-DHFR. However, in
the structure of Tg TS-DHFR, this helix is kinked due to the
presence of a proline residue and makes fewer interactions with
the DHFR domain of the other monomer as does the crossover
helix of Ch TS-DHFR (Figure 2B, Table 2). Mutational
analysis of this kinked crossover helix in Tg TS-DHFR coupled
with presteady state and steady state kinetics was employed to
identify possible roles of this region in governing catalytic
function. Further kinetic studies examined whether substrate
channeling was operative in the transfer of dihydrofolate from
the active site of TS where it is formed to the DHFR site where
it is converted to tetrahydrofolate.

I. Structural Analysis of Toxoplasma gondii TS-DHFR.
Overall Structure. The initial WT Tg TS-DHFR structure was
solved to 3.7 Å. Structural analysis and sequence alignment
(Figure S3, Supporting Information) show that the T. gondii
DHFR domain in the bifunctional Tg TS-DHFR is larger than
the homologous one in C. hominis due to three flexible surface
loops. The first of these loops consists of ∼30 residues located
between the B-helix and the third β-strand. The second loop
consists of ∼20 residues located between third β-strand and the
D-helix, and the third of the largest loops is ∼25 residues in
length located near the C-terminus of each DHFR domain.
When Loops 1 and 3 were deleted (residues 49−73 and 201−
219, respectivly), the crystals diffracted to 2.2 Å. The structures
of the WT and the loop truncated version were nearly identical
(root-mean-square deviation (RMSD) of 0.19 Å), as expected
(Table 1). Kinetic analysis comparing the WT and loop
truncated forms of Tg TS-DHFR shows that catalytic function
is not affected (Tables 3 and 4).
On the basis of structural comparisons and sequence

alignment with TS and DHFR from other monofunctional
and bifunctional versions of the enzymes, the DHFR domain of
Tg TS-DHFR is 252 residues, the TS domain is 289 residues,
and the junctional region is 69 residues, providing a monomer
(Figure 1B) that has a molecular mass of 69 kDa.14 The Tg TS-
DHFR structure is a homodimer as illustrated in Figure 2A. In
each monomer, the N-terminal DHFR domain (residues 1−
252) and the larger C-terminal TS domain (residues 322−610)
are tethered together through the junctional linker region, ∼69
residues in length, a portion of which interacts with the DHFR
domain of the other monomer through a kinked crossover
helix. This crossover helix is kinked due to proline 292, limiting
the number of residues that interact with the catalytic helix of
the DHFR domain relative to the crossover helix of other Class

Table 1. Crystallographic Statistics for Data Collection and Refinementa

molecule WT loop truncation

space group C121 P1
dimers/AU 1 4
unit cell dimensions

a (Å), α (deg) 185.9, 90 53.8, 90.0
b (Å), β (deg) 143, 90 144.4, 89.9
c (Å), γ (deg) 59.8, 90 177.6, 90.4

resolution (Å) 50−3.56 (3.63−3.56) 50−2.2 (2.24−2.2)
wavelength (Å) 1.1 1.1
completeness (%) 94.5 (90.3) 97.2 (97)
redundancy 3.6 6.6
total number of reflections 1745090 4910878
unique reflections 17754 265904
Rsym 0.240 (0.768) 0.152 (0.718)
I/σ 5.42 (2.15) 10.98 (2.14)
rmsd bond length (Å) 0.010 0.008
rmsd bond angle (deg) 1.568 1.81
Rcryst (%) 34.66 18.30
Rfree (%) 39.86 23.33
protein statistics from Ramachandran plot

residues in favored regions 81.2% 96.1%
residues in allowed regions 12.0% 3.27%
outliers 6.8% 0.64%

PDB ID code 4ECK 4EIL
aValues in parentheses are for the highest-resolution shell. Rsym is Σ∥Ij − ⟨I⟩|/ΣI, where Ij is the intensity of an individual reflection, and ⟨I⟩ is the
mean intensity for multiple recorded reflections. Rcryst is Σ ∥Fo − Fc∥/ ΣFo, where Fo is an observed amplitude and Fc is a calculated amplitude; Rfree
is the same statistic calculated over a subset, 5%, of the data that have not been used for refinement.
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I TS-DHFRs (Figure 2B). Residues 253−284 located between
the crossover helix in one monomer and the DHFR domain of
the adjacent monomer exhibit little or no electron density,
indicating that this portion of the molecule is disordered
(Figure 2A). The TS and DHFR active sites were defined by
the presence of active site ligands (Figure 2A, ligands shown in
yellow). The TS active site was denoted by the substrate,
dUMP, and a TS folate inhibitor, PDDF (N10-propargyl-5,8-
dideazafolate), whereas the DHFR active site was defined by
the substrate, NADPH, and a DHFR folate inhibitor,
methotrexate (MTX). The distance between the TS and
DHFR active sites on the same monomer is ∼44 Å, as
measured through the enzyme between the TS and DHFR
folate ligands, PDDF, and methotrexate. The active site of the
TS in the Tg TS-DHFR is located in an orthogonal position
relative to the DHFR active site, which is on the opposite side
of the same monomer. The distance from the active site TS of
the Tg TS-DHFR to the active site of the DHFR located on the
same face of the adjacent monomer is ∼75 Å. Similar active
orientations between the TS and DHFR have been observed
for Ch and Pf TS-DHFR.7,10 This is in contrast to Lm TS-

DHFR, where the TS and DHFR active sites are on the same
face of the monomer.6

The combined surface area for the DHFR/TS interface
(including canonical TS, DHFR, and junctional region) is
∼1800 Å2 (per monomer, calculated from solvent accessible
surface area). As illustrated in the ligand plot (Figure S4,
Supporting Information), the interactions between the TS and
the DHFR domains within the same monomer are composed
of both electrostatic and hydrophobic interactions (summarized
in Table 2) that are predominately hydrophobic. These include
hydrophobic contacts between F231, F319, and M297 as well
as P242, I573, and V596. In the TS-DHFR homodimer,
although interactions between the DHFR domains exist
through the junctional region, interactions between TS
domains from each monomer form the majority of the
dimerization interface similar to the other bifunctional TS-
DHFR enzymes.

DHFR Domain. The overall fold of the T. gondii DHFR
domain resembles other DHFR structures containing a central
twisted β-sheet formed from eight β-strands, seven of which are
parallel and one that is antiparallel as well as four α-helices,

Figure 2. (A) Overall crystal structure of T. gondii TS-DHFR. The TS domains for each monomer are highlighted in red and pink, the DHFR
domains are in blue and cyan, and the junctional regions are in two shades of green. The flexible surface loop 1 and 3 deletions are denoted by
dashed lines (shown only for the DHFR domain in blue). (B) Kinked crossover helix and its position between the DHFR and the TS domains. (C)
Key hydrophobic interactions between the crossover helix and the adjacent DHFR domain.
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including the catalytic B-helix. There are also three flanking β-
strands and another α-helix (Figure S5A, Supporting
Information). As illustrated in this figure, an overlay of the
Tg DHFR (blue) and the Ch DHFR (orange) reveals these two
species have similar DHFR domains.
The electron density for DHFR active ligands, methotrexate

and NADPH, was apparent in the initial maps (Figure S5B,
Supporting Information). A view of the DHFR active site
shows bound ligands and highlights key protein−ligand
interactions (shown in magenta, Figure S5C, Supporting

Information). A comprehensive view of protein−ligand
interactions for MTX and NADPH is shown in the ligand
plots (Figure S6A,B, Supporting Information) and summarized
in Table 2. These residues include D31, F32, F35, L94, and R97
that interact with MTX. In the T. gondii DHFR domain, the
catalytic helix contains a nonconserved F32 and a conserved
F35 that make stacking interactions with the pteridine ring of
the active site folate analog methotrexate.20,29 Residues
interacting with the substrate NADPH included the conserved
residues A10, I17, R81, T83, S103, and G153 and the
nonconserved residue A154. The Tg DHFR domain also
contains a conserved tryptophan, W25, in the “M20” loop
(Figure S5A, Supporting Information).29 This is a dynamic
loop found in other DHFR species whose conformations are
thought to be involved in shielding the active site from solvent
during catalysis.20,29 Although the overall fold is similar for the
Tg and Ch DHFR domains, there are key differences between
these two species, most of which can be attributed to
differences in loop lengths that decorate the surface of the
DHFR domain.
The T. gondii DHFR domain of the bifunctional enzyme

consists of 252 residues from the N-terminus to the start of the
junctional region, whereas the C. hominis DHFR domain
consists of 179 (Figure 1B). The larger size of the Tg DHFR
domain compared with that of the Ch DHFR domain is
primarily due to larger loops between the β-strands and the α-
helices. The most N-terminal loop in the Tg DHFR domain
consists of ∼33 residues spanning from T41 to F74 and
consists of only ∼9 residues from N41 to N50 in the C. hominis
TS-DHFR. In the T. gondii TS-DHFR crystal structure,
however, most of this region is disordered. The second loop
spans residues 103−124 in T. gondii and residues S76−V88 in
C. hominis, contributing to a difference of ∼9 residues. This
second loop is fairly well ordered compared to the other two
larger loops. The last loop spans residues ∼184−227 in the T.
gondii TS-DHFR corresponding to loop residues 148−155 in
the TS-DHFR from C. hominis. In this last loop, residues 196−
219 of the model could not be built in the T. gondii TS-DHFR
due to a lack of electron density in this region. As expected,
these loops do not change the overall fold of the domain’s
core.20,29

TS Domains. The TS domain of Tg TS-DHFR forms the
largest portion of the dimerization interface mainly through a
five-stranded β-sheet from each monomer (Figure 2A). The
interactions between these two β-sheets places the active sites
of each TS domain away from the dimerization interface. By a
comparison of the overall fold of the T. gondii TS with that of
the C. hominis, it can be shown that the domain is structurally
conserved with a RMSD of ∼2.7 Å. In addition to sharing an
overall structural homology, the domain also contains
conserved residues that are the hallmark of TS.3 The structure
also reveals that the T. gondii TS domain is only two residues
larger than the domain in C. hominis (Figure 1B), therefore
supporting predictions from primary sequence alignment
indicating that this domain is more structurally conserved
than the DHFR domains.7

A conserved histidine (322 in T. gondii) marks the N-
terminus of the domain and a catalytic cysteine (489 in T.
gondii) is responsible for catalysis. Well-defined electron density
for the TS ligand, dUMP, and the folate analog, PDDF establish
the active site (data not shown). As observed for the TS in
other species including Ch TS, the active site for Tg TS is
composed of residues from both monomers. The nucleophilic

Table 2. Summary of Protein Ligand and Protein−Protein
Interactions

protein−ligand and protein−protein interactionsa residues

DHFR domain−TS domain (electrostatic) Arg173−Pro568
Ser194/Asn195/Ala191−
Arg569

Ile232−Gly321
Thr235−Phe571
Ser237−Gln363
Asp244−Pro570

DHFR domain−TS domain (hydrophobic) Arg176−Val596
Ile192/Ile232−Glu567
Arg228−His316
Pro229−Glu567/His316
Ile230−His318
Phe231/Met 297−Phe319
Pro242−Ile573/Val596

DHFR−crossover helix (electrostatic) Lys33−Glu300
Glu249−Ser286

DHFR−crossover helix (hydrophobic) His34/Phe236/Tyr243/
Phe245−Trp296

Tyr170−Ile290/Val293
Phe231−Val293/Leu294
Phe231−Met297

Phe319−Ile290/Leu294
dUMP−TS domain Arg344, Arg469, Arg470,

Cys489, Gln509, Arg510,
Ser511, Cys512, Asp513,
Asn521, His551, Tyr553

PDDF−TS domain Ile402, Asp513, Leu516,
Phe520, Arg603, Met608

MTX−DHFR domain Ala10, Asp31, Phe32, Phe35,
Met87, Phe91, Arg97

NADPH−DHFR domain Ala10, Ile17, Ile19, Gly22,
Arg81, Thr83, Val102,
Ser103, Gly153, Ala154

aPairs of residues with interatomic distances within 3.5 Å are
considered to be interacting with one another. For hydrophobic
interactions, distances within 5 Å are considered.

Table 3. DHFR Kinetic Constantsa

enzyme
Km H2F
(μM)

Km NADPH
(μM) kcat. (s

−1) kchem (s−1)

T. gondii WT 0.15 ± 0.03 2.5 ± 0.2 3.3 ± 0.4 407 ± 36
Tg P292A 0.92 ± 0.14 3.7 ± 1.1 3.0 ± 0.1 752 ± 87
Tg W296A 17.2 ± 2.0 10.1 ± 1.8 3.7 ± 0.2 95.7 ± 4.1
Tg helix
deletion

6.3 ± 1.0 16.4 ± 2.7 4.2 ± 0.6 86.4 ± 2.4

Tg loop
truncation

0.26 ± 0.06 5.1 ± 0.7 3.4 ± 0.2 303 ± 2

aErrors in the steady state turnover rate (kcat.) and Michaelis constant
(Km) result from standard error of parameters generated from the
curve-fitting program KaleidaGraph. Errors in the single turnover rate
of DHFR chemistry (kchem) result from averaging resultant fits from
triplicate measurements of stopped-flow fluorescence traces.
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C489 interacts with the dUMP to anchor this substrate as a
covalent complex. The residues involved in binding the TS
ligands, dUMP and PDDF, are shown in the ligand plots
(Figure S7A,B, Supporting Information) and summarized in
Table 2. These include several conserved arginines that bind
dUMP (R344 and R510 as well as R469 and R470 from the
adjacent monomer). Residues that are involved in binding the
folate analog PDDF include I402, D513, L516, F520, and the
nonconserved R603 and conserved M608 located on the C-
terminal tail of the TS domain. Previous kinetic studies
evaluating TS catalysis for ChTS and Tg TS have shown that
the rate of catalysis for the C. hominis is almost 10-fold higher
compared with that of T. gondii.30,31 Sequence alignment
between the two species (Figure S1, Supporting Information)
shows that Tg TS contains a conserved phenylalanine (F374)
and glycine (G377), whereas these two residues in Ch TS
(A287 and S290) are not conserved. Structural insight for these
differences between the two species is provided by super-
imposing the active sites and examining the TS active ligands,
dUMP and PDDF. As illustrated (Figure S8, Supporting
Information), the position of the dUMP substrate relative to
the folate ligand PDDF, is shifted for Tg (Figure S8, Supporting
Information, shown in red) relative to Ch (Figure S8,
Supporting Information, shown in green). In this comparison,
it is apparent that the distance between the C5 of dUMP and
CP1 of the PDDF folate ligand involved in methyl transfer has
increased 1 Å for Tg relative to Ch. In addition, S290 (Ch) and
G377 (Tg) show the largest differences in atomic coordinates
and the position of the glutamyl tail of the PDDF folate
substrate analog was altered. Also, the catalytic rate of the Tg
TS is significantly slower (>10-fold) relative to Ch TS.30,31

These correlative structural and kinetic findings are
consistent with our previous results examining the structure
and kinetics of a Ch TS mutant in which the S290 was mutated
to a glycine (S290G) similar to that found in the Tg TS. In the
case of the S290G Ch mutant, the catalytic TS rate was reduced
over 10-fold, the distance between the atoms involved in
methyl transfer (C5 of dUMP and CP1 of PDDF) was
increased 1.2 Å, and the position glutamyl tail of PDDF was
different. Taken together, these data suggest that interactions
with PDDF’s glutamyl tail may be necessary for correct
placement of ligands in the active site, thus explaining the
observed differences in TS catalytic activity between the two
species.
Junctional Region. In the T. gondii TS-DHFR, the DHFR

and the TS domains are connected by a linker composed of
∼69 amino acids (Figure 2A). The Fo − Fc omit maps for the
WT and the loop truncated mutant TS-DHFR (Figures S1 and
S2, Supporting Information) both revealed clear continuous
electron density showing helicity indicated the presence of the
crossover helix. Determining the location of W296 in the
crossover helix was facilitated by considering that this residue

might be in a similar location as F207 in C. hominis, as
suggested by sequence alignment (Figures S1−S3, Supporting
Information). The crystal structure for C. hominis TS-DHFR
shows that F207 packs into a hydrophobic pocket formed by
the DHFR domain’s catalytic B-helix.7 In the C. hominis TS-
DHFR, F207 is located near the C-terminus of the crossover
helix and fits into the hydrophobic pocket that is formed by
F172, F163, Y170, and F35.7 In the T. gondii TS-DHFR, a
hydrophobic cavity is formed by the residues F245, F236, Y243,
and H34 that enables interactions with W296 (Figure 2C).
The crossover helix in the junctional region of T. gondii TS-

DHFR (Figure 2B) (291-APVLAW-296) differs significantly in
its composition from the crossover helices in either P.
falciparum (283-DDEEEDDFVYFNF-295) or C. hominis
(194-KSIDDTVDLLGEIF-207).7,10,16 The portion of the
crossover helix that interacts with the DHFR domain is six
residues in length in T. gondii, less than half of the length of
either P. falciparum (13 residues) or C. hominis (14 residues).
This is due to P292 that kinks it away from the DHFR domain
(Figure 2B,C). Also, unlike the numerous acidic residues on the
crossover helices from P. falciparum and C. hominis, the
crossover helix from T. gondii is completely aliphatic. This is
illustrated in the ligand plot showing the interactions between
the crossover of one DHFR domain in one monomer and the
catalytic B-helix of the adjacent monomer (Figure S9,
Supporting Information).

II. Probing Catalysis and Interdomain Interactions.
The structural analysis of the T. gondii TS-DHFR reveals a
unique feature, a kinked crossover helix (Figure 2B), that may
have a functional role in governing TS and DHFR catalysis and
interdomain interactions. The role of the crossover helix was
examined by mutational analysis coupled with detailed kinetic
characterization. A combination of steady state and transient
kinetic analysis was employed to assess functional effects of
mutations in crossover helix of the Tg TS-DHFR bifunctional
enzyme.

Effects of Crossover Helix Mutations on DHFR Activity. A
series of three mutant forms of Tg TS-DHFR were designed
and prepared to examine the role of crossover helix in catalysis.
The first mutant in Tg TS-DHFR was designed to determine
the role of the kink in the crossover helix. This kink is due to
the helix breaking properties of proline 292 (Figure 2B). The
P292A mutant was made to determine the effects of a
straightened helix on DHFR activity. The W296A and helix
deletion (residues 291−296, Δ-helix) mutants were con-
structed to determine the significance of the anchoring and
the presence of the crossover helix, respectively.
Steady state kinetic analysis determined the effects of these

three crossover helix mutations on DHFR activity through the
measurements of the Km of the ligands and the overall rate of
catalysis (kcat.) (Figure S10A,B, Supporting Information). These
experiments revealed that the P292A mutation weakened the

Table 4. TS Kinetic Constantsa

enzyme Km CH2H4F (μM) Km dUMP (μM) kcat. (s
−1) kburst (s

−1) bifunctional rate (s‑1)

T. gondii WT 9.5 ± 1.7 0.54 ± 0.13 0.84 ± 0.04 202.8 ± 9.4 3.1 ± 0.5
TG W296A 10.5 ± 3.3 2.6 ± 0.3 0.51 ± 0.01 106.7 ± 2.8 2.9 ± 0.6
TG helix deletion 3.6 ± 0.5 2.8 ± 0.4 0.90 ± 0.02 93.5 ± 3.3 3.6 ± 0.6
TG loop truncation 14.3 ± 1.6 0.50 ± 0.09 1.07 ± 0.07 256.2 ± 30.3 4.9 ± 0.8

aErrors in kcat., Km, and the bifunctional single turnover rate result from standard error of parameters generated from the curve-fitting program
KaleidaGraph. Errors in the rate of the TS burst reaction (kburst) result from averaging the resultant fits from triplicate measurements of stopped-flow
absorbance traces.
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Km for the active site ligand H2F by approximately 6-fold and
NADPH by less than 2-fold (Table 3). The W296A and Δ-helix
mutants had a more pronounced effect on substrate binding.
The Km for NADPH of the W296A mutant was approximately
4-fold weaker, and about 6-fold weaker for the Δ-helix mutant.
The W296A mutation weakened the Km of H2F by about 100-
fold, whereas the Δ-helix mutation weakened it about 40-fold.
As illustrated in Table 3, none of these mutations had an impact
on the kcat., which reflects the rate of product release previously
established as the rate limiting step of the DHFR reaction.31 As
illustrated in Figure S10C (Supporting Information), the
P292A, helix deletion, and W296A mutants substantially
reduced the DHFR catalytic efficiency for using H2F as a
substrate by approximately 7-fold, 30-fold, and 100-fold,
respectively. Shown in Table 3 are the steady state kinetic
constants for the loop truncated form of Tg TS-DHFR,
demonstrating that its kinetic behavior is similar to that of the
WT.
Although steady state kinetic analysis allows an initial

assessment of kinetic behavior, a transient kinetic analysis
provides the opportunity to establish the kinetic pathway
directly and examine individual steps including chemical
catalysis. One type of transient kinetic experiment examines a
single enzyme turnover in which enzyme is used in excess over
substrate. A single enzyme turnover experiment is particularly
informative to examine chemical catalysis because product
formation is not rate limiting.
Single turnover experiments were used to directly measure

the rate of DHFR chemistry (kchem) (Figure 3, Figure S11
(Supporting Information) and Table 3). The crossover helix
mutations were made to determine their effects on the rate of
hydride transfer by monitoring the decrease in NADPH
fluorescence to determine the rate of chemistry (kchem) for
the WT and the three mutants. These experiments revealed
that the W296A (Figure 3B) and helix deletion (Figure S11B,
Supporting Information) mutations reduced the kchem approx-
imately 4-fold compared to that of the WT (Figure 3A). On the
other hand, the kchem of the P292A (Figure S11A, Supporting
Information) straightened helix was almost 2-fold greater than
that of the WT. The loop truncated mutant had a kchem for
DHFR that was 75% that of the WT.
Taken together, these kinetic analyses show that the

crossover helix plays an important in modulating DHFR
catalysis as well as proper positioning/orientation of substrates
at the DHFR active site. These effects are likely mediated by

interdomain interactions between the crossover helix within the
DHFR domain of one monomer and key contacts with the
adjacent DHFR monomer.

Effects of Crossover Helix Mutations on TS Activity.
Crossover helical contacts that involve DHFR interdomain
interactions are important for optimal DHFR function and are
negatively impacted by two of the crossover helix mutants,
W296 and the helix deletion. Previous studies with the L. major
TS-DHFR suggested TS-DHFR interdomain communication
important for catalytic activity.32 Therefore, these two crossover
helix mutants were examined further to probe for distal effects
on TS catalysis. Unlike the DHFR reaction where kcat. reflects
the rate limiting step of product release, the kcat. of the TS
reaction reflects the rate limiting step of chemistry where the
methylene group of CH2H4F is transferred to dUMP to form
dTMP and H4F.

31 To determine the Km of dUMP and
CH2H4F, WT and mutant forms of TS-DHFR were incubated
with a saturating concentration of CH2H4F, and the reaction
was initiated with varying concentrations of dUMP. Both of the
W296A and Δ-helix mutations weakened the Km of dUMP
approximately 5-fold compared to that of the WT but had little
effect on the Km of CH2H4F (Figure S12A,B (Supporting
Information), Table 4). The Δ-helix mutation had little or no
effect on the kcat., whereas the W296A mutation reduced it by
approximately one-half. As illustrated in Figure S12C
(Supporting Information), each of these mutations had a
significant effect on the TS catalytic efficiency for utilizing
dUMP as a substrate.
Additional transient kinetic analysis was carried out to

compare the presteady state burst rate, reflective of the nonrate
limiting isomerization step,31 for the WT and the crossover
helix mutants W296A and Δ-helix (Figure S11C, Supporting
Information). Both of the mutations decreased the kburst by a
factor of 2 (Table 4). Collectively, the results from presteady
state and steady state experiments provide evidence that the
crossover helix impacts both TS catalytic activity and substrate
positioning/orientation (Table 4). These effects are likely
mediated by TS-DHFR interdomain interactions.

III. Evidence for Substrate Channeling in Bifunctional
Tg TS-DHFR. As illustrated in Figure 1A, it has been suggested
that the bifunctional T. gondii TS-DHFR enzyme may exhibit
substrate channeling of dihydrofolate from the TS active site to
that of DHFR without release into bulk solution.33 It is notable
that previous kinetic studies suggest that C. hominis TS-DHFR,
the closest structural homologue, does not exhibit channeling

Figure 3. Representative stopped-flow trace of DHFR catalysis of (A) WT and (B) W296A mutant as measured by NADPH fluorescence energy
transfer at 450 nM. Enzyme (50 μM) was incubated with 250 μM NADPH and mixed with 25 μM H2F to examine the rate of chemistry (kchem) in a
single enzyme turnover. The data were to a single exponential to determine the rate of NADP+ product formation.
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behavior21 whereas P. falciparum TS-DHFR, which has a similar
structure, and L. major TS-DHFR, which has quite a different
structure, each show evidence of substrate channeling.32,34

To test this question in Tg TS-DHFR, a pulse-chase
experiment with the TS-DHFR bifunctional single turnover
reaction involving the conversion of radiolabeled (denoted by
*) *CH2H4F to *H2F at the TS active site and *H2F to *H4F
at the DHFR site was performed. As illustrated in the
experimental design in Scheme 1, if T. gondii TS-DHFR were

able to channel, then the presence of cold H2F in solution
would be expected to have a minimal effect on the bifunctional
reaction (Scheme 1A). However, if the enzyme did not channel,
then radiolabeled H2F would be able to freely diffuse into
solution after being produced by the TS reaction (Scheme 1B).
The excess cold H2F in solution would therefore be able to
outcompete the H2F produced by the TS for the H2F binding
sites in the DHFR domain. A substantial buildup of radioactive
H2F and a decrease in the apparent rate of radiolabeled H4F
production would therefore be expected.
A comparison of a pulse-chase experiment using the Tg TS-

DHFR and Ch TS-DHFR is shown in Figure 4. The time
course for the conversion of *CH2H4F to *H2F at the TS active
site and *H2F to *H4F at the DHFR site for the Tg TS-DHFR
is shown in Figure 4A. Despite the presence of a 6-fold excess
of unlabeled H2F, no significant buildup of radiolabeled H2F

was detected, indicating that the enzyme did not release
radiolabeled H2F into bulk solution (Figure 4A). Absorbance
data confirmed the presence of a large amount of unlabeled
H2F still in solution, verifying that the DHFR active site of the
Tg TS-DHFR enzyme had a preference for the *H2F produced
by the TS reaction. When this experiment was performed with
the Ch TS-DHFR, a large buildup of *H2F was detected before
a significant formation of *H4F occurred (Figure 4B, red
arrow), consistent with previous findings.21 For the Tg TS-
DHFR, the rate of *CH2H4F consumption (3.2 ± 0.4 s−1) and
*H4F production (3.1 ± 0.5 s−1) were approximately equal,
indicating no lag between the two reactions. On the other hand,
for Ch TS-DHFR, the rate of *H4F production (2.8 ± 0.8 s−1)
was substantially slower than the rate of *CH2H4F con-
sumption (14.1 ± 5.5 s−1), indicating a lag due to dissociation
*H2F into bulk solution and rebinding to the enzyme at the
DHFR active site.
To further probe the molecular mechanism of the distinct

differences in substrate channeling behavior between Tg TS-
DHFR and Ch TS-DHFR, mutants that were impaired in TS
and/or DHFR activity were examined. It might be suggested
that the presence of channeling in T. gondii and the absence of
channeling in C. hominis TS-DHFR might be due to differences
in the ratio of catalytic rates of the TS and DHFR enzymes
rather than by actual channeling of dihydrofolate. The DHFR
kchem for Tg TS-DHFR is approximately 3- to 4-fold faster than
that for Ch TS-DHFR, whereas Ch TS-DHFR has an unusually
fast TS reaction due to the presence of nonconserved residues
at the TS active site.35 A fast TS rate could lead to a buildup of
H2F and, conversely, a slower rate of DHFR catalysis would
require more time to bind and be converted to product leading
to an apparent lag time between the two reactions. Therefore,
the buildup of H2F for Ch TS-DHFR in the bifunctional
reaction might be due to a fast TS rate of chemistry and a
slower rate of DHFR catalysis. Our previous studies have
shown that a point mutant of Ch TS-DHFR, S290G,
substantially slows the rate of TS catalysis without impacting
the DHFR rate.30,35 Mutational analysis of the Tg TS-DHFR in
the current study has shown that mutations in the crossover
helix, W296A and helix deletion, slow the DHFR catalysis to
rates similar to Ch TS-DHFR. Additional pulse-chase single
enzyme turnover experiments were carried out with the Ch
S290G TS-DHFR mutant and the W296A and helix deletion
Tg DHFR mutants and the ratio of dihydrofolate to
tetrahydrofolate was determined at the peak concentration of
dihydrofolate to quantify the amount of buildup. As illustrated
in Figure S13 (Supporting Information), none of the crossover
helix mutants generated a larger amount of buildup relative to
that for WT Tg TS-DHFR (ratio ∼0.5). In WT Ch TS-DHFR,
however, the peak ratio was ∼5 and ∼3 for the Ch TS-DHFR
S290G mutant. This mutational probing of substrate
channeling suggests that a rapid rate of TS catalysis does not
explain the buildup of H2F in Ch TS-DHFR, and the lack of
channeling causes the higher ratio of H2F:H4F. Moreover, the
crossover helix mutants of Tg TS-DHFR that have slower rates
of DHFR catalysis, similar to Ch TS-DHFR, do not buildup
H2F and maintain their kinetic channeling behavior. Taken
together, these studies make a compelling kinetic case for
substrate channeling in T. gondii TS-DHFR.
The underlying structural features that might govern whether

each species exhibits substrate channeling were also considered.
It is notable, for instance, that although Tg TS-DHFR does
show substrate channeling, the species closest in structure, Ch

Scheme 1. Diagram of Pulse-Chase Experiment for
Measuring H2F Channelinga

aWe expected a channeling enzyme (A) to directly transfer the
radiolabeled H2F produced by the TS reaction to the DHFR domain
without releasing it into solution; therefore, only a small amount of the
H2F intermediate product would be observed. However, an enzyme
unable to channel (B) would release radiolabeled H2F into solution,
where it would be out competed by an excess of unlabeled H2F for
substrate binding sites in the DHFR domain. In this scenario, a
substantial buildup of radiolabeled H2F in solution would be observed.
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TS-DHFR, does not. To examine whether there might be
species differences in surface charge distribution, the structures
were evaluated. As illustrated in Figure 5A−D, a comparison of
the coulombic surface charge distribution of L. major, P.
falciparum, and T. gondii to C. hominis TS-DHFR revealed that
C. hominis was the only species to contain a strong negatively
charged DHFR domain. The negative charge could result in the
dissociation of dihydrofolate into bulk solution explaining the
lack of channeling behavior in C. hominis TS-DHFR. A
representation of the electrostatic field lines for each species
(Figure S14, Supporting Information) indicates that the
negatively charged dihydrofolate would be directed to the
more positively charged DHFR domain for L. major, T. gondii,
and P. falciparum (not shown), whereas the negatively charged
DHFR domain for C. hominis would likely facilitate dissociation
of the H2F into bulk solution.

■ DISCUSSION
In this report, the first three-dimensional structure of the T.
gondii TS-DHFR is presented along with insights into catalysis,
interdomain communication, and substrate channeling.
The structure of the Tg TS-DHFR homodimer revealed a

unique kinked crossover helix within the junctional linker
between TS and DHFR monomers that contact the DHFR
domain of the adjacent monomer. The crossover helix is
primarily aliphatic in nature and interactions with the
neighboring DHFR domain are mediated by hydrophobic
residues. A summary of electrostatic and hydrophobic
interactions between the crossover helix and the adjacent
DHFR domain are listed in Table 2. As shown in Table 2, a
number of these interactions are hydrophobic, including W296.
The helical composition and kink due to the presence of
proline 292 are not observed in other protozoal bifunctional
TS-DHFR species. Mutational analysis and kinetic character-
ization allowed the functional role of the crossover helix to be
established.
The kinetic analysis of T. gondii TS-DHFR suggests that

proper anchoring of the crossover helix by W296 is responsible
for ligand binding and catalysis at both catalytic sites. If the
crossover helix is deleted or changes its position due to the
W296A mutation, the position of catalytic B-helix residues
could be altered leading to changes in substrate binding and,
therefore, in the rates of chemistry and substrate release.
Steady state experiments of the crossover helix mutations

suggest that the helix helps the DHFR domain obtain a correct
tertiary structure because these mutations affect the Km. The
kinked crossover helix helps stabilize binding in steady state
analysis, whereas a straightened one increases the kchem of the
DHFR under presteady state conditions. Despite its distal
location from the TS active site, the crossover helix is also able
to modulate the binding of dUMP and impact both the steady
state and the burst rates of the TS reaction.
The structure offers some clues for how these interdomain

allosteric interactions may be mediated. The electrostatic and
hydrophobic protein−protein interactions between the TS and
DHFR domains are summarized in Table 2. The structure
reveals that residues in the linker region downstream of the
crossover helix interact directly with the TS domain. As
illustrated in Figure S15 (Supporting Information), a zoomed
view of the crossover helix and the TS active site highlights
some of the key structural elements that may be involved in

Figure 4. Single turnover pulse-chase bifunctional reaction time courses for (A) T. gondii and (B) C. hominis TS-DHFR. Each is fit to a single
exponential curve that shows the consumption of CH2H4F (black triangles) and production of H4F (blue circles). Concentrations were normalized
with the assumption that the three substrates had a sum of 100% total content. Shown are representative time courses of experiments that were
repeated in triplicate to confirm the reproducibility of the resultant rates. The peak of dihydrofolate buildup (red squares) is indicated by arrows.

Figure 5. Coulombic surface charge distributions of channeling and
nonchanneling TS-DHFRs. Figures of coloumbic charges were created
by using Chimera51 with default settings. Negative charges are red, and
positive charges are blue. Pictured are the TS-DHFRs from (A) T.
gondii (4EIL, loop truncated mutant), (B) L. major,6 (C) P. falciparum
(PDB ID: 1J3I), and (D) C. hominis (PDB ID: 1QZF). The DHFR
domain of each enzyme is circled. An asterisk indicates a version of
TS-DHFR capable of channeling.
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mediating communication and residues that may be involved
(shown in yellow). Hydrophobic residues in the crossover helix,
including I290, interact with F319. Phenylalanine 319 is located
in a turn between the linker and the start of the TS domain.
Also located in this turn region is H316, which is involved in a
salt bridge with E567. Glutamate 567 is also located in an area
that lacks secondary structure; however, it links to a helix
(residues 556−565), which is further connected to the C-
terminal tail that covers the TS active site. The lower part of
this helix is also linked to a loop near the TS active site. It is
possible that the interaction between H316 and E567 may be
disrupted when the position of the crossover helix is altered
through mutation. The loss of this interaction might in turn
affect the position of the helix (556−565) and also alter the
adjoining loop and C-terminal tail, which are important in
modulating catalysis at the TS active site. An overall change in
the position of the crossover helix may alter the interactions
between the linker and the TS domain, thus abolishing the key
interactions necessary for optimal catalysis.
Previous studies33 as well as the current detailed kinetic

analysis and pulse-chase experiments offer convincing evidence
for subtrate channeling of dihydrofolate from the TS to the
DHFR active sites in T. gondii TS-DHFR. Similar kinetic
analyses support substrate channeling in bifunctional forms of
L. major and P. falciparum TS-DHFR12,32,34 but not in C.
hominis TS-DHFR.21 These observations pose the questions of
the underlying structural features for each enzyme and possible
general facets of the structure that might govern channeling
behavior.
As illustrated in the domain comparisons in Figure 1B, each

bifunctional enzyme has unique structural regions that could
confer distinct properties in governing enzyme catalysis,
interdomain interactions, and substrate channeling. Previous
mutational analysis coupled with kinetic characterization of
bifunctional TS-DHFR from L. major, P. falciparum, and C.
hominis and the current studies of T. gondii have defined how of
these structural features from each species may play a role in
modulating TS and DHFR catalysis and interdomain
interactions.21,32,36,37 These structural features, however, were
not responsible for the differences observed in substrate
channeling behavior for each species. Therefore, a closer look
at the structures was taken with an emphasis on Ch TS-DHFR
and Tg TS-DHFR as they are close structural homologues.
Earlier studies have suggested a potential role for surface
charges in the transfer of the negatively charged dihydrofolate
from the TS to the DHFR active site.6 It might be hypothesized
that a positively charged surface would facilitate the transfer of
dihydrofolate to the DHFR site. A comparison of the amino
acid sequences for the TS-DHFR from T. gondii (GenBank
accession code: AAB00163) and C. hominis (GenBank
accession code: 1QZF_A) revealed a difference in the overall
number of positive charges in the DHFR domains. The Tg TS-
DHFR and Ch TS-DHFR have a similar number of negative
charges (Glu or Asp), 25 versus 28, respectively. However, Tg
TS-DHFR has 15 more positivie charges (Lys, Arg, or His)
than that of C. hominis, 33 versus 18.
Most important, however, is the distribution of these charges

on the surface of the enzyme between the TS and DHFR
domains. On the basis of an electrostatic surface respresenta-
tion for the structure of L. major, a continuous “electrostatic
highway” of positive charges was suggested that involved
specific lysine and arginine residues that might play a role in a
“handing-off” mechanism mediated by conformational changes

to serve as a conduit for transfer of dihyrofolate from the TS to
the DHFR site.6,33 Previous modeling of electrostatic
isopotential contours in L. major and P. falciparum revealed a
continuous region of positive electrostatic potential connecting
the TS and DHFR active sites.38,39 However, the comparisons
of the crystal structures of T. gondii, C. hominis, and P.
falciparum TS-DHFR suggests that a continuous pathway of
charges is not well-defined (Figure S14, Supporting Informa-
tion). Moreover, mutational analysis with the L. major targeting
these specific lysines and arginines did not affect substrate
channeling.36 Accordingly, a positive electrostatic pathway
alone may not be sufficient for channeling and suggests that
the prominent negative charges on the surface of the C. hominis
DHFR domain prevent substrate transfer.7,10 Furthermore,
because the distance between the TS and DHFR domains is
∼50−80 Å, the possibility of substrate channeling occurring via
a major conformational change that brings the active sites close
to one another is less plausible. An alternate possibility is that
the transit of dihydrofolate from the TS to the DHFR site is
governed by electrostatic substrate guidance, whereby charged
residues on the surface of the enzyme generate an electric field
that directs the substrate. Electrostatic substrate guidance has
also been suggested as a mechanism by which acetylcholines-
terase recruits substrate from solution.6,36,38−41 The presence of
substrate channeling in L. major, P. falciparum, and T. gondii
and absence in C. hominis may be due to the distinct host cell
environments where each parasite has evolved to survive. The
de novo folate biosynthesis pathway is present in both T. gondii
and P. falciparum; however, the genes for folate biosynthesis are
absent in the genome of Cryptosporidium. Although Toxoplasma
and Plasmodium can both carry out de novo synthesis and
salvage folate, Cryptosporidium only has the ability to salvage
folate from the host.42,43

Several active site inhibitors selectively targeting the T. gondii
TS and DHFR active sites over the human versions of the
enzymes have been discovered, suggesting that the active sites
of the parasite have a distinct architecture.44−48 However, until
now, the design of these inhibitors has largely relied on in vitro
screening and homology modeling.44,47 Taking advantage of
the unique structure of the T. gondii TS-DHFR active sites, as
well as several nonconserved active site residues identified here,
will enhance the structure-based development of selective
inhibitors. The crystal structures presented here also pave the
way for the design of allosteric inhibitors targeting nonactive
site regions of the enzyme, several of which have been
described for other species of bifunctional TS-DHFR.18,49 For
instance, the crossover helical region, which is important is
several aspects of enzyme catalysis, could be targeted through
virtual screening/molecular docking as well as small molecule
screening. Recent findings have also indicated that the TS−TS
interface of T. gondii TS-DHFR can serve as a target for the
design of selective inhibitors.50 Experiments analyzing these
regions as potential targets for drug design are currently
underway.
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additional figures detailing T. gondii TS-DHFR structure and
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material is available free of charge via the Internet at http://
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The atomic coordinates have been deposited in the Protein
Data Bank, www.pdb.org (PDB ID codes 4EIL for loop
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■ ABBREVIATIONS
Å, Ångstrom; B. bovis (Bb), Babesia bovis; C. hominis (Ch),
Cryptosporidium hominis; CH2H4F, 5,10-methylene-5,6,7,8-
tetrahydrofolate; DHFR, dihydrofolate reductase; DNA,
deoxyribonucleic acid; dTMP, deoxythymidine monophos-
phate; DTT, dithiothreitol; dUMP, deoxyuridine mono-
phosphate; E. coli, Escherichia coli; EDTA, ethylenediaminete-
traacetic acid; H2F, 7,8-dihydrofolate; H4F, (6R,S)-5,6,7,8-
tetrahydrofolate; kburst, burst rate; kcat., turnover number; kchem,
rate of chemistry; Km, Michaelis−Menten constant; L. major
(Lm), Leishmania major; μM, micromolar; M, molar; mM,
millimolar; MTX (methotrexate), (2S)-2-[(4-{[(2,4-diaminop-
teridin-6-yl)methyl](methyl)amino}phenyl)formamido]-
pentanedioic acid; NADPH, nicotinamide adenine dinucleotide
phosphate reduced; nm, nanometers; nM, nanomolar; P.
falciparum (Pf), Plasmodium falciparum; PDDF, N10-proparg-
yl-5,8-dideazafolate; RMSD, root-mean-square deviation; s,
second; T. cruzi (Tc), Trypanosoma cruzi; T. gondii (Tg),
Toxoplasma gondii; TS, thymidylate synthase; Vmax, maximum
velocity; WT, wild-type

■ ADDITIONAL NOTE
aTS-DHFR, thymidylate synthase-dihydrofolate reductase is a
functional designation as catalysis at TS precedes catalysis at
DHFR; elsewhere the bifunctional enzyme is called DHFR-TS
based on a genetic classification, as the DHFR domain is
located N-terminal to TS.
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