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Nonconserved Residues Ala287 and Ser290 ofGhgtosporidium hominis
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ABSTRACT: Cryptosporidium hominigS-DHFR exhibits an unusually high rate of catalysis at the TS
domain, at least 10-fold greater than those of other TS enzymes. Using site-directed mutagenesis, we
have mutated residues Ala287 and Ser290 in the folate-binding helix to phenylalanine and glycine,
respectively, the corresponding residues in human and most other TS enzymes. Our results show that the
mutant A287F, the mutant S290G, and the double mutant all have reduced affinities for methylene
tetrahydrofolate and reduced rates of reaction at the TS domain. Interestingly, the S290G mutant enzyme
had the lowest TS activity, with a catalytic efficieney200-fold lower than that of the wild type (WT).

The rate of conformational change of the S290G mutant88 times slower than that of WT, resulting

in a change in the rate-limiting step from hydride transfer to covalent ternary complex formation. We
have determined the crystal structure of ligand-bound S290G mutant enzyme, which shows that the
primary effect of the mutation is an increase in the distance between the TS ligands. The kinetic and
crystal structure data presented here provide the first evidence explaining the unusually fast TE rate in
hominis

Thymidylate synthase (TS) and dihydrofolate reductase between the TS and DHFR domain§, (7). We have
(DHFR) are targets for chemotherapy of infectious diseasespreviously studied the reactions of TS-DHFR fr@ryptospo-
and cancer since they are essential for the proliferation of ridium hominis(Ch), and it was discovered th&hTS-DHFR
cells. Thymidylate synthase catalyzes the reaction of deox-shows a very high rate of activity at the TS domaif1,0—
yuridine monophosphate (dUMPind methylene tetrahy- 40 fold faster than those of other TS enzym@p (
drofolate (CHH,folate) to yield deoxythymidine monophos- Thymidylate synthase is a highly conserved enzyme in
phate (dTMP) and dihydrofolate &fblate) (Scheme 1)1j. both sequence and structure. While t@&TS domain
DHFR catalyzes the reduction of.fdlate, in the presence displays overall conservation, it contains two nonconserved
of nicotinamide adenine dinucleotide phosphate (NADPH), residues, Ala287 and Ser290, in the folate-binding domain
to generate tetrahydrofolate fidlate) @). Tetrahydrofolate (Figure 1A), whereas in most species, these residues are
is required for several biological processes, including the phenylalanine and glycine. While some TS species contain
syntheses of dTMP, purines, and amino acids. TS and DHFRa change at one of the positions, only the unusually Gast
are highly conserved and generally are expressed as indi-hominisTS has both an alanine and a serine. It is noteworthy
vidual monofunctional enzymeq,(3). However, in proto- that theBacillus subtilisTS-A, which has an alanine and a
zoans (and some plants), DHFR and TS exist as a bifunc-threonine, also has a high catalytic TS ra®. (The
tional enzyme in which they are expressed on a single phenylalanine at position 287 has been implicated in folate
polypeptide 4, 5). Studies show that the bifunctional TS- binding @0, 11). In the crystal structure o€hTS-DHFR,
DHFR enzymes may exhibit unique functionalities as a Ser290 forms a hydrogen bond with the glutamate tail of
consequence of the dual catalytic activities. At a structural the folate cofactor, CB3717, an interaction not observed in
level, the interplay between these activities is mediated by other TS enzymes (Figure 1BJ3). Additionally, both
domain-domain communication and substrate channeling residues are part of the folate-binding helix, which contains
residues that are essential for cataly4i8)(

* This work was supported in part by NIH Grant Al 44630 and NIH In this study, we used site-directed mutagenesis to
Pa{iﬂgofggr(ﬁgzgsAf%)(r)Zﬁggrtcture reported in this work have been investigate the effects of residues Ala287 and Ser290 on the
deposited in the Protein Data Bank undeer the file name 20IP. activity of the b'f_unCt'onaChTS'DHFR enzyme. In addition,

* To whom correspondence should be addressed. Telephone: (203)we have determined the crystal structure of the S290G mutant
785-4526. Fax: (203) 785-7670. E-mail: karen.anderson@yale.edu.enzyme to offer a physical explanation of the importance of

“Abbreviations:  TS-DHFR, thymidylate synthase-dihydrofolate 15" residue. Both residues discussed here lie within the
reductase (this is a functional designation as dihydrofolate is produced

at TS and used at DHFR; elsewhere, the bifunctional enzyme is termed folate-binding domain, a key site for the design of species-
DHFR-TS because DHFR resides at the N-terminal portion of the specific inhibitors {4). A full understanding of how these
bifunctional protein); dUMP, deoxyuridine monophosphate; dTMP, - species-unique TS residues influence this enzyme’s catalytic

deoxythymidine monophosphate; gHtifolate, methylene tetrahydro- : : : : e
folate; Hhfolate, dihydrofolate: hfolate, tetrahydrofolate: NADPH, cycle is essential, since there are currently no antiparasitic

nicotinamide adenine dinucleotide phosphate; CB3717, 10-propargyl drugs available folC. hominis the opportunistic pathogen
L-5,8-dideazafolate; HPLC, high-performance liquid chromatography. that causes cryptosporidiosisg).
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MATERIALS AND METHODS mutations, as confirmed by nucleic acid sequencing, were
used to transform competefischerichia coliBL21-DE3
cells, and proteins were purified in a manner similar to that
of the wild type. The concentration of TS-DHFR protein was
estimated by a Bio-Rad assay with BSA as a standard.

Chemicals and Reagentall buffers and other reagents
employed were of the highest commercial purity. Millipore
ultrapure water was used for all solutions. 7,8-Dihydrofolate
(Hxfolate) was chemically prepared by the reduction of folate . o ,
with sodium hydrosulfite. (8,9-5,6,7,8-Tetrahydrofolate ~ Enzyme Actity. The DHFR activity was determined by
was obtained from Schirks Laboratories. Radiolabeled H Monitoring 1the Ejlecrease' in absorbance at 340 Am <
folate was synthesized by sodium hydrosulfite reduction of —+2800 M™* cm™), following the enzymatic conversion of
tritium-labeled [35,7,93H]folic acid obtained from Moravek ~ NADPH and Hfolate to NADP" and Hyfolate, as previously
Biochemicals (Brea, CA). Radiolabeled and unlabeledHGH described. The TS activity was determined by fOl||OWI_ﬂlg the
folate were prepared by enzymatic conversion of radiolabeledNcréase in absorbance at 340 nfxe (= 6400 M cm™)
and unlabeled Holate, respectively, which forms F69)- for the conversion of substrates dUI\(/)IP and SBlkfolate
5,6,7,8-tetrahydrofolate and subsequent condensation witht® Products dTMP and #olate at 25°C as previously
formaldehyde 16). Both Hifolate and CHH.folate were  described Z0).
purified using DE-52 anion exchange resin (Whatman Co.)  Spectrophotometric TS Assay. ThDHFR (10, 30, or 120
and elution using a linear gradient of triethylammonium NnM) was preincubated with dUMP (1QfM) prior to being
bicarbonate17). [2-4C]dUMP (52 mCi/mmol) was obtained ~mixed with CHHafolate (0.5-350xM), and the absorbance
from Moravek Biochemicals. The concentrations of all was monitored at 340 nm using a Hewlett-Packard 8452A
substrates were determined spectrophotometrically, accordingsPectrophotometer. Initial rates were determined in duplicate
to previously published extinction coefficientd§ 19). using the software provided by the instrument, and these rates
Experiments were carried out at 25 in 50 mM Tris buffer were converted to units of specific activity using the reported
(pH 7.8) containing 1 mM EDTA, 25 mM MgGl and 10 extinction coefficient for the reactiomMn, = 6400 M1
mM DTT. Buffer solutions were purged with argon prior to  €M™).
use. Rapid Chemical QuenchiRapid chemical quench experi-

Protein Expression and Purification. 01%-DHFR was ments were performed using a Kintek RFQ-3 rapid chemical
purified according to a previously published protoc8). ( guench apparatus (Kintek Instruments, Austin, TX). The
Site-directed mutations were created using a QuikChangereactions were initiated by mixing an enzyme solution (15
mutagenesis kit (Stratagene). Plasmids containing the desirediL) with the radiolabeled substrate (14, approximately
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A C. hominis LTTKK\-’;IR;IFEELIWE‘IK 300
BosubtilisA LTTEEVAWERKTAIKELLWIWQ 77
Beoli VTTHERCH|ILRISIIHELLWFLQ 64
P falciparum LTTEKEKLF|LRGIIIEELLWFIR 388
Tgondii LTTERV|FWEGVLEELLWFIR 327
Lomgjor LTTEKRVIFWRGVCEELLWFLR 298
Poearinii LTTERVFIIRGIVIEELLWEIR 71
human LTTEKRVFWKGVLEELLWFIK 93

B L

Ficure 1: Wild-type ChTS active site. (A) Alignment of the partial
TS sequence consisting of the folate-binding helix and flexible loop,
with positions 287 and 290 highlighted. (BhTS (PDB entry 1qgzf)

ligands are colored orange; dUMP is in the background, and
CB3717 is in the foreground. Ala287 is colored green and Ser290

violet.

35000 dpm for JH]folates and 20 000 dpm for [#C]-
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Information. The elution profile for the separation of dUMP
and dTMP is shown in Figure S2 of the Supporting
Information.

Data AnalysisRapid chemical quench data were analyzed
using the curve fitting program GraphPad Prism. Stopped-
flow measurements provided estimates for the association
and dissociation rate constanis,@ndk.s, respectively) and
for reaction rate constants. Comparison of rapid chemical
guench and stopped-flow reaction time courses allowed for
the assignment of observed stopped-flow rates to chemical
steps or conformational changes.

Stopped-Flow Fluorescence Measuremestspped-flow
measurements were performed using a Kintek SF-2001
apparatus (Kintek Instruments) as detailed previou8)y (
Fluorescence changes were monitored following excitation
at 287 nm and emission at 340 nm. To assess the binding of
enzyme with CB3717, the monochromator was set at 287
nm on the input and the FRET was monitored with an
interference filter at 380 nm to determikg, and a 340 nm
cutoff filter to measurdg. An average of three to five runs
was fit to a single-exponential, double-exponential, or burst
equation to obtain rate constants.

The TS protein conformational change upon substrate
binding was followed by setting the monochromator to 287
nm on the input and monitoring the change in intrinsic
enzyme fluorescence with an output filter at 340 nm. The
ChTS-DHFR enzyme (4M) was preincubated with 500V
dUMP and buffer and then mixed with GHsfolate (2-

350 uM) or CB3717 (+20 uM). For DHFR, NADPH
coenzyme fluorescence resonance energy transfer (FRET)
experiments were carried out with 290 nm excitation and
an output filter at 450 nm. In DHFR burst experiments, 7.5

dUMP). In all cases, the concentrations of enzyme and uM enzyme was preincubated with 5M Hfolate and
substrates cited in the text are those after mixing and duringbuffer and then mixed with 50@M NADPH. In single-
the reaction. For TS pre-steady-state burst experiments,enzyme turnover experiments, GM enzyme was preincu-

ChTS-DHFR (25uM) was preincubated with 500M dUMP
and then reacted with 78M CH Hfolate. For TS single-
enzyme turnover experiments, t8TS-DHFR enzyme (100
uM) was preincubated with a saturating concentration of
dUMP (500uM) and then mixed with a limiting concentra-
tion of radiolabeled ChHfolate (10u4M). To assess the
DHFR reaction under single-turnover conditions, enzyme
(100uM) was preincubated with a saturating concentration
of NADPH (500 M) and then mixed with a limiting
concentration of radiolabeled,félate (10uM).

Reactions utilizing radiolabeled folates were terminated
by quenching with base (0.78 N KOH) as described
previously. For reactions in which radiolabeled dUMP and
dTMP were utilized, 0.4 M HCI was used for quenching
(8). To confirm complete quenching of the enzymatic

bated with 500«M NADPH and buffer and then mixed with
10 uM Hfolate.

SDS-PAGE of the Ternary Galent IntermediateSDS—
PAGE gels were used to detect the enzyrde MP—CH,H,-
folate ternary covalent compleX (andlll in Scheme 1),
as previously described with minor modificatioris3(21).
Instead of using 1% SDS and 10femercaptoethanol to
guench the reactions, we used 200 rg\nercaptoethanol
in 0.4 M HCI. Collected samples were placed on ice for 20
min and spun down to pellet the precipitated protein. The
protein pellets were washed with water, resuspended in SDS
loading buffer, and analyzed according to the published
procedure 13, 21).

Kinetic Simulation.The KinTekSim kinetic simulation
program (version 3.0.3) was used to model the catalytic

reactions, controls in which substrate was added to amechanisms of reactions for the TS domain of wild-type and
premixed solution of enzyme and quench solution were S290GChTS-DHFR @, 19). Minimal mechanistic schemes

included with each experiment.
HPLC Analysis.A portion (~70 uL) of each quenched
reaction solution was quantified by radio-HPLC. Separation

were written, and parameters were adjusted to fit to the
experimental kinetic data.
Crystallization and Data CollectionPure ChTS-DHFR

was performed using a BDS-Hypersil C18 reverse phase S290G mutant protein was incubated at a final concentration

column (250 mmx 4.6 mm, Keystone Scientific, Bellefonte,
PA), as previously describe#)( When the intermediate peak
was separated from thefdlate peak, the pH of the elution
buffer was adjusted to pH 8.5, allowing for separation of
the folate intermediate, Jfblate, and CHH,folate peaks, and
an elution profile is shown in Figure S1 of the Supporting

of 7 mg/mL with 1 mM ligands (dUMP, CB3717, NADPH,
and methotrexate) for 45 min on ice. The protein/ligand mix
was crystallized using the hanging-drop vapor diffusion
technique. The successful well solution consisted of 0.1 mM
ammonium sulfate, 0.3 M lithium sulfate, 0.1 M Tris, and
10% polyethylene glycol 6000. Crystals with approximate
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Table 1: Values ok K and Efficiency from Steady-State mental error, WT and mutant enzymes have DHFR activities

Kinetics® of ~3 s 1. The K, values of WTChTS, A287F, S290G,
Ko Kn[CHoHdfolate]  efficiency and the double mutant for QH.4foIate are determined tp
(s )P (uM) (KeadKi) be 2.7, 10, 48, and @M, respectively (Table 1). The drastic
effect of the mutations is best demonstrated in the value of
WT 11.7+0.2 2.7+1.2 4.3 X .

A287F 8.2+ 0.3 10.1+ 2.2 0.81 catalytic efficiency ke.a/Km), where the values for A287F
S290G 0.8£ 0.2 48.2+1.8 0.02 and the double mutant are5-fold lower and that of S290G
double mutant 7603 8.7+25 0.87 is ~200-fold lower than that of WT (Table 1). Overall, this

aValues are an average from duplicate trifii§he turnover number ~ demonstrates that the affinities of the mutant enzymes for
is calculated considering that TS exists as a dimer and is a half-sittesCH,Hfolate and their activities at the TS domain are
reactive enzyme. Thus, the turnover number_is the nurr_lber of moles °fsignificantly altered.
product formed per second per mole of active subunit (one-half the Sinale-E T d Pre-Steadv-S B E
moles of total enzyme used). ingle-Enzyme Turner and Pre-Steady-State Burst Ex-
periments for Examining the DHFR Reactioro confirm
that there was no impact of the A287F and S290G mutations

dimensions of 0.3 mmx 0.1 mm x 0.05 mm grew in 1 5 the activity of the DHFR domain, we performed single-
week at 18°C. Crystals were soaked in SUCCESSIVe Cryopro- onzyme turnover experiments using rapid chemical quench.

tectants of mother liquor with 10 and 25% ethylene glycol Fiting the data to a single-exponential equation yielded a
for 2 min each and were flash-frozen in liquid nitrogen. | 4ie constant 0128 s for WT and mutant enzymes (data
Diffraction data were collected at the Brookhaven National shown). We also monitored the DHFR activity by
Laboratory on beamline X25. Our best crystal diffracted t0 stopped-flow techniques. Under pre-steady-state burst condi-
2.7 A. Data were indexed, integrated, and scaled to0 2.8 Aions the data were fit to a burst equation to yield a burst
using HKL2000 22) and were converted to structure factors 5t of~124 s and a steady-state rate of 3.1 ¢Figure

with Truncate 23). Five percent of the reflections were  g3a of the Supporting Information). Within statistical errors,
marked for cross-validation analysis to serveRas The  he DHFR domains of WT and mutant enzymes all have the
structure of the WTCHhTS-DHFR enzyme was determined  s5me rates of reactions.

on similar instruments at the same facility and scaled and Pre-Steady-State Burst for the TS Reacti®a first step
refined using the same software, allowing us to make ; gissecting the mechanism for the TS reaction, we

comparisons between that structure and the one presentedy - mined the WTCHTS reaction under pre-steady-state
here. _ conditions. The rate profile shows a burst rate of ap-

Structure Solution.The structure of theChTS-DHFR proximately 175 st and a burst amplitude of 13/M. The
S290G mutant cocrystallized with ligands was determined prst amplitude indicates the active site concentration, which
using the coordinates of wild-typ€hTS-DHFR (Protein s gne-half of the enzyme concentration that was used. This
Data Bank entry 1QZF), with waters and ligands removed, i gicates thaCHTS, like the monofunctional TS enzyme, is
as a starting model. Since the protein crystallized with the 5 haif-the-sites reactive enzyme8). Dividing the slope of

same space group and unit cell, we could begin direct yhe jinear portion of the plot by the amplitude gives a steady-
refinement. After a rigid-body fit using Refmac5 from the giate rate of 12.43.

CCP4 suite 24), the initial R-factor was 40% and, when the Single-Enzyme Turner Experiments for Examining the
domains were allowed to move independently, was lowered +g ReactionTo more precisely evaluate chemistry, single-
to 36%. The negative difference density for the absent Serzgoenzyme turnover experiments with WT and mutant enzymes
side chain was evident in the initial difference map in every \yare carried out on a rapid chemical quench apparatus. The
monomer. Additionally, all of the ligands were visible in  ime courses for the consumption of giifolate by WT

the initial F, — F. difference maps. The structure was refined 5,4 mutant enzymes are shown in Figure 2. The rate profiles
using Refmac5; density modification was conducted using ot \wT. A287F. and the double mutant show biphasic
Solomon g3), and iterative processes of refinement and pepayior: however, the S290G mutant does not. Specifically,
manual residue and ligand positioning were carried out in gjgyre 2A demonstrates that the WT rate profile fits better
the visualization programs (2§) and COOT £6). After to a double-exponential equation (solid line) than to a single-
addition of waters in Refmacs, groupfactor refinement  gynonential equation (dotted line). Fitting the data from the

in CNS @7), and geometry optimization, the finBl.c was reaction of WTCHTS to a double-exponential equation yields
22.1 andRyee Was 26.0. All refinement statistics are reported 5 very fast phase with a rate constanof ~250 s and a
in Table 5. The structure was deposited in Protein Data Bank gjg\yer phase with a rate constaatof 27 s1. The mutants

as entry 20IP. yield reaction rates slower than that of WT (Figure 2B,C
RESULTS and Table 2): the rate of catalysis of the double mutant is
~2-fold slower than that of the wild type, while the S290G
Steady-State Analysis of TS and DHFR #4itigs of Wild- mutant is>10-fold slower.
Type and Mutant Enzyme$o characterize the effects of Affinity of WT and Mutant ChTS Domains for Folate
these residues, we created S290G, A287F, and the doubléAnaloguesAnother method for determining the affinity of
mutant (A287F/S290G) and steady-state kinetics were usedTS for its folate cofactor is utilizing the folate analogue
to provide an initial assessment of the catalytic activities. CB3717 (also called propargyl dideazafolate or PDDF).
The ket Values for TS activities for WT, A287F, S290G, CB3717 is structurally very similar to GHfolate (Figure
and the double mutant are 11.7, 8.2, 0.8, and 7% s 3) (29), and conveniently, CB3717 has a fluorescence
respectively (Table 1). However, the rate of activity of the emission at 380 nn8]. As shown previously, CB3717 binds
DHFR domain appeared not to be affected. Within experi- to the bifunctional TS enzymes in the presence or absence
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FiGure 2: Reaction time courses for the consumption of,BiH
folate from single-enzyme turnover of WT and mut&@iTs. (A)
WT data fit to single-exponential (- - -) and double-exponential
(—) equations. (B and C) Time courses for W®)( the A287F
mutant (), the double mutant«), and the S290G mutanmj.
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Table 2: Rate Constants from TS Single-Enzyme Turnover
Reactions Fit to Single- and Double-Exponential Equations

single-exponential fit double-exponential fit

kl (Sfl)a kl (Sfl)b k2 (S*I)C
WT 46.0+£ 7.2 ~250+30 27.3+0.5
A287F 18.5+25 133+ 9 13.5+ 0.9
S290G 2.3t 0.4 NA NA
double mutant 18.62.3 110+ 11  13.6+ 0.7

ak, corresponds tdchem (Catalytic rate) for the single-exponential
fit. ®k; corresponds to the rate of conformational change preceding
catalysis in the double-exponential fitk, corresponds técnem (Catalytic
rate) for the double-exponential fit Most accurate value fd¢n.mbased
on the best fit to either single- or double-exponential equations.

of dUMP (8), Therefore, thd,, rate of CB3717 was obtained
by mixing 100 nMChTS-DHFR with increasing concentra-
tions of CB3717. As shown in Figure 4A, the fluorescence
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Ficure 3: Structures of CkHfolate and CB3717.
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FIGURE 4: Stopped-flow experiments assessing conformational
change. (A) Representative stopped-flow trace of fluorescence at
380 nm vs time, observed upon mixif@hTS-DHFR (100 nM)

with 5.0 uM CB3717. (B) Representative stopped-flow trace of
fluorescence at 340 nm vs time, in which W\CATS-DHFR (3uM)

0.000

change associated with binding of CB3717 to the enzyme is was preincubated with 500M dUMP followed by mixing with
biphasic, with a fast CB3717 concentration-dependent phase100uM CH,Hfolate.

(kob9 @and a slow concentration-independent phase of'6 s
Plotting kops Versus the concentration of CB3717, whkgig
= kon[CB3717] + ko, yields akon of 42 s uM 2. The ko

DHFR is similar either in the presence or in the absence of
dUMP, and the affinity of WT or mutan€hTS for dUMP

was measured independently in a competition experimentis similar (data not shown) and corresponds to the previously

in which the TS-DHFR was preincubated with CB3717 and
mixed with excess ChH4F; the k+ was determined to be
2.0 s'1. Within experimental error, the affinities of WT and

publishedKy value of 35uM (8).
Conformational Changes Associated with Folate Binding.
Numerous studies have demonstrated that monofunctional

mutant enzymes (Table 3, left columns) for CB3717 are the TS enzymes (fronk. coli, Lactobacillus caseiand humans)

same, with &gy of approximately 50 nM. These results are
consistent with those previously publish&). (Additionally,
our results show that the association of CB3717 \@ilT S-

undergo conformational changes upon binding of folate
cofactors 8, 30—32). To evaluate whether residues Ser290
and Ala287 affect the conformation of the TS domain, we
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Table 3: Dissociation Constants of Folate Cofactors for WT and Table 5: Data Collection and Refinement Statistics for the Structure
Mutant Enzymes of the ChTS-DHFR S290G Mutant Enzyme Complexed with
CB3717 ChH.folate dUMP, CB3717, NADPH, and Methotrexate

R I R N oA &

(79 WM™s™) @M) (s7) “M's™) M) unit cell parameters 215.0A,116.2 A, 216.6 A,
WT 2.1 42 0.050 100 21.1 4.7 90°, 94.27, 90°
A287F 2.0 45 0.044 77 51 15.1 no. of reflections used 130114
S290G 2.0 41 0.049 7.4 0.19 38.9 completeness (%) 99.2 (98.7)
double mutant 1.9 44 0.043 81 4.7 17.2  redundancy 3.3

a2 The error associated with the determination of each rate constant /o 9:3(2.9)
: o Rierge(%0) 11.7 (53.8)
is <10% in all cases. . . .
no. of monomers in the asymmetric unit 5

refinement statistics

Table 4: Rates of Conformational Changes Upon Ligand Binding Rfacwfo(%) 22.1
from Monitoring the Fluorescence Change at 340 nm Riree (%0) 26.0

total no. of atoms 21926
CB3717 (2QuM) CH:H,folate (100uM) no. of water moIeAcuIes 399
—1\b —1\c —1\b —1\c rmsd for bonds (A) 0.009
k(57" ke (S7) ka (7 ke (s7) rmsd for angles (deg) 14
WT >500 76 >500 300 Wilson B factor (42) 65
A287F >500 81 ~400 128 averageB factor, non-H atoms (B 66
S290G >500 79 27.4 3.7 coordinate error, Luzzati (A) 0.38
double mutant  >500 72 ~400 120 Ramachandran plot
aThe error associated with the determination of each rate constant ~'€Sidues in most favored regions (%) 88.3
residues in additionally allowed 10.9

is <10% in all cases® Concentration-dependent rate constant associated : o
with binding of folate cofactor¢ Concentration-independent rate con- regions (%)

stant following the binding of CB3717 or GH.folate. residu_es in generously allowed 0.7
regions (%)
residues in disallowed regions (%) 0.1

compared the intrinsic fluorescence change of WT and
mutant enzymes in the presence of ligands. When CB3717
was mixed with the dUMPenzyme complex, the fluores- »
cence change at 340 nm was biphasic. WT and mutantSpecm_caIIy, the A287F and double mutants undergo con-
enzymes have the same rates of conformational changes witformational changes at a rate2.5-fold slower than that of
a very fast concentration-dependent phase (corresponding t¢VT- S290G shows an even greater effect, more than 80-
binding) and a slower concentration-independent phase offold slower than the rate of conformational change of the
75 s (corresponding to conformational change following WT enzyme.
binding). Plotting this fast concentration-dependent phase Detecting Intermediates from the TS Reactions by HPLC
yields the same value fdk,, for CB3717 as seen above AnalysesOur earlier studies offoxoplasma gondandC.
(Tables 3 and 4, left columns). hominis TS-DHFR have reported the observation of an
Mixing of CH,H.folate with the enzymedUMP complex unknown intermediate peak from the TS reaction by HPLC
was also biphasic. However, in contrast to CB3717, differ- analysis 8, 19). This peak is observed when radiolabeled
ences in the rates of fluorescence changes were observed-H:Hafolate is used and the reaction is quenched with base.
Both phases of fluorescence changes increase with increasing/nder single-enzyme turnover conditions for the WT TS
concentrations of ChHjfolate. When the ChHfolate reaction, the maximum level of accumulation of this folate-
concentration was 10@M, the first rate,k;, is very fast  intermediate is~38% at 22 ms (Figure 5A). In the case of
(>500 s1) for WT (Table 4, right columns). This is likely the S290G mutant, the maximum level of accumulation of
due to the conformational change associated with binding this intermediate is-8% at 250 ms (Figure 5B).
of CHH.folate. A representative stopped-flow trace for WT ~ Determining the Rate of dTMP Formatioince our
is shown in Figure 4B. The plot of the WT rates from the results demonstrate that the rate of £lifolate consumption
first phase versus the concentration of Elifolate yields a is biphasic for WT but not for the S290G mutant, we
kon Of 21 uM~1 571 and ako of 100 s%, and thusKq = 4.7 examined the rate of formation of dTMP. Under pre-steady-
uM (Table 3, right column). Compared to WT, the mutant state conditions, the rate of formation of dTMP does not
enzymes have lower affinities for GHjfolate, with Kg show a burst for WT or S290G (Figure S2B of the
values of 15, 39, and 1ZM for the A287F mutant, the  Supporting Information). This indicates that the limiting step
S290G mutant, and the double mutant, respectively (Tablein the TS reaction is not release of product.
3, right columns). The rate of the second phase of fluores- We also determined the rate of formation of dTMP under
cence change for WT is slower and reaches a maximum valuesingle-turnover conditions. For WT, the rate of formation
of 300 s (Table 4, right column). This rate correlates with of dTMP (65 s?) (Figure S2C of the Supporting Information)

aValues in parentheses are for the highest-resolution shell.

the value ofk; for the rate of consumption of GHfolate is different from the rate of consumption of GHfolate (27
from the single-enzyme turnover reaction of WOhTS s1) (Figure 2A). A similar situation occurs in the S290G
(Table 2). This is also true for the mutant enzymes. mutant. The S290G mutant has a rate constant of 4.tbs
For WT, the rates of conformational changes are very fast the formation of dTMP (Figure S2D of the Supporting
(Table 4, right columns), with & of >500 s* and ak; of Information), and 2.38 (Table 2) for the disappearance of

~300 st The rates of conformational changes for the CH,H4folate. The discrepancy may be due to the differences
mutants are slower than that of WT (Table 4, right columns). in how the analyses were performed. When the rate of
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104 ga) band was isolated, dissolved, and counted in scintillation
cocktail. The graph of the amount of radioactivity associated
with WT enzyme with respect to time is shown in Figure
6A. When PH]CH H,folate was utilized, similar results were
obtained (Figure 6B). A maximum radioactivity of ap-
proximately 606-800 cpm was observed at 20 ms and then
leveled off at~90 ms. The S290G mutant had very little
radioactivity associated with it. Under the same conditions
that were used for WT, the reaction of the S290G
mutant showed radioactivity of~200 cpm at 250 ms
(Figure 6D,E; note the difference in time scales from WT
graphs). These results indicate that for the reaction of WT
A ChTS, the formation of the enzymelUMP—CH,Hfolate
covalent ternary complex is faster, and the complex ac-
cumulates to a greater extent than from reaction of the S290G
mutant.
0.00 0.04 0.08 012 0.16 The radioactivity associated with tihTS-DHFR enzyme
was analyzed from the reaction ofH]JCH,Hfolate and
FAUMP, a dUMP analogue consisting of a fluorine in place
of the proton at the 5-position of the pyrimidine ring (Scheme
1). Due to this substitution, FAUMP is an inhibitor of the
TS reaction since there is no longer a hydrogen on C5 to be
deprotonated. This, in turn, stops the catalytic reaction at
the formation of covalent ternary intermedidit§dsee Scheme
1) (4). The plot of radioactivity associated with the WT
enzyme from the reaction of FAUMP antH]CH,Hfolate
versus time is shown in Figure 6C. The formation of the
covalent ternary intermediate is rapid and is saturated very
early in the reaction of WThTS. In the reaction of S290G,
formation of the enzymeFdUMP—[3H]CH,Hfolate com-
plex is much slower (Figure 6F). Its formation begins at 100
ms, and since the enzym&dUMP—[3H]CH,H,folate com-
plex is not converted to product, it slowly continues to form
until it is saturated at a much later time (approximateh?21
s). These results demonstrate slow covalent ternary complex
: : formation as an effect of the S290G mutation.
. Kinetic Simulations Suggest a Shift in the Rate-Limiting
Time (s-1) Step The KINSIM kinetic program was used to model our
EGUEEQ%GSM%'G-IG”;W]S tlkllmo}/erl reactiohnz f?rfWJhTS a?d frapid chemical quench data obtained from evaluation of the
e mutant. Rapla chemical quenc ata rrom reactions O i _
T CITS () and $290G (). Time course foHICH;Holae Simaiations fotused dﬁ%ﬁﬁ%ﬁﬁ?iﬁﬁf machansms
’ ' ' for the TS domain from these two enzymes. For GATS,
our kinetic simulation suggests that the reaction occurs very
consumption of CkH,folate was analyzed, base was utilized rapidly and hydride transfer is the slow step. In the case of
to quench the reaction; however, acid was utilized to quenchthe S290G mutant, the overall reaction is much slower than
the reaction when the rate of formation of dTMP was that of WT ChTS. The simulated reaction mechanism
assessed. When base quench is used, all reactants, intermeditggests that formation of the covalent ternary intermediate
ates, and products are observed. When acid quench is usednpay be the slow step. Comparison of the reaction time
only dissociateddUMP and dTMP are observed and any courses from single-enzyme turnover reactions of WT and
other covalent intermediates are precipitated with the enzyme.S290G and our kinetics modeling is shown in Chart 1. Note
Therefore, formation of dTMP appears to be faster becausethe difference in the time scale for WT versus S290G
the intermediates are removed before HPLC analysis. It hassimulated reaction profiles.
been reported that by using acid to precipitate the enzyme, X-ray Crystal Structure Solution of the S290G Mutdrd
a covalent intermediate of the enzyr@lJMP—CH,Hfolate elucidate the structural impact of these nonconserved residues
complex (I andlll , Scheme 1) can be detecte®B) and on the enzyme and offer a structural explanation for the
isolated by SDSPAGE (13). For these reasons, we set out kinetic results, the X-ray crystal structure of 8eTS-DHFR
to try to isolate the covalent ternary complex with SBS  S290G mutant enzyme was determined. The construct used
PAGE gels. for crystal growth was the same as that used for the kinetic
Discerning the Ceoalent Ternary IntermediateStudies studies, the full bifunctional TS-DHFR protein. The ligands
have detected the covalent ternary intermediate complex byat TS were the natural substrate dUMP and the inhibitor
denaturing and isolating the enzyme with SDS gels and CB3717. Instability of ChHHsfolate precluded its use in
counting for radioactivity associated with it. The protein gel crystallization; however, CB3717 has been shown biochemi-

3H-Folates (uM)
(3.

Time (s-1)

3H-Folates (uM)

0. T T ?
0.0 0.5 1.0 1.5 2.0 25 3.0



8386 Biochemistry, Vol. 46, No. 28, 2007 Doan et al.

90 300,
soot A D
70
~= 60 200
O % il
< s & A
S
=l 7
Q_ —_
O 30 100} s
20 .
10 - ﬁ 5
0.00 0.01 0.02 0.03 0.05 0.07 0.09 0.20 0.30 1.00 0.00 0.03 0.10 0.15 0.25 0.50 0.75 0.90 1.00 5.00
Time (s) Time (s)
300,
E
—_ 200
o m
[ap]
S
£
o
o 100}
0.00 0.01 0.02 0.03 0.05 0.07 0.09 0.20 0.30 1.00 i 0.00 0.03 0.10 0.15 0.25 0.50 0.75 0.90 1.00 5.00
Time (s) Time (s)
1201 1200,
1101 1100p F
1001 1000f
90 900}
—. 80 8001
Q:l_:/ 70 700
E 60 600
a 50 500
O 40 400F
301 300
20 200
10 100}
0 0 i
0.00 0.01 0.02 0.03 0.05 0.07 0.09 0.20 0.30 1.00 0.00 0.03 0.10 0.15 0.25 0.50 0.75 0.90 1.00 5.00
Time (s) Time (s)

Ficure 6: Detection of the covalent ternary intermediate by SIPAGE. Panels AC show the radioactivity associated with WChTS,

and panels B-F show the radioactivity associated with S290G. Panels A and D show reactions in which enzyme was preincubated with
[2-1“C]dUMP (10uM) and mixed with excess CiHisfolate (500uM). Note the difference in the time scale. Panels B and E show reactions

in which enzyme was preincubated with excess dUMP (@@ and mixed with fH]CH,Hfolate (10uM). Panels C and F show reactions
utilizing excess FAUMP and limiting®]CH,Hfolate. The amounts of radioactivity for each time point are the average of duplicate
determinations with error bars representing the standard deviation.

cally to halt the TS reaction at the covalent intermedid® (  dimers) in the asymmetric unit, and the second half of the
and also serves as an accurate model for structural analysidinal dimer lying across the unit cell axis. There was good
of the TS mechanisnBg). The crystal asymmetric unitand electron density for all monomers. All excep# residues
space group were the same as those of wild-tgbeS- per monomer had density for their backbone atoms, and all
DHFR (12), making for an efficient starting model. The except an additional 3 per monomer had side chain density.
initial electron density maps showed that the enzyme These residues were all in the flexible linker region that spans
crystallizes as the biological dimer, with 5 monomers (2.5 the DHFR domains of a dimer. The residues without any
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Chart 1: Minimal Reaction Mechanism and Rate Constants Used To Simulate the WT and GEARB®omain

$290G

Intermediate
w 23 30
k; ks
EU+M sy EUM EUM = ETT
k, k,
EUL e EC EC —im EC" EC' -.-iki-nqr
ks kg
k; kg k
EQT ~—= FPD EPD ~—= EP4+D EP ——= E.P
ky kg ky
E=Enzyme U=dUMP Ma=CH ;Hfolate I = Iminium Ion Intermediat
EC = Covalent Ternary Intermediate
EC' = Deprotonated Covalent Ternary Int diate
Q = CH.dTMP T = Hyfolate D =H pfolate P = dTMP
WT Rate Constants
k=23 M5! k=21 M s? ky=3005"
k;=90¢"! k,=100s" k,=625s"!
k,=215¢? ky=130 s ke=220 s
ky=505" ks=455" ke=105"
k,;=185"! kg =200 57 ko= 20057
ky=005" kg=2pM™s? ko=11puM™s?!
S$200G Rate Constants
kK =23pM15! k=019 pM™! 57! ky=185"
k,=50s" ka=745" k3=5s"
k=455 ks=20s" ks=30s"
ky=3s? ks=2s" kg=0015"
ky=155" ky= 2005t kg =200 5"
k,;=00s" kg=2pM's? kg=11pM's?

density were deleted, and the residues with no side chaininhibitor CB3717 are similar in the mutant enzyme, and there
density were built as alanines. is an expected change in conformation of the glutamate tail

In the initial maps, there was clear negative difference of CB3717, which hydrogen bonds to Ser290 in the wild-
density at—3¢ at residue 290 in every monomer, ensuring type enzyme (Figure 1). Without the interaction from the
us that the mutation from serine to glycine was complete in nonconserved serine, the glutamate tail shifts up in the active
our protein crystals. Additionally, there was electron density site ~0.5 A. The effect on the inhibitor is that most atoms
for all ligands. The density for all ligands was complete and in the compound are shifted 6-8.8 A from their position
clearly defined in monomers A, B, and C, except for one in the wild-type enzyme, pulling the whole compound away
carbon-carbon bond in the glutamate tail of CB3717. from its position in the active site, as seen in Figure 7B.
However, both carboxylates of the tail had strong density Interestingly, there are also long-range effects of this single
and were able to be placed. A representative— F. mutation on ligand binding, as the position of dUMP is
composite omit map in Figure 7A demonstrates the significantly altered. Both the pyrimidine and sugar rings
complete ligand density, and our ability to confidently fit are shifted down and away from their original positions,
TS ligands. moving dUMP away from CB3717. The overall effect seems

Comparison of the S290G Structure with the Wild Type. to be greatest on the atoms involved in catalysis [C5 of
Comparison of the S290G and wild-type structures showed dUMP and CP1 of CB3717, equivalent to the donated
no changes in the overall enzyme structure and minimal carbon, C10, in CkH4F (Figure 3)]. The distance between
changes in the enzyme active site. There were, however,the two atoms in wild-typ€hTS-DHFR is 3.96 A, whereas
significant changes in the position of the bound ligands. The in the S290G enzyme, they move apart byt.2 A to a
overall binding orientations of the substrate dUMP and distance of 5.20 A (Figure 7B).
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FiGurRe 7: TS ligands in the S290G crystal structure. (A) Stereoview omit difference density map (contoured) aff 24 monomer B

active site showing that density is clearly defined for both dUMP and CB3717, including nearly all of the flexible glutamate tail, allowing
precise positioning of the ligands. (B) Stereoview comparison of the TS overlay showing the significant movements of the ligands: wild
type (orange) and S290G (green). The dashed line highlights the distance increase of 1.2 A between atoms involved in the catalytic methyl
transfer.

DISCUSSION while CB3717 has a propargyl at the N10 position. The
difference in the binding of CB3717 and GHifolate is that
binding of CHH,folate requires opening of the imidazolidine
ring. Our data show that the rates of conformational change

. C upon binding of CHH,folate are sensitive to mutations of
thymidylate synthase is highly conserved, there are SUbﬂeAIa287 and Ser290, while rates of conformational change

differences among species, particularly in the folate-binding - .
region. We have chosen to mutate two nonconserved residueg PO" binding of CB3717 are not, suggesting that Ala287

in the folate-binding site, Ala287 and Ser290, to investigate ?;;ctisoer:zgo contribute to the ring-opening step in the TS
their role inChTS catalysis. Ala287 and Ser290 were mutated '

to phenylalanine and glycine, respectively, since these are From our results, it is apparent that the A287F and S290G
the corresponding residues in human and most other TSMutations decreased the activity ®TS. Substitution of a
enzymes 9, 37). Our results demonstrate that the A287F glycine for a serine at position 290 showed the most
and S290G mutations affect the catalytic activityGHTS pronounced reduction in TS activity. This mutation
and its affinity for CHH.folate. Replacement of the alanine also appears to have altered the reaction mechanism of
with a phenylalanine at position 287 decreased the affinity ChTS. The wild-typeChTS reaction is very rapid, and the
of ChTS for CHH,folate by 3-fold. The affinity for ChHH,- rate profile for CHH,folate consumption is biphasic. At early
folate was even lower, a reduction of 8-fold, when Ser290 time points, the rate of disappearance of 8olate (i) is
was mutated to a glycine. However, when both of these approximately 2505. As the catalytic reaction progresses,
mutations occur, as in the case of the double mutant, therethe rate of disappearance of gtjfolate (k) is reduced to
appears to be a compensatory effect in which the enzymaticapproximately 27 s. Furthermore, an intermediate is
affinity for CH,Hfolate is reduced only 4-fold. Interestingly, ~detected from this reaction, and its rate of formation is very
CB3717 binds much more tightly than GHfolate to the rapid. The intermediate accumulates to a relatively high
ChTS active site, yet unlike that of GH.folate, the affinity concentration £35%) and can be detected by SDS gel
for CB3717 is unaffected by these mutations. Although analyses, which suggest that it is the enzydeMP—
CB3717 and ChHfolate are structurally similar, CiHi,- CH;Hfolate ternary covalent compleK (andlll in Scheme
folate has a carbon bridge between the N5 and N10 positions,1) (13). Consistent with previous kinetic studies on other

The bifunctional TS-DHFR enzyme fron€. hominis
exhibits several unique characteristics, one of which is its
high rate of activity at the TS domair8)( Even though
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TS species38), our kinetic simulations indicate that, in the rate in C. hominis When a key nonconserved residue is
reaction mechanism of WChTS, hydride transfer is the  mutated to its conserved counterpart, the effect is an increase
rate-limiting step. in distance between the substrates, resulting in a large
We propose that upon binding of dUMP and £tfolate, decrease in the extent of ternary complex formation and
WT ChTS quickly catalyzes the formation of the iminium subsequent catalytic rate. The decreased catalytic rate and
ion intermediatela, and the activated dUMP intermediate, binding affinity of CH.Hfolate are on the order of those of
Ib. Formation of a bond between these two intermediates the slower species of TS enzym&8,(43, 44). Interestingly,
yields the covalent ternary intermedidte which is depro- the distance between the ligands in @hTS-DHFR mutant
tonated to give intermediatd . Breakdown of intermediate ~ with a decreased rate approaches the positioning in these
Il yields Hifolate and intermediat®y/ . This is followed by slower enzymes. Together with the data for the decreased
rate-limiting hydride transfer from klate to CH-dTMP rate of conformational changes leading to intermediate
intermediateV to yield dTMP and Hfolate. formation, it seems very likely that the unusually close
However, the reaction of the S290G mutant is different positioning of substrates iIChTS-DHFR is primarily re-
from that of WT ChTS. lIts rate of reaction under single- sponsible for the unusually fast TS rate.
enzyme turnover conditions is slow-2.3 s') and is not Due to difficulty in initiating and maintaining a cellular
biphasic. Fitting the data to our simulated kinetic mechanism model of C. hominis physiological data elucidating the
suggests that both the ring-opening step and formation ofimportance of a fast TS enzyme are lackidg)( However,
the covalent ternary intermediate are slow, with the completion of theC. hominisgenome has established that
covalent intermediate formation being rate-limiting. Impor- the parasite relies solely on pyrimidine scavenging from the
tantly, our SDS gel experiments demonstrate that the host for nucleotide biosynthesidg, 47). Additionally, T.
formation of the covalent intermediate in the S290G reaction gondii, another apicomplexan parasite, has displayed dif-
mechanism is very slowy3 s%, confirming this step is rate-  ferential expression of two isoforms of a glycolytic enzyme.
limiting. The parasite preferentially expresses the isoform with an
Determining the X-ray crystal structure of tHehTS- increased catalytic rate during virulent reproductive stages,
DHFR S290G mutant enzyme has allowed us to examine suggesting the need for more efficient nutrient utilization
the structural impact of the single-residue active site mutation during growth 48). We propose that nonconserved residues
and postulate a physical description explaining the kinetic Ser290 and Ala287 effect a high rate of TS catalysis that
alterations. At this resolution, we caution the use of the X-ray enable<C. hoministo efficiently utilize the host pyrimidine
crystal structure alone in interpreting the effect of this nucleotides, affording the parasite a competitive advantage.
mutation. However, the movements we observe provide a The fact that A287F and A287F/S290G mutant enzymes
logical structural explanation for the detailed kinetic analysis seem to have partially restored activity leads us to assume
described for the mutant enzyme. that the substrate movement in the context of Phe287 is not
Instead of an effect on the overall enzyme structure, the as drastic. Since residue 287 also contacts the folate
major consequence of this mutation is a long-range effect glutamate tail, a phenylalanine at that position may restrict
on substrate orientation. The loss of interaction of the enzymehow far the folate can move away, therefore attenuating the
with the CB3717 glutamate tail leads to its movement up subsequent movement of dUMP and the distance between
and away from its original position. This movement pulls it the two. However, factors other than static substrate distance,
sufficiently far from dUMP to abolish the only hydrogen such as ligand and enzyme flexibility, may play additional
bond between the two ligands, causing dUMP to slide down roles. Further structural studies on the mutant enzymes are
and away from its original position. The large decrease in underway to complement the kinetic data presented here.
the rate of catalysis in the S290G enzyme seems ultimately
to be due to the improper orientation and suboptimal distanceACKNOWLEDGMENT
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change associated with GHlifolate binding point to a role

in formation of the iminium intermediate, the ring-opening SUPPORTING INFORMATION AVAILABLE

step. Indeed, the formation of the covalent ternary intermedi- | ¢ ejution profiles for TS single-turnover reactions for
ate has been shown to require the proper orientation of dJUMP 4 jgentification of the intermediate as well as reaction time
and CHH.folate (13, 29, 39). Additionally, previous studies ¢ -ses used in determining the rate of formation for dTMP
have shown that mutation of other active site residues gnq representative stopped-flow data for DHFR pre-steady-
implicated in imidazolidine ring openingtQ, 41) results in - giate purst and rapid chemical quench data for consumption
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