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ABSTRACT. The role of Ser 167 oEscherichia colithymidylate synthase (TS) in catalysis has been
characterized by kinetic and crystallographic studies. Position 167 variants including S167A, S167N,
S167D, S167C, S167G, S167L, S167T, and S167V were generated by site-directed mutagenesis. Only
S167A, S167G, S167T, and S167C complemented the growth of thymidine auxotréltobfn medium

lacking thymidine. Steady-state kinetic analysis revealed that mutant enzymes exkjhiatles 1.1

95-fold lower than that of the wild-type enzyme. Relative to wild-type K$yalues of the mutant enzymes

for 2'-deoxyuridylate (dUMP) were-590 times higher, whil&, values for 5,10-methylenetetrahydrofolate
(CHH4folate) were 1.5-16-fold higher. The rate of dehalogenation of 5-broma@oxyuridine
5'-monophosphate (BrdUMP), a reaction catalyzed by TS that does not requirkfGldte as cosubstrate,

by mutant TSs was analyzed and showed that only S167A and S167G catalyzed the dehalogenation reaction
and values ok:./Kr, for the mutant enzymes were decreased by 10- and 3000-fold, respectively. Analysis
of pre-steady-state kinetics of ternary complex formation revealed that the productive bindingtbf CH
folate is weaker to mutant TSs than to the wild-type enzyme. Chemical transformation conlgiarts (

for the mutant enzymes were lower by 18.0-fold relative to the wild-type enzyme. S167A, S167T,

and S167C crystallized in tH&;3 space group and scattered X-rays to either 1.7 A (S167A and S167T)

or 2.6 A (S167C). The high-resolution data sets were refined Rayaof 19.9%. In the crystals some
cysteine residues were derivatized with 2-mercaptoethanol to &#it2-hydroxyethyl)thiocysteine. The
pattern of derivatization indicates that in the absence of bound substrate the catalytic cysteine is not more
reactive than other cysteines. It is proposed that the catalytic cysteine is activated by substrate binding by
a proton-transfer mechanism in which the phosphate group of the nucleotide neutralizes the charge of
Arg 128, facilitating the transfer of a proton from the catalytic cysteine to a His-205p 205 diad via

a system of ordered water molecules.

Thymidylate synthase (TSYhe enzyme that catalyzes the aspects of TS catalysis remain challenging questions. A
reductive methylation of dUMP to thymidine monophosphate precise orientation of the substrate and cofactor molecules
(dTMP) with the cofactor ChH,folate as a one-carbon donor in the active site is required for a catalytically competent
and a reducing power source, has been a primary target forTS enzyme. Among numerous highly conserved residues in
cancer chemotherapy and gene therapy. Although the physi-TS from different species are 11 residues that are directly
cal structure of TS has been relatively well defined and its involved in binding ligands in the reaction sité, ). Ser
complex catalytic mechanism thoroughly studied, many 167 inEscherichia coliTS (ecTS), corresponding to Ser 216
in human TS (hTS) and Ser 219 imactobacillus casei
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subline denoted C184). Analysis of TS cDNA from C18 mM 2-ME. A cell-free extract (CFE) was obtained from 2 g
cells revealed a single mutation that predicts the replacementof wet cells treated with five 30-s consecutive cycles of
of Ser 216 (Ser 167 in ecTS) by a leucine residue. sonication (Branson sonifier 450) in 25 mL of degassed QA
Subsequently, 12 mutant hTSs with substitutions at position buffer and then centrifuged at 11a9for 30 min. The CFE
216 were created for studies of the function of Ser 216, of was applied to a 2.5 cre 20 cm Q-Sepharose column that
which only S216T was able to complement the growth of a had been equilibrated with QA buffer, and a linear gradient
TS-deficientE. coli strain 6). This led to a hypothesis that of 20—60% QB was used for enzyme elution. Fractions were
the serine residue is involved not only in substrate binding monitored spectrophotometrically, and wild-type and mutant
but also in TS catalysis. It was proposed that Ser216 is enzymes typically eluted at 3612% QB (366-400 mM
involved in a proton relay mechanism that serves to activate KCI) buffer. Purified protein was stored in 15% glycerol at
the catalytic cysteine. In the proposed mechanism, a proton—70 °C. Enzyme purity was assessed by SIFRAGE.
is transferred from the thiol to invariant His 256 (His207, Spectrophotometric Assafnzyme activity was deter-
ecTS), which functions as a general base (Williams et al., mined by measuring the formation of dihydrofolate, which
unpublished data). Prompted by this hypothesis, we studiedwas monitored at 340 nm after addition of enzyme to the
the kinetics and crystal structures of mutant enzymes from reaction assay8j. Measurements were made at pH 7.5 and
ecTS with substitutions at position 167 and report here the 27 °C in Morrison buffer [100 mM Tris, 50 mM 2N-
results. morpholino)ethanesulfonic acid, and 50 mM acetic ac®] (
One unit of enzyme activity is defined as the amount of
EXPERIMENTAL PROCEDURES enzyme that producesidmol of TMP/min at 27°C. Enzyme

Materials dUMP, TMP, FAUMP, ethylenediaminetetra- concentration was determined by measurement of absorbance
acetic acid (EDTA), 2-mercaptoethanol (2-ME), isopropyl at 280 nm, as described previoushO). The values okca
B-p-thiogalactopyranoside (IPTG), dithiothreitol (DTT), 5-bro- andK, were determined by the procedure described previ-
mo-2-deoxyuridylate (BrdUMP), and 5/ 4&lithiobis(2-nitro- ously @1). Data were collected with a Hewlett-Packard
benzoic acid) (DTNB) were obtained from Sigma (St. Louis, 8450A UV—vis spectrophotometer.

MO). Tris(hydroxymethyl)aminomethane (Tris) was from Growth Complementation AnalysiSo investigate the in
Research Organics, Inc. (Cleveland, OH). Formaldehyde wasvitro growth effects of mutation at position 167 of ecTS,
purchased from Fisher (Pittsburgh, PA). Ultrapure ammon- P2913 transformants containing wild-type and mutant en-
ium sulfate was from ICN Biomedicals, Inc. (Aurora, OH). zymes were grown overnight in minimal medium [12%
Oligonucleotides utilized for site-directed mutagenesis were casamino acids, Met, Leu, His, Thr, and Lys (each 5 mg/
purchased from Integrated DNA Technologies, Inc. (Cor- mL), KH.POy (15 mM), NaHPO, (35 mM), sodium citrate
alville, 1A). Centricon concentrators were obtained from (1.7 mM), MgSQ (0.4 mM), (NH)SO, (7.5 mM), and 40%
Millipore Corp. (Bedford, MA). (+)-Tetrahydrofolate (k& glucose] containing 10@g/mL Amp in the presence and
folate) was prepared by the enzymatic reduction of folic acid absence of thymidine. Minimal medium cultures (10 mL)
by Lactobacillus caseidihydrofolate reductase and was were then diluted 1:1000 into minimal medium in the
converted to ChHfolate by the addition of a 20-fold molar  presence and absence of thymidine (2@@mL), and the
excess of formaldehyde. absorbance at 600 nm was measured over 12 h.

Enzyme Expression and Isolatidrhe gene encoding wild- Enzyme KineticsTo determine th&,,(dUMP) for wild-
type ecTS, a gift from Dr. Dallas (Glaxo Wellcome), was type and Ala 167 ecTS, varying concentrations of dUMP
PCR-amplified to includeXbd and Clal restriction sites (0—100 uM) were used with constant concentrations of
immediately before and after the coding region, respectively, enzyme (30 nM) and Chtsfolate (100uM). The K(dUMP)
and cloned into th&Xbad andClal sites of constitutive vector ~ values for the other mutants were obtained in the same
pBluescript SK (Stratagene). Construction of wild-type and manner with a range of dUMP concentrations-8D0 xM)

Ser 167 variants of ecTS was carried out by site-directed at constant concentrations of enzyme-800 xM) and
mutagenesis by the overlap extension metl&dHollowing CH,Hfolate (0.4-1 mM). The values oK, (CH;Hfolate)
mutagenesis, cDNA of wild-type or variant ecTS was for wild-type and Ala 167 TSs were determined with varying
transformed into P2913, a TStrain ofE. coli, by the CaCGY concentrations of ChH,folate (0-100 uM) at constant
heat shock method7). Ampicillin-resistant colonies were  concentrations of enzyme (30 nM) and dUMP (10d).
obtained and mutations were confirmed by dideoxy DNA For the other variants, concentrations of £kfolate ranging
sequencing of the PCR amplified regions. Overnight cultures from 0 to 800uM were used with constant concentrations
(10 mL) of X2913 cells containing the various plasmids were of enzyme (0.3-1 uM) and dUMP (0.4-1 mM). The pre-
grown in Luria broth and used to inoculate 1-L cultures steady-state kinetic constamis, k:iso, Kehem andKqy(CHH4-
containing 10Q«g/mL ampicillin. After 12-16 h of incuba- folate) for wild-type and mutant TSs were obtained with a
tion, cells were pelleted by centrifugation at 5g0@r 30 final enzyme concentration of 2\, a saturating concentra-
min. Wild-type and mutant enzymes were purified by tion of dUMP (1 mM), and varying concentrations of @H-
Q-Sepharose chromatography on a FPLC system equippedolate (10-150 ¢M). Ligand binding was analyzed by
with LCC 500 controller (Pharmacia). All purification steps stopped-flow fluorescence spectroscopy on an Applied
were performed at 4C. The chromatographic buffers used Photophysics spectrophotometer as described by Spencer et
were QA [50 mM Tris (pH 7.5), 14 mM 2-ME, and 1 mM  al. (12). Typically, a final enzyme concentration of:a3v
EDTA] and QB [50 mM Tris (pH 7.5)1 M KCI, 14 mM and varying concentrations of dUMP and FAUMP-GD0
2-ME, and 1 mM EDTA]. Purification buffers were filtered uM) were used to determine the associatidg,)( and
with 40 um membranes (Gelman, Ann Arbor, MI), and dissociation k) constants for binary complex formation at
degassed with helium for 10 min prior to the addition of 14 two different temperatures (5 and 2Q).
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TS-Catalyzed Dehalogenation of BrdUM®atalytic de-
bromination of BrdUMP by TS was monitored spectrophoto-
metrically at 25°C by the decrease in absorbance accom-
panying debrominatiorNezgs = 5320 Mt cm™?) (11). The
reaction mixture (90@L) contained Morrison buffer, 10 mM
DTT, BrdUMP (0—200 uM for wild-type TS; 0-400 uM
for S167A; 0-2.5 mM for S167G), and-35 uM enzyme.
Absorption data were fitted to the Michaetidenten equa-
tion by the Kaleidagraph 3.01 program on a Macintosh
Quadra 650, and the valueslqf; andK,, were determined.

Reaction of TS Sulfhydryl Groups with DTNBeaction
of sulfhydryl groups with DTNB yields 2-nitro-5-thioben-
zoate, the formation of which is monitored at 412 ne 4,
= 13600 Mt cm™) (13). Exogenous 2-ME from purified
enzymes was removed by gel filtration prior to reactib#)(
The final reaction mixture contained 0.5 mg/mL EDTA, 500
uM DTNB in 0.1 M phosphate buffer at pH 7.4, and
approximately 5uM enzyme. The increase in absorbance
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refined with automated procedures in the ARP/WARP suite
of programs 20) and optimized with the CNS softwar2l)

by use of positional and temperature refinements. Electron
density maps calculated witlrg—F., andF,—F. coefficients
were utilized to introduce manual corrections to the model
with the interactive graphics program CHAIMZ). For the
other structures reported here, the refined structure of S167A
TS was used as the starting model in the crystallographic
refinements utilizing CHAIN for model rebuilding and CNS
for model optimization.

RESULTS

Growth Complementation of TS-Deficient E. c#liTS-
deficient strain ofE. coli, X2913, was transformed with
plasmids encoding wild-type and mutant TSs. Analysis of
growth rates of X2913 transformants was conducted in the
presence and absence of exogenous thymidine. As expected,
E. coli X2913 expressing wild-type or mutant enzymes grew

was measured on a Shimadzu UV-2101PC scanning spectroin medium supplemented with 2Q@y/mL thymidine. The

photometer.
Crystallization of S167 Variant TSE€rystals were grown

growth rates of all transformants were similar over a 12 h
period. Transformants expressing wild-type enzyme, S167A,

by the vapor diffusion method in the hanging drop setup at S167C, S167G, and S167T exhibited similar growth rates

room temperaturelf). Typically, 5uL of enzyme solution
(7—10 mg/mL) containing 1 mM EDTA, 15 mM 2-mercap-
toethanol, 56-100 mM potassium chloride, and 260 mM

in medium lacking thymidine (data not shown). In contrast,
X2913 transformants expressing S167D, S167L, S167N, and
S167V were unable to grow in medium lacking thymidine

potassium phosphate (pH 7.5) was mixed with an equal (data not shown). All Ser 167 mutants expressed similar
volume of precipitant solution containing either 48% satu- levels of TS in the cell-free extract as observed in SDS
rated ammonium sulfate, 20 mM 2-ME, and 100 mM Tris- PAGE (data not shown). Thus, the inability of the mutants
HCI (pH 7.8) (S167A, S167T) or 68% saturated ammonium (Asn, Asp, Leu, and Val) to support growth of a TS-deficient
sulfate, 100 mM potassium phosphate (pH 8.5), and no bacterial strain in the absence of thymidine is due to a defect

reducing agent (S167C), and the mixture was allowed to in the enzyme and not a lack of TS expression.

equilibrate with 0.6 mL of precipitant solution present in

Generation and lIsolation of S167 Variant€ell-free

the well. Crystals appeared after 3 weeks and grew to theextracts from transformants expressing wild-type and the four

size of 0.10.5 mm within 1 week.
X-ray Diffraction Data Measurement and Processiiige

complementing mutant enzymes contained TS expressed at
a level of approximately 15% of the total cellular protein as

crystals of S167A and S167T TSs, measuring approximately judged by SDSPAGE. In all cases, the amount of insoluble

0.35 x 0.35 x 0.35 and 0.15x 0.15 x 0.15 mm,

respectively, were transferred to a cryoprotectant solution,

TS protein in the cell paste was negligible. Wild-type and
mutant TSs were purified by a single anion-exchange

45% saturated ammonium sulfate, 30% ethylene glycol, and Q-Sepharose column. Typically, fro2 g of wetcells, 63—

0.1 M Tris, pH 7.8, and flash-cooled in liquid nitrogen.
Crystallographic diffraction experiments were carried out at

85% of total TS was recovered with a 6:00-fold purifica-
tion. The purity of each enzyme was confirmed by SDS

the SBC insertion device beamline of the advanced photonPAGE as a single band at35 kDa.

source at Argonne National Laboratory with X-rays of 0.9793
A in wavelength. The data were collected at a crystal to

Analysis of Kinetic Properties of Variant TS&teady-state
kinetic parameters(s, Kn) were obtained for wild-type TS

detector distance of 150 mm and indexed, integrated, andand complementing mutants (Table 1). Valueskgf and

scaled with the HKL 2000 suite of prograntsg|. A crystal

Km for both nucleotide and cofactor were determined from

of S167C and a second, “reduced” crystal of S167T TS, eachthe Michaelis-Menten plot of velocity versus substrate

measuring 0.15 0.15 x 0.15 mm, were flash-cooled in,N
vapors (at—178 °C generated with a Molecular Structure

concentration. Th&, values for dUMP were increased by
5-fold for S167A, 306-38-fold for S167G and S167T, and

Corp. X-Stream low-temperature attachment) and used forabout 90-fold for S167C, relative to that for wild-type

data collection with Cu K radiation by an R-Axis IV area
detector with Yale mirrors and Rigaku RU 200 rotating anode
source operating at 50 kV and 100 mA. The “reduced” crystal

enzyme. TheK,, values for CHHfolate were not signifi-
cantly increased for S167A (1.4-fold) but were-8-fold
higher for S167G and S167T and about 16-fold higher for

of S167T TS was grown and maintained under reducing S167C. Thek.y values were decreased slightly for S167A

conditions by adding 2-ME to the well every 4 days. Prior
to diffraction, it was transferred to a fresh solution of 2-ME
and to a cryogen containing 20 mM 2-ME. The Cu Hata
were processed with HKL16). The structure of wild-type
ecTS (PDB code 1tjs17) with the appropriate amino acid

but were 5-, 6-, and 95-fold lower for S167G, S167T, and
S167C, respectively. More importantly, at saturating con-
centrations of ChH,folate, thek../Km values for dUMP were
decreased by 5.3-fold for S167A, 165-fold for S167G, 250-
fold for S167T, and~9000-fold for S167C. Thek./Knm

sequence modifications was used as the starting model invalues for CHHfolate at saturating concentrations of dUMP

molecular replacement for Ala 167 TS with AMORES]
from the CCP4 software suitd ). The data were initially

for S167A, S167G, and S167T were decreased bp®
fold and by 1500-fold for S167C.
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Table 1: Steady-State Parameters for S167 Vafdants
K for K for KealKm KealKm
ecTS dUMP M) CH;Hfolate (M) Keat (71) (dUMP) (CHHfolate)
wild type 11 8.1 2.1 1.9 0.3
S167A 5.3 12.0 1.9 0.4 0.2
S167G 33.9 42.4 0.39 0.01 0.009
S167T 41.7 62.7 0.32 0.008 0.005
S167C 98.1 130 0.022 0.0002 0.0002

a Experiments were repeated a minimum of three times. All standard deviations are within 10% of the reported values excekg.fof the
S167C, which is 18%.

Table 2: Pre-Steady-State Kinetic Parameters fopHGftlate
Binding to S167 Variants

Table 3: Rate of Dehalogenation Catalyzed by S167 Va#fiants

ecTS K for BrdUMP (uM) Keat (S74) Keaf Kim
(CH :‘;nolate) wild type 9.7 0.099 0.010
2174 S167A 72.3 0.078 0.0011
ecTS  kio(S™) Kiso(S™) kenem(s™) Ka(10°°M)  (10°°M) S167G 514 0.0019  0.0000036
stgg%\pe 76% g% 21% %% g‘r; aEach experiment was performed a minimum of three times. The
S167G 11 9'5 O. 40 90 42' 6 standard deviations for wild type and S167A are within 10% of the
S167T 85 10'0 0'33 05 52'1 reported values but are approximately 25% for S167G.

aFor each stopped-flow experiment, at least 5 traces were averagedgenation of BrdUMP to dUMP (Table 3). Relative to wild-
for each CHH_folate concentration and each experiment was repeated .

a minimum of three times. The standard deviations are within 15% of
the reported values.

Pre-Steady-State Analysis of gHitifolate Binding to ecTS-
dUMP. Nucleotide binding to wild-type ecTS induces

type TS, thek.values of S167A and S167G were decreased
by 1.2- and 50-fold, and thK, values increased 7.0- and
53-fold, respectively. No debromination of BrdUMP was
detected with concentrations of S167T or S167C of\b

in the presence of 500M BrdUMP in reactions proceeding

quenching of tryptophan fluorescence, the rate of which canfor 2 h. S167A had a 1.2-fold lowég,and a 7-fold higher
be used to calculate rate constants governing nucleotideK, for debromination than wild-type TS.

binding. The amplitude of fluorescence quenching upon
nucleotide binding to the S167 variants was not sufficient

Determination of Sulfhydryl Contents of Wild Type and
S167 VariantsDTNB reacts with aliphatic thiol compounds

for accurate determinations of rate constants governingto produce 1 mol op-nitrothiophenol anion/mol of thioll3).
nucleotide binding, but fluorescence quenching upon ternary The DTNB reaction with sulfhydryl groups of TS was

complex formation was easily observed. The binding of monitored by observing the increase in absorbance due to
CH;Hfolate to ecTS at saturating concentrations of dUMP the formation of thep-nitrophenol anion Ae4;, = 13 600
leads to the formation of the ternary complex, which M~ cm™1). Wild-type ecTS has five cysteine residues per
undergoes a conformational change to form a closed subunit while S167C has six cysteine residues per subunit.
structure. This is followed by chemical transformation of Prior to reaction with DTNB, exogenous thiol was removed

bound substrate to bound product. The kinetic constants thatfrom the enzymes by gel filtration. The number of sulfhydryl

define these stepkiso, krisor Kcnem @andKg, are shown in Table
2. The kiso values were decreased slightly (1.1-fold) for
S167A and significantly (68-fold) for S167G and S167T,
relative to that of wild-type TS. Although valueslgfis, were

groups for the wild-type enzyme was determined to be 3.9
per subunit and the number of sulfhydryl groups for S167C
mutant was 4.0 per monomer, in agreement with the
crystallographic data (see below). Incubation of S167C under

similar among the enzymes, a slightly faster rate of reverse denaturing and reducing conditions (8 M urea, 100 mM DTT)
isomerization is observed for mutant enzymes. The valuesfollowed by dethiolation and reaction with DTNB revealed

of kenem Were 1.1-6-fold slower than that of wild-type
enzyme and are consistent with thgs determined by
steady-state analysis. The higlitgs for CH:Hfolate suggest
that initial binding of CHH,folate to the binary complex is
moderately impaired in mutant TSs. The valueKgffor
CHH,folate calculated from transient-state analysis are in
good agreement with those from the MichaelMenten
treatment of steady-state kinetic data (Tables 1 and 2).
Dehalogenation of BrdUMHAN the presence of exogenous

thiols, TS catalyzes the dehalogenation of BrdUMP to yield
dUMP, Br-, and a disulfide 11). It is postulated that the

that the mutant enzyme contained 6.0 sulfhydryl groups per
monomer in the denatured form.

Structural Analysis of S167 Variantall three mutants
crystallized in the space grou@;3 with one subunit in the
asymmetric part of the unit cell. The parameters and statistics
of crystallographic refinements are summarized in Table 4.
The initial model was, in general, excellent; however, some
side chains were rebuilt to fit to the more resolved density
and preferred rotamers (Table 5). S167A data, which were
refined first, having a mosaicity of 0.31 and an oveRalkge
of 0.056, yielded excellent electron density maps. Among

catalytic Cys 198 of IcTS adds to C-6 of BrdUMP to form other information, they revealed precisely the positions of
the 5-bromo-5,6-dihydropyrimidine intermediate. Reaction main-chain carbonyl groups that are crucial in stabilizing

of the dihydropyrimidine intermediate with exogenous thiol the active-sitg8-bulge 3—25). The side chain of the active-

is postulated to lead to the formation of an enolate intermedi- site Cys 146 is disordered between two positions, one of
ate. The latter undergog@selimination to give dUMP. Wild- which is more populated. The cryoconditions and high-
type and mutant TSs with small hydrophobic side chains resolution data resulted in well-resolved solvent structure.
(S167A and S167G) catalyzed the thiol-dependent dehalo-A chain of highly ordered water molecules forms an
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Table 4: Crystallographic and Refinement Statistics

variant TSs Alal67 Thrl67 Thr167 Cys167
X-ray source synchrotron synchrotron CaK Cu Ka
space group (A) 12,3 12,3 12,3 12,3
a=b=c 132.49 132.49 131.97 136.27
mosaicity (deg) 0.306 0.195 0.259 0.572
resolution (A) 1.70 1.70 2.00 2.60
reflections, measured 459 585 406 122 271787 136 184
reflections, independent 42 586 55 744 25985 12 205
completeness (%) 99.9 99.8 99.8 93.0
Reyn? 0.056 0.085 0.083 0.125
Rery</Riree 0.19/0.21 0.19/0.21 0.21/0.22 0.22/0.26
averageB (Wilson plot) 18.69 16.95 16.78 48.61
most favoredp/vy (%) 90.0 90.9 90.4 84.3
rmsd, bond lengths (A) 0.005 0.006 0.006 0.010
rmsd, bond angles (deg) 14 1.4 15 1.6
rmsd in G4 (A) 0.35 0.12 0.17 0.47
no. of solvent molecules 233 306 86 11
no. of ligand molecules 3 3 3 0

2 Unmodified Cys146° Reym= (Tnlln — D/(Tnln). ¢ Rerys = (¥ nlFobs — Feal)/(FnFob9- Riee = CrystallographidR-factor for test set as implemented
in CNS 0.5 @1). ¢ Root-mean-square deviation for Alal67 T& @ace upon superposition on the initial model (1tjs); Alal67 structure was used
as the reference for the other mutants.

Table 5: Rebuilt Side Chains, Disordered Residues, and Atoms Missing Density in the IRinal 2. Map Contoured atd Level
Rebuilt Side Chains

Leu5 Lys 48 Asn 76 Arg 127 Asn 177 lle 232
Glu 6 Thr 5P Thr 78 Val 130 Leu 184 Arg 243
Leu? Leu 52 Trp 83 Leu 138 Gln 191 Glu 245
Met 8 Arg 53 Pro 102 Lys 140 Asp 214 Pro 256
Glu 14 Leu 60 Pro 104 Leu 143 Thr 216 Lys 259
Glu 17 Gln 64 lle 112 Leu 163 Leu 218 Ala 260
Lys 1& Asp 66 Leu 116 GIn 165 Leu 220 Pro 261
Met 34 Thr 67 Lys 120 Arg 166 Ser 221 lle 264
GIn 39 lle 69 Asn 121 Leu 172 Leu 230

disordered residue

atoms missing density

x-fold disorder

Lys 2
Thr 16
Ser 28
Val 45
Asp 20
Arg 21
Thr 22
His 73
Glu 86
Lys 120
Leu 143
Lys 233
Glu 237
Glu 248
lle 249
Lys 259
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2Main and side chaing.Main-chain only.c Position of G’ only.

extensive hydrogen-bonding network in the immediate vicin-  In all structures the Nof His 207 forms a hydrogen bond
ity of Cys 146 (Figure 1, top). Starting at the site of mutation, (2.8-3.2 A) to the carboxylate of Asp 205 and the
water molecule W 67 is in contact with the Ala 167 3.4 water molecule W100 (2.9 A). The distance between the
A) and with Cys 146 $(2.7 A). This water molecule is  hydroxyl oxygen of Thr 167 and the.©f His 207 is 3.4 A,
hydrogen-bonded to the ordered water W 192 (2.7 A). The supporting the selected orientation of the imidazole. At a
latter is not observed in the other mutant structures, which low contouring level, Cys 146 showed 2-fold disorder with
have a bulky side chain at position 167 or a poorly resolved one conformation similar to that of the other mutants and
solvent structure (S167C). Water W192 forms a hydrogen the initial model 1tjs. At a higher contouring level € 2.0),
bond with the highly ordered water W100 (3.1 A), which is a single dominant conformation rotated approximatel§ 70
observed in all mutants, and is stabilized by Arg 1@®&m toward the carbonyl group of Ala 167 was observed. This
the other subunit), His 207, and Tyr 94 (Figure 1, bottom). orientation put Cys 146,3n contact with Ala 167 carbonyl
This hydrogen-bond system may serve to channel the protonoxygen and the amide oxygen of Glu 165 (Figure 2). This
from the catalytic sulfhydryl group of Cys 146 to His 207 orientation is also observed in the “reduced” S167T structure
(see Discussion). as a partially occupied, minor conformation. In S167T
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+
Argl26#

Tyr209

Ficure 1: Active site of ecTS S167A with the chain of water molecules connecting Cys 146 to His 207. (Top) Stereoview of the electron
density calculated with2,—F. coefficients and contoured at &.@evel. (Bottom) Scheme of hydrogen bonding with distances in angstroms.

structures, the side-chain hydroxyl group of Thr 167 occupies electron density, leading to difficulty in assessment of
the same position as the hydroxyl of the serine in the wild- cysteine derivatization, density maps were analyzed at very
type protein, while the methyl group interferes with the low contouring levels to lower the probability of misinter-
positioning of water W67. Unlike in the other mutant preting such situations (Figure 3). The state of all cysteine
structures, no density was present for a phosphate group inresidues in the structures is summarized in Table 6. Cys 161
S167C and the ,Sof Cys 167 occupies a position different was not modified in any crystal examined, presumably
than the hydroxyl present in the wild type. because it is completely buried in a hydrophobic environment
Derivatization of Sulfhydryl Group®uring the investiga-  lined by four Phe, three Leu, two Val, one Trp, and one Tyr
tion, it became apparent that the mutant enzymes are proneesidue (Figure 4). The tight packing reduces the likelihood
to oxidation despite the presence of 20 mM 2-ME in the of disorder in this region and makes it virtually certain that
crystallization medium. It was noticed that some cysteines there is no chemical modification present. Three of the five
in the crystals were modified to forS-(2-hydroxyethyl)- cysteine residues in S167A were derivatized. Unexpectedly,
thiocysteine, presumably by reacting with 2-hydroxyethyl the catalytic cysteine, Cys 146, is apparently not derivatized.
disulfide, the product of oxidation of mercaptoethanol (2- There is evidence for disorder of its &ide supra), which
ME). Although disorder may contribute to the spread of may reflect partial thiolation, but the major conformer has
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FiGure 2: Superposition of the structures of ecTS S167T-“reduced” (dashed line), S167C (thick dark line), and S167A (thin line). The
conformation of Cys 146 in S167T-“reduced” is identical to that in wild-type TS (PDB code 11fjs;

no additional density. The catalytic cysteines in S167T and at Ser 167 on the rate of isomerization and the chemical
in S167C were oxidized. The engineered Cys 167, positionedtransformation reaction steps. The forward rate of isomer-
next to Cys 146, was neither derivatized nor bound to Cys ization (is,) was shown to be moderately decreased-(1.1
146. The state of Cys 192 in crystals of S167C is uncertain; 8.0-fold) by substitution at residue 167, with negligible effect
it is likely to be derivatized and disordered but the electron on the reverse rate of isomerizatidn{,). The Kq(CHzH;-
density is inconclusive due to the lower resolution of the folate) for initial binding was increased slightly (.5-fold)
data. for the mutant enzymes; however, tkg for productive

To investigate further the modification of cysteine residues, binding was increased significantly, results that are consistent
attempts were made to reverse their derivatization in crystalswith Ky, values determined by steady-state analysis of Ser
of S167T, which were from the same batch that was used 167 mutants. The mutation at position 167 of ecTS lowered
for structural analysis. Fresh 2-ME was added to the well the rate-limiting step of chemical transformatid@ngn,) by
solution every 4 days for 3 weeks. Prior to mounting, the 1.1-, 5-, and 6-fold for S167A, S167G, and S167T, respec-
crystal was transferred to a stabilizing solution containing tively). These values parallel the valueskgf; observed for
20 mM fresh 2-ME and then to a cryoprotectant, which also the mutant enzymes in steady-state analysis.
contained fresh reducing agent. The electron density maps Tpe hydroxyl group of highly conserved Ser 167 Bf
for reduced S167T showed that the modification of Cys 146 i TS (Ser 216 of hTS and Ser 219 of IcTS) forms one of
and Cys 168 was reversed, while Cys 50 and Cys 192 geyen hydrogen bonds to the phosphate group of dUB/P (
remained derivatized. _ 23). The lack of activity of TSs with aspartate, asparagine,

Superpositions of Structure general, the coordinates  4jine, and leucine substitutions at this position in growth
gnd temperature factors of the TS models reported here ar&;omplementation analyses may be due to the larger volume
in excellent agreement. We used as the reference the modeks their side chains. A large side-chain volume at this position
of S167A, which was refined first. The rms deviations of 5y cause steric hindrance that disables substrate binding
the positions of ¢between the reference and S167T, S167T- o regrients ligands in the active site. More interesting are
‘reduced”, S167C, and wild-type TS (PDB code 1) mutants with small side chains (Ala, Gly, Thr, and Cys),
were 0.12, 0.17, 0.47, and 0.35 A respectively (Figure 2). \yhich conferred thymidine prototrophy and produced cata-
The superposition of S167T and S167T-‘reduced” yielded |ytically active TS. For the most active mutant, S167A, the
an rms deviation of 0.17 A indicating that the derlvatlzatlon keat is reduced by a factor of 1.1 and thg, for dUMP is
of the sulfhydryl groups with 2-ME had only a minor effect jcreased approximately 5-fold. This mutant protein is a very
on the overall TS structure. efficient enzyme in which only the binding of dUMP is

affected by the elimination of one enzymsubstrate hy-

DISCUSSION drogen bond. S167G is significantly less active than S167A,

The binding of dUMP and ChHsfolate to TS causes a  with kea/Ky for dUMP decreased by 30-fold, relative to
major conformational change, which converts the enzyme S167A. Differences in the solvent structure in the mutant
from an open form to a closed form of the ternary complex proteins are likely to be responsible for the different kinetic
(26). This is followed by the rate-limiting step of chemical parameters of S167A and S167G, since unfavorable interac-
transformation of enzyme-bound substrate to enzyme-boundtions between the substrate and side chain of 167 are not a
product. Analysis of the transient state of ternary complex factor. The requirements on the volume of the side chain at
formation was employed to assess the effect of substitution position 167 are apparently more stringent for the partial than
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Ficure 3: Electron density for the active-site Cys 146 in the ecTS S167T: (top) standard form and (bottom) “reduced” crystals. The
contouring levels are 1a2(top) and 1.6 (bottom). The E,—F. density map of S167T-"reduced” is drawn at a relatively low contouring

level and a high coverage (2.0 A). It shows that the catalytic cysteine is not derivatized with 2-mercaptoethanol as in the top panel, while
the noise of the map starts to show.

Table 6: State of Derivatization of Cysteine Residues in Ser167 In TS-L:iefICIent _baCte”a' In contrast, marked species _d'ffer_'
Variant TSs ences in behavior are observed between mutant proteins with
residue number alanine and threonine substitutions. S216A exhibited very

low catalytic activity, only 1% that of wild-type enzyme,

enzyme Cys50 Cys 146 Cys 161 Cys 167 Cys 168 Cys 192 ..
y y Y Y Y y Y and was unable to complement the growth of TS-deficient

'-?mg; i’;ﬁ ;gs fod ';'\?;, ye;es ye;e . bacteriaatlevels of expression 0f6% (). S216T exhibited

Thrl67 (red) yes no no NP no yes 50% of the catalytic activity of wild-type hTS, while S167T

Cys167 yes yes no no yes ? exhibited only 15% of the catalytic activity of wild-type
aNP, not present. ecTS. TheK, values for dUMP of S216T and S167T were

increased by 1.6- and 38-fold, respectively, relative to the

the complete TS reaction, as S167A and S167G, but notW'Id'type enzymes.
S167T and S167C, were active in the dehalogenation of dUMP binds to TS in a highly constrained orientation.
BrdUMP. This may be due to the larger size of the Br When other side chains replace the side chain of Ser 167,
subsituent versus H, which may make steric effects more dUMP loses one hydrogen bond and becomes more depend-
critical. ent on cofactor binding. Not surprisingli./K, values for

In a previous investigation, 12 mutant hTSs were created dUMP were significantly decreased<{8000-fold) for the
with substitutions at the position corresponding to 167 in mutant enzymes. In additiork,s for CHHafolate were
ecTS (216 in hTS)H). As observed with ecTS mutants, hTS moderately increased (+4.6-fold) for the mutant enzymes,
mutants with large side-chain volumes at position 216 indicating that substitution at position 167 affects the binding
(S216D, S216N, S216V, S216H, S216L, S216M, and of CHyHfolate. Since bound dUMP forms the binding
S216Y) were unable to complement thymidine auxotrophy surface against which the pterin ring of the cofactor binds,
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Ficure 4: Environment of Cys 161, which is resistant to oxidation. The electron density map isode2e).

lack of restraint on dUMP binding may result in slightly conserved in the structures of all mutants reported here except
higherK, values for cofactor3, 23). S167C, which has poor solvent structure. Its position
Titration of enzymes with DTNB provides an estimate of corresponds to the position of thé @H substitutent of
the number of sulfhydryl groups undergoing oxidation but dUMP in binary and ternary complexes. Wat192 is present
not their identity. Our serendipitous finding that 2-ME used in wild-type ecTS and S167A, but in the other structures,
during purification and crystallization derivatized cysteine 2-ME attached to Cys 146 occupies its position. We propose
residues to different extents provided insight into this process. that this chain functions as a “proton wire” that facilitates
Variation in experimental conditions may play a role in the activation of Cys 146. The ¢Nof His 207 is within
cysteine oxidation during the crystallization process. The time hydrogen-bonding distance, 2:8.2 A, of the carboxylate
interval between protein purification and X-ray data collec- of Asp 205. The diad is polarized and thed the imidazole
tion was not constant, and oxygen diffusion to the crystals tends to be strongly basic. In apo-TS, this basicity is reduced
was not monitored. Therefore we examined the differencesby the charge of the guanidinium moiety of Arg 1Z8om
between derivatization of cysteine residues within each the other subunit), which is stacked against the imidazole.
crystal separately. Solvent accessibility plays a crucial role Upon dUMP binding, the guanidinium binds to the phosphate
in susceptibility of cysteine residues to oxidation, as indicated and its charge is neutralized. This should reduce the
by the observation that the buried Cys 161 is not derivatized electrostatic effect on the imidazole, increase the basicity of
in the structures reported here. The other cysteine residuedis 207, and trigger proton abstraction from Cys 146. It is
are reactive and tend to undergo oxidation. Unexpectedly, likely that in wild-type TS, the hydroxyl of Ser 167 is
the active-site cysteine does not appear to be more reactivenvolved in the proton transfer either directly or through
than the other exposed sulfhydryls. To the contrary, in the ordering of the solvent. It should be emphasized that this
S167A mutant and in the “reduced” S167T it was not hypothesis is based on the assumption that the process of
derivatized, and it did not form a disulfide bond with nearby substrate binding starts with phosphate attachment, since the
Cys 167 in the S167C mutant (Figure 3, bottom). This space occupied by water molecules in the active site is
indicates that the protonated state of the thiol of Cys 146 is occupied by ligands in the ternary inhibitory complex. The
favored in crystals of the apoenzyme. This is consistent with advantage of a system in which substrate binding triggers
the measuredi, of 8.0 for the catalytic cysteine IcTR7), the detachment of the proton from Cys 146 is that the
a value not much different from the average. apoenzyme is less prone to oxidation. This phenomenon may
Since the residues in the active site of TS are highly account for the lack of apparent oxidation of Cys 146 in
conserved, it appears likely that the different response to thecrystals of S167A, the mutant protein exhibiting the highest
mutations in this site in ecTS and hTS are mediated by catalytic activity. In summary, a possible explanation of the
structured water molecules in the active site. Unfortunately, kinetic data is that small side chains at ecTS position 167
unliganded hTS crystallizes in inactive conformation with are able to accommodate a network of water molecules in
residues 181197, corresponding to ecTS 13248, in very the active site that allows proton transfer and activation of
different positions Z8), which makes comparisons of the the catalytic sulfhydryl.
solvent structure in the active site not entirely relevant. In
the S167A mutant, there are three water molecules, Wat67, REFERENCES
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