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ABSTRACT. Structural studies indicate that Asp 221lafctobacillus casethymidylate synthase forms a
hydrogen bond network with the 2-amino and 3-imino groups of the folate [Matthews, D. A. (1990)

Mol. Biol. 214 937-948; Finer-Moore, J. S. (199®jiochemistry 29697 7-6986] that has been proposed

to participate in catalysis. We prepared a complete replacement set of 19 mutants at positiol.221 of
caseithymidylate synthase. Of these, the only one with sufficient activity to complement growth of a
thymidylate synthase-deficient host was the Cys mutant. To further elucidate the function of the Asp
221 side chain, seven thymidylate synthase 221 mutants were studied in detail with regard to catalysis of
dTMP formation and of thymidylate synthase partial reactions. Most of the mutants bound the nucleotide
substrate dUMP with only moderate loss of binding affinity, indicating that the Asp side chain does not
contribute to dUMP binding. Most of the mutants catalyzed the cofactor-independent dehalogenation of
5-bromodUMP; hence, the Asp side chain of TS is not essential for addition of the catalytic Cys residue
to the nucleotide substrate. Mutants showed decreased affinity for the folate cofactor, but those with side
chains capable of hydrogen bond formation were less severely affected. Some of the mutants were capable
of forming covalent thymidylate synthase-5-fluorodUMiRethylenetetrahydrofolate complex; hence, the

Asp side chain is not essential for steps leading to the covalent complex. We conclude that the hydrogen
bond network between Asp 221 and the folate cofactor contributes to cofactor binding and a catalytic
step after formation of the covalent ternary complex intermediate.

Thymidylate synthase (TSkatalyzes the reductive me- Scheme 1: Salient Features of the Chemical Mechanism of
thylation of dUMP by 5,10-methylene-5,6,7,8-tetrahydro- TS
folate (CHHJfolate) to give dTMP and 7,8-dihydrofolate
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Scheme 2: Proposed Role of Asp 221 in Stabilization of the dUMP (56 mCi/mmol) were from Moravek Biochemicals.
Enolate Form of the Cofactor Pterin and Breakdown of the  All other materials were the highest purity available from

Covalent Steady-State Intermediate commercial sources and were used without purification.
°>\;NH Mutagenesis.Cassette mutagenesis was performed using
— o a synthetid_. caseiTS gene in the plasmid pSCTSRdt |
. _93 e /R o Enz-S'M s.tuffer) which contains a nonching sequence W'ilNcHI
sp221 \g\H qo oSHe Asp221 —40 SR site between th8glll and Auwrll sites of the synthetic gene
H \Ni/%[’?j{z“z'“”ﬂ__ o ‘ﬁ\%[“j{ﬁ”m” (6). Two different coding cassettes were ligated iBill/
P _N)\\x. ¥ ’ o /\\N N Auwrll digested pSCTS9Not | stuffer). The first contained
) H ! . the degenerate sequence, G(GAT)A at codon 221, and the

second contained (ACT)(N)(GC). Together, these two
“ cassettes encode all amino acids except Asp and Ala; D221A
was previously prepare(®). Methods for obtaining pools
°>_ y of mutants representing all codons and for screening for
—>_?:o complementation of TS-deficier. coli, which assesses
catalytically active TS, have been descrilféll D221S was
m also obtained by ligating an oligonucleotide cassette with
H the sequence, TCT, at codon 221 if&glll/ Aurll digested
. E . pSCTS9 Notl stuffer).
/NL\ | ﬁ ’ Protein Purification The mutant enzymes (D221A, N,
NN R, F, C, E, and S) were purified using sequential chroma-
F tography on phosphocellulose and hydroxyapdai@eand
were >95% homogeneous as judged by Coomassie-stained
active enzyme. An important tool in understanding the SDS-PAGE. Five to 25 mg of pure protein was obtained
mechanism of TS has been the mechanism-based inhibitoffom 1 L of cell culture. Purified enzymes were stored in
FAUMP which, through a mechanism analogous to that in 10 mM potassium phosphate buffer, pH 7.4, and 0.1 mM
Scheme 1, forms a stable analogue of the covalent intermedi-EDTA at — 80 °C.
atell . Enzyme AssaysTS activity was monitored spectropho-

Currently, the least understood features of this reaction tometrically at 340 nm as describ€®). The standard TES
are those involving the cofactor. Structural studies have assay buffer contained 50 mM TES, pH 7.4, 25 mM MgCl
shown that, as depicted in Scheme 2, the side chain of the6.5 mM formaldehyde, 1 mM EDTA, and 75 mig-mer-
completely conserved Asp 221 is hydrogen bonded to the captoethanol.
3-NH and, through a bridging water, to the exocyclic 2-NH TS-catalyzed tritium release from fsjdUMP was moni-
of the pteridine ring of the cofactof2, 3);, the peptide tored by the decrease in tiel/**C ratio of [24C,5°H]-
backbone NH of Asp 221 is also hydrogen-bonded to the dUMP (10). Reaction mixtures contained 1M D221A
2-oxo group of the nucleotide substrate, dUMP. In view of or D221N, 0.53 mM [2X4C,5H]dUMP (8.9 mCi®H/mmol,
the hydrogen-bond network with the cofactor, one might 0.223 mCi**C/mmol), and 0.51 mM (6R,6S)-GH,folate
expect that mutants of Asp 221 would show decreasedin standard TES assay buffer at 26. Aliquots (50uL)
affinity for CH,Hfolate. In addition, the hydrogen bond were assayed for tritium release.
between Asp 221 and the 3-NH of GHifolate has been TS-catalyzed dehalogenation of BrdUMP was monitored
proposed to assist the protonation of N-5 of the cofactor spectrophotometrically at 22C by the decrease in absor-
moiety of covalent intermediat, and thus facilitate the  pance which accompanies dehalogenatibngs = 5320 M2
leaving group ability of Hfolate (2). If this proposal is  ¢m1) (11). Reaction mixtures (75@L) contained TES/
Correct, mutants of TS ASp 221 should be defective in the DTT assay buffer (Standard TES buffer Containing 5 mM
breakdown of the ternary covalent intermedidtk, DTT instead of8-mercaptoethanol), 10 to 210 BrdUMP,

In a previous study, Michaels et ##) showed that of 13 and 4uM enzyme. One unit of activity is the amount of
Asp 221 mutants dEscherichia colTS studied, only D221C  enzyme that debrominatesuiol of BrdUMP per minute
weakly supported growth of TS-deficient cells. In the present in a 1 mL reaction mixture.
work, we studied a replacement set of 19 mutants of ASp Al measurements were obtained using a Hewlett-Packard
221 of TS to obtain information about the function of this g452 diode array spectrophotometer. Kinetic and thermo-
residue. From detailed studies of seven of these mUta”ts’dynamic constants were determined by a nonlinear least-
we conclu.de. that thg side chain of Asp 221 is important in squares fit to the appropriate equations using the program
cofactor binding and in the breakdown of the ternary covalent Kaleidagraph 3.0.2 (Abelbeck Software, 1993) run on
intermediate. Macintosh PowerPC.

Determination of Dissociation Constants by Displacement
MATERIALS AND METHODS of PLP from TS-PLP Complexes The Kgs of TS-PLP
Materials E. colistrainy2913recA AthyA572, recA56) complexes were determined by titration of enzyme with PLP
(5) and plasmids pSCTS-D221A, pSCTS-D221N, pSCTS- and monitoring the absorbance at 330 (i2). Solutions
D221R, and pSCTS-D221F have been descr{itdd (6R)- containing complexes formed from 10 or 3% PLP and 3
CH.Hsfolate was a gift from SAPEC S. A. (Lugano, uM enzyme in 50 mM TES/KOH, 1 mM EDTA, and 50
Switzerland). [5*H]dUMP (15.9 Ci/mmol) and [24C]- uM DTT, pH 7.4, were titrated with varying concentrations

)
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W
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Table 1: Equilibrium and Kinetic Constants of Wild-Type and D221 Mutantk.afaseiTS*

dTMP formation BrdUMP dehalogenation binding

mutant C0mp|a kcat (Secl) Km,dUMP (ﬂM) Km,cofactor(,uM) kcat (secl) Km,BrdUMP (/JM) Kd, PLP (/lM) Kd,dUMP (,MM) Kd,cofactolr) (,MM)
Asp221 (wild type) + 5.0 5.0 10 0.1 5.7 0.3 0.4 stoich
Asp221C + 0.14 15.0 140 0.02 25 0.7 2.0 stoiclt
Asp221S - 0.02 6.3 240 0.05 27 1.9 17 6.5
Asp221E - 0.016 11.0 1000 0.004 46 5.1 42 140
Asp221A - 0.0006 0.005 20 5.3 5.6 500
Asp221N - 0.0006 0.15 45 1.8 7.5
Asp221F - nd nd nd 0.9 200
Asp221R - nd nd nd 0.3 nd

a Standard errors of nonlinear least-square plots wek®% of the values? ApparentKy determined by SDSPAGE. ¢ Stoichiometric binding;
for wild-type TS, the reportety is 10711 M (17). 9Only one PLP per TS dimer is displacéd by tritium release assayNot detectable by

spectrophotometric assay.

of dUMP or FAUMP, and the decrease in absorbance wasinactive by the spectrophotometric assay.

monitored to obtairky values for the enzymenucleotide
complexes.

Ultraviolet Difference Spectroscopy of the-TidUMP—
CH;Hsfolate Complex The ternary TSFAdUMP—(6R)-
CHH,folate complex was analyzed spectrophotometrically
(10, 13) For titrations with FAUMP, reaction mixtures (750
uL) containing 5.5uM D221A or D221N and 75, 150, or
300 uM (6R)-CHHfolate, respectively, in the TES/DTT
assay buffer, were titrated with up to 56 FAUMP. For
titrations with the cofactor, reaction mixtures (7o)
containing 4.2uM D221A or D221N and 10M FAUMP
were titrated with up to 26axM (6R)-CH;Hsfolate.

SDS-PAGE of EnzymeFdUMP—CH,Hfolate Com-
plexes Covalent ternary complexes were formed by incu-
bating mixtures containing-13 uM D221 mutants, 8.5 mM
FAUMP, and up to 6.6 mM (6R)-CiHsfolate in TES/DTT
buffer at ambient temperature. After 2 h, aliquots (15
were denatured, loaded on 12% SBFAGE (0.1x 19 cm)
with a 5% stacking ge(14) and electrophoresedrfd h at
20 mA. The Coomassie Brilliant Blue stained gels were
dried on Whatman 3MM paper, using a gel dryer at°’80
under vacuum for 1 h. Digital images of the gels were

In the more
sensitive tritium release assay, D221A and N (1)
showed specific activities of ca. & 104 U/mg, at least
10*-fold lower than wild-type TS.

Dissociation Constants for dUMP and FAUMRAIl seven
mutant TSs studied (D221A, C, E, F, N, R, and S) formed
complexes with PLP, showing the characteristic absorbance
maximum at 328 nm(12). The mutant enzymePLP
complexes ha#y values in the low micromolar range (Table
1), and extinction coefficients similar to wild-type TS (data
not shown). With exception of D221R, titration of enzyme
PLP complexes with dUMP or FAUMP and monitoring the
loss of absorbance at 328 permitted calculatioKp¥alues
for the enzyme-nucleotide binary complexes. For D221C
and E, saturating dUMP only displaced0% of the bound
PLP, indicating that in the binary complex the nucleotide
binds only to a single subunit of TS. TH& values for
dUMP for the D221C, E, A, N, and S mutants were from 4-
to 30-fold higher than wild-type TS. For D221F tkg was
about 400-fold higher than wild-type TS, and binding was
undetectable for D221R at up to 3.5 mM dUMP. With
FAUMP as titrantKy values of 72uM for D221A and 20
uM for D221N were obtained; other mutants were not

obtained using a fotodyne camera interfaced to a Macintoshexamined for FAUMP binding.

PowerPC, and quantified using NIH Image Program 1.61.
The ratio of bound/total enzyme was plotted versus (6R)-

CH;Hfolate concentration to determinate the appatént
for (6R)-CHH folate in the ternary complex.

RESULTS

Complementation of TS-Deficient E. cdh. the present
work, we tested two libraries which together contained all
L. caseiTS mutants of Asp 221 except for Ala for their
ability to complement the growth of TS deficieat coli. L.
caseiTS D221A does not complement growth (D. V. Santi,
unpublished). In a library containing Glu, Gly, and Val at

Dehalogenation of BrdUMP Wild-type TS and the
D221A, N, C, E, and S mutants catalyzed the thiol-dependent
dehalogenation of BrdUMP to produce dUMP (Tablg11).

No debromination of BrdUMP was detectable with up to 7
uM D221R or D221F after as long as 1 h. D221N and
D221S had a similak.s values and 5- to 8-fold highdf,
values for debromination compared to wild-type TS. D221C
had a 5-fold lowerk.,: and a~4-fold higherK, than did
wild-type TS. The remaining mutants, D221A and E,
showed~20-fold lower ks and ~3 to 8-fold higherKy,
values than did wild-type TS.

Covalent Complexes of Mutants with FAUMP and

position 221, there were no surviving colonies in the absence CH:Hsfolate. TS, FAUMP, and CkHfolate interact to form

of Thy. In a library containing the other 15 mutants, 6%

were positive in the complementation assay; DNA sequenc-

ing of active mutants revealed only the codon for Cys at
position 221.

dTMP Formation In vitro assays for dTMP formation
were performed spectrophotometrically or by the more
sensitive assay for tritium release from3¥3jdUMP. Table

a covalent complex analogous to steady-state intermediate
Il of the TS reaction (Scheme 1). As with wild-type TS
(15), D221A, C, E, and S form a ternary complex with
FAUMP and CHHfolate which shows a characteristic
absorbance increase at 330 nm. No ternary complex
formation was detected with D221N.

Covalent complex formation was also monitored by SDS

1 shows the activities and/or steady-state kinetic parametersPAGE. When 3.5uM D221A, C, E, and S plus 8.5 mM

for seven Asp 221 mutants chosen for further study (D221A,

C,E,F, N, R, and S). D221A, F, N, and R (kM) were

FAUMP were incubated with up to 2 mM (6R)-Gtifolate,
a cofactor-dependent protein band was observed just above
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the band for the unbound 35 kDa subunit. The new band define the reaction pathway up to and including the formation
represents TS subunits covalently bound to FAUMP and of covalent intermediate II. It was hoped that such studies
(6R)-CHHfolate. By plotting the intensity of the bands would identify specific defects in the pathway of the mutants,
versus cofactor concentration, we determined the apparentand thus assist in identification of specific roles of Asp 221.
Kq values for (6R)-ChkHsfolate given in Table 1. It has  The partial reactions included substrate binding, reaction with
previously been shown that these values are products of thethe essential enzyme catalytic Cys thiol, and formation of
equilibrium constants for noncovalent binding and covalent the FAUMP analogue of steady-state intermediate Il
complex formation within the ternary compléx0). The first partial reaction studied was the ability of Asp
221 mutants to bind dUMP. Although the side chain of Asp
DISCUSSION 221 is not directly involved in nucleotide binding, the peptide
Structural studies have implicated functional roles for the chain NH of residue 221 is hydrogen bonded to the 2-oxo
conserved Asp 221 df. caseiTS (2, 3). The side chain of = moiety of dUMP (3). We speculated that such hydrogen
Asp 221 is hydrogen bonded to the 3-NH and, through a bonding could (i) contribute to dUMP binding, (ii) enhance
bridging water, to the exocyclic 2-Nt+bf the pteridine ring polarization of the pyrimidine for reaction with the sulfhydryl
of the cofactor (Scheme 2). This hydrogen bond network nucleophile, or (iii) stabilize the orientation of the pyrimidine
has been proposed to enhance protonation of N-5 of thewithin the active site. We found that D221C, N, and S bound
cofactor and thus facilitate conversion of covalent intermedi- dUMP only ~4-fold poorer than wild-type, D221A and E
atell to intermediatdll (Scheme 2)2). The objective of bound dUMP~17-fold poorer than wild-type, D221F bound
the present work was to ascertain whether the conserved AsgdUMP very poorly (500-fold loweKy than wild-type), and
221 of TS was indeed important in the TS reaction, and if D221R did not bind dUMP (Table 1). Since good binding
so, where in the pathway it served its role(s). of dUMP was observed with three of the mutants studied,
To determine the necessity for Asp 221 of TS, we prepared the side chain of Asp 221 per se cannot contribute signifi-
a complete replacement set of 19 mutants at position 221 cantly to nucleotide binding. However, since some mutations
and assessed their abilities to support the growth of a TS-(e.g., F and R) caused significant loss in binding affinity for
deficient strain oE. coli. It has previously been shown that dUMP, secondary effects of some side chains can confer
this assay detects TS mutants with catalytic activity as low detrimental effectsperhaps on backbone hydrogen bonding
as 1% of the wild-type enzym@6). As previously reported  to dUMP which in turn affects dUMP binding or orientation.
for 13 E. coli Asp 221 mutantg4), only D221C provided The second partial reaction examined was the ability of
catalytically active enzyme by the complementation assay.the Asp 221 mutants to catalyze the dehalogenation of
We concluded that Asp 221 was important, but not essential BrdUMP, a cofactor-independent partial reaction of TS which
for activity. requires competency in nucleotide binding and the addition/
We chose seven mutants of TS Asp 221 for detailed elimination reactions of the Cys nucleophile of TS to the
studies-the noncomplementing Ala, Arg, Asn, Glu, Phe, and 6-position of the nucleotide substrgtel). The K, values
Ser mutants, and the complementing Cys mutant. Our of Asp 221 mutants for dehalogenation were decreased by
objective was to define the specific effects of modifying the 3- to 7-fold, in general agreement with the effects of the
side chain of Asp 221 on TS function, and in turn obtain mutants on nucleotide binding. For BrdUMP dehalogena-
insight into the role of the native Asp side chain. tion, D221N and D221S had, values similar to wild-type
We first studied the activities and steady-state kinetic TS, demonstrating that the carboxylate side chain of Asp
parameters of the selected Asp 221 mutants on dTMP 221 was not essential for covalent bond formation of the
formation (Table 1). The mutants which did not contain nucleotide with Cys 198. However, the, values of the
potential strong hydrogen bond donor/acceptor groups in theirremaining mutants were decreased from 5- to over 20-fold,
side chains (D221A, N, F, and R) showed negligible activity indicating that mutant 221 side chains may secondarily affect
(=10000-fold lowerk.: than wild-type TS). The three the reaction of Cys 198 with the nucleotide, perhaps through
mutants with potential hydrogen bond donor/acceptor groups perturbation of the peptide backbone interaction with the
at position 221 (D221C, E, and S) showed far less striking 2-oxo group of dUMP.
reductions in enzymatic activity. Expectedly, the D221E  The third partial reaction examined was the ability of the
mutant, which contains the glutamate homologue at residuemutants that bound dUMP (D221A, C, E, N, and S) to form
221, retained activity; howevekg, was reduced-300-fold TS—FdUMP-CH;H,folate covalent complexes. It is been
and theK, values for dUMP and folate were increased 3- well established that TS and many TS mutants react with
and 100-fold, respectively, compared to wild-type TS. FAUMP and CHH.folate to form a stable, covalent analogue
D221S showed a 250-fold decreasdincompared to wild- of steady-state intermediate Il (Scheme 1). Formation of
type, a similarK, for dUMP, and a 25-fold increase K, such covalent complexes shows that a mutant enzyme is
for the cofactor. D221C, the only mutant active in the capable of (i) binding nucleotide and cofactor, (ii) forming
complementation assay, showed only a 35-fold decrease ina covalent adduct with FAUMP, and (iii) forming a carbon
Kear @ Km for dUMP within 3-fold of the wild-type enzyme,  carbon bond between C-5 of the FAUMP adduct and the one
and a 14-fold decrease in tig, for cofactor. The catalytic ~ carbon unit of the CkH,folate. This study was intended to
efficiency (keal Km cofacto) for D221C was some 12-fold greater  ascertain which of these steps might be impaired in Asp 221
than D221S and 62-fold greater than D221E. These resultsmutants.
suggest that the side chain of residue 221 functions as a The covalent complex formed with the wild-type enzyme
proton donor/acceptor for both folate binding and catalysis. has an apparer{yq for CHyHsfolate of ~1071* M, which
We next examined the ability of the Asp 221 mutants to reflects the products of the equilibrium constants for non-
catalyze several partial reactions of TS which, together, covalent binding, and covalent complex formation within the
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ternary complex17). With D221N, no covalent complex

Chiericatti and Santi

rather than two hydrogen bonds from Asp 221 to cofactor is

was detectable by either UV difference spectroscopy or crucial for catalysis. We are seeking evidence for this
SDS-PAGE. D221N catalyzed the dehalogenation of hypothesis from structural studies of these mutants.

BrdUMP, so this mutant is capable of forming the essential

thiol adduct with nucleotides; also, the mutant must bind ACKNOWLEDGMENT
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ing covalent complex formation as a function of cofactor REFERENCES
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