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ABSTRACT. Two crystal structures foE. coli thymidylate synthase (TS) bound to the mechanism-based
inhibitor 5-fluoro-dUMP (FAUMP) and methylenetetrahydrofolate ¢CHF) have been determined to

2.6 and 2.2 A nominal resolutions, with crystallograpRitactors of 0.180 and 0.178, respectively. The
inhibitor and cofactor are well ordered in both structures and display covalent links to each other and to
Cys 146 in the TS active site. The structures are in general agreement with a previous report for this
complex (D. A. Matthews et al. (1990) Mol. Biol. 214 937-948), but differ in two key respects: (i)

the methylene bridge linking FAUMP and @FHF is rotated about 6o a different position and (ii) the
electron density for C6 of FAUMP, which is covalently linked to Cys 146, is more diffuse than for the
other atoms in the pyrimidine ring. The ligand arrangement observed in the previous structure led the
authors to propose that a large conformational change in ligand geometry must occur in order to facilitate
catalysis and yield the correct chirality in the methyl of product dTMP. The new structures suggest a
different mechanism for product formation that does not require ligands to greatly alter their conformations
during catalysis and which makes use of instability in the nucleetitles 146 thiol adduct to avoid a

deep free energy well and assist in proton abstraction from dUMP. All intermediates in the proposed
mechanism were modeled and energy minimized in the TS active site, and all can be accommodated in
the present structures. The role of ligand-induced conformational change in the TS mechanism and the
possibility of Tyr 94 acting as a base during catalysis are also discussed.

Thymidylate synthase (TShas long been studied as a biochemical and structural data and a proposed catalytic
target for antiproliferative agents due to its central role in mechanism, shown in Figure 1.

DNA synthesis and for its rich mechanistic features [re-  The conclusions from the structural work to date have not
viewed in Pogolotti and Santi (1977), Santi and Danenberg peen consistent with the mechanism predicted from solution
(1984), Carreras and Santi (1995), and Hardy (1995)]. TS sydies or with the known stereochemistry of the TS reaction
catalyzes the reductive methylation of dUMP to dTMP using (Pogolotti & Santi, 1977; Tatum et al., 1977; Sliecker &
the cofactor methylenetetrahydrofolate ((THIF) and pro-  Benkovic, 1984). Specifically, it was observed that when
vides the solede nao means for synthesizing dTMP. (6R.119-5,10-methylene[12H 2H]tetrahydrofolate is used
Compounds modeled after both substrate and cofactor haveyg cofactor, the resulting product i§){methyl[methy}
been studied as potential inhibitors of TS. 5-Fluorouracil, 1H,2H2H]dTMP (Sliecker & Benkovic, 1984). The incon-
which is metabolically converted to S-fluoro-dUMP (FAUMP),  gistency arises from the predicted conformation of interme-
is a Ior!g-standlng chemotherapeutic agent that acts to inhibityiate| (Figure 1) from structural studies and its proposed
TSin vivo. More recently, analogues of GFHF have been  echanism of breakdown, which leads toraconfiguration
designed that show promise as anticancer drugs (Smith et the methyl group of the product. The structure of the

al., 1995, 1996; Webber et al., 1996). Studies leading 10 o\ qient ternary complex FEAUMP-CH,THF (Matthews
the design of these inhibitors have resulted in a wealth of o 4 1990b), which is thought to be very similar to

intermediatelll , revealed a ligand geometry such that

* This work was supported in part by American Cancer Society grant hydride transfer would occur to the wrong side of the
DHP-45 (W.R.M.) and National Cancer Institute Grant CA44355, methylene group. A similar conclusion was reached from

USPHS/HHS (F.M.). ; ; ;
* The final coordinates for the trigonal and hexagonal crystal forms modeling of intermediatdil based on the structure of

have been deposited with the Brookhaven Protein Data Bank (entry TS'dUMP'CB37171 where CB3717 is a tigh“Y-bindinQ TOIyl
numbers 1tsn and 1tls, respectively). analogue (Finer-Moore et al., 1990). A second difficulty
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8 University of Arizona. observed both crystallographically and by fluorine NMR
"Wadsworth Center. (Byrd et al., 1978). In the reaction with dUMP, the proton
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! Abbreviations: TS, thymidylate synthase: CHIF, 5,10-methyl- at this position is removed and has been argued to be less

enetetrahydrofolate; THF, 5,6,7,8-tetrahydrofolate; DHF, 7,8-dihydro- &CidiC in an equatorial position than it would be in an axial
folate; FAUMP 5-fluoro-dUMP. position (Matthews et al., 1990b; Finer-Moore et al., 1990).
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FiIGurRe 1: General features of the TS catalytic mechanism
(Pogolotti & Santi, 1977; Santi & Danenberg, 1984; Carreras &
Santi, 1995).

A third difficulty noted by Matthews et al. was that the Cys
146 sulfur, which is in an axial position, would be a better
leaving group than tetrahydrofolate (THF) and would
eliminate to produce the original starting materials.

Hyatt et al.

an attempt to resolve this issue and clarify the role of enzyme
conformational change in the catalyzed reaction. Crystal
structures were determined for the complex vithcoli TS

in two space group$76; andP3;21, to nominal resolutions

of 2.6 and 2.2 A, respectively. The structure previously
reported (Matthews et al., 1990b) was in space giebipat

2.5 A nominal resolution. The new structures are in general
agreement with the previous one except for two differences.
First, the position of the methylene bridge linking FAUMP
and CHTHF is slightly rotated, with the CEHN5 bond
gaucheto the C5-F bond, very similar to the model
predicted from the TS®IUMP-CB3717 structure (Finer-
Moore et al., 1990). Second, the density for C6 of FAUMP,
where Cys 146 becomes covalently attached, is much worse
than for the other atoms in the ring. On the basis of these
observations, coupled with our modeling studies, we propose
a mechanism for the breakdown of the covalent ternary
complex that yields the correct stereochemistry without
resorting to major changes in conformation of either ligands
or protein. Our proposed mechanism follows a path different
from the predominant path expected in the absence of protein.
To accomplish this, we suggest that TS makes use of strain,
electrostatic interactions, and conformational change to
influence the reaction along a more conformationally re-
stricted path.

MATERIALS AND METHODS

Crystallization Crystals were grown by the hanging drop
vapor diffusion method. Protein was overexpressed and
purified as previously described (Maley & Maley, 1988).
(6R,9-CH,THF was prepared from purified folic acid, as
described (Galivan et al., 1976a). §6CH,THF is a weak
competitive inhibitor of TSK; = ~50 uM for the L. casei
enzyme (Leary et al., 1974)]. HowevelRBCH,THF forms
a covalently-linked ternary complex with TS and FAUMP
that results inr~50000-fold tighter binding of FAUMP than
occurs with the (6) isomer (Galivan et al., 1976a; Santi et
al., 1974). No indication of binding by the $isomer was
detected in the present crystal structures. For growing
crystals of theP6; space group, drops were prepared from a

On the basis of these considerations, Matthews and co-solution containinge. coli TS (8 mg/mL), FAUMP (2 mM),

workers proposed that the covalently linked intermedikhte

(6R,9-CH,THF (~1 mM), phosphate (20 mM, pH 7.5), DTT

must undergo an extensive isomerization before breakdown(4 mM), and ammonium sulfate (1.05 M). Five microliters
of the complex. This proposal was attractive because it of this solution was equilibrated against a solution containing
addressed all of the difficulties described above. First, the phosphate (20 mM, pH 7.5), DTT (4 mM), and 2.1 M
isomerization would rotate the methylene bridge so that ammonium sulfate. Crystals of ti®8;21 space group grew
hydride transfer would occur at the opposite face, giving the under identical conditions, but were of better quality when
experimentally observed stereochemistry. Second, the isomergrown at pH 8.0 and at slightly higher ammonium sulfate

ization would place the pyrimidine C5 proton in an axial
position, where it could more easily be removed. Finally,

the proposed isomerization would place the Cys 146 sulfur

in an equatorial position, which would favor the elimination
of THF. Support for the isomerization comes from NMR
studies of the covalently linked complex FalUMP-CH,-

concentrations. Crystals appeared within 48 h and continued
growing for several days.

Structure Determinatian A single data set was collected
from each of the two crystal forms. TH8,21 crystal was
approximately 0.3x 0.4 mm and diffracted to a nominal
resolution of 2.2 A. Thé6; crystal was approximately 0.4

THF after denaturation and proteolysis (James et al., 1976).x 0.2 mm and diffracted to a nominal resolution of 2.6 A.
Since the above studies were completed, crystal structureDiffraction data were measured using an Enraf Nonius FAST

of TS bound to a variety of ligands have been determined. area detecting diffractometer attached to a FR571 rotating

These studies confirm that TS undergoes an extensiveCu anode X-ray source. Data reduction was performed using

conformational change during catalysis (Matthews et al.,

1990b; Montfort et al., 1990), but it did not appear to us

the software package MADNES (Messerschmidt & Pflugrath,
1987) and PROCOR (Kabsch, 1988). Refinement was

that any of the observed conformations of the enzyme would performed with GPRLSA (Furey et al., 1982), using observed
accommodate the proposed ligand isomerization. We there-structure factor amplitudes and starting phases from isomor-
fore reinvestigated the structure of ‘FUMP-CH,THF in phous crystals of similar complexeB3;21 andP6; forms
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of TSSFAUMP-CB3717 (Hyatt & Montfort, unpublished

Table 1. Crystallographic Data

results)). Structure factors and electron density maps were

. . . space group P3:21 P63
calculated_ using th_e CCP4 program suite _(Collaboratlve cell constants () a=72.10 a= 126.78
Computational Project, 1994). Model building was per- c=115.27 c=67.71
formed using FRODO (Jones, 1978; Pflugrath et al., 1984).  resolution (&) 2.2 2.6
. . . total reflections 76346 63040
Modelln.g. Iljtermed_|ate$, I, IV_, andV were built and unique reflections 18104 18880
energy minimized using the Insight ll/Discover software % total data 98.4 995
package (Insight I, 1993). The intermediates were con-  Rym(all data}
strained to have conformations similar to those observed for tlcl’t?l'gomef shell 0.095/0.36 0.10/0.43
: avl/o
_FdUMP gnd CHTHF in th_e present structures, and all but totallouter shell 12.6/1.9 15.1/1.0
mte.m_]e.dlatgl had a cysteine covalently linked to C6 of t.he RMS deviations
pyrimidine ring (1.85 A). The models were then placed into bond distances (A) 0.019 0.017
a subset of the TS 2.2 A trigonal structure that consisted of bond angles (deg) 3.0 25
all amino acids and ordered water molecules that contacted ~Revst(@ll non-zero data) 0.178 0.180
. . , ) av temp factors (A
ligands (37 residues and 12 water molecules in all). This protein atoms
model was then subjected to additional energy minimization monomer 1 21.3 14.6
where the protein, the ordered solvent molecules, and one ~ monomer 2 203
atom from each ligand (the phosphate of dUMP and one ligand atoms
. L . L monomer 1 22.0 22.6
atom in the THF pterin ring) were fixed and the remaining monomer 2 276

ligand atoms were allowed to move. The two atoms in the
ligands were fixed to prevent the ligands from moving away 5
from the known binding positions (bulk solvent was not
included), and the fixed atoms were varied to avoid . i . ,
systematic errors. The Cffol parameter file was used to PYfimidine ring was more difficult to interpret. In the

assign potentials. Each complex was refined to convergencecB3717 containing complex, the thiol adduct is present in
and resulted in models with reasonable geometry for the both active sites of thB6; crystal structure, although a little

ligands and no steric conflicts between protein and ligand. weak in one active site, while this bond is absent inRBg21
complex. The difference electron density maps between the

CB3717 and CHTIHF crystals indicate a slight shift in the
pyrimidine ring position, indicate a slight rotation of the Cys
Structures of T$:dUMP-CH,THF. To resolve the issues 146 sulfur, and are consistent with partial covalent bond
concerning the mechanism for breakdown of the covalent formation (see below).
ternary complex (intermediatd ) and the observed product Initial models for the new complex were built inf§ —
stereochemistry, the structure of ‘FAUMP:CH,THF was Fc “omit” electron density maps, where the ligands were
determined in two space groug?3:21 andP6;, to nominal removed from the model before calculating structure factors.
resolutions of 2.2 and 2.6 A, respectively. Both crystal forms The positions for all atoms were clearly indicated in these
were isomorphous with crystals of FRIUMP-CB3717 maps. Refinement was initially performed with the distance
previously determined in the same two space groups (Hyattbetween the Cys 146 sulfur and C6 of FAUMP restrained to
& Montfort, unpublished results), and the TFUMP- 1.85 A (the usual distance for such bonds) but later to 2.1 A
CB3717 models provided the initial coordinates for the to achieve a better fit with the observed electron density (see
present structures. TS is a functional dimer and is presentbelow). Final statistics for data collection and model
as such in all crystals examined to date. H¥21 crystal refinement are shown in Table 1. A ribbon diagram
contained a monomer in the asymmetric unit with the two indicating ligand position for one monomer is shown in
halves of the dimer related by a crystallographic dyad, while Figure 2, and the final electron density for ligands is shown
the PG; crystal contained the full dimer in the asymmetric in Figure 3.
unit. Thus three views of the new complex were available  The final TSFAUMP-CH,THF models are very similar
to us, two from theP6; crystals and one from thE3;21 to one another and to the CB3717-containing structures. The
crystals. RMS deviations betweendCatoms for theP3,21 CH,THF
Difference electron density maps calculated viAthsand complex and each of the two active sites of Bttg CH,THF
phases from the starting models revealed a shift in the complex are 0.28 A in both cases, and the RMS deviations
CH,THF position relative to that of CB3717. The major between the CHTHF and CB3717 structures are 0.14 and
peaks in these maps were similar for all three views of the 0.12 A, respectively, for th®3,21 andP6; crystal forms.
TS active site. Large positive and negative peaks on either The only significant differences between the CB3717- and
side of the pterin and PABA rings indicated that, in the CH,THF-containing structures are in the active site, where
CH,THF containing complex, the pterin ring was shifted residues in contact with GHHF shift slightly to accom-
closer to FAUMP and slightly rotated. A positive peak modate the absence of a propargyl group and the slight
between the CHTHF and FAUMP moities, averaging @3  changes in position for the ligands. Part of the gap created
in the three active sites, was consistent with methylene bridgeby removal of the propargyl group is filled with a new water
formation between the two groups. A negative peak molecule that hydrogen bonds to both N10 of THF (2.8
coinciding with the position of the CB3717 propargyl group, A) and Ct of Glu 58 (3.0 A).
which is not present in C/THF, was also apparent in the Unexpected Ligand Arrangement3he resulting model
map and averaged &1 Difference electron density for the for ligands, shown in Figure 4, is similar to that previously
thiol adduct between Cys 146 and C6 of the FAUMP reported by Matthews and co-workers (1990b). The€11

a Data were truncated at the resolution where the percentage of
(1) fell below 33%.

RESULTS AND DISCUSSION
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Ficure 2: Stereoribbon diagram showing a TS monomer fiéntoli in a complex with FAUMP and CHHF (shown in black). This
figure, Figure 4, and Figure 6 were produced with the program MOLSCRIPT (Kraulis, 1991).

Ficure 3: Stereoview of electron density for ligands and Cys 146 in the=dSMP-CH,THF ternary complex. The electron density is
from the final &, — F. map for the trigonal crystal form and is contoured atgbove the mean value for the entire map. This figure and
Figure 5 were produced with the program O (Jones et al., 1991).
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Ficure 4: Stereoview of the active site region and the bound FduUBH3THF complex. Protein atoms are indicated by white bonds,

ligand atoms by black bonds, water molecules by open circles, and hydrogen bonds by dashed lines. Nitrogen and oxygen atoms are drawn
smaller than carbons and phosphates drawn larger. TheO4% bond is orientedjauchewith respect to the C5F bond, and a new

ordered water molecule, W&58, is hydrogen bonded to both the side chain of Glu 58 and N10 gTBH

C5 methylene bridge between @FHF and FAUMP lies respect to the C5 substituents. All three active sites reported
axial to the pyrimidine ring, and the fluorine lies in a here display this arrangement. In the previously reported
pseudoequatorial position. The thiol linkage between Cys structure, the N5C11 bond lies above the €% bond in a

146 and C6 of FAUMP is also axial. However our model synperiplanar arrangement.

differs from the earlier structure in one key respect: N5is A second surprising result is that the electron density for
rotated about the C5C11 bond by~60° from the previously C6 and the C6Cys 146 bond is considerably weaker than
reported structure, to a conformation thatgauchewith for the rest of the ligand atoms and thus has been indicated
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Ficure 5: Difference F, - F¢) electron density where FAUMP and Cys 146 atoms where omitted from the calculated structure factors. The
map is contoured atdBabove the mean value for the entire map. At this contour level, electron density for C6 is absent, while density for
the other atoms in FAUMP and Cys 146 is well defined.

with a dashed line in Figure 3. The missing density is more  Each of the intermediates was built and energy minimized
apparent in maps contoured at higher density, as shown into yield acceptable stereochemistry while restrained in a
Figure 5. Poor density for C6 has been noted in other conformation similar to that of CHHF in the present
complexes (Weichsel & Montfort, unpublished results), as structures (see Methods for details). The intermediate was
well as variablility in the covalent linkage between C6 and then placed in the TS active site and further minimized while
Cys 146 (Weichsel & Montfort, 1995; Matthews et al., keeping the protein and certain well-ordered water molecules
1990a). On the basis of this and other factors, we suggestfixed in place. The next few sections detail the results of
below that the poor density seen in the present structuresthese minimizations. To anticipate our conclusions, we
for C6 results from a mixed population of covalently linked found that the closed TS conformation, as seen in the present
and unlinked FAUMP molecules in the crystal and that the structures, is able to accommodate all intermediates in a
observed instability of the thiol adduct is a necessary feature stepwise-elimination mechanism that gives rise to the correct
for catalysis by TS. stereochemistry, while a mechanism requiring a shift in the
Modeling of Other IntermediatesThe new crystal struc-  Cys 146-dUMP covalent bond from an axial to an equatorial
tures present a close analogue of intermediatérom Figure position is not consistent with any known conformation of
1. As described in the introduction, there was an incon- the protein. The resulting ligand conformations are shown
sistency between the previous model for this intermediate in Figure 6.
and the known stereochemistry of the product. We sought Cofactor Binding and Actiation. The key difficulty in
to determine if the new position for the methylene bridge modeling the noncovalently linked ternary complex (inter-
could help resolve this issue, as well as provide insight into mediatel) lies in the conformation of CHHF, as was
other steps in the TS mechanism. To accomplish this, we extensively discussed by Matthews et al. (1990b). The
modeled intermediateg 1l, IV, andV from Figure 1. unbound conformation for CHHF, as determined by X-ray
IntermediateVI, the product complex, has already been diffraction (Tamelen & Hopla, 1979) and NMR (Poe et al.,
determined for the wild type (Weichsel & Montfort, unpub- 1979) approaches, is relatively flat with the PABA ring
lished results) and the C146S mutant protein (Fauman et al.,extended away from the pterin ring. This conformation is
1994). unlike the bent conformation of TS-bound folates and will
In our modeling we first assumed the protein conformation not fit in any of the known conformations of the TS active
was unchanged from that of the present structures. TSsite. However a bent conformation nearly identical to that
undergoes a ligand-induced conformational change uponfor THF in the present structure can be reached through
ternary complex formation (Montfort et al., 1990; Matthews increased pyrimidylization of N10, and by rotating atoms
et al., 1990b), which raises the possibility that one or more attached to C6 and C7 from axial to equatorial positions.
additional protein conformations may occur to accommodate Such a model places the PABA ring above the pterin ring
the intermediates under study. Considerable structural dataand will fit into the TS active site without any adjustment
now exist which suggest that only one overall protein in the positions of protein atoms.
conformation occurs in TS ternary complexes. For example, Shown in Figure 6 is the model for intermedidtevith
as observed in the present work, identical ternary complexesCH,THF in the bent conformation, after energy minimization
crystallized in different space groups give rise to the samein the TS active site. This conformation retains all of the
protein conformation. Structures exhibiting intermediate protein—ligand contacts formed by THF in the TIRIUMP
positions along the continuum from open to closed have beenCH,THF structures. It has been argued that the five-
observed (Weichsel & Montfort, unpublished results), but membered imidazolidine ring is strained in the bent confor-
no conformations that significantly deviate from this path mation (Poe et al., 1979); however our model does not appear
have been discovered to date. Even upon ternary complexto be so high in energy that it could not be stabilized in the
formation with BW1843, an analogue of GFHF that enzyme complex.
induces a local distortion in the active site upon binding, = We suggest that only the bent conformation of the cofactor
the overall ligand-induced conformation of the protein is forms a tightly-bound complex with the enzyme and nucleo-
similar to that of the present study (Stout & Stroud, 1996; tide [binding of CHTHF does not occur in the absence of
Weichsel & Montfort, 1995; Weichsel et al., 1995). Thus, nucleotide (Galivan et al., 1976b), unless polyglutamylated
we investigated whether this protein conformation could (Lu et al., 1984)]. The extended conformation may be able
accommodate the remaining proposed intermediates. to form a loosely-bound ternary complex with the open TS
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Ficure 6: Energy-minimized models for intermediates along the TS-catalyzed reaction pathway. Ligands are shown with black bonds,
protein atoms with white bonds, and selected hydrogen atoms with filled balls. The position of the folyl glutamate is indicated by “Glu”.
Numbering of intermediates is as in Figure 1.

conformation through nonspecific electrostatic and hydro- in the present structure except for the position of C11. In
phobic interactions, which would raise the local concentration the model, N5 is sphybridized and the 5-iminium group is

of cofactor near the active site. Adoption of the bent planar with the pterin rings. C11 lies directly above C5 of
conformation by CHTHF would allow tight binding to the  dUMP and is perfectly aligned for nucleophilic attack by
protein-nucleotide binary complex and induce closure of the pyrimidine C5 carbanion. The C11 protons and N5 are
the active site. The energy to accomplish this could come staggered with respect to C4, C5H, and C6. Nucleophillic
from the extensive binding interactions between the protein attack by C5 on C11 would yield intermedialé in a

and ligands that occur only in the closed conformation. Thus, conformation nearly identical to that of the present structures.

one role for the TS ligand-induced conformational change goth N5 of CHTHF and C5 of dUMP undergo rehybrid-
may be to stabilize the higher energy bent conformer of i,4tions from spto sp during the reaction.

CH,THF that is required for catalysis by completely sur-
rounding it, while providing only a nonspecific, more open
binding surface for the extended conformer.

Once bound, it is thought that the imidazolidine ring of

Elimination Step 1: Proton Abstraction from the Pseu-
doequatorial Ring PositionThe heart of our model concerns
the elimination of the dUMP C5 proton and THF. E2

the cofactor opens to form an iminium ion (intermeditie el?minati_ons_proceed with the o_rbitals of the leaving groups
at N5 (Kallen & Jencks, 1966). Formation of this intermedi- aligned in either a syn- or antiperiplanar arrangement. In
ate requires the protonation of N10, and it has been proposedhe structure reported by Matthews and co-workers (1990b),
that invariant Glu 58 is involved in this step (Matthews et C5H and THF were aligned approximately synperiplanar.
al., 1990b; Zapf et al., 1993). Our present structures showAlthough this alignment is appropriate for an E2 elimination
a well-ordered water molecule within hydrogen-bonding of THF, it would give rise to incorrect stereochemistry of
distance of both Glu 58 and N10 of the cofactor, and in the methyl group if the reaction proceeded directly. As
perfect alignment for protonation of N10 (WB68& in Figure described in the introduction, they suggested that the ligands
4). Whether E58 is the ultimate proton source for ring must undergo a change in conformation that would place
opening, or simply serves to order the appropriate water the C5 and C6 hydrogens of dUMP trans-diaxial, create an
molecules, is unclear at present. antiperiplanar arrangement for C5H and C11, and switch the
The possibility that ring opening and methylene bridge C6—Cys 146 adduct from an axial to an equatorial position.
formation between dUMP and GIHF could “proceed  They and others (James et al., 1976) have argued that in
through a concerted bimolecular substitution mechanism in this arrangement C5H becomes a better leaving group and
which formation of the free imminium ion is circumvented” the Cys 146 sulfur a worse leaving group, thereby favoring
has recently been suggested (Eldin & Jenks, 1996). In suchithe desired elimination.
a mechanism, intermedialiewould not occur, but the water
molecule near N10 would still be employed. The ligand
arrangement in our model for intermedidteas C5 and C11
aligned such that a concerted mechanism could occur.
Covalent Ternary Complex FormationOur model for
intermediatdl (Figure 6) is nearly identical to the ligands

We have been unable to fit a model of the isomerized
ligands into any of the known TS conformations without
disrupting the normally occurring proteitigand contacts.
The difficulty lies in placing Cys 146 in the equatorial
position, which simply cannot be accommodated without
severe changes in the active site geometry. In addition, we
have shown that the dUMPRCys 146 covalent bond is

2Numbering: Residue numbers f&r coli TS are used throughout

the paper. The conversion ko caseiTS numbering is as followst +

2 forl < 87,1 + 52 forl > 87. Amino acids from one monomer that
appear in the active site of the other monomer are indicated by a prime,
as in 126 Ordered water molecules are numbered and named according
to the residue with which they are associated (e.g.B&& is the second
water bound to Glu 58).

unstable and disappears with relatively minor changes in the
active site geometry (Weichsel & Montfort, unpublished
results). We therefore have searched for other models
consistent with the observed TS ligand arrangements and
correct stereochemistry.
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As noted above, the arrangement we found in the present 0 0 0
structures has C5Faucheto THF, which is therefore not . 2THF PN 2THF N 2THE
aligned for an E2 elimination that retains the known /J\rx "F === s B i — /J\+» “F
stereochemistry. In addition, the fluorine at C5 is in a 0 N (87 Enz 0 O 8)S,Enz 07N EQEHZ
pseudoequatorial position (Figure 4). As argued above, it SR o SR \ﬁ\ SR @‘1\66
seems unlikely that the ligands could obtain a conformation R166 R166

with orbitals aligned for concerted E2 elimination. However, Ficure 7: Possible mechanism leading to thiol adduct instability
if the elimination took place in two distinct steps, starting for the FdUMP-containing analogue to intermediite Strain on
with removal of C5H, major changes in ligand or active site the Cys 146-C6 bond favors electron withdrawal from the
. . pyrimidine ring, leading to charge separation between N1 and the
990’,“8”}’ WO,UId not be required. The ElCE,’ meCha_msm for Cys 146 sulfur. A polarized thiol adduct (middle structure) would
elimination fits these parameters, as previously discussediead to partial charge separation, and a completely broken bond
(Finer-Moore et al., 1990), and would give rise to products (right-hand structure) to full charge separation. Nearby ionic groups
of correct stereochemistry without isomerization of the (shown in half circles) would serve to Stc'?lbi“ZE _the ionic sp(_ecies.
ligands (discussed below). The ternary complex crystals may contain a mixed population of
. L these three states, leading to the poorly defined electron density in
The factors that favor an E1ICB mechanism are: (i) a poor ,is region.
second leaving group, (i) a means of stabilizing the
carbanion intermediate, and (iii) an acidic proton. The covalent adduct occurs during catalysis is not in disupute. It
5-amine of THF is indeed a poor leaving group, and the appears, however, that the tightly restrained positions of the
carbanion intermediate can be stabilized through conjugationreacting groups oppose formation of an optimal covalent
with the pyrimidine ring, but the C5 proton is in a bond, resulting in a bond that never becomes more than
pseudoequatorial position, which would make it less acidic marginally stable.
than if it were pseudoaxial, where conjugation between the A possible mechanism leading to the poor electron density
developing carbanion and C4 carbonyl could occur. That at C6 in the present structures is shown in Figure 7. Three
such an equatorial proton could be more acidic than expectedstates are illustrated: fully linked, partially linked, and
has been demonstrated in a study of bridgehead carbanionsinlinked. The fully linked state is analogous to the
derived from bicyclic piperazinediones (Williams et al., intermediate previously proposed by Santi and co-workers
1983). However, a possibly more important factor in (intermediatdll of Figure 1). The present structures may
increasing the acidity of the C5 proton is the unstable Cys contain a mixed population of these three states and thus
146—-C6 conjugate, as discussed in the next two sections. multiple positions for C6 (through rehybridization), which
Strain on the Thiol Adduct Leads to Bond Instabilifihe could account for the poor electron density observed. That
TS thiol adduct appears to be unstable. Numerous structuresmminium ion formation may occur through a double bond
of TS bound to dUMP, FAUMP, or dTMP and a folyl between N1 and C6, rather than between N1 and C2 where
analogue have revealed the occurrence of this bond to beoxyanion formation could stabilize the imminium ion, is
highly variable (Weichsel & Montfort, 1995; Matthews et suggested by the observed electron density. The physical
al., 1990a; Weichsel & Montfort, unpublished results). This restrictions placed on the thiol adduct by the enzyme may
is also the case in the present structures (Figure 5). Thebe sufficient to polarize the bond, generate a partial charge
reason appears to be the tightly restrained positions for Cysseparation between C6 and the Cys 146 sulfur, and attract
146 and dUMP in the TS active site and favorable electro- the N1 lone pair electrons. Electrostatic interactions in the
static interactions for the thiolate anion (Figure 4). Cys 146 active site are in a position to stabilize the resulting charge
is restrained through hydrogen bonding to Tyr 94 (C146 separation: the anionic form of Cys 146 is stabilized by Arg
N—Y94 OH, 2.7 A in the trigonal structure) and Arg 166 166, and the developing positive charge on N1 stabilized by
(C146 O-R166 N, 3.1 A, not shown), which is the terminal the partial negative charge at O4 of THF (indicated by half
hydrogen bond in two strands of the cgiaheet. The Cys  circles in Figure 7). Sulfide stabilization of the imminium
146 containing bulge is further restrained through hydrogen ion may also occur (LaLonde, 1980; LaLonde & Eckert,
bonds between the carbonyl of Pro 145 and R166(31 1983). Chemical precedence for the imminium ion shown
A) and the carbonyl of Ala 144 and R166 NH1 (2.9 A). Arg in Figure 7 comes from studies dfi-acyliminium ion
166 is further restrained in the ternary complex by two cyclizations (Speckamp et al., 1994; Udding et al., 1994).
hydrogen bonds to the nucleotide phosphate oxygens (2.7 An alternative explanation for the poor density at C6 is
A each) and to the carbonyl of Arg 12@.8 A). In addition, that, since the C5 fluorine cannot be extracted by the enzyme,
the guanidinyl group of Arg 166 and the sulfur of Cys 146 some percentage of the complexes in the crystal have
are in van der Waals contact. Thus, any movement of Cys eliminated both CHTHF and Cys 146 (giving rise to either
146 is transmitted through Arg 166 to the nucleotide. the 5 imminium ion of intermediatd or some derivative
An additional 10 hydrogen bonds are formed between of this intermediate, and FAUMP of intermedidle We
FAUMP and TS in the present structures, as was previouslydisfavor this possibility since there is no sign of gHF
found in crystal structures containing nucleotide and the folyl elimination in the electron density maps, and poor density
analogue CB3717 (Montfort et al., 1990; Matthews et al., at C6 similar to the present results has been seen in other
1990a). Five of these anchor FAUMP to the active site wall complexes (Weichsel & Montfort, unpublished results). It
opposite Cys 146. The TS ligand-induced conformational should also be noted that, due to the strong electron-
change serves to bring the two sides of the active site closerwithdrawing potential of fluorine, the thiol adduct would be
together such that Cys 146 and C6 of the pyrimidine ring expected to benorestable in the FAUMP complex than in
can react (Roberts & Montfort, unpublished results). Rota- the dUMP complex, which would argue that the true
tion of the nucleotide ring is further restrained through intermediatelll has an even weaker thiol adduct than that
extensive stacking with the folyl pterin ring. That the seen in our current structures.
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A Polar Thiol Adduct Leads to Increased Acidity for C5H. 6. In our model for intermediat®/, the bond between N5
The proposed polar thiol adduct would lead to increased and C11 has rotated approximately 1Zfbm its position
acidity for C5H in three ways. First, the electron-withdraw- in intermediatelll (represented by the present structure,
ing effect of a full or partial positive charge at N1 would Figure 4) and is in a stereochemically correct orientation for
stabilize negative charge buildup at C5 and facilitate hydride transfer. This rotation is a consequence of the
hydrogen abstraction. Second, with the restrictions at C6 rehybridization of C5 to spupon double bond formation.
due to thiol addition reduced or removed, C5 would have N5 of THF is further pyramidalized to accommodate the
more freedom to alter its geometry, allowing the C5 hydrogen change in geometry at C5 of the pyrimidine. Except for
to move toward the pseudoaxial position and thus becomerotation of the methylene bridge, only small shifts in the
more acidic. Model building suggests that the relatively ligands, and no shifts in the protein, are required to reach
small adjustments in the ring position and ring geometry this conformation. All ligane-protein contacts are main-
required to move this hydrogen toward an axial position are tained in the model.
readily accommodated if the Cys 146 thiolate is not required  Elimination of THF(Elimination Step 2) and Hydride
to also shift to an equitorial position (see, for example, Transfer. The geometry of our model for intermedidié
intermediatdV in Figure 6). Third, proton abstraction with  is such that direct hydride transfer could displace THF from
Cys 146 either partially or fully eliminated would lead to C11 (Figure 6). Studies with model compounds, however,
increased aromaticity for the pyrimidine ring and an ac- strongly favor a mechanism that proceeds in distinct steps
companying resonance stabilization energy. Taken together,jnvolving an exocyclic methylene, shown as intermediate
these three factors would serve to increase the acidity of thein Figure 1 [reviewed in Pogolotti and Santi (1977)]. Model
C5 hydrogen. building suggests intermediaté is readily accommodated

C5H Abstraction May Inolve Tyr 94 An essential step  in the TS active site and H6 of THF optimally placed for
in the breakdown of intermedial# is the abstraction of  hydride transfer (Figure 6).
the proton from position 5 of the pyrimidine ring by an active Protonation of N5 would make THF a much better leaving
site base, and the nature of this base has been the subject afroup, and it has been suggested that the elimination step
considerable debate. Three potential bases lie near C5F irmay be acid catalyzed. The increased pyramidalization of
the present structure: the hydroxyl of Tyr 94, water A58, N5 we found in modeling of intermediaté would increase
and water Watv94 (Figure 4). Both waters have been its basicity (with respect to intermediatd ) and make it
suggested as candidates for the base, either alone (Matthewsiore readily protonated. However, the identity of an
et al., 1990b; Fauman et al., 1994) or as a conduit to N5 of appropriate acid is not readily apparent from inspection of
THF (Hardy et al., 1995). In the present structures, the the TS active site. Matthews and co-workers (1990b)
pseudoequatorial C5F is in van der Waals contact with the suggested the proton could be donated from O4 of THF, or
Tyr 94 hydroxyl (3.2 A) and in an optimal configuration for  from an intervening solvent molecule associated with 04,
proton abstraction via an E1CB mechanism. We have in a mechanism involving stabilization of the protonated form
recently demonstrated that the mutant protein Tyr9Rhe of O4 through hydrogen bonding between N3 and Asp 169.
is nearly devoid of catalytic activity yet quickly accumulates Such a mechanism would require stabilization of the anionic
a covalent complex that contains TS, dUMP, and,THFF form of Asp 169, since the residue is buried in the ternary
(Maley, unpublished data). A likely candidate for this complex. Alternatively, protonation could occur through one
complex is intermediatdl , the intermediate immediately  of the ordered solvent molecules in the complex. (&8,
preceding proton abstraction. The crystal structure of this which is hydrogen bonded to N10, is 4.1 A from N5 in the
mutant complexed with dUMP and CB3717 is nearly present structures and 3.7 A away in the model of intermedi-
identical to the wild type structure, except for a slightly less ate IV, and thus could protonate N5. Once THF was
prevalent thiol adduct and a shift of water W84 toward eliminated, N5 would rehybridize to $pncreasing its acidity
C5 of dUMP, where it could substitute for the hydroxyl of through conjugation with the pterin rings. This increase in
Y94 (Weichsel & Montfort, unpublished results). These data acidity would facilitate the subsequent deprotonation of N5
are consistent with Tyr 94 being the base for C5H abstraction. and hydride transfer, as shown in Figure 1.

For tyrosine to be an effective base, it should hav&a p Mechanisms Imolving the Polar Thiol Adduct.Figure 8
reduced from its normal value of about 10 to a value closer summarizes two possible pathways for breakdown of inter-
to neutral pH. A strong hydrogen bond to the amide of Cys mediatdll that are consistent with an unstable-GBys 146
146 (2.7 A) and a hydrogen bond to ordered water ¢ bond. In Figure 8a, the thiol adduct is polarized but remains
(2.9 A) may serve to lower thekp to a sufficient degree  in place until the final step. In Figure 8b, the thiol adduct
for catalysis, although it seems unlikely to yield K,pof breaks before proton abstraction or elimination of THF,
7.5. That the anionic form of Tyr 94 is readily formed is giving rise to intermediatllc . Bothlllb andllic would
supported by the covalent addition of 5-(trifluoromethyl)- result in increased acidity for the C5 proton, as discussed
dUMP to the equivalent tyrosine (Tyr 146) bf caseiTS above. The charges that develop at N1 and Cys 146 in these
(Eckstein et al., 1994). The proposed mechanism for this pathways would be stabilized through ionic interactions with
addition involves nucleophilic attack by the tyrosine hy- Arg 166 and folate (Figure 7). Hydride transfer would be
droxylate anion. facilitated by the charge separation present in intermediates

IntermediatelV Is Consistent with the Known Stereo- Vb or Vc. Only small conformational changes from the
chemistry. Abstraction of C5H from the conformation models in Figure 6 are required for either of these pathways,
observed in the present crystal structures would yield a and both give rise to the correct stereochemistry for product
configuration for intermediatl/ that is consistent with the  formation.
known stereochemistry for hydride transfer. The energy- Conformational Change during CatalysisThe role of
minimized model for this intermediate is shown in Figure ligand-induced conformational change in catalysis by non-
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same features that give rise to the observed polar thiol adduct
may also prevent formation of a stable reaction intermediate

N SHZTHF:B N SHZTHF:B that would impede catalysis.
PX® 'H‘_\/ //I\+p S The enclosure of substrates in the TS active site may help
T‘II ~sZBnz 07N 5Bz overcome one of the chief obstacles to catalysis: the
R R difficulty in binding a high-energy, transition-state-like ligand
b Ne conformation that, by definition, is at much lower concentra-
tion in solution than other conformations of the ligand
H H (Wolfenden, 1974). The open TS conformation allows
o o dUMP binding but keeps Cys 146 away from C6. Modeling
o~ cHLTHE cH, LTHR studies suggest the GFHF extended conformation can also
HN- 7= HN > loosely bind to the open TS conformation through electro-
o/J\SIj,/ ~Sbna 0//"\]? - Enz static interactions (between Lys 48, Arg 49, His 51, Lys 259,
i 1 and the folyl glutamate) and hydrophobic interactions
IVh IVe (between lle 79, Trp 80, Trp 83, Phe 176, dUMP, and the
folyl pterin and PABA rings). Such interactions with the
H u open protein conformation would allow binding to occur at
every encounter of substrate and protein. Enclosure of
0 K\H/THF 0 ./\H/THF substrates after initial binding would lead to a large number
HN)t[:)CHZ HN :;3“2 of protein-ligand contacts, stabilization of the higher energy
O/)\y/ Vs e conformation of CHTHF, and catalysis of ring opening.
V" Cs-Em N® “s-Enz Initial binding would be greater for the polyglutamylated
R R form of the cofactor, as occuis vivo (Matthews et al.,
Vb Ve 1987), through increased electrostatic interactions. That the
H n glutamate portion of the cofactor is important for binding
has been demonstrated with cofactor analogues containing
dTMP + DHF dTMP + DHF

modified glutamates, which are very poor substrates for TS
FiGurRe 8: Two variations in our proposed mechanism for (Slavik & Zakrzewski, 1967).

breakdown of the covalent ternary complex. In both cases strain .
on the C6-Cys 146 bond increases the acidity of C5H by Thus, we propose that the TS conformational change

withdrawing electrons from the pyrimidine ring. (a) The reaction Serves five functions: (i) it allows binding of ligands in their
proceeds from an intermediate with a strained thiol adduct. (b) The ground-state conformers; (ii) it provides a means for stabiliz-
reaction proceeds from an intermediate in which the-Cgs 146 ing the higher energy “bent” conformer of GFHF; (iii) it
bontq lhasbbrokfer;l. T\;‘e hyd.rt'.de tr‘"’h‘”Sfer Stter\?lls assisted by either gyrevents the reactive intermediates from occurring until they
partial (vb) or full (Vc) positive charge at N1. are in a position to react with one another; (iv) it actively

allosteric enzymes is much debated but still poorly under- assists in catalysis by straining the Cys MP thiol

) . adduct to help generate polar bonds at N1 and C6 and
ey o e s es ot e 76 oo Eease h acid of 4 and () hlps preven e o
. . ; - adduct from adopting a stable conformation and falling into
mational change and the possible advantages of mcorporatln%1 “thermodvnamic hole”
such changes into the TS catalytic mechanism. y '
The most obvious consequence of the conformational concLUSIONS
change is that the ligands become almost completely buried.
Extensive contacts between protein and ligands ensure that Structural and chemical data concerning the six potential
reactive intermediates are well aligned for reaction with one intermediates illustrated in Figure 1 are needed to understand
another, but screened from bulk solvent. The reactive the TS mechanism. Recently, structures of the product
nucleophile at C5 of dUMP and reactive electrophile at C11 complex (intermediate/l (Weichsel & Montfort, unpub-
of CH,THF are not generated until both substrates are in lished results; Fauman et al., 1994)), and numerous analogues
place [CHTHF does not bind in the absence of nucleotide of intermediated andll, have been determined [reviewed
(Galivan et al.,, 1976b), and dUMP binds to the open in Carreras and Santi (1995); Weichsel & Montfort, unpub-
conformation (Roberts & Montfort, unpublished results)]. To lished results]. Structures closely analogous to intermediate
achieve this protection, TS must have an open conformationlll were the subjects of Matthews et al. (1990b) and the
for substrate binding and product release and a closedpresent study. Structural data concerning intermediates
conformation during catalysis. andV are still lacking, but based on the present results and
We argue above that TS destabilizes the thiol adduct with the assumption that all major TS conformations are known,
nucleotide through extensive ligand contacts, resulting in a we have modeled these intermediates, as well as intermedi-
polarized bond and increased acidity for the C5 proton. The atesl andll. The key conclusions from this are (1) the TS
TS conformational flexibility may further strain this bond eliminations occur in a stepwise manner with abstraction of
since the open conformation appears to be the more stableC5H preceding THF elimination; (2) the Cys 146 sulfur
in the absence of ligands, resulting in a constant force remains axial to the nucleotide ring throughout catalysis; (3)
opposing the closed conformer and the thiol adduct. TheseTS uses strain and electrostatic interactions to polarize or
factors also appear to block formation of the trans diequa- break the sulfur adduct to C6 during catalysis, which
torial conformation of intermediatél , which is quite stable  increases the acidity of C5H in three ways; (4) the TS ligand-
in the absence of protein (James et al., 1976). Thus, theinduced conformational change provides a means for binding



4594 Biochemistry, Vol. 36, No. 15, 1997

Hyatt et al.

high-energy substrate conformations and plays an active roleLalLonde, R. T. (1980Acc. Chem. Res. 139-44.

in catalysis; and (5) the likely base for removal of C5H is
Tyr 94.

LaLonde, R. T., & Eckert, T. S. (1983) Org. Chem. 483841—
3842.

Two possible mechanisms incorporating these conclusionsLeary, R. P., Gaumont, Y., & Kisliuk, R. L. (19743iochem.

are shown in Figure 8, one in which the Cys 146 bond is

Biophys. Res. Commun. ,5634—488.

polarized but remains in place and one in which the Cys LU, Y--Z., Aiello, P. D., & Matthews, R. G. (19843iochemistry

146 bond breaks before abstraction of the proton from C5.
We cannot at present determine which of these two pathways
is more likely to be correct. Rather, our intent is to suggest

that the poor quality of the thiolate bond contributes to the
acidity of C5H, facilitating its removal, and contributes to
the electrophilicity of the exocyclic methylene at C5 of
intermediateV, facilitating hydride transfer and the comple-

23, 6870-6876.
Maley, G. F, & Maley, F. (1988). Biol. Chem. 2637620-7627.
Matthews, D. A., Appelt, K., Oatley, S. J., & Xuong, N. H. (1990a)
J. Mol. Biol. 214 923-936.
Matthews, D. A., Villafranca, J. E., Janson, C. A., Smith, W. W,
Welsh, K., & Freer, S. (1990h). Mol. Biol. 214 937-948.
Matthews, R. G., Ghose, C., Green, J. M., Matthews, K. D., &
Dunlap, R. B. (1987Adv. Enz. Reg. 26157-171.

tion of the catalytic cycle. Such a mechanism is consistent Messerschmidt, A., & Pflugrath, J. W. (198F)Appl. Crystallogr.

with the known TS conformations and does not require a
large change in ligand or protein geometry once the produc-

20, 306-315.
Montfort, W. R., Perry, K. M., Fauman, E. B., Finer-Moore, J. S.,

tive complex has been formed, unlike previously proposed Maley, G. F., Hardy, L., Maley, F., & Stroud, R. M. (1990)

mechanisms (James et al., 1976; Matthews et al., 1990b).
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