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From crystal structures of thymidylate synthase {ES; course of the reaction to permit both the methylene at N5
1.1.45), we described the large conformational changes thatand the hydrogen at C6 of the cofactor to interact with C6
take place upon binding of the substrate, dUMP, and a stableof the substrate, dUMP. Since the reaction involves several
analogue of the cofactor, GHafolate, in atomic detail | discrete chemical steps and requires reorientation of the
2). The structural changes occur throughout the molecule substrate and enzyme at various stages, we sought to map
and involve segmental accommodation, in which the entire the reaction pathway in structural terms, to understand the
protein adjusts to sequester the reactants from solution, ratherole of and control over structural transitions in TS.
than a domain motion. The question addressed here is how The kinetic mechanism for ligand binding that was
the progressive conformational changes that take placededuced from steady-state and pre-steady-state kinetics,
throughout the many-step reaction are coupled to function. secondary isotope effects, and chemical considerations
It emerges that conformational dynamics is fundamental to provides a guide to the intermediates required to map the
the sequestration, and multistep reorientation necessary forstructural transitions of the reaction (Scheme3 ¥{. This
the action of TS. “guidepost” suggested that the enzyme binds dUMP first,

The chemical reaction, which lies at the end of the sole before the physiologic form of the cofactor, in an ordered
de nao pathway for synthesis of the DNA nucleotide dTMP, reaction. Certainly, the cofactor rapidly associates with the
requires transfer first of a methylene group that lies between enzyme-nucleotide binary complex to form a loosely bound,
N5 and N10 of the cofactor to C5 of dUMP. Subsequent noncovalent ternary complex. This is followed by a slow
hydride transfer from the hydrogen at C6 of the cofactor to step coinciding with opening of the cofactor’s five-membered
the methylene at C5 of dUMP reduces it to C5-methyl- imidazolidine ring which produces a reactive iminium ion.
dUMP, or dTMP. From more than 80 three-dimensional TS After ring opening occurs, covalent bonds are formed first
structures determined in our laboratory, it became clear thatbetween dUMP C6 and the active site sulthydryl and,
these two reaction steps, which form different covalent bonds, subsequently or simultaneously, between dUMP C5 and the
require a reorientation of the substrate and cofactor in the cofactor methylene group.

We have used a series of crystal structureBsatherichia
T Supported by National Institutes of Health Grant CA-41323. coli TS to obtain the stereochemical map of the r?ad_ion-
* To whom correspondence should be addressed. E. coli TS readily crystallizes as an apoenzyme and in binary

! Abbreviations: TS, thymidylate synthase; dUMP-d2oxyuridine and ternary complexes with the reactants or their analogues.
5'-monophosphate; CiHifolate or mTHF, 5,10-methylene-5,6,7,8-
tetrahydrofolate; dTMP,'2eoxythymidine 5monophosphate; Jfblate

or DHF, 7,8-dihydrofolate; kfolate or THF, (€9-5,6,7,8-tetrahydro- 2A movie derived from this series of structures showing TS
folate; FAUMP, 5-fluoro-dUMP; CB3717, 10-propargyl-5,8-didea- conformational changes during the reaction is also available at http://
zafolate; PABA,p-aminobenzoic acid. msg.ucsf.edu/stroud/index.html.
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The crystal structures of the liganded forms of tecoli Table 1: Analogues of Reaction Intermediates
enzyme have no dlso_rdered loops or dqmams, Endoli reaction  resolution Reys/Riee
TS crystals usually diffractot 2 A resolution or better. A crystal structure intermediate A (%)
list of the structures is shown in Table 1. apo-TS 1) (apo-TS) 22  19/24.3
o S ) TS—dUMP (7) I 21 17.9/21.7
Snapshots of Sequential Ligand Binding in E. coli TS D169CG-FAdUMP—mTHF (11) la 23  16.9/22.9
) ) _ ) C146S-dUMP—mTHF [ 22 22
In all species that have been studied, TS is an obligate TS:dUMP-CB3717 ¢, 7) I 20 17.2/22.1
dimer in which components of the active site derive from TS‘FAUMPmTHF (25) I 22 178
TS'dUMP-THF (13) I 1.7  19.7/22.1

both subunits, at two equivalent interfaces on opposite sides’.
of the molecule (Figure 1). The dimer interface is comprised
of a back-to-back apposition of two six-stranded sheets with unique in having a right-handed twist between flhsheets

hydrophobic and hydrophilic contacts between them. It is (5, 6) that is seemingly pinioned by the arrangement of

C146SdTMP-DHF (26) (product complex) 1.8 18.3
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Ficure 1: (a) Ribbon diagram of th&. coli TS dimer (PDB entry 2KCE), looking into the active site cavity of one of the protomers.
Labels of helices anfi-strands of this protomer correspond with the discussion in the text. Colors progress from blue at the N-terminus of
the back protomer through the spectrum to red at the C-terminus of the front protomer. The substrate, dUMP, and the side chains contributed
to this active site from the back protomer, Arg-178(328hd Arg-179(127, are shown as black sticks. The molecular 2-fold axis lies
approximately in the plane of the paper, parallel to the horizontal dimension. (b) Ribbon diagranEofthel'S dimer rotated approximately

90° from panel a, with the 2-fold axis perpendicular to the plane of the paper. The color scheme is the same as in panel a except that
Arg-178(126) and Arg-179(127) in both protomers and fhkeink residues ins-strands +iii are black. Substrate, dUMP, and cofactor
analogue, raltitrexed, are plotted as gray spheres. This figure was made with PyMOL from DeLano Scientific.

polar and nonpolar patches in the interface surfaces. Theconformation seen in covalent ternary complexes of TS, Trp-
dimer interface enforces an unusual kink in fhsheet at 82(80) would collide with the pterin ring of the cofactor
each active site that sharply bends the sheet to form onebound at this site. ChHfolate or its analogue CB3717 binds
wall of the active site cavity (lower parts of strandsii in to this site in twoE. coli TS mutants, E60(58)QL10) and
Figure 1). D221(169)N (1), in which the mutations prevent or

dUMP binds to an essentially preformed binding site in dramatically slow the transition from the adsorption ternary
the active site cavity of apo-TS. In the structure of the binary complex to the closed covalent ternary complex.

TS—dUMP complex, Arg-23(2E)and Arg-17%(127) have The first chemically altered intermediate along the reaction
switched to different side chain rotamers to contribute two pathway was mimicked by inactivation of TS by site-directed
hydrogen bonds from each side chain to the dUMP phosphatemuytation, converting the active site nucleophile Cys-198-
moiety (7). Side chains of residues Arg-17826), Arg-218- (146) to serine [C198(146)S]. Ser-198(146) can no longer
(166), Ser-219(167), Asn-229(177), His-259(207), and Tyr- participate in formation of a bond to dUMP by the usual
261(209), already positioned in the apoenzyme to hydrogenMichael addition reaction. The structure of TS in this ternary
bond to dUMP, have not changed conformation. complex has closed down around the substrate and cofactor
According to the mechanism depicted in Scheme 1, the relative to the structure of dUMP-bound or phosphate-
cofactor CHH folate binds to the dUMP complex with its  inhibited TS. The four C-terminal residues have moved into
imidazolidine ring closed. Opening of this ring is postulated the active site, a shift o5 A, and two adjacent side chains,
to coincide with a transition to a closed enzyme conforma- Trp-85(83) and Leu-195(143), have adopted different rotamer
tion. To structurally isolate the initial weak adsorption ternary conformations to pack against the pterin ring. The backbone
complex, we diffused the cofactor into crystals of the binary torsional angles of residues 23(217(25) in the flexible
complex ofLactobacillus caseTS with dUMP @). Lattice  oop containing phosphate-binding Arg-23(21) have changed
forces maintained the protein in an open conformation in with respect to those of the FRIUMP complex, moving
these crystals. The structure of this complex showed the Thr-24(22) into the active site where/Ddonates a hydrogen
cofactor in its solution conformation, with its pterin ring  bond to @2 of Asp-22(20).
approximately collinear with the PABAGIu moiety, 9) . This structure also showed that the five-membered ring
bound to a conserved surface above the dUMP pyrimidine of the cofactor, which contains the methylene group for

ring (Figure 2). If the protein would adopt the fully closed transfer, has opened, showing that either strain or chemical
features of the site serve to predispose the cofactor to its
_3The numbering scheme of the caseienzyme is used. When a  subsequent reaction, even though there is no chemical bond
different species such &s coli TS is discussed, its numbering is given formed to the substrate. The cofactor was trapped in the open
in parentheses. - - ; L . .
4 Residues from the “second” monomer that enter into discussion 1Ng form by reaction of the iminium ion with a molecule of

of the “first” monomer are indicated with a prime, e.g., R178 water. Through adjustments to the dihedral angles of its pterin
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Ficure 2: Stereoplot%4) of the active site of th&. coli TS D221NFdUMP-CH,Hfolate complex {1), with the protein shown in light

gray and FAUMP and Cil,folate in dark gray (the 5-fluorine of FAUMP is omitted from the plot). The,Biolate is in an extended
conformation similar to that seen in solutiod),(and it occupies an alternate binding site on the enzyme, which may be the initial cofactor
“docking” site. For comparison of the docking and “productive” binding sites, CB3717 fronkttwli TSS<dUMP-CB3717 complex is
superimposed on the structure and plotted in black.

ring and rotations about its G829 and C9-N10 bonds, the  product of the anticancer drug fluorouracil (5-fluoro-dUMP).
cofactor has transformed from an extended to a folded The electron withdrawing character of fluorine versus
conformation in which its pterin ring is approximately hydrogen at C5 does not allow for release of the fluorine.
perpendicular to its PABA moiety and parallel to and The structure remains trapped with covalent bonds formed
overlapping the pyrimidine ring of the bound dUMP. As between Cys-198(146) and C6 of dUMP, and between C5
expected, there is no covalent bond between dUMP and theof dUMP and the N5 methylene of the cofactor. The enzyme
enzyme. The extensive binding interface between dUMP andhas not closed further in this final step, and the conformation
the cofactor in its opened ring, folded conformation explains of dUMP remains the same. The change from the flat
why the cofactor binds much more tightly to the F&UMP benzene moiety of the quinazoline ring of CB3717 to the
binary complex than to the apoenzyme. half-chair conformation of the unsaturated ring of the cofactor
How the structure changes upon formation of the covalent has positioned the methylene group at covalent bond distance
addition complex between Cys-198(146) and C6 of dUMP from dUMP C5.
is addressed with a third ternary complex formed with wild-
type enzyme, dUMP, and a cofactor analogue that does“Segmental Accommodation” in Response to Folate
not participate in methylene transfer, N10-propargyl-5,8- Binding
dideazafolate (CB3717)1( 12). The three-dimensional ] .
structure shows the quinazoline ring (analogous to the pterin N summary, the TS reactants are first recruited to a large
ring of CHsHJfolate) has moved far into the active site and ©OPen highly conserved cavity which closes down progres-
made direct or water-mediated hydrogen bonds to Arg-23- swely_throughout the. steps of the first ha_lf of the react|or_1,
(21), Asp-221(169), and the two C-terminal residues of the 8S dg!meatgd py the five complexes described above. During
protein. Cys-198(146)8has formed a covalent bond to C6 itS initial binding to the apoenzyme, dUMP makes 13
of dUMP by Michael addition. C5 of the quinazoline ring is nydrogen bonds, eight of them at the phosphate-binding site
positioned over C5 of the dUMP base; a pterin ring of the &lone, and all of these hydrogen bonds are maintained
cofactor, so positioned, would be poised to form a covalent throughout subsequent structural transitions. The enzyme
bond between its N5 methylene and C5 of dUMP. Overall, hydrogen bonding groups Asn-229(177), His-259(207), and
there is a net closure at this step with respect to the previous!Y-261(209) track the position of dUMP as it moves toward
one. the wall that contains Cys-198(146) during formation of the
The final step in forming the covalent ternary complex covalent terary complex.
intermediate Il involves covalent bond formation between  The conformational change is not a domain shift; rather,
C5 of dUMP and the N5 methylene of GHifolate. A close several segments of noncontiguous protein chain are moved
analogue of this structure is the complex formed by the active in concert toward the active center against a stable protein
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core, comprised largely of the dimer interface. The kink in (172), lle-81(79), Phe-228(176), and Val-314(262) into
strands +iii of the 5-sheet (Figure 1b) acts as one of several contact with the PABA-Glu moiety.
“hinge” points in the structure, about which other units in ~ Conformational change may also involve electrostatic
the protein rotate; the further from the hinge, the greater the factors. Two elliptical lobes of the enzyme that lie on
displacement. Displacements range frorf.3 A near the  opposite sides of the PABA ring of the substrate have
hinge to 1.1 A at the farthest residue from the active site, opposite electrical charge, which suggests a mechanism for
Gly-25(23), in the loop that contains phosphate-binding Arg- closure 20). These regions include segments that move
23(21). significantly in response to ligand binding. B. coli TS

A second hinge point lies at a bend in the central numbering, these residues include 48, 2213, 215-222,
21-residue J helix, which runs through the center of the (helix K), 255, and 257261 (C-terminal tail) on one side
protein (Figure 1a). The bend occurs at conserved Pro-227-and residues 5759 (helix B), 61, and 6690 (small domain)
(175), approximately two turns into the helix. The J helix on the other. The difference in charge is conserved across
lines one side of the active site cleft, and contacts the species, suggesting that it plays a role in the mechanism of
inhibitor at several points. The interaction with inhibitor closure 20). The net charge on the N-terminal lobe (sum-
results in a slight rotation of the helix and an increase in the marized across 28 species)+8 + 1, while it is 44 1 on
helix bend, moving the amino end0.5 A toward the active  the C-terminal lobe. Thus, as the cofactor binds to TS, the
site. Moving along with the J helix are the thr@estrands dielectric constant within the cavity, close to 80 when filled
below and left of thgs-kink. Residues attached to or packed with solvent, becomes closer to—2. The Coulombic
with this portion of theB-sheet move along with it. For  electrostatic attractive force between two charged atoms on
instance, the K helix, on the outside of the protein (Figure different lobes changes b&F (AF = qi02/eor 12?2 — b0/
1a), is displaced-1.0 A upon ligand binding. eir1? ~ hplear1?, wheree; is the dielectric constant in the

On the right side of the molecule (as viewed in Figure solvent-filled active site cavity and is the dielectric constant
1a), the displacements are smaller. Thbulge containing in the cofactor-bound active site cavity).
Cys-198(146), which initiates catalysis by nucleophilic attack  To roughly estimate the contribution these electrostatic
on dUMP, is moved further into the active site. The angle factors could make in enzyme closure, Coulombic forées,
between the B and C helices is altered slightly, and the loop = 1/e,5 5 (qiq)/r;2, wherei is summed over all atoms in the
connecting helix C to helix G has adjusted. This loop contains N-terminal lobe is summed over atoms in the C-terminal
Trp-85(83), which hydrogen bonds to the C-terminus in the |obe, and a value of 4 was used fot were computed for
TS dUMP-CB3717 complex but not in unliganded TS. apo-TSs fromE. coli, L. casej humansBacillus subtilis

The most striking features of the conformational change and T4 phage. Values df ranged from—2.5 kcal mot?
are the shift of the four C-terminal residues into the active A-1 for B. subtilisTS to —7.0 kcal mot! A2 for human
site and a conformational change to the loop containing Arg- TS.
23(21). These changes seal off one side of the active site
cavity to bulk solvent and set up a network of hydrogen A Structural “Mechanism” for Docking and Orienting
bonds to the pterin ring. Residues Trp-85(83) and Leu-195- CHyHsfolate in a Random Kinetic Mechanism
(143) adopt different rotamers that serve to seal off the other
side of the active site cavitylB). The new rotamer of
Trp-85(83) helps immobilize the C-terminus by donating
a hydrogen bond to the C-terminal carboxyl. Several seg-
ments of protein chain bearing hydrophobic residues shift
by small amounts (approximatelg1l A) to bring the
hydrophobic side chains into van der Waals contact with the

cofactor ¢). 8, 11) (Figure 2). Indeed, the antifolate, N10-propargyl-

EPR spectroscopy has shown that even in the absence o . . ) X
ligands, the C-terminus of TS is in equilibrium between the ,.8-d|deaza_folate (CB3717), cry_stalllzgd na b!nary _complex
with E. coli TS, clearly occupies this docking sit&)(

mobile, open conformation seen in crystal structures of the . "." = S -
apoenzyme and the immobilized, closed conformation Seen|nd|cat|ng the feasibility of binding the cofactor before dUMP

in ternary complex crystal structures, but that addition of during catalysis. Random kinetics for TS oceurs in phosphate
cofactor or cofactor analogues dramatically shifts the equi- huffer when a polyglutamylateq QH4foI_ate s used as .the.
librium to the closed stateld). Complete closure of the cofaptor. Since polyglutamylation can Increase the binding
active site through translations of multiple protein segments, aff!nlty of folates for. TS by several 100-fold while pho§phaFe
as observed by ultraviolet absorbance spectroscapy ( anion competes W't.h. dUMP at the phqsphe_lte-_blndlng _s_lte,
17) and hydrodynamics16), occurs only when folate is these reaction conditions alter the relative binding affinities

bound. The forces that mediate closure may involve entropic of the ligands.
factors associated with binding the hydrophobic components
of the folate. The closure appears to be triggered by
hydrophobic interactions with the PABA ring rather than ~ The major conformational change the protein undergoes
hydrogen bonding to the C-terminus: TS is in the closed on forming a covalent ternary complex suggested the protein
conformation in TS-CB3717 complexes in which the was flexible enough to accommodate large changes in ligand
quinazoline ring of the antifolate does not interact with the conformation and orientation throughout the reaction, and
C-terminus ¢, 7, 19). Segmental shifts contributing to closure led to proposals for major reorientations of the cofactor at

of the active site are required to bring residues Leu-224- two steps after formation of intermediate Il. First, the trans-

We mapped the first half of the reaction based on the
presumed ordered, sequential binding mechanism shown in
Scheme 1. However, our reaction snapshots are not incon-
sistent with a random kinetic mechanism, which is observed
for L. casei TS and fetal pig liver TS under certain
experimental conditions2(), since they reveal an initial
docking site for cofactor that does not block the dUMP site

Mapping the Second Half of the Reaction
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diaxial orientation of the catalytic sulfhydryl group and inthe TSFdUMPCH,Hfolate complex 26). A steric clash
methylene bridge in intermediate Il that was deduced from between a conserved, ordered water molecule and the C5
the crystal structures of its analogues was postulated tomethyl of dTMP may disfavor dTMP binding and facilitate
convert to a trans-diequatorial arrangement prior to break- product release. Since thE. coli TS product complex
down of the covalent complexX®). The trans-diequatorial ~ structure is fully closed, it provides no clues about the
arrangement would permit a concerted elimination of the structural path that opens the active site to release the
cofactor and H-C5 from dUMP, and would orient the products and returns the protein to its apoenzyme structure.
transferred methylene group in a manner consistent with theHowever, a crystal structure afcaseiTS bound to products
stereospecificity of hydride transfe2Z, 23). with the protein in an open conformation does suggest a
Second, it was proposed that after the cofactor was possible pathway8]). The complex was made by diffusing
eliminated from intermediate Il, its pterin ring would shift the cofactor into crystals of dn caseiTS—dUMP complex,
to a different binding site where Trp-82 would be optimally and allowing the enzyme reaction to take place within the
positioned to stabilize a putative radical cation intermediate crystal. The normally very weak crystal lattice forces are
in the hydride transfer stej24). Log(k.a) values for a series  evidently sufficient to maintain the protein in the open
of unnatural amino acid variants of Trp-82 in LcTS were conformation. Consequently, the PABA ring is not in close
strongly correlated with the theoretical ability of the substi- contact with protein residues, exhibits high therBdhctors,
tuted amino acids to bind Nasuggesting Trp-82 electro- and has moved partially out of the PABA binding site. The
statically stabilized a cationic intermediate in hydride transfer pterin ring of DHF is not stacked as closely against the
(24). However, occupation of this binding site requires pyrimidine ring of dTMP as in the closd#l. coli TS product
conformational adjustments in a flexible loop of the protein. complex, and side chains of Arg-23(21) and Tyr-261(209),
While the postulated changes in ligand conformation and both nucleotide-binding residues, are rotated out of the active
orientation are reasonable, they most probably do not occur.site. Thus, breaking of the hydrogen bonds made by the side
Crystal structures of analogues of reaction intermediates forchains of Arg-23(21) and Tyr-261(209) and reorientation of
late steps in the enzyme reaction have shown that afterthese side chains may be an early step in allowing DHF to
intermediate Il forms, only minor changes to the protein exit the active site.
conformation take place until products are released. The
cofactor remains sequestered in a closed active site with little
space for major reorientation. The crystal structur&.ofoli

The Cofactor-Induced Conformational Change Is an
Integral Part of Catalysis

TS in a ternary complex with dUMP and sfdlate, an Active Site Closure Aligns the Reactantdost of the
analogue of intermediate Ill in Scheme 1, has a protein contacts between the cofactor and the protein are fully
structure very similar to that of th&. coli TS:-FAUMP- realized only in the closed enzyme conformation. These

CH;Hfolate complex (an analogue of intermediate I1) but include hydrophobic interactions of the PABA and pterin
with the pterin ring shifted by approximayel A such that ~ rings with lle-81, Trp-83, Trp-85, Leu-195, Leu-224, and
the C6 hydrogen is positioned over the projected site of the Phe-228, and an elaborate hydrogen bond network between
C5 methylene group in the reaction intermedidt®) ( The the protein C-terminus and the cofactor pterin ring mediated
precise repositioning of H-C6 over the site of transfer in part by three conserved waters. In crystal structures of
suggests that the hydride could be transferred in a single TS ternary complexes in which dUMP and cofactor ana-
step, with Trp-82(80) stabilizing a positively charged transi- l0gues are bound to partially open active sites, the hydrogen
tion state {3). Alternatively, hydride transfer may occur by ~bond network may be present, but many of the hydrophobic

two single-electron transfers as proposed previoz3y24), contacts are not made, the cofactor analogue atoms have high
but with Trp-82(80) stabilizing the radical cation intermediate B-factors, and their pterin-mimetic rings may be shiftee2l
by long-range electrostatic effects. A from productive alignment with dUMP1Q). Typically,

Hyatt et al. 25) have modeled all intermediates in the TS these partially open ternary complex structures have no
reaction, add|ng their Crysta| structure of the-F&UMP- covalent bond between the CatalytiC thiol and dUMP. This
CH,H.folate complex as a model for intermediate 1I, and Suggests that the first chemical step in catalysis is aided by
likewise concluded that major changes in protein conforma- Precise alignment (within~1 A) of the cofactor against
tion or ligand orientation are not required during breakdown dUMP, and this alignment, in turn, depends on the confor-
of intermediate Il or hydride transfer. In particular, they show Mational change triggered by cofactor binding. A subsequent
that the stereospecificity of hydride transfer can be ascribed chemical step, hydride transfer to the methylene substituent
to a two-step (E1CB) elimination of first, dJUMP H-C5 and at dUMP C5, also is sensitive to the alignment and reduction
then the cofactor from intermediate 11, a mechanism which in mobility of the cofactor pterin ring1(3).
does not require conversion of the trans-diaxial orientation ~An Essential Relay between the Substrate and a Catalytic
of the catalytic sulfhydryl and methylene bridge to a trans- Acid Is Established by Act Site ClosureBesides orienting
diequatorial arrangement. Rehybridization of dUMP C5 the reactants, the conformational change also contributes to
during elimination of H-C5 reorients the methylene bridge catalysis by positioning a general acid near the methyl
such that the cofactor H-C6 will be transferred with the transfer site. Closure of the active site cavity expels one or
experimentally observed stereochemistry. more waters near the site of methyl transfer as it brings
together dUMP and the side chains of three highly conserved
residues, Asn-229, Glu-60, and His-199, into a new hydrogen

The protein conformation and ligand orientations in the bond network (Figure 3). In the new hydrogen bonding
crystal structure of thé&. coli TS C198(146)RITMP-H,- scheme, the general acid Glu-60 is hydrogen bonded to
folate product complex are very similar to those observed dUMP via a conserved ordered water, a connection that is

Product Release and Recycling
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Ficure 3: Stereoplotsg4) of the water-mediated hydrogen bond networks connecting the general acid Glu-60 to O4 on the dUMP base
in (a) theE. coli TS—dUMP binary complex?) (open enzyme conformation) and (b) tBecoli TS-dUMP-CB3717 ternary complexij
(closed enzyme conformation).

postulated to contribute to several steps that involve hydrogenproduce the iminium ion intermediate that adds to C5 of
transfers to and from the pyrimidine ring of dUMPQ( 27). dUMP to form the covalent ternary complex intermediate
The hydrogen bonding potentials of all three side chains and (3, 4, 28).

dUMP are fully satisfied with hydrogen bonds of ideal g conformational change also forces the ligands closer
geometry. This is a beautiful example of entre@ntropy 4 yhe active site sulfhydryl in ternary complexes, promoting

compensation in which the cost of ordering the productive .- of the sulfhydryl on C6 of dUMP. The pyrimidine
binding site is compensated by the replacement of boundand fibose moieties of dUMP are0.9 and~0.7 A closer
water. respectively, to the catalytic cysteine in closed ternary

Conformational Change Is Postulated To Induce Strain . N e
that Contributes to CatalysisA third way conformational ggmg:gigz _?)E' coli TS than in binang. coli TS—duMP

change may contribute to catalysis is by forcing bound
substrates into strained conformations that activate atoms on After the covalent ternary complex is formed, Hyatt et al.
the substrate or cofactor. When the enzyme is in an openpostulate that geometric restrictions imposed by the protein
conformation, CHH folate with a closed imidazolidine ring ~ structure weaken the covalent bond between C6 of dUMP
can be positioned in the approximate binding site for the and the catalytic cystein@%). Weakening of the dUMP C6
cofactor in the covalent ternary complex. However, closure Cys-198 & bond in the ternary complex would make C5 of
of the active site forces the closed ring form of the cofactor dUMP more electronegative, thereby facilitating abstraction
into a strained conformatior2§). The conformational strain  of its hydrogen, a catalytic step required for elimination of
is postulated to drive opening of the imidazolidine ring to the cofactor 25).
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Structural Basis for Half-of-the-Sites Binding and Aidty. Flexible loops that change structure upon ligand binding
Several kinetic and binding studies of different TS species are highly variable in structure among the apoenzymes, but
indicate that both ligand binding affinity and enzyme activity adopt highly conserved conformations in covalent ternary
are significantly higher for one of the protomers than for complexes. Since the transition from the more mobile
the second4, 29, 30). In the case oE. coli TS (but notL. apoenzyme structure to the closed ternary complex confor-
caseiTS), mutant heterodimers with only one viable active mation costs entropic energy, variations in apo-TS structures
site are as active as the wild-type enzyme, proving Ehat have implications for enzyme activity. Three versions of
coli TS has half-of-the-sites activitydy, 32). human TS that differ from the wild-type enzyme by deletions

Crystal structures of ternary complexes of wild-type and ©F insertions in the disordered N-terminal amino acid

mutant TSs show various degrees of asymmetry, ranging&xteénsion found in the human enzyme were crystallized in
from different averagéB-factors in the two dimerslj to unliganded form and their crystal structures determined. One

different ligand occupancies3®). Evidence from these  Structure resembled the apo structures of other TS species
crystallographic studies suggests that the mechanism for(47)- The other two structures were in an unusual conforma-
asymmetric binding involves small structural changes at one tion in which the active site loop that contains the catalytic
protomer in response to ligand binding at the fiB8)( Since cysteine is twisted almost 188uch that the cysteine points
binding of cofactor or its analogues to TS induces shifts of toward the dimer interface and is no longer in a position to

several protein segments from disparate parts of the sequencdnteract with dUMP 44, 48). Thus, the human apoenzyme
including segments at the dimer interface, it is not surprising My adopt a nonproductive conformation that must undergo

that ternary complex formation in one protomer alters the & Major conformational change to bind dUMP, and this may
structure and dynamics of the second. The asymmetric@cCount for the low specific activity of human TS.
binding properties of folate analogue inhibitors vary: inthe _ I B. subtilisTS-A, the “phosphate-binding loop” has an

presence of dUMP, some antifolates do not bind asymmetri- iNSért immediately after Arg-23(21) and Thr-24(22) that
cally to human TS, some bind more strongly to the first together with the two C-terminal residues form a short three-

protomer, and some bind more strongly to the sec@8 ( stranded?’—sheet. The hydrogen .bonds.in ihsheet maintain
This is consistent with the notion that asymmetric binding the loop in the same conformation as in the terary complex.
results from relatively small conformational changes that, Puring closure of the enzyme, the loop and C-terminus shift
in optimizing binding interactions at one active site, change €SSentially as a rigid body into the active site. Preordering
the environment of the second. Since the details of the Of the C-terminus and phosphate-binding loofBosubtilis
conformational adjustments required to optimize protein apo-TS may contribute to the unusually high specific activity
inhibitor contacts are different for each inhibitor, the inhibi- ©f this enzyme 43).

tors exhibit different types and degrees of cooperativity in Implications of TS Dynamics for Drug Design

binding.
Th g h f ic ligand bindi fini q Mapping of the TS reaction has shown that TS has a
e phenomena of asymmetric ligand binding affinity and - i\ ,ra| core against which segments of secondary structure

half-otf)—the—snes T)Ct'v'ty ?)redr_elated t}y the |.nt|m|atﬁ connec- dand flexible loops shift as the enzyme binds its substrates.
tions between substrate binding, conformational change, andp,;, gng of crystal structures of different TS species and their

a}lignment of I!gands for methyl and hyd”d‘? transfer €ac- mutants, both in the apo form and bound to a variety of
tions. In TS, binding energy pays the entropic cost of ligand ligands, have now been determined and show that the same

a]|gnment; thus,'ever) i Ilgand.s. were bound in the S?Cond regions that respond to substrate binding also adapt their
site under physiological conditions, the weakened ligand g ,ct res to engineered mutations, to sequence differences
bmdmg afflnl_ty V.VOUId result_ln a More open enzyme con- panyeen species (including sequence insedd), (or to
formation, misalignment of ligands, and a reductiorkin binding of novel inhibitors 49—52). These structures have
been used to identify the most plastic regions of the protein
(36, 52). This information may be exploited in improving
The shifts of protein segments toward the active site cavity, predictions of how small molecules may bind in the active
which define the conformational change induced by binding site cavity of TS.
of the cofactor or its analogues, are conserved among other As a first pass at improving automated docking of small
TS species. The crystal structures of analogues of themolecules to the active site of TS, a manifold of target
covalent ternary complex intermediate |l have been deter- structures was generated by assigning multiple rotamers to

Conformational Change in TSs of Other Species

mined for E. coli (34, 35), Pneumocystis carinii(36), three active site residue86). The side chains of the three
Cryptococcus neoformansumans 87, 38), B. subtilis(39), residues had been found in a range of conformations in
andL. major (40) TSs, and structures have been determined ligand-bound TS crystal structures. Docking against the target
for apo-TSs fronE. coli (41), L. casei(5), T4 phage 42), manifold dramatically improved predictions of the relative

B. subtilis (43), and humans4d, 47, 48). In all species, binding affinities of a set of ligands, and correctly identified
binding of folate analogues induces the conformational known TS inhibitors that had been missed (i.e., were not
change. The apoenzymes and binary-08MP complexes =~ among the top 500 compounds) when a single rigid target
are always open, although the C-terminus is positioned in had been used6).

the active site cavity for some of these structu® 43). The differences in the details of conformational flexibility
However, rat and human TSs have both also been crystallizedamong different species of TS may be useful in designing
in an open conformation bound to dUMP and the antifolate species-selective inhibitors. For example, the amino acid
raltitrexed @5—47), showing that the driving force for the insertion at thgs-kink in P. carinii TS allows the protein to
conformational change is smaller in these species. adopt a novel conformation with a slightly larger active site
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cavity (63). It is therefore absolutely clear that in the future,

assessment of all the conformational states that can become

accessible to a species of TS upon ligand binding must be
an early step inin silico screening of potential novel
inhibitors.

SUPPORTING INFORMATION AVAILABLE

A movie (used with the permission of R. M. Stroud)
derived from this series of structures showing TS confor-
mational changes during the reaction. This material is

available free of charge via the Internet at http://pubs.acs.org.
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