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ABSTRACT. The enzyme thymidylate synthase (TS) catalyzes the reductive methylatibualed®2yuridine
5'-monophosphate (dUMP) td-Beoxythymidine 5monophosphate. Using kinetic and X-ray crystal-
lography experiments, we have examined the role of the highly conserved Tyr-261 in the catalytic
mechanism of TS. While Tyr-261 is distant from the site of methyl transfer, mutants at this position show
a marked decrease in enzymatic activity. Given that Tyr-261 forms a hydrogen bond with the dUMP
3'-0, we hypothesized that this interaction would be important for substrate binding, orientation, and
specificity. Our results, surprisingly, show that Tyr-261 contributes little to these features of the mechanism
of TS. However, the residue is part of the structural core of closed ternary complexes of TS, and
conservation of the size and shape of the Tyr side chain is essential for maintaining wild-type values of
kealKm. Moderate increases ik values for both the substrate and cofactor upon mutation of Tyr-261
arise mainly from destabilization of the active conformation of a loop containing a dUMP-binding arginine.
Besides binding dUMP, this loop has a key role in stabilizing the closed conformation of the enzyme and
in shielding the active site from the bulk solvent during catalysis. Changes to atomic vibrations in crystals
of a ternary complex oEscherichia coliTyr261Trp are associated with a greater than 2000-fold drop in
kealKm. These results underline the important contribution of dynamics to catalysis in TS.

The bisubstrate enzyme thymidylate synthase {(Ufljzes deoxythymidine 5monophosphate (dTMP), a nucleotide
the cofactor CHH,folate in catalyzing the reductive methy- required for DNA synthesis. The indirect but essential role
lation of 2-deoxyuridine 5monophosphate (dUMP) intd-2
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Ficure 1: Schematic showing the minimum mechanism for TS catalysis.
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of TS in DNA synthesis makes the enzyme an important tions except Ala, Phe, lle, Cys, and Lys) was methionine
drug target and, thus, an exhaustively studied system. The(3). We have employed X-ray crystallography and kinetic
enzyme is an obligate dimer, in which each active site has analysis to explore the role of Tyr-261 in substrate specificity,
residues from both subunits. The combination of kinetic binding affinity, and orientation. Further, we have solved
analysis and subsequent structural characterization of mutanand compared high-resolution crystal structures of wild-type
enzymes that display altered catalytic efficiency has done EcTS andE. coli Y261(209)W in complexes with dUMP
much to elucidate the ordered bi-bi kinetic mechanism of and a cofactor analogue to assess the role that Tyr-261 may
TS (Figure 1). A complete understanding of the mechanism have on cofactor binding and orientation and atomic thermal
of TS relies on defining the roles of conserved residues that parameters. Our analysis shows that Tyr-261 is a linchpin
participate in catalysis. of the closed enzyme and that altering its size and shape
Our study focuses on the highly conserved residue Tyr- may subvert the protein dynamics required to drive catalysis.
261 that participates in substrate binding. In TS, Tyr-261
participates with His-259 in the only direct hydrogen-bonding EXPERIMENTAL PROCEDURES
contacts between the ribose ring of dUMP and the enzyme Our approach to understanding the roles of conserved
(1). This residue is highly conserved: it is absent only in residues has been to mutate them to all possible alternatives
TS from Methanococcus jannaschi highly divergent TS~ using a synthetic LcTS gene that allows for DNA cassettes
with only 7% sequence identity to TS froEscherichia coli
TS (ECTS) R). In Lactobacillus caserS (LcTS) almost all 2LcTS numbering is used in the text. In the discussion of Ehe

amino acid substitutions of Tyr-261 yield enzymes with less coli structures, the corresponding EcTS residue number is given in
parentheses after the caseiresidue number. A prime symbol after a

than 1% of wild-type activity; the only exception in aninitial  residue number signifies it contributes interactions across the dimer
screen of 14 amino acid substitutions (all possible substitu- interface to the other protomer within the obligate dimer.
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containing mixtures of 32 codons to be constructed at any than for methylation of dUMP; thus, the substrate inhibition
particular amino acid positior]. High-level expression of  likely did not significantly affect the kinetic measurements.
these variants in a TS-deficient strain Bf coli defines However, for methylation of UMP by Y261 was 70-
substitutions that complement the deficiency and indicatesfold less than for methylation of dUMP; substrate inhibition
interesting subsets of mutants for steady-state kinetic analysianay have contributed in part to this impairked. However,
(5). Crystal structures of the dUMP-bound LcTS mutants even if it were assumed that tHey values for Y261F
illustrate the structural basis for ligand-binding effects. If a methylation of UMP and dUMP were equal, the selectivity
mutation affectske,, the structure of an analogue of the of Y261F for dUMP would still be almost as high as for
reaction intermediate preceding the rate-determining step iswild-type LcTS (5.1 versus 5.7).
most informative. In this case, the analogous EcTS mutant Dissociation constants for dUMP were determined by
is usually made, because EcCTS analogues of reactiondisplacement of pyridoxal "phosphate (PLP) from the
intermediates Il and IIl (Figure 1) crystallize readily and LcTS—PLP complex as describe@)(
diffract to higher resolution than the complexes from other  Crystallization and X-ray DiffractionThe LcTS variants
TS species. were cocrystallized with dUMP at room temperature by vapor
Construction, Purification, and Kinetic Analysis of Mu- diffusion against 20 mM phosphate buffer (pH 7.0) from
tants.Mutant LcTSs were constructed by cassette mutagen-protein solutions in the same buffer containing-2® mM
esis utilizing plasmids pSCTS9 containing a synthetic TS ammonium sulfate, dithiothreitol (DTT), and 38 mM dUMP.
gene §), as described previousI$) Mutants were expressed Hexagonal bipyramidal crystals isomorphous to the native
in E. coli x2913recA (Thy-), which lacks a gene for TS,  binary complex crystal form grew to full size (026 0.5 x
and purified using automated sequential chromatography on0.75 mm) in approximately 3 days.
phosphocellulose and hydroxylapati®.(Site-directed mu- X-ray diffraction data for the LcTS binary complexes were
tagenesis oE. coli Thy A was done using the QuickChange collected using an RAXIS-II image-plate detector and a
site-directed mutagenesis kit (Stratagene, La Jolla, CA).  Rigaku rotating anode generator operating at 50 kV and 300
Steady-state kinetic parametekdUMP, KCHdolte gng mA, with 2 = 1.541 78 A. Data were collected as a series

keat for dTMP formation were determined by monitoring the ©Of 1.5 or 2.0° oscillation frames of 20 and 25 min of
change in absorbance at 340 nm at°Z5that results from ~ €xposure, respectively. Crystals did not survive the transfer
formation of 7,8-dihydrofolate (Holate), as described previ- 10 cryosolvents; therefore, data were collected at room
ously (7), using a HewlettPackard Model 8452A diode- temperature. The crystals did not decay appreciably during
array spectrophotometer. For determining m%HzHJOIate data collection. Data were reduced using either the RAXIS-
values for the LcTS wild-type and mutant proteins, the Il software (L0, 11) or Denzo/Scalepack from the HKL suite

concentration of dUMP was fixed at a value between 100 ©f Programs {2) (Table 1).
and 300uM as the concentration of 5,10-methylenetetrahy- ~ ECTS Y261(209)W and wild-type EcTS were both co-
drofolate (CHH.folate) was varied. For the measurement Crystallized with dUMP and 10-propargyl-5,8-dideazafolate
of the KCHeHdolate \o1e of EcTS Y261(209)W, a fixed (CB3717) by vapor diffusion against 1.44 M Na citrate at
dUMP cgncentration of 50«M was used. Vlary high pH 7.39 (HE.PES) f.ro.m enzyme solutions containing 5.2
concentrations of cofactor (but not of dUMP) inhibit ECTS g—?{rmlé grot:\a/:n d(L:Jol\r/}tF?IgZQ 1IZ/I'TC"\é3p7h1°7Spha(tje kaJ]fferé;.S rr?'\l/l
(8) and LcTS (unpublished data); therefore, we were careful ) 3:0M 0 ;9.0m » and either 5% ethy
not to use the regions of the Michaetislenten plots where acetate or 40 @-propanol. Data from single crystals of the
the reaction rates began to decrease as a function of the comutant and wﬂd-type complexes were coll_ecteaLaUO c
factor concentration in our calculationslef; or KSHHdolte on a QUANTUM image plate at beamline 8.3.1 at the
m

. dUMP i Advanced Light Source, LBNL, using a wavelength of 1.0
For the calculation oK™ values, we fixed the con-

! ; A. Data were processed and scaled using the HKL processing
centrations of CkHfolate at values that we estimated were  gvare (2) (Table 2).

saturating but not inhibitory. For wild-type LCTS, this  gicture Solution and RefinemefSitructures of LcTS
concentration was 150M; for the LcTS mutants, this value binary complexes were solved by the difference Fourier

was BOQuM; and forE. coli Y261(209)_W, we used a fixed  athod (3) and refined using X-PLOR1#) or CNS (L5)
concentratlon_of 1 mM. As a pr_ecautl_on, we made sure the according to the following protocol: (i) rigid-body re-
keatvalues derived from these Michaetiblenten plots were &0 ant of the wild-type TSAUMP structure (PDB ac-

the same as thk., values derived from the plots for the  .ossion code 1TDM) with dUMP and water removed
correspondind;, """ values, because we knew the data (i) manual rebuilding of the mutated side chains and
for the latter plots were not affected by substrate inhibition. pilding of the substrate intd§ — Fe)acac density maps in
Steady-state kinetic parameters for methylation of uridine O (16), and (iii) several rounds of simulated anneali@)(
5'-monophosphate (UMP) and,2-dideoxyuridine 5mono- positional, and atomi@-factor refinement alternated with
phosphate (ddUMP) were also determined spectrophoto-manual rebuilding of out-of-density side chains and the
metrically. UMP and ddUMP were very poor substrates for addition of water. Final cycles of refinement were done with
both wild-type LcTS and Y261 mutants. To measure initial REFMACS (18) using a maximum-likelihood target residual
reaction rates, we needed to use fixed concentrations of(Table 1).
CH,Hfolate of 500uM or, in the case oK Y of Y261F, The complex of EcTS Y261(209)W with dUMP and
of 1 mM. We did not measur‘néﬂ'zH“f"'ate for methylation of CB3717 was solved by molecular replacement using EPMR
these substrates; therefore, we cannot be sure that thg19), starting with the structure of wild-type EcTBJMP-
high fixed cofactor concentrations were not inhibitory. For CB3717 with ligands and water removed (PDB accession
methylation of ddUMPk., values were only 23-fold less code 2TSC). The structure of the isomorphous wild-type
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Table 1: Crystallographic Refinement Statistics for Tyr-261 Mutants
statistic Y261F Y261M Y261A Y261W native
unit cell ap) (A) 78.5 78.5 78.6 78.7 78.6
c(A) 241.8 240.9 241.0 242.0 240.2
resolution (A) 39.424 39.3-24 39.3-25 39.5-24 2.5
data cutoff ) 0 0 0 0
high-resolution bin (A) 2.552.4 2.55-2.4 2.66-2.5 2.55-2.4
percent completeness 91.5 (87.5) 94.5 (87.2) 79.8 (67.3) 88.7 (76.8)
averagd/o(l) 17.4 (3.1) 16.7 (3.4) 11.5(2.2) 11 (2.3)
number of reflections 16 639 17 124 12 873 16 205
Reryst (%) 17.4 (21.5) 20.3(35.1) 18.3 (33.6) 18.6 (29.4)
Riree (%) 23.6 (32.8) 27 (42.2) 25.1(37.9) 25.0 (39.8)
B (AY) 43 36 45 39 30
Bldore (A2) 29 18 31 22 21
Bduwe (A?) 75 36 83 60 26
(Blksidues 2127 (A?) 78 52 69 83 45
rmsthona (A) 0.022 0.029 0.026 0.026
rmsdinge (deg) 2.2 2.6 2.5 2.4

a Structure from Finer-Moore et all), ° Statistics for high-resolution bin in parentheses.

Table 2: Crystallographic Data and Refinement Statistics for ECTS

Structures

statistic Y261(209)W  wild-type ECTS

duMP, CB3717 dUMP, CB3717

ligands

space group P63 P63
unit cella(b), ¢ (A) 125.8, 66.94 125.4, 66.6
resolution (A) 45.81.3 45.6-1.3
high-resolution bin (A) 1.321.3 1.33-1.3
completeness (%) 99.9 (9929) 99.9 (100)
Rmerge(%)° 8.0(82.3) 5.6 (60.6)
averagd/o(l) 25.1(1.9) 28.5(2.7)
data cutoff for refinementd) 0 0
reflections in refinement (#, %) 146 991, 99.9 141 142, 96.6
Reryst 15.1 (23.8) 15.1 (22.0)
Reree 17.0 (24.4) 16.6 (25.6)
Bisoldn (A?) 13,17 14,18
(protein 1, protein 2)
Bisoldore (A2) 11,15 12,17
(protein 1, protein 2)
Bisoldump (A?) 12, 14 11,13
Bisodeariz(A?) 16, 23 14,18
I:Bisoaesidues 1925 (AZ) 28, 23 15, 15
rmSthona (A) 0.01 0.01
rmsdinge (deg) 1.37 1.38

a Statistics for high-resolution bin in parentheseRmerge =
S| — OOVy |00; negative intensities are included as O.

EcTSdUMP-CB3717 crystal, grown under identical condi-
tions as the Y261(209)W complex, was solved by difference
Fourier methods, starting from the mutant ternary complex
structure. The structures of both the wild-type and Y261-
(209)W ternary complexes were refined with CNS and
REFMACS (18) using a maximum-likelihood target residual.
Atomic anisotropicB factors were refined during the final
cycles @0) (Table 2).

Structure AnalysisTo compare structures of Y261(209)
variants with their wild-type counterparts,carbons (@)s
in the structural cores of compared structures were over-
lapped using LSQMAN from the DEJAVU suite of pro-
grams. A previously described methodl), which uses
difference-distance matrices to identify domains of the
conserved structure in two coordinate sets, was utilized to

define the structural cores used for overlapping the structures.

factors of the atoms2Q). Difference-distance plots were
generated using the DDMP software from the Center for
Structural Biology at Yale University. Ligareprotein
interactions were determined using LIGPLOZ3) and
DISTANG from the CCP4 suite of programs.

BecauseB factors in crystal structures are not only a
function of inherent mobility of the atoms in the protein but
also depend upon experimental conditions used for data
collection, direct comparisons Bffactors between structures
could be misleading. Therefore, when assessing changes in
mobility resulting from a mutation, we computed relatBe
factors by averaging the isotropifactors for atoms in the
segment or residue of interest and dividing by the average
B factor of the buried helix in the core of the protein, as
described previously?2d), or by the overall average factor
for the protein. Comparisons of the relatiBefactors were
only done between isomorphous structures whose data had
been collected and processed the same way and to ap-
proximately the same resolution. Protein atoms in the ECTS
ternary complex structures were tested for correlated motions
by pairwise comparisons of the projections of their aniso-
tropic displacement parameters along their interatomic vec-
tors using ANISOANL from the CCP4 suit@¥).

Figure 4, Figure 5a, and Figure 6 were made using
BOBSCRIPT 26, 27); Figure 3b, Figure 5b, and parts E
and F of Figure 7 were prepared with the graphics program
PyMOL (28); and Figure 3a was made with LIGPLOZ3).

Parts A-D of Figure 7 were produced with ANISOANL
(33).

RESULTS

Substrate Specificity: The Y26D Hydrogen Bond as a
Specificity DeterminanBesides the cluster of arginines and
the conserved serine that form the phosphate-binding site
for the bound nucleotide in TS, only three other protein side
chains form hydrogen bonds with dUMP. The invariant
residue Asn-229, which provides the sole side-chain hydro-
gen bonds to the pyrimidine ring, is essential for discriminat-
ing against dCMP 29, 30). To test whether the Tyr-261
hydrogen bond to the' of dUMP similarly contributes

The root-mean-square (rms) errors in interatomic distancesto substrate specificity, we kinetically assayed wild-type and
were estimated using an empirical approach that takes intomutant enzymes with two alternate substrates, ddUMP and

account the resolution of the structure and the atoBhic

UMP, that differ from dUMP by the substitution pattern at
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2 2 2 increased by 413-fold. The effects of mutagenesis &
HN)‘j HN)‘j HN)ﬁ were more varied and correlated with the size of the
P | o)\N | o)\N | substituted side chain. Phe, differing from wild-type resi-
,o_ij_o Ao__fj__o _o_i:’_o due Tyr by a hydroxyl group, hadka 2-fold less than that
& ° & ‘<°>l s © of wild-type LcTS, and Met was 15-fold less active, while
wm " v H the smallest substitution, Ala, showed a 146-fold decrease
in kear Substitution of the larger residue Trp decreakgd
dUMP UMP dideoxy-UMP by 173-fold.

. Except for Y261W, the proportional increases in
F 2: Ch | struct f dUMP, UMP MP.
IGURE 2: Chemical structures of dUMP, UMP, and ddU KEHHolate \yare greater than those Kf™, as seen by the

wild-type and mutant ratiog&M7/KS e This result is
the 3 or 2 position of the ribose ring (Figure 2). These unusual for mutations of a dUMP-binding residue that does
experiments served two purposes. First, the experimentsnot also bind the cofactor; such mutations generally have a
could determine whether the Tyr-2620 hydrogen bond  significantly larger impact orki"™” than KGHdolae (33
to the 3-O of dUMP is a major factor in specificity for  34). While Tyr-261 does not directly bind to the cofactor,
dUMP. Secondke{K, for ddUMP provides an estimate of mutations of this residue can indirectly affeicf "
the contribution of the hydroxyl group on the ribose ring of presumably by changing the conformation or degree of
dUMP to the substrate-binding step of the reaction that ordering of dUMP or the neighboring residues that together
cannot be obtained by single mutants at Y261. The protein- form the cofactor-binding surface. To test this hypothesis,
engineering experiment that would provide this same estimatewe have determined the crystal structures of Y261A, Y261W,
would entail removing both of the hydrogen-bonding side Y261M, and Y261F in complexes with dUMP.

chains, His-259 and Tyr-261 (Figure 3a). . TS binds to its ligands in an ordered mechanism in which
. TO test whether Tyr-261 goptrlbutes to SUbStré’th SPECI- JUMP binds first to a preformed site. Subsequently i@
ficity, we calculated selectivity factors, I/Ki™)/  folate binds and triggers a protein conformational change

(kead K5y 9] and |n[(kcalKgqUMP)/(kcaleFj)] for wild-type that helps open the cofactor imidazolidine ring, position the
LcTS and Y261F (Table 3) The selectivities for dUMP over cofactor pterin ring on top of dUMP, and bring several

ddUMP and UMP are the same or greater for Y261F as for resijdues into direct or water-mediated contact with the

the wild-type enzyme, showing that Tyr-22O does not  cofactor @5). Tyr-261 packs against Asp-221, which is a
Si-gniﬁcantly enhance SeleCtiVity of LcTS for dUMP over major Cofactor_binding residue, a |Oop at the phosphate_
either alternate substrate. binding site (the “phosphate-binding loop”), which partici-
Table 3 lists kinetic parametersc4 and Ky for the  pates in the cofactor-induced conformational change, and
substrate) for methylation of dUMP, ddUMP, and UMP for - qump, which constitutes a major part of the cofactor-binding
wild-type LcTS, Y261F, and Y261A. Thiéy for ddUMPis  gyrface (Figure 3b). One or more of these groups are
139-fold higher than th&r for dUMP in wild-type TS, and  perturbed in all of the Tyr-261 mutant binary complexes,
kealKm is reduced more than 900-fold. As a consequence of accounting for their higthCH2H4f0|ate values. The carboxyl
the ordered bi-bi mechanism used by TS, in which dUMP group of Asp-221 is preoriemnted in wild-type FEUMP to
binds before the cofactoke/Kf,"” measured under satu- accept a hydrogen bond from the cofactor pterin ring,
rating concentrations of the cofactor is equal to the dUMP- \yhereas in Y261A-dUMP, Y261M—-dUMP, and Y261\W-
binding ratek,, and is related to the energy required for the quMmP, it is rotated 36-50° from the optimum orientation,
rate-determining step in productive dUMP binding1) and in Y261W-dUMP, the Asp-221 carboxyl group accepts
Therefore, the free-energy contribution of the dUMP 3 3 hydrogen bond from Trp-264L-N. The average relative
hydroxyl group to the substrate-binding step can be estimatedg factor for dUMP (scaled by the avera@efactor of the
by AAGs = —RT In[(kea/ K3 ™/ ( keal K3 (32) and is protein) is approximately twice that of wild-type FEUMP
~4 kcal/mol. Because of the redundancy of having two for the binary complexes of Y261A, Y261F, and Y261W
groups hydrogen bonding to the ribosengdroxyl, eliminat-  (Table 1), and the phosphate-binding loop is in a different
ing the Tyr-261 hydrogen bond by itself has a much smaller conformation in these mutant complex&s)

imgact OnAKGS’ <1 _k%all rggll(f/lee b_elom:). & Both Substrate Orientation: Y261 Determines dUMP Localiza-
d nzymed |net|cfs.| yr h _ut.a_tul)ns ncre?s(e r Bot tion but Not Orientation in LcTSdUMP Binary Complexes.
UMP and CHH.folate.In the initial assay of 14 Tyr-261 ¢ grientations of dUMP in the active sites of the four

variants, only Met complemented TS-deficieBt coli,  \arjants are very similar to that in wild-type TS (Figure 4).
suggesting that the h_ydrophoblcny and_ size of the residué\wnen the structural cores of the Y261M and Y261W
at position 261 were important for functiob)( To explore  ¢omplexes are aligned with that of LcFEUMP, dUMP is

in greater detail the essential properties of Tyr-261 and geen to occupy the same binding site in each complex within
their role in catalysis, we substituted Tyr-261 in LCTS with  ayperimental error 0.2 A), where the error is calculated
four hydrophobic residues that had side chains of various 55 previously describe@2). In the refined structures of both
sizes, ranging from Ala (a single methyl group) to Trp (the y261A—dUMP and Y261F-dUMP, the planes of the dUMP
bulkiest amino acid). The impact of mutagenesis on sub- pyrimidine rings are rotated away from the catalytic cysteines
strate binding was moderate and similar for each subst|tut|0ns|ight|y' moving dUMP 4-O ~0.9+ 0.4 A away from the
(Table 4).K™ values were the same within experimental wild-type 4-O position. However, the £ — Fo)oais density
error for wild-type LcTS, Y261F, and Y261M and less than at the dUMP sites, contoured at,lis diffuse and encom-
10-fold higher for Y261A and Y261WKff1H2H4f0|ate values passes a narrow spectrum of dUMP conformations including
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Asn229

Cys220 L

Cys198

His259

Arg218
Ala315

Ficure 3: (a) Diagram showing dUMP and GHfolate interactions with ECTS. Interactions are derived from the ternary complex-EcTS
FAUMP-CH,H,folate 62) (PDB accession code 1TSN). Carbon atoms are black, while heteroatoms are dark gray (oxygen and phosphorus),
light gray (nitrogen), or white (sulfur). The LcTS numbering convention is used. LcTS residue numbee) be converted to ECTS

residue numbers), by n = m — 2, for mless than or equal to 89, amd= m — 52, form greater than 89. (b) Slice through the active-site

cavity of ECTSdUMP-CB3717 rendered as cyan for space-filling atoms of dUMP, purple for space-filling atoms of protein residues from
the same protomer as dUMP, and blue for space-filling atoms of dUMP ligands from the second protome¢Ra)/&d R179(127)].

Y261(209) is enclosed by D221(169) above, with the phosphate-binding loop below and, on either side, the C-terminal residues (shown as
stick bonds) and R178126). The cofactor analogue, CB3717, and Trp-85(83), in the same layer of the protein as the C terminus, are also
plotted with stick bonds. The LcTS numbering convention is used in the figure.

that seen in wild-type TSAUMP, so that dUMP spends at the same as in the wild-type structure (Figure 3a and Table
least some of the time in the wild-type binding site in the 5). Thus, the hydrogen bond between Tyr-261D and
binary complexes of these two variants. Except for the dUMP 3-O contributes to localizing dUMP in the binary
absence of the Tyr-261 hydrogen bond to the ribose ring, complex with TS and affects®"™", but it is not essential
the proteinr-dUMP interactions in the variant complexes are for dUMP orientation.
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binding loop to another phosphate-binding arginine by the

Table 3: Kinetic Constants for Alternate Substrates h : :
new water may help to order the active site. In particular,

substrate parameter WT TS Y261F Y261A electron density for all residues, including Arg-23 in the
dump Ecm E/;M)) S%i g ) ?gi 8-84 0 032‘& 8 - phosphate-binding loop, is continuous and well-resolved, as
UMP K. (uM) 1165+ 136 1411+ 101 nd it is for wild-type LcTS-dUMP, and the conformation of
Keat (s71) 254+ 0.1 0.022+ 0.001 nd this loop more closely resembles that of wild-type LcTS than
selectivit 5.7+ 0.4 9.7+ 0.1 do the loops of the other Y261 mutants (Figure 4). In
p g _
ddUMP  Kp (M) 836+143 1630+ 216 nd Y261M—dUMP, the average atomB factor for dUMP is

k(s ~ 1.17+£0.07 1.07+ 0.06 nd

selectivity 6.1+ 0.4 6.0 0.2 the same as the averaBeactor for the protein, compared

— — o to wild-type LcTS, where the avera@efactor for dUMP is

*nd = no detectable activity: Selectivity = In[(keafKp, 2l 0.86 that of the protein as a whole. In contrast, the average
(kealKiy)], where x= UMP or ddUMP. B factor for dUMP is from 1.5 to 1.8 times higher than the

averageB factor for the protein in Y261W, Y261F, and

Tyr-261 Mutations Decrease dUMP Affinity Partly through Y261A. Thus, for the binary complex structures that we
Destabilization of the Acate Conformation of a Key Substrate- determined, the Y261 mutant whose phosphate-binding loop
Binding Loop.The decreased localization of dUMP in the is least perturbed from the wild-type structure also has the
crystal structures of the Y261 mutants most likely reflects most well-ordered dUMP. This result supports the hypothesis
decreased binding affinity for dUMP, at least in the absence that a secondary effect of the Y261 mutation, perturbation
of the cofactor. TheK(”™" for the most conservative of the phosphate-binding loop, contributes to the reduced
mutant, Y261F, is 11-fold higher than for wild-type LcTS. binding affinity for dUMP.
This corresponds to a decrease of 1.4 kcal/mol in binding  Cofactor-Protein Contacts and dUMP and Cofactor
energy. This number is an upper limit to the contribution of Qrientations in Ternary Complexes Are Unchanged by the
the hydroxyl group of Tyr-261 to dUMP-binding affinity = y261(209)W Mutationin the mechanism of TS, precise
because the mutation of Tyr-261 alters the structure andalignment of the substrate and cofactor during first methyl
mobility of the phosphate-binding loop, which contains Arg- and then hydride transfer is likely to be essential for the
23, itself a major dUMP contact residue. The phosphate- catalytic rate. Because the steady-state kinetics and binary
binding loop is highly mobile in apo-TS and becomes structures of the Tyr-261 variants suggested that Tyr-261
progressively better ordered as dUMP and then the cofactormight contribute to reactant orientation during catalysis, we
bind. The hydrogen bond between Tyr-26D and dUMP  needed to assess the affects of the mutation on the structure
3'-0 aids in this process by orienting the Tyr aromatic ring of intermediate Il (Figure 1). Because the ternary complex
such that it provides a complementary surface for the orderedof LcTS with the substrate and cofactor or cofactor analogues
loop (Figure 3b). In the wild-type LcTSAUMP complex,  is not routinely accessible via crystallography, we ac-
Tyr-2616%-C is 3.3 A from Thr-28y2-C and Tyr-261¢'-C complished this through the study of the ternary complexes
is 3.2 A from Asp-226%-O and 3.3 A from Thr-24/-0. of ECTS with dUMP and CB3717. The EcTS enzyme readily
The latter two contacts may represent weak hydrogen bondsyields ternary complex crystals of high quality, and the
donated by the acidie'-C hydrogen. In Y261F, where the effects of mutations on the kinetic parameters for ECTS
Phe-261 side chain is not constrained by a hydrogen bond,mirror those observed for LcTS. To determine the high-
the aromatic ring is shifted approximately 0.6 A from the resolution structure of an analogue of intermediate Il in a
wild-type position, such that it can no longer make the close catalytically impaired Tyr-261 mutant, we made the Y261-
contacts with Asp-22, Thr-24, and Thr-28, and the phosphate-(209)W variant of the homologous EcTS. For Y261(209)W,
binding loop is more disordered and in a different conforma- KM as 29-fold higherKS°® was 13-fold higher,
tion than in wild-type TS-dUMP. and ks was 176-fold lower than in wild-type EcCTS,

Figure 4 illustrates the conformations for the phosphate- implicating identical roles for Y261(209) in structure and
binding loop seen in the binary complexes of the four variants catalysis in EcTS and LcTS.
compared to the wild-type conformation. In the crystal  The Y261(209)WdUMP-CB3717 ternary complex does
structures of Y261F and Y261W, this loop has much higher not crystallize under the same conditions that we used
B factors, relative to both the protein as a whole and relative previously to crystallize wild-type ECTS ternary complexes.
to the averagds factor of a helix in the protein core, than However, through screening, we discovered a set of con-
does the same loop in wild-type LcTS (Table 1), and the ditions that grew crystals that diffracted to a better reso-
loop has broken @ — Fc)ocac density in the Y261F, lution (1.3 A) than has been reported for any other TS
Y261W, and Y261A structures. Nonetheless, Arg-23 main- structure. To compare Y261(209YdAUMP-CB3717 to wild-
tains the wild-type orientation in these variants (Figure 4) type EcTSAUMP-CB3717, we crystallized the latter com-
and makes hydrogen bonds to the phosphate moiety ofplex using the same conditions used to crystallize the
dUMP, although itsB factors are very high. In Y261W, the  Y261(209)W complex and determined its structure to 1.3 A
wild-type orientation of the Arg-23 side chain is one of at resolution.
least two discrete conformations seen in the crystal structure. Tne structure of the Y261(209)W complex is remarkably

In the structure of the Y261MdUMP complex, a new  similar to wild-type ECTSHUMP-CB3717. The root-mean-
ordered water near the location of the wild-type Tyr-261 square deviation (rmsd) betweeafter superposition of
hydroxyl group donates hydrogen bonds to Asp$2D and the two dimers is 0.22 A. Because both the wild-type and
M261 6-S and accepts a hydrogen bond from RL728NH Y261(209)W complex structures are determined to high
from the second monomer. The tethering of the phosphate-resolution and have low atomi factors, it is possible to
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Table 4: Kinetic Constants fdr. caseiTyr-261 Mutants ande. coli Y209W

mutant kcat (Sfl) K:inUMP (,MM) K%H2H4folate (,uM) K::inUMP/KanHsz,folate KgUMP (uM)
WT LcTS 3.8+ 0.02 6+ 2 17+ 3 0.35 0.3% 0.05
Y261F 1.7+ 0.04 6.6+ 0.6 69+ 13 0.08 0.44+ 0.65
Y261M 0.26+ 0.02 7£2 68.7 0.10
Y261A 0.026+ 0.001 34+ 6 221+5 0.15
Y261W 0.022+ 0.001 78+ 11 119.9 0.65
WT EcTS 8.8 41+ 0.4 13.6+ 0.2 0.29
Y209W 0.05+ 0.01 118+ 40 172+ 26 0.68

aData from Reyes et al5().

FIGURE 4: Stereo plots of the overlapped structures of the dUMP complexes of wild-type LcTS (black), Y261F (dark gray), Y261M
(medium gray), Y261W (light gray), and Y261A (white) in the region of the dUMP-binding site. The left two panels comprise a divergent-
eyes stereopair, and the right two panels comprise a crossed-eyes stereopair.

reliably identify small but real differences in their conforma- ordered in both protomers (Figure 5b). After the<of the
tions. Significant differences in the backbone structure, Y209W-dUMP-CB3717 dimer are superimposed on those
identified by a reference to estimated random errors in of the wild-type EcCTSHUMP-CB3717 dimer, the substrates
coordinates as a function of tifactor 22), are limited to and cofactor analogues of the dimer overlap their positions
three segments. The changes include (i) a shift of the mutatedn wild-type EcCTSAUMP-CB3717 within experimental error.
residue, W261(209), and the neighboring residues 262¢(210) In both protomers, there is a covalent bond between 6-C of
264(212) approximately 0.5 0.1 A toward the active site  dUMP and the active-site sulfhydryl. The ligangdrotein
in protomer 2, (i) a shift of the phosphate-binding loop, interactions are conserved (Table 5). TheN of Trp-261-
residues 21(19)27(25), in both protomers approximately (209) donates a hydrogen bond te@ of the dUMP ribose
1.0+ 0.2 A out of the active site, and (iii) an adjustment to ring that is analogous to the hydrogen bond between Tyr-
the loops at the edge of the dimer interface, near an 261(209)#-O and dUMP 3-O in wild-type complexes.
unidentified ion or molecule whose shape and intensity could Despite the shift in the phosphate-binding loop, the hydrogen
indicate a carbonate ion. These changes are clearly evidenbonds that Arg-23(21) makes with dUMP, CB3717, and the
in a difference map calculated with coefficientS,( — C terminus are conserved. However, the hydrogen bond
Fo,)0cai WhereF,, is a structure factor amplitude from the donated by Arg-178126) #-N to Y261(209);-O in wild-
wild-type complex crystak, is the corresponding amplitude  type complexes is not made in Y261(209)W because Trp
from the mutant complex crystal, amgk, is the phase  does not contain a compensating hydrogen-bond acceptor
calculated from the Y209W structure (Figure 5a). These atom (Figure 6). Because this wild-type TS hydrogen bond
changes parallel changes seen in LcTS Y261dMMP is made in ternary complexes but not in open conformations
versus wild-type LcTSdUMP. All of the structural shifts  of the enzyme (apoenzyme or F8UMP complexes), it
are small and do not affect interactions of the ligand-binding provides stabilizing energy to the closed enzyme and would
residues with dUMP or CB3717. be expected to help drive the enzymatic reaction forward.
The crystals contain one dimer per asymmetric unit, with The phosphate-binding loops at both active sites of the
the substrate, dUMP, and cofactor analogue, CB3717, well-dimer are more mobile in Y261(209)W than in wild-type
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Table 5: Hydrogen-Bond Distances (A) between the Protein and calculated. The diﬁere_nces in the projections, refe_rred toas
Ligands (dUMP, CB3717) in Complexes of Wild-Type TS and the ~ “deltas”, should be O if the atoms move as a rigid body;

Tyr-261 Variants Met, Phe, Ala, and Trp small deltas are necessary but not sufficient evidence of rigid-
dUMP  protein body motion 86). Deltas for each pair of atoms within a
atom atont WTLc M F A W WTEc EcW subunit, weighted by the average isotrofidactor of the

O1P R218N2 29 3.0 2.8 28 27 28 2.7 pair, were binned according to sequence number fbatom
R179Ne 29 28 29 28 29 29 2.9 pairs per bin) averaged within the bins and plotted on a two-
R179N;2 30 29 381 29 29 28 29 dimensional grid using shading to indicate the magnitude of

o2p S2199 28 81 27 30 30 27 2.1 the averaged delta value. Lighter shades of gray indicated

R218\N71 2.8 27 31 31 28 28 28 ; ,
me 33 34 33 33 32 29 29 smaller deltas. The plots for one subunit of wild-type ECTS

o3P R23N 30 26 28 34 27 28 2.7 and the corresponding subunit of Y261(209)W are shown
R178\p2 30 3.1 33 33 29 29 in Figure 7. The patterns of light and dark squares are very
, Watg 29 24 25 25 28 28 gimjlar for wild-type and mutant enzymes, showing that the
05 R23N;2 30 31 29 29 28 29 3.1 ) : .
R178\j2 32 34 35 36 32 34 35 B factors did not vary randomly but likely contained
o3 H259Ne2 2.9 26 27 3.1 27 27 2.8 information about rigid-body vibrations in the crystal that
Y2610y 2.8 2.7 could be related to protein normal modes. The plots for the
W261N-1 3.2 second subunits (not shown) were also similar to each other
04 N229N)>2 29 29 25 25 26 30 3.0 but diff . I ¢ he f buni
WAT1 32 31 31 37 32 30 30 ut different in several respects from the first subunits,
H199G2 3.0 2.8 3.3 33 32 3.2 3.2 reflecting the well-characterized asymmetry of TS dimers.
02 D221N 28 28 26 26 25 30 3.0 We inspected the diagonals of the plots for stretches of
233717 N22001 31 29 29 30 29 30 30  residues that might vibrate as rigid bodies. Several of these
N1 WAT?2 29 29 corresponded to prot_ein segments t_hat are known to shift as
NA2 A3150 3.0 3.0 part of the conformational change triggered by-Ekfolate,
NA2 WAT3 3.1 3.3 consistent with the observation that conformational changes
N3 D221G%2 27 27 in proteins are often described by one or a few low-frequency

3LcTS numbering; LcTS residue numbens, can be converted to  normal modes37). The plots for wild-type and Y261(209)W
EcTS residue numbers, by n = m — 2, formless than or equal to  were noticeably different in the same four regions of each
89, andn = m — 52, for m greater than 89. subunit of the dimer. These regions, marked by red stars in

Figure 7, corresponded to four possible rigid-body segments

ECTS. The isotropi® factors of the phosphate-binding loops in wild-type ECTS but not in Y261(209)W: residue segments
are 2.5 and 1.5 times higher than for the protein core helices22(20)-47(45), 195(143)204(152), 248(196)262(210),
in protomers 1 and 2, respectively, in the Y261(209)W and 302(250)316(264). The average weighted deltas for
complex, while in the wild-type complex dimer, tBfactors atom pairs within each of the four segments in wild-type
of the loops are 1.2 and 0.9 times higher than those of theEcTS were 0.15, 0.17, 0.13, and 0.17, respectively, and for
core helices in protomers 1 and 2, respectively. the corresponding segments in Y261(209)W, they were 0.44,

Protein Vibrational States: The Impact of Y261 Mutants 0.31, 0.24, and 0.29. Thus, the anisotroBitactors for the
on Correlated Anisotropic B FactorsChanges in protein  wild-type structure were more consistent with the segments
vibrational states were analyzed in greater detail by compar-vibrating as rigid bodies than were tBdactors of the Y261-
ing the refined anisotropi® factors of Y261(209)W and  (209)W structure. The segments included a segment contain-
wild-type EcTS. Six anisotropic thermal parameters per atom ing the mutated residue, Trp-261(209), and two segments
specify the dimensions and orientation of an ellipsoidal that pack against this residue, namely, the phosphate-binding
electron distribution about each atom and indicate amplitudesloop and C terminus. The fourth segment was distant from
and directions of atomic vibrations in the crystal. Anisotropic the site of the mutation, on the opposite wall of the active-
refinement is valid for a 1.3 A resolution data set provided site cavity, and contained the catalytic cysteine, Cys-198-
that refinement is restrained to effectively reduce the (146).
parameter/data ratio. We used a refinement procedure that
restrained bond lengths, bond angles, chirality, planarity, DISCUSSION
torsion angles, steric clashes, @iactor variation between The invariant residue Tyr-261 donates one of only two
neighboring atoms. We monitored tRefactor for a set of hydrogen bonds to the ribosyl-Bydroxyl group of dUMP;
data excluded from refinemerfes) to guard against over-  therefore, a logical role for this residue in catalysis is
fitting the data. For the Y261(209)WUMP-CB3717 struc- substrate-binding and orientation. Surprisingly, we have
ture, Rree decreased from 19.1 to 17.0% when anisotr@ic  found that substitutions at this site have far less effect on
factors were refined®yc. decreased from 18.4 to 16.6% when dUMP orientation than mutations of other dUMP-binding
anisotropid factors of wild-type EcTRIUMP-CB3717 were residues, such as Asn-229, which anchors the pyrimidine
refined. ring, or Arg-178, which correspondingly anchors the phos-

For both structures, anisotropy (the ratio of the smallest phate moiety 8, 39). This could be because the ribose lies
to largest dimension of the ellipsoid) was small in all regions between the tethered uridine ring and phosphate moieties
of the protein: the average anisotropy for the atoms and the tethers to the latter moieties are largely responsible
comprising a residue was usually in the range of-@®. for maintaining the productive substrate conformatié)
As a measure of the correlation in movement of any two Furthermore, unlike Asn-229, Tyr-261 does not appear to
atoms, the differences in the projections of their anisotropic contribute to selectivity for dUMP over other potential
thermal parameters along their interatomic vector were nucleotide substrates.
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FIGURE 5: (a) Stereo plot of theadlevel (Fo, — Fo,)0caic density around the mutated residue Y261(209)W in protomer 1, whgimes

from Y209W (shown in light bonds) ank,, is from the wild-type structure (shown in dark bonds). Positive-density contours are shown
with solid lines, while negative-density contours are shown with dashed lines. The left two panels comprise a divergent-eyes stereopair, and
the right two panels comprise a crossed-eyes stereopair. (b) Density in the active site of Y209W protomer 1 from &d 3 BJ@carc

map contoured at 0cb

The hydrogen bond between Tyr-261 andCB dUMP correlated with a change in the ordering and conformation
probably contributes less than 1.4 kcal to dUMP-binding of the phosphate-binding loop, containing Arg-23, a critical
affinity and less than 1 kcal to the free energyGs, of binding determinant for both the substrate and cofactor. The
productive dUMP binding during catalysis, on the basis of loop is fairly disordered in the apoenzyme, and its progressive
the K" and K{™™P for the most conservative mutation ~ordering during dUMP and then cofactor binding is part of
Y261F. This is consistent with estimates of the strength of the ligand-binding mechanism. Tyr-261 stabilizes the con-
hydrogen bonds between uncharged groups in protdif)s (  formation of the loop in two ways. First, the Tyr-261 side
However, when both hydrogen bonds between the proteinchain is in van der Waals contact with several residues in
and the ribose moiety are eliminated, by using ddUMP, the loop (Figure 3b). Second, in closed conformations of the
which has no 3hydroxyl, as a substrate, the free energy of enzyme, its hydroxyl group is connected via hydrogen bonds
binding is~4 kcal higher. ThisAAGs s likely much bigger from Arg-178 to the conserved residue Asp-22 in the
than the sum of theAAGs values for eliminating each  phosphate-binding loop. Perturbations to the phosphate-
hydrogen bond separately and suggests that at least ondinding loop were more pronounced in the mutant LcTS
hydrogen bond to the ribosyl’-® is required to orient  binary complexes and in apo-Y261(209)W (unpublished
dUMP. data) than inE. coli Y209W-dUMP-CB3717. Thus, we

All mutations of Tyr-261 resulted in highé, values for ~ propose that the increasesKfj > derive from the fact
the cofactor. These increases were only partly the result ofthat the open (apo or dUMP-bound) conformations of the
substituting new side chains for Tyr-261 per se; rather, they mutants are more disordered and further removed from the
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FiGuRE 6: Stereo plot of ECTS Y261(209)\fUMP-CB3717 (light gray) in the region of the mutation, overlaid with wild-type EcTS
dUMP-CB3717 (dark gray). Hydrogen bonds are shown as dashed lines. The LcTS numbering convention is used. The left two panels
comprise a divergent-eyes stereopair, and the right two panels comprise a crossed-eyes stereopair.

ternary complex structures than in wild-type TS. Increases segments included the site of the mutation and segments that
in KﬁHzH“f"'ate were also related to a greater disorder of pack against the mutated residue and also a segment on the
dUMP in the dUMP binary complexes because dUMP forms opposite side of the active-site cavity, which contained the
part of the cofactor-binding surface. catalytic Cys. This result suggests that mutations of Y261-
We saw no evidence from the crystal structure of EcTS (209) change protein dynamics not only in the immediate
Y261(209)WdUMP-CB3717, an analogue of intermediate vicinity of the_mutanon but also in regions of the protein
Il in Figure 1, that misorientation of reactants was responsible l0s€ to the site of methyl and hydride transfer.
for the 175-fold decrease g, for the Tyr to Trp mutation. The changes in protein dynamics that we deduce from the
Ligand orientations and proteiligand interactions are the  crystallographicB factors could affecke in a number of
same in this complex as in the analogous wild-type complex. ways. Thekg, values of the Y261(209) mutants may have
For other ECTS mutants with impairdd, values, crystal decreased because of entropic effects. After the binding of
structures of ternary complexes with dUMP and CB3717 CH;H,folate and the closure of the active site to form a
have been asymmetric, with significant ligand misorientation covalent ternary complex, only small reorientations of the
in one of the active site2§, 42). These crystal structures substrate and cofactor occur, as first thél“saethyl group
belonged to the same space group, had the same crystaland then the 6-C hydride are transferred from the cofactor
packing interactions, and had almost identical cell constantsto the substrate4@). It is critical that the enzyme maintains
as the Y261(209)WIUMP-CB3717 structure. Therefore, a closed conformation for the reactants to be properly aligned
crystal packing in the Y261(209)W complex crystals would with each other and with groups on the proted®)( Tyr-
not be expected to completely mask effects of the mutation 261 has a key role in stabilizing the closed enzyme
on the orientation of the reactants, and it is likely that the conformation because it serves as a hydrophobic core against
structure of reaction intermediate 1l (Figure 1) is the same which cofactor-binding segments pack and it participates in
in Y261(209)W as in wild-type TS. However, we cannot a hydrogen-bonding scheme that tethers the phosphate-
rule out the possibility that the solution structure of Y261- binding loop to the rest of the protein. Thus, mutation of
(209)W would show ligand misorientation not evident in the Tyr-261 may decreasie, by allowing for a broader range
crystal structure. of nonproductive conformational states, that is, increasing

On the other hand, we observed significant changé® in  ground-state entropy, at one or more steps in the enzyme
factors of the Y261(209)W complex crystal structure com- reaction ¢4). Consistent with this hypothesis is the fact that
pared to the isomorphous structure of wild-type EcTS mutations of Tyr-261 to smaller residues Phe, Met, or Ala
dUMP-CB3717, which had been solved and refined to the reducekcy values by amounts that are roughly proportional
same resolution using identical refinement methods. Theseto the decrease in packing densities of the substituted side
differences included a doubling of the relative isotropic  chains, and the decreases in specificity for these three variants
factors for the phosphate-binding loop in one protomer and [AAGs = —RT In[(KeafKS 214089 |/ (Kead KSR 1 =
a 1.5-fold increase in the€factors in the other. Analysis  —RT In(ky,, /Ki,;), Wherek; is rate of productive dUMP
of anisotropicB factors, which indicate the direction as well binding under saturating concentrations of Ehfolate]
as amplitude of atomic motion, revealed protein segmentsare on the same order as the decreased@ of un-
whose anisotropi® factors were correlated in a way that folding for deletion mutants of residues in the hydrophobic
was consistent with rigid-body vibration in the wild-type core of a protein £1—4 kcal) @5—47). Arguing against
complex but not in the Y261(209)W complex. These this explanation is the fact that the active sites of the
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Ficure 7: Grid plots showing the degree of correlation in anisotropic displacement parameters between atoms identified yyldabelé

of the plot (ECTS numbering), for all atoms in one protomer of dimeric wild-type E¢UBIP-CB3717 (A) and Y261(209)\WiUMP-

CB3717 (B). The correlation is indicated by similar values for the projections of the anisotropic displacement parameters along the interatomic
vector (“deltas”, see the text). The deltas within a small square have been averaged, and the square is shaded according to the average delts
value, with lighter shades indicating a greater correlation. Blocks of light-colored squares along the diagonal of a plot identify protein
segments that potentially move as rigid bodies. Segments whose putative rigid body vibrations may be disrupted by the Y261(209) mutation
are marked by red stars. Higher resolution plots of the lower left regions of A and B are shown in C and D, respectively. These illustrate
that, in wild-type EcTS ternary complex, residues 22(20§(45) may vibrate as a rigid body, whereas in the Y261(209)W complex,
residues 19(1727(25) clearly vibrate independently of neighboring residues. The average degree of correlation oBdtmtuics (deltas)

of a residue with those of its four nearest neighbors in the sequence (equivalent to the diagonal squares in A and B) is mapped onto a ribbon
drawing of a wild-type EcTS protomer in E and a Y261(209)W protomer in F, using the following color scheme: black, dark blue, purple,
cyan, light blue, and white, ranging in order from least to most correlated.

Y261(209)W structure are well-ordered, except for the phos- hydride transfer. Th& factors of the substrate and cofactor
phate-binding loop, which is far from the site of methyl and analogue are only slightly higher relative to those of the
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protein core in Y261(209)W than they are in the wild-type
EcTS complex. We cannot rule out the possibility that the
solution structure of the mutant complex would be more
disordered.

The clearest difference between tBecoli Y261(209)W
and wild-type complex structures is in the aver&yiactor
of the phosphate-binding loop in Y261(209)W. Increased
mobility of this loop was also observed in the crystal
structures of the binary dUMP complexes of LcTS Y261
variants. Greater mobility of this loop could impair catalysis
by admitting the bulk solvent into the active site.

Finally, Tyr-261 mutations may disrupt protein motions
that play a direct role in certain catalytic steps. Analysis of
the anisotropidB factors of Y261(209)WHUMP-CB3717
clearly showed that the Y209W mutation alters correlated
motions in TS. Protein dynamics enhances hydride transfer
in ECTS @) and dihydrofolate reductasd§). In dihydro-
folate reductase, mutations distant from the active site, which
had little effect on substrate binding, decreased the rate of
hydride transfer by altering the dynamics of the enzyA& (
49). Similarly, TS mutations such as Y261(209)W that are
distant from the enzyme chemistry may decre&seby
changing the dynamic motions contributing to hydride
transfer, which is the rate-determining step in the wild-type
enzyme 8, 50).
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