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An Essential Role for Water in an Enzyme Reaction Mechanism: The Crystal
Structure of the Thymidylate Synthase Mutant E58Q
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ABSTRACT. A water-mediated hydrogen bond network coordinated by glutamate 60(58) appears to play
an important role in the thymidylate synthase (TS) reaction mechanism. We have addressed the role of
glutamate 60(58) in the TS reaction by cocrystallizing Bszherichia coliTS mutant E60(58)Q with

dUMP and the cofactor analog CB3717 and have determined the X-ray crystal structure to 2.5 A resolution
with a final R factor of 15.2% Riee = 24.0%). Using difference Fourier analysis, we analyzed directly

the changes that occur between the wild-type and mutant structures. The structure of the mutant enzyme
suggests that E60(58) is not required to properly position the ligands in the active site and that the
coordinated hydrogen bond network has been disrupted in the mutant, providing an atomic resolution
explanation for the impairment of the TS reaction by the E60(58)Q mutant and confirming the proposal
that E60(58) coordinates this conserved hydrogen bond network. The structure also provides insight into
the role of specific waters in the active site which have been suggested to be important in the TS reaction.
Finally, the structure shows a unique conformation for the cofactor analog, CB3717, which has implications
for structure-based drug design and sheds light on the controversy surrounding the previously observed
enzymatic nonidentity between the chemically identical monomers of the TS dimer.

Thymidylate synthase (TSEC 2.1.1.45) catalyzes the Montfort et al, 1990 E. coli); Perryet al, 1990 E. coli);
reductive methylation of the substrate, deoxyuridine mono- Faumanet al, 1994 E. coli); Finer-Mooreet al, 1994
phosphate (dUMP), using the cofactor, 5,10-methylene- (bacteriophage 4); Schiffer et al, 1995 (human)]. These
tetrahydrofolate (mTHF), to create the product, deoxythy- atomic resolution views of the TS active site have redirected
midine monophosphate (dTMP), as a step in the delrao the use of site-directed mutagenesis to analysis of key
pathway for the synthesis of dTMP. Since dTMP is required residues in the active site. Although a number of highly
for cellular DNA synthesis, TS is the target for anti-cancer conserved residues of TS have been extensively mutated,
drugs such as the currently used chemotherapeutic agentfew substitutions abolish activity, presumably due to the
5-FU and zD1694 (Jackmamet al, 1991, 1993). The  “plastic” nature of the TS active site (Pergt al., 1990;
importance of TS as a chemotherapeutic target makesMichaelset al., 1990; Climieet al., 1990, 1992).
understanding the atomic details of the TS catalytic mech- On the basis of crystallographic structural data (Montfort
anism a critical part of the rational inhibitor design process. et al., 1990; Finer-Mooreet al., 1990; Matthewset al.,
This understanding will also likely provide insight into the 1990a,b) and the absolute conservation (Carreras & Santi,
workings of the catalytic machinery of enzymes. 1995; Pernyet al.,1990) of the glutamate at position 60 [E60-

The TS reaction mechanism has been heavily investigated,(58)], it was proposed that E60(58) coordinates a charge-
and the major steps of the reaction have been mapped [Figurestabilizing hydrogen bond network in the TS active site and
1; see Carreras and Santi (1995) and Stroud and Finer-Moorehus plays a key role in the catalytic mechanism. E60(58)
(1993) for review]. Most biochemical research on the TS has been the subject of several site-directed mutagenesis
mechanism has been performed using TS fiesuherichia studies assessing its role in the TS mechanism at the
coli and Lactobacillus caseitherefore,L. caseiresidue biochemical level. Zapf and co-workers (1993), analyzing
numbers will be listed followed by thE. coli numbers in the E60(58)Q mutant, proposed that the role of E60(58) in
parenthese%. The most important insight into the role of the TS reaction is either promotion of ring opening of mTHF
active site amino acids in the TS mechanism is provided by upon ternary complex formation or stabilization of the
the high-resolution crystal structures of TS from various cationic iminium intermediate of the cofactor (Il, Figure 1).
species complexed with substrates or substrate analogsSfwo additional groups (Hardgt al., 1995; Huang & Santi,
[Hardyet al, 1987 (. case); Matthewset al,, 1990 E. coli); 1994) made the observation that mutations of E60(58) alter
the rate-limiting step of the reaction so that dissolution of

t Supported by NIH Grant CA41323 (R.M.S.), NIH Postdoctoral the covalent ternary complex between dUMP, mTHF, and
Fellowship Al09211 (C.R.S.), and an American Cancer Society TS became rate-limiting (IV, Figure 1) but differ in their

Fellowship (T.J.S.). . . . .
* Crystallographic coordinates have been submitted to the Brookhavenmterpretatlon of this result. Huang and Santi (1994) propose

Protein Data Bank under 1ZPR [E60(58)Q] and 1KCE (WT-TS).  that E60(58) stabilizes a hydrogen bond network that
* Author to whom correspondence should be addressed.
® Abstract published it\dvance ACS Abstractdlovember 15, 1996. 2The amino acid sequence numbering used is that of theasei
1 Abbreviations: TS, thymidylate synthase; dUMPd2oxyuridine enzyme so as to be consistent with our previous publicationsEThe

5'-monophosphate; mTHF, 5,10-methylenetetrahydrofolate; dTMP, coli sequence number is listed in parentheses. In addition, residues from

thymidine 3-monophosphate; DHF, dihydrofolate; CB3717, 10-prop- the “second” monomer which enter into the discussion of the “first”
argyl-5,8-dideazafolate. monomer are indicated with a prime,g, R179(127)
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Ficure 1: Proposed chemical mechanism and intermediates in the TS reaction. A box is drawn around intermediates which are proposed
to be affected by E60(58)Q.

promotes proton transfer reactions at the substrate andPurification of Thymidylate Synthase

cofactor and properly orients both ligands. Harelyal. ) _ o

(1995) suggest that E60(58) acia electrostatic repulsion Approximately 5 g of ThyA-strairy2913recA (Climieet

of 04 of dUMP to complete the methylene transfer reaction. al-, 1992) cells overexpressing E60(58)Q or wild-type TS
To assess the role of E60(58) in the TS reaction mecha-(WT-TS) were obtained from 3 L of liquid LB culture grown

nism at atomic resolution, we have determined the crystal for 18 h at 37°C. TS was isolated as described by Maley

structure of theE. coli TS mutant E60(58)Q cocrystallized and Maley (1988), and protein yields were similar for both

with the substrate, dUMP, and the cofactor analog, CB3717, E60(58)Q and wild-type TS [30 mg of TS/(g of cells)]. The

at 2.5 A resolution. The conservative and isosteric glutamate Purity of the isolated proteins was greater than 98% on the

to glutamine mutation at position 60(58) was chosen to allow basis of Coomassie-stained SBBAGE gels.

observation of changes caused as a result of affecting only . .

the functional group of the residue. The results support the EnNZymatic Actity Assays of TS

notion that E60(58) coordinates a hydrogen bond network

in which water plays an important role and illustrate the

subtle changes in water position and hydrogen-bonding

contacts that have drastic effects on the chemical reaction

In e}ddition, thq structure reveals an orientation for t_he Iiggr}ds was similar to that observed previously (Zafal., 1993);
which sheds light on the nonequivalent enzymatic activity however, it should be noted that Hardst al. (1995)

that has been observed between the two monomers of thedemonstrated that the change in absorbance at 340 nm does

The enzymatic activity of E60(58)Q and wild-type TS was
assayed by monitoring the change in absorbance at 340 nm
for the formation of H-folate (Wahba & Friedkin, 1961).
‘“The specific activity of purified E60(58)Q and wild-type TS

dimer [reviewed in Carreras and Santi (1995)].
MATERIALS AND METHODS

Site-Directed Mutagenesis

A glutamate to glutamine point mutation at position 58
of E. coli TS was created by the method of Kunlatlal.
(1987) using the synthetic DNA oligonucleotide GACAG-
CAGCTGATGGATG-3 in the ThyA gene (Belforet al.,

not reflect product formation for the E60(58)Q mutant but
represents a stable chromophore. Product formation occurs
at a rate 5-fold lower than that indicated by the spectro-
photometric assay. Purified protein was stored as an 85%
NH4(SOQy), slurry at—20 °C.

Crystallization

For crystallization, purified E60(58)Q TS and WT-TS were

1983) which had been cloned into Bluescript (Stratagene). dialyzed against 20 mM KPQO(pH 7.5), 0.1 mM EDTA,
Clones were first selected by screening the resulting plasmidsand 1 mM DTT. E60(58)Q TS and WT-TS were cocrys-

for the loss of a NIHI restriction site; positive clones were

tallized with the folate analog CB3717 and dUMP as

subsequently confirmed by DNA sequence analysis (UCSF, described previously (Montfost al., 1990). Large, single

BRC Sequencing Facility).

crystals grew over a 3 week period, and 2 days before data
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Table 1: Data Collection and Refinement

Sage et al.

positional andB factor refinement in X-PLOR (Bmger,
1992) followed by manual inspection of electron density

ES8Q WT-TS maps using the program CHAIN (Sack, 1988). The criteria
Sp‘f’lce ﬁ:;’.“p . P6s b 1072 A P6s b= 126.8 A for water addition were difference density greater than 3
unit cell dimensions a_C:_68.2/'_\ : a_<::_67.8A ’ in F, — F. maps and located within 3.5 A of a hydrogen
Rierge 8.5% (26.5) 9.7% (26.1) bond mate. The finaR factor is 15.3% to 2.5 A. Th&iee
Wo()O 7.4 (2.8) 7.3(2.4) is 24.0%. The E60(58)Q structure has been submitted to
completeness (562.5A)  93.8% (84.6) 90.0% (69.3) the Brookhaven Protein Data Bank as entry 1ZPR.
observations 200 624 221970 WT-TS | d di | d wild
unique reflections 26 346 37807 N n oraer tQ .'r?Cty compare mUI"?‘nt an wild-
refinement resolution 7-02.5 A 7.0-1.95 A type diffraction data, it is important that the diffraction data

R factor
Rfree

rms deviation from ideal

15.2% (20.9)
24.0% (29.6)

18.9% (28.2)
23.7% (34.6)

be collected on a similar instrument and scaled and refined
using equivalent software. Since the original F8JMP—
CB3717 structure (Montforet al., 1990) was solved using

geometry = .
bond lengths 0.014 A 0.008 A data from a multiwire detector and was not scaled and refined
bond angles 3.20 1.6 using the software used here, we recollected data from TS
idr;]hperg:)fgra;‘%‘fss 553;5731 i%g‘f dUMP—CB3717 crystals and re-solved the structure by
Ramachandran outliers hone ~hone isomorphous molecular replacement using a dimer o&the

coli ternary complex (Montforét al.,1990), including waters
and ligands, as the starting model. Successive rounds of
positional andB factor refinement in X-PLOR (Bmger,

) 1992) followed by manual inspection of electron density
collection, 5-mercaptoethanol was added to the wells to a maps using the program CHAIN (Sack, 1988) resulted in a
final concentration of 1 mM to ensure the protein was under gg|ytion which was nearly identical to the starting model,
reducing conditions. For E60(58)Q TS, two data sets were pyt has better geometry, and includes the N-terminal
collected from separate hexagonal rod crystals 0.25 mm in ymogification of E. coli TS (Faumaret al., 1994). The final
diameter and 0.40 mm long. For wild-type TS, a single data R factor is 18.9% to 1.95 A. Th&ee is 23.7%. The re-
and 0.5 mm long. Protein Data Bank as entry 1KCE.

a Data shown in parentheses are those for the highest-resolution bin
determined.

Data Collection RESULTS

X-ray diffraction data were collected on an R-Axis llc In order to address the role of E60(58) in the TS reaction
imaging plate with a Rigaku RU-200 rotating anode generator at atomic resolution, the TS mutant E60(58)Q was created
operating at 15 kW (50 mA and 300 kV) fitted with a Cu  using oligonucleotide-directed mutagenesis. TS isolated
anode { = 1.5418 A). The crystal-to-detector distance was from a ThyA™ strain overexpressing E60(58)Q TS showed
90 mm. Exposures of 20 min/(deg of oscillation range) were activity similar to that previously observed (Zapf al.,
used throughout the data collection, and 90 [E60(58)Q] or 1993). Purified E60(58)Q TS was cocrystallized with the
75 (WT-TS) degrees of data were recorded for each crystal.substrate, dUMP, and a quinazoline-based antifolate inhib-
The diffraction data to 2.3 A (E60(58)Q) or to 1.95 A (WT- jtor, CB3717. Diffraction data were collected, and the
TS) resolution were indexed, integrated, scaled, and mergedstructure was solved by molecular replacement. The E60-
in the hexagonal space grols with the following unit (58)Q model was refined at 2.5 A to a firaFfactor of 15.2%
cell dimensions using the HKL software package (Otwi- (Riee = 24.0%). The refined model has good geometry
nowski, 1990):a = b = 127.2 A andc = 68.09 A. A (Table 1), no Ramachandran outliers, and=3 2 F elec-
summary of the data-processing statistics is presented intron density map contoured at #.0s well-defined for
Table 1. For the E60(58)Q crystals, a total of 200 624 most of the molecule. As previously noted (Montfettal.,
observations were integrated, scaled, and merged, yielding1990), this crystal form contains one TS dimer in the
26 346 unique reflections between 50 and 2. R dge) = asymmetric unit, and each monomer in the dimer is related
8.5% with average redundancy of 7.6]. For the WT-TS by an approximate noncrystallographic two-fold &
crystal, a total of 221 970 observations were integrated, 178.5). In the TS dimer, each monomer contributes two
scaled, and merged, yielding 37 807 unique reflections phosphate binding arginine residues to the active site of the
between 50 and 1.95 ARfymme = 9.7% with average  other monomer. To describe their participation from the
redundancy of 5.8]. second monomer, these residues are referred to as R178-
(126) and R179(127) In this study, the orientations of the
ligands in the two active sites differ significantly; therefore,
each monomer will be considered independently and com-
pared to the corresponding monomer in the re-refined
structure of wild-typeE. coli TS in complex with dUMP
and CB3717.

Structure Solution

E60(58)Q. The E60(58)Q TS structure was solved by
molecular replacement using two monomers of Ehecoli
TS product ternary complex with ligands and waters removed
(Faumaret al,, 1994) superimposed onto tke coli ternary
complex (Montfortet al.,1990) as the search model. Rigid- oy :
body refinement using the program X-PLOR (Bger, 1992) E60(58)Q Compared to Wild-Type E. coli TS Monomer 1
gave an initialR factor of 31%. Ligands and waters were Monomer 1 [chain A in PDB entry 1KCE for wild type;
located fromF, — F. difference maps (Chambers & Stroud, chain A in PDB entry 1ZPR for E60(58)Q] of the E60-
1977) during successive rounds of simulated annealing and(58)Q TS structure was compared to monomer 1 of the
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FIGURE 2: Stereo representation of the superimposition of the active sites of monomer 1 of wilH:tgpk TS (black) and E60(58)Q TS
(white). This figure was produced using the program Molscript (Kraulis, 1991).

A3 ) ¥

Ficure 3: Stereo representation of a refinégl— F. omit map of the active site of monomer 1 contoured ats3.This map was calculated
after C198(146), dUMP, CB3717, watewatef??, and watet” were omitted from the PDB file and the coordinates subjected to 10 cycles
of positional refinement. This figure was produced using the program Molscript (Kraulis, 1991).

re-refined structure of wild-typ&. coli TS cocrystallized fort et al.,1990), a covalent bond is formed between the S
with the substrate dUMP and the cofactor analog CB3717 of C198(146) and C6 of dUMP (Figure 3). The main
using the program GEM (Faumaet al., 1994). After differences in residue positions between the two structures
superimposition of monomer 1 from the two structures, the are small. The side chains of W82(80), Y146(94), F228-
rms deviation of @ atoms is 0.286 A, and the rms deviation (176), and S232(180) exhibit the most dramatic movements
of all protein atoms is 0.753 A. The rms deviation for all (Figure 2). The side chain of W82(80) rotates by &found
dUMP atoms in monomer 1 is 0.461 A, and the rms deviation the G3—Cy bond out of the active site as compared to that
for all atoms in CB3717 is 0.689 A. In this monomer, the of the wild-type structure. The side chain of Y146(94)
averageB factor for the wild-type structure is 17.972And moves out of the active site by 0.36 A. The side chain of
for E60(58)Q is 18.59 A F228(176) translates out of the active site by 0.8 A. The
Comparison of Actie Site 1. As shown in Figure 2, the  S232(180)@ flips to a second rotamer 14@way. Major
overall arrangement of the active site residues in E60(58)Q differences occur in the position of water molectlefose
TS is almost identical to that of the wild-type structure. As location is strongly conserved in several other TS structures.
observed in the wild-type ternary complex structure (Mont- Watef?°2is no longer constrained in the structure and not
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Table 2: Comparison of Contacts in Active Site 1

distance (A)

Sage et al.

The distance from wat€f to C5 of dUMP decreases from
3.91 A in the wild-type structure to 3.32 A in the mutant
structure. In addition, the contacts of wéfewith the protein

interaction wild type E60(58)Q have changed. In the wild-type structure, watenakes a
phosphate 2.67 A hydrogen bond with Y146(94) and a 2.90 A hydrogen
R218(166)NH1-PO4 2.66 2.83 bond with the main chain oxygen of A196(144), but in the
Sgiggggm:iﬁgj ggé g:;g E60(58)Q structure, these hydroger_1 bonds have been weak-
R178(126Ne—PO4 3.04 3.03 ened to a 2.82 A hydrogen bond with Y146(94) and a 3.44
R178(126NH1-PO4 3.32 321 A contact with the main chain oxygen of A196(144). Most
R179(127)Ne—PO4 3.02 3.44 importantly, the distance between watand 04 of dUMP
S%?z(i)zl\?jgézpm %:;; g:gg increases from 2.89 A in the wild-type to 3.25 A in the E60-
$219(167)9—PO4 284 2.97 (58)Q structure, weakening the hydrogen bond between
ribose watet and dUMP and creating a new hydrogen bond
R23(21)NH1-OR5 3.16 3.11 between watérand watet?®.
R178(126)NH1-OR5 3.49 2.94 A relative comparison oB factors provides insight into
Eggé(ég?))%:ggg %;471 g'gg the relative disorder of one structurersusanother (Table
S219(167)@ - OR3 4.20 4.34 3). The overallB factors for the wild-type and mutant
uridine structures are similar: 17.9724or the wild-type and 18.59
N229(177)®—N3 2.98 2.95 A2 for the mutant. In order to make a relative comparison
N229(177)NM—04 3.14 3.25 of the thermal motion between the two active sites and to
watet—O4 2.89 3.25 avoid the problems with a direct comparisonBfactors,
8%%82%&9%2 gig g:g? the B factors of the atoms in the active site were normalized
Y146(94)Q;—C5 3.86 3.87 to the B factors of the J helix [residues 225(173) to 245-
watef’—C5 3.91 3.32 (193)], the innermost part of TS, to determine a relative
pterin ring disorder for each active site. Comparison of the normalized
G225(173)N-OA4 3.02 3.01 B factors for atoms in the active sites reveals that the mutant
ég%‘:l’(égg))gl\'@sz %-gg %-g?l’ active site (averagB = 17.38 &, relative disorder= 1.17)
wateP5—CB3717 N1 2.89 3.29 is more disordered than the wild-type (averdye= 12.79
water?-CB3717 NA2 3.11 3.10 A2, relative disorder= 0.93) active site. This 25% increase
E60(58)/Q in relative disorder may also contribute to the reduction of
water?*—E60(58)Q0O/N 2.95 3.58 catalytic activity of the mutant enzyme.
ngggl\é&)%gg)(ggﬁ\g 3:32 g:gg E60(58)Q Disrupts the Extensi Hydrogen-Bonding
watet—E60(58)QQ 589 578 Network Necessary for Proper TS Functl_ohn a structure
other important interactions solved to 2.'_5 A, hydrogen atoms are not discretely observed;
N229(177)N—wate?2? 291 274 however, with careful analysis, the hydrogen bond contacts
watef—H199(147)N 2.83 2.90 can be inferred. An important means of elucidating the
Watef37—Y146(94)0175 2.67 2.82 differences between two homologous structures is the
C\/SBISE’(gzsé;ﬂ(_}l;"fé?& 40T 2?',8197 32'753 calculation of an unbiased difference map. To directly
watef7—A196(144)0 290 3.44 compare the atomic differences between the wild-type and
water21—A315(263)N 3.17 2.82 E60(58)Q structures and aid in the deduction of the hydrogen
watef'>~1316(264)0T 3.00 2.84 bond networks, newly collected diffraction data from wild-
watep?%2-watep>? 3.01 NP type TS cocrystallized with dUMP and CB3717 were scaled
wateP29%-S5232(180)@ 2.79 NP A s X
wate?*—157(55)0 283 283 with diffraction data from E60(58)Q TS, also cocrystallized
wateR3—\ateg2a 269 NP with dUMP and CB3717, and aRoesoss)q) — Fowid type)
az:gﬁ:—x;?e%(lﬂ)m 3'2? g.gé difference map was calculated with phases from the rerefined
WateP?—S5232(180)Q > 89 >en wild-type TS model using XtalView (McRee, 1993). Shown

in Figure 4 is the difference density around residue 60(58)

*NP = not present. contoured at 3% along with the overlapped structures.

Several important observations are made from this map. The
defined by crystallographic means. Watéis moved 1.75  side chain oxygen of serine 232(180) has rotated to a new
A, watef 0.34 A, and watét’ 0.75 A. rotamer 140 away from the wild-type, and difference density

A comparison of the intramolecular contacts in the active for the elemental change frome@o Ne at the position of
site is shown in Table 2; several important differences among the E60(58)Q mutation is visible. There is WT difference
these contacts are observed between the two structures imlensity for both waters around N229(177) and E60(58)Q
the active site. The distance between witemnd either the  difference density for the single water which connects N229-
Ne [E60(58)Q] or the @ (WT) of residue 60 increases from  (177) and E60(58). As expected, the manner in which Q60-
2.90 A in the wild-type to 3.58 A in the mutant structure. (58) interacts with the hydrogen bond network is different
than that in the wild-type structure. It is striking that,

3\Waters are numbered according to the number or name of the although the manner in which watét interacts with the
residue to which it is closest with the exception of watard watef” protein is now different (Figure 5), its position is nearly
which were described in Faumatal. (1994). If more than one water identical with that of the wild-type (Figure 2).
is close to a single residue, the waters are further designated with letters. ~ _. . .
Figure 5A shows the inferred wild-type hydrogen bond

For example, there are two waters around N229; the first is designated ) i { I
watef?® and the second waféf2 network interacting with dUMP. In this hydrogen bond
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Table 3: AverageB factors (&) for Specific Groups of Atoms

WT-TS E60(58)Q
group monomer 1 monomer 2 monomer 1 monomer 2

all Ca’s

all protein atoms

all atoms of the J helix

all atoms of dUMP

all atoms of CB3717

all protein atoms<12 A from 04 of dUMP
all waters (number)

FiIGURE 4: Stereo representation of &gsoss)o— Fuwild type difference map around residue 60(58) contoured at.3[fe map was calculated
using phases from the wild-type model. Wild-tyfe coli TS is shown in black, and E60(58)Q TS is shown in white. This figure was
produced using Molscript (Kraulis, 1991).
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FIGURE 5: Schematic representation of the hydrogen bond network interacting with dUMP in the active site of monomer 1 of wild-type (A)
and E60(58)Q (B) TS. Thick dashed lines emphasize the differences between the two hydrogen bond networks.

network, which is identical to that described from this stabilizes a negative charge which develops during transition
laboratory earlier (Finer-Mooret al.,1990), an intricate web ~ states of the reaction. In the E60(58)Q structure, this
of hydrogen bonds is set up so that wateompletes the  hydrogen bond network is disrupted so that the developing
electrostatic connection between TS and O4 of dUMP and charge on O4 of dUMP cannot be stabilized as well as in
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FIGURE 6: Stereo representation of a refinég— F. omit map for the active site of monomer 2 contoured at2This map was calculated
after C198(146), dUMP, and CB3717 were omitted from the model and the remaining coordinates subjected to 10 cycles of positional
refinement. This figure was produced using the program Molscript (Kraulis, 1991).

the wild-type structure (Figure 5B). The relationship be- completely new set of hydrogen-bonding contacts described
tween TS, watér watef?®, and dUMP has changed, and the schematically in Figure 8.

network is missing two important connections: one between  contacts with dUMP. The uridine ring of dUMP is planar
E60(58)Q and waté¥*and, most critical, the hydrogen bond iy active site 2 since no covalent bond is made with C198-
between watérand O4 of dUMP. Thus, the E60(58)Q (146). The pyrimidine also translates away from thed®
mutation changes the architecture of the active site in two C198(146) by 1 A, mostly due to a small change in the
critical ways. First, the mutant active site becomes more qnformation of the' ribose. O2 of dJUMP now makes a 2.62
disordered relative to the rest of the protein, and second, theg hydrogen bond with the amide nitrogen of D221(169) and
electrostatic connection between TS and dUMP is disturbed. 5 hydrogen bond with the amide nitrogen of Q217(165). O4
of dUMP no longer makes a hydrogen bond with whter
The hydrogen bonds between O3 of the ribose and both

Monomer 2 of the E60(58)Q TS structure [chain Bin PDB  Y261(209) and H259(207) have been maintained. The
entry 1KCE for the wild type; chain B in PDB entry 1ZPR undme ring now makes an edge-on hydrophop|c mterqcnon
for E60(58)Q] was compared to monomer 2 of the resolved with CB3717 rather than the che_:-to-facg stack_lng previously
structure of wild-typeE. coli TS cocrystallized with the o_bserved but makes no _specmc interactions with waters. The
substrate dUMP and the cofactor analog CB3717, using the"ibose OR1 however gains a specific 2.98 A hydrogen bond
program GEM (Faumaret al., 1994). The two crystal with a new waf[er. The interactions of the protein wlth the
structures superimpose with an rms deviation farafoms ~ Phosphate moiety of dUMP have also changed slightly. In
of 0.35 A, and an rms deviation for all protein atoms of 0.85 the wild-type structure, the phosphate makes contacts with
A. The rms deviation for all atoms in dUMP in monomer R23(21), R178(126) R179(127) R218(166), and S219-

2 is 1.11 A, but the most dramatic difference based on the (167). In the mutant structure, the phosphate moiety makes
previous superposition is seen in the rms deviation for all contacts with R178(126)R179(127) R218(166), and S219-
atoms in CB3717, which is 3.31 A. The averagdactor  (167) but not with R23(21) (3.97 A).

Comparison to Wild-Type E. coli TS Monomer 2

for all atoms in the wild-type structure is 23.6% And for Contacts with CB3717 The conformation of CB3717 in
E60(58)Q is 23.71 A(Table 3). the second active site of the E60(58)Q mutant structure is
Comparison of Actie Site 2. As shown in Figures 68, completely different from both the wild-type conformation

the arrangement of the ligands and the molecular contacts(Figures 6 and 7) and the previously observed “oxidized”
they make in the active site of the E60(58)Q monomer 2 site observed in crystals under nonreducing conditions
are dramatically different than the orientation of ligands (Montfort et al., 1990). Instead of forming a hydrophobic
previously observed for TS, dUMP, and CB3717 (Montfort stacking interaction with the dUMP, the CB3717 has rotated
et al.,1990). Although both dUMP and CB3717 are found around the N16-C9 bond by 108 and the entire molecule
with good density in the active site of monomer 2 (Figure has translated so that the majority of contacts made by the
7), the ligands are not oriented in the productive orientation. quinazoline moiety are hydrogen bonds to the protein
As a result, C198(146) does not make a covalent bond with (Figures 6 and 8). N3 of the quinazoline ring makes a 2.81
C6 of dUMP. Both the pyrimidine ring of dUMP and the A hydrogen bond with the Qof Y146(94). NA2 makes a
quinazoline ring of CB3717 are oriented differently from strong 2.66 A hydrogen bond with the main chain carbonyl
the WT complex and monomer 1 of E60(58)Q and have a oxygen of A196(144). OA4 of the quinazoline ring makes
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FIGURE 7: Stereo representation of the superimposition of the active sites of monomer 2 of wilH:tgpk TS (black) and E60(58)Q TS
(white). The dramatically different conformation for the quinazoline moiety of CB3717 is readily apparent. This figure was produced using
the program Molscript (Kraulis, 1991).

two hydrogen bonds: a 3.03 A hydrogen bond with Y146- wild-type E. coli TS cocrystallized with dUMP and CB3717
(94) and a 3.24 A hydrogen bond with wdtein addition, were collected, and the structure was refined at 1.95 A
the CB3717 makes hydrophobic contacts with dUMP and resolution with anR factor of 18.9% Ryee = 23.7%).
the side chains of W82(80), A231(179), C198(146), L195-  Effect of the E60(58) Mutation on the TS Structure.
(143), W85(83), G225(173), and F228(176). Overall, the effects of the E60(58)Q mutation on the
Consered Waters Interacting with the Liganddn the geometric structure of the TS dimer are small (Figures 1
second active site of the wild-type TS structure, two and 2). Since glutamine is isosteric with glutamate, this
conserved waters (waferand watet” make bridging  result is not surprising. Comparison of the. @ositions for
contacts between the ligands and TS. In the mutant structuregach monomer independently revealed very small differences
watef?® either has been displaced or has become too compared to the wild-type structure (0.29 A for monomer
disordered to be resolved by crystallography. In addition, 1, 0.35 A for monomer 2), and a difference Fourier analysis
the temperature factors of the active site and the ligands areshowed that differences between the wild-type and E60(58)Q
significantly increased compared to those of the wild-type structures were localized to the active sites. The aveBage
structure (Table 3). The arrangement of the ligands and factors for the two separate monomers were similar, 18.6
hydrogen bond network in monomer 2 of E60(58)Q TS A2 for E60(58)Quersus18.0 A for wild-type monomer 1
directly shows that proper orientation of the ligands and the gnd 23.7 R for E60(58)Q versus23.7 A2 for wild-type
hydrogen bond network is necessary for covalent bond monomer 2. An rms deviation comparison of éactors

formation between TS and dUMP. between monomer 1 and 2 of E60(58)Q showed an rms
deviation of 10.41 A the same comparison for the wild-
DISCUSSION type structure gave an rms deviation of 10.1% iAdicating

that the difference in the degree of mobility between the two
monomers is the same as observed previously in the wild-
type structure (Montforét al.,1990). In addition, the E60-
(58)Q mutation has resulted in a general “relaxing” of the
active site. The overall thermal factors in monomer 1 for

pressing the mutant protein in a Thybackground, and E60(58)Q are’;ir.nirllar to that of the wiId—type ?r%teinh(17.9r
isolating the mutant protein to near homogeneity. This versus18.59 /); however, a comparison of the therma

complex was isomorphous with wild-type crystals (Table 1: factors for just the a_ctive_sitt_a residues and Iigandg revealed
Montfort et al.,1990). Data sets from two E60(58)Q crystals that the mytant actlvg sng is about 25% more disordered
were collected and merge&dege= 8.5%) to yield a data  than the wild-type active site (Table 3).

set that was 93.8% complete to 2.3 A. The E60(58)Q Using Crystal Structures To Garner Information about the
structure was solved by molecular replacement with the TS Reaction.Investigation of a dynamic process such as an
refinement package XPLOR (Bmger, 1992) using a full  enzyme reaction using X-ray crystallography relies on the
dimer of the product complex structure without ligands assumption that the structure determined represents an
(Faumanet al., 1994) as the starting model. The final intermediate along the reaction pathway. In our investigation
structure, refined to 2.5 A, has &tactor of 15.3% Ryee = of the E60(58)Q mutant, we have used the cofactor-based
24.0%) and good geometry (Table 1). Similarly, data for inhibitor CB3717 which was shown biochemically (Pogolotti

We have investigated the role of E60(58) in the TS
reaction by determining the X-ray crystal structure of the
purified mutant protein complexed with dUMP and the
cofactor analog CB3717. This was accomplished by creating
the site-directed mutant E60(58)Q B coli TS, overex-
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Ala 196

HOH 722

His 53
HOH 814

Key

Ligand bond His 53 Non-ligand residues involved in hydrophobic
Non-ligand bond e contaci(s)
©)-s~-& Hydrogen bond and its length ‘8’ Corresponding atoms involved in hydrophobic contact(s)

Ficure 8: Schematic diagram (Wallaa al., 1995; McDonald & Thorton, 1994) of the hydrogen bonds and nonspecific hydrophobic
interactions made between E60(58)Q TS and CB3717 in the active site of monomer 2. Radial spokes of hydrophobic packing pairs point
toward one another.

et al.,1986) to halt the TS reaction at a covalent intermediate (Montfort et al., 1990) served as an accurate model for
(Il, Figure 1). To investigate how well CB3717 could mimic  structural analysis of the TS mechanism. Matthatsl.
mTHF and its participation in the reaction at the atomic level, (1990b) compared crystal structures of TS complexed with
Finer-Mooreet al. (1990) performed a detailed study which either CB371#FdUMP or mTHFFdUMP and found little
showed that the wild-type TSHUMP—CB3717 structure  difference between the structures with the exception that the
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propynl group of CB3717 displaced a water which may The small changes observed in atomic position may also
participate in the hydrogen bond network. Faunedral. contribute to the disruption of the enzymatic reaction, but
(1994) suggested that large conformational changes of TSperhaps the most important contribution to the disruption of
probably do not play a role in the reaction once ligands are the TS reaction are the change in the electrostatic properties
bound in an orientation that leads to product formation. Thus, of the water-mediated hydrogen bond network and the
we have used CB3717 to mimic the role of mTHF in the TS connections it makes with the ligands.
reaction and have interpreted the effects of the E60(58)Q Role of Water in the Formation of the @alent Ternary
mutation on various steps in the TS reaction using the directly Complex. Our results strongly support the proposal that, in
observed structural changes between the E60(58)Q and wild-wild-type E. coli TS, E60(58) works by stabilizing an ionic
type active sites. intermediate (Il, Figure 1)ia the water-mediated hydrogen
What Role Does E60(58) Play in the TS Mechanism? bond network to reduce the transition state energy needed
Structural analyses of wild-type TS along with biochemical to reach intermediate Il (Figure 1) in the enzyme reaction.
analyses of E60(58) mutants from various species haveln the structure of E60(58)Q, wafé is lost, and three
resulted in several different proposals for the role of E60- absolutely conserved waters (watewatef?®, and watet?)
(58) in the TS reaction. These include (1) opening of the have all shifted in position relative to the protein and ligands.
cofactor methylene ring, (2) proper orientation of the ligands, The contribution of watérand watet?® to the concerted
or (3) affecting the stabilization of an intermediate in the hydrogen bond network in the wild-type structure and the
reaction pathway (Hardgt al.,1995; Huang & Santi, 1994;  absence of a similar role for these two waters in the E60-
Matthewset al., 1990b; Zapfet al., 1993; Finer-Mooreet (58)Q structure strongly support the importance of this
al., 1990). By analyzing the crystal structure of the E60- hydrogen bond network in allowing proper enzyme function.
(58)Q mutant complexed with dUMP and the cofactor analog The decrease in the strengths of the interaction between
CB3717, we can address the latter two of these threewatef and O4 of dUMP and the interaction between wéter
proposals. Since CB3717 is an open-ring analog of the and E60(58)Q suggest that mutation from E60(58) to Q60-
natural cofactor mTHF, we cannot analyze the role of E60- (58) causes the movement of these two waters, which
(58) in ring opening; however, with the exception of the study weakens stabilization of ionic intermediate Il (Figure 1). The
by Zapf and co-workers (1993), the biochemical evidence observation that watéf moves from 3.91 A (wild type) to
thus far suggests that the role of E60(58) in ring opening is 3.32 A from C5 of dUMP also suggests that the negative
minor (Hardy et al, 1995; Huang & Santi, 1994). In charge developing at O4 is poorly stabilized, resulting in
addition, the differences iK, for the ligands observed by  C5 being partially negatively charged, causing an attraction
Zapf and co-workers (1993) were not observed by either of watef” toward C5. Thus, our observations provide a
Huang and Santi (1994) or Harayt al. (1995). molecular explanation for the observation that mutants of
Role of E60(58) in the Formation of the Gdent Ternary E60(58) slow the formation of the covalent ternary complex
Complex. The crystal structure of the E60(58)Q mutant in of FAUMP and mTHF (Huang & Santi, 1994; Hardyal.,
ternary complex with dUMP and the cofactor analog CB3717 1995), suggesting that the E60(58)Q mutation raises the
represents intermediate Il (Figure 1) in the TS reaction. This activation energy required for formation of intermediate 11
structure sheds light on the contribution of E60(58) to the by disrupting the water-mediated hydrogen bond network,
enzymatic reaction in both orienting the ligands and stabiliz- especially the interaction between watand 04 of dUMP.
ing ionic intermediate Il as the reaction proceeds to  Role of E60(58) in the Dissolution of the Ternary Product
intermediate Il (Figure 1). As shown in Figure 2 and Table Complex. Since the transition from the covalent ternary
2, the general scheme of ligand contacts with monomer 1 of complex (lll, Figure 1) is thought to proceed by base
E60(58)Q TS is conserved, as is the overall arrangement ofabstraction of the C5 proton of dUMP, resulting in another
the ligands, suggesting that E60(58) is not essential for properintermediate (IV, Figure 1) in which O4 of dUMP is charged,
ligand positioning, but the new orientation of ligands in it is reasonable to speculate that the role of E60(58) in the
monomer 2 suggests that it may play some role. It appearstransition from intermediate IV (Figure 1) to intermediate
that the most important role of E60(58) occurs after the V (Figure 1) in the reaction is similar to that in the transition
ligands are in a productive orientation. As shown in Figure from intermediate Il to Il (Figure 1), to coordinate the
5, the conserved network of water-mediated hydrogen bondshydrogen-bonding network so that the charged intermediate
present in the wild-type TS structure has been disrupted.is stabilized and the energy of the transition state is lowered.
Watef??2is missing, and two important contacts between In the case of E60(58)Q, it is likely that wat&rand watet
TS and the ligands have been distorted. First, the hydrogenare not in position to properly stabilize charged intermediate
bond between EQ60(58)Q and watéis missing since the |V (Figure 1); these changes in water position probably also
water has moved from 2.95 to 3.58 A away from residue prevent the lowering of the transition state energy between
60(58), diminishing the strength of the interaction. A second intermediate IV and intermediate V (Figure 1). These
important missing contact is caused by an increase in thespeculations are grounded in recently observed biochemical
distance between wafeand O4 of dUMP from 2.89t0 3.25 data (Hardyet al.,1995; Huang & Santi, 1994). Both groups
A, reducing the strength of the hydrogen bond between observed a 2640-fold increase in the ratio of C5 hydrogen
watet and O4 of dUMP. These results support recent release to product formation for E60(58)Q relative to that
biochemical evidence which showed that E60(58) mutants of the wild-type enzyme which performs the reaction nearly
cause accumulation of intermediate IV in the reaction with perfectly, releasing one hydrogen per molecule of product
mTHF, and dUMP (Figure 1), as well as greatly slow the formed. In addition, Huang and Santi (1994) observed a
formation of the covalent ternary complex between FAUMP, covalent intermediate consisting of TS, dUMP, and cofactor
mTHF and TS compared to the wild-type (intermediates Ill in E60(58) mutants which, in certain cases, could represent
and IV, Figure 1; Huang & Santi, 1994; Hardyal., 1995). up to 2% of the reaction components at steady state. Thus,
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E60(58)Q disrupts the charge-stabilizing hydrogen bond who showed that E60(58)Q TS formed a covalent complex
network so that the forward reaction (conversion of inter- with labeled FAUMP exactly half as well as wild-type, and
mediate 1V to V) is slowed to such an extent that the reverse Hardy et al. (1995), who demonstrated that E60(58)Q TS
reaction (conversion of intermediate IV to Ill) effectively formed the covalent FAUMP complex less well than the wild
competes, allowing the observation of the covalent interme- type. The absence of a covalent bond between C6 and TS
diate and explaining the observation of the increase in thein the second active site of E60(58)Q shows directly that
%H release ratio relative to product formation. It seems likely, properly oriented ligands are necessary for covalent bond
therefore, that E60(58) serves to properly orient water at this formation in the initial stages of the TS reaction.

final stage of the reaction, and it may be that the proximity  The alternative conformation observed for the quinazoline
of the localized charge on intermediate 1V to the disrupted also has implications for the physiological function of the
hydrogen bond network slows the progress of the TS reactionenzyme. The newly observed conformations for the ligands
more during the dissolution of the covalent ternary complex jn the second active site may represent a new conformational
than during the formation of the covalent ternary complex jntermediate for the enzyme. The first active site represents
wherein a delocalized Charge exists on intermediate |I. a transition state anaiog (Step I, Figure l) However, the

Role of Wate¥’ as a Base in the TS Reactiorgeveral  second active site appears to be trapped prior to proper
proposals have been made concerning the identity of the baseyrientation of the ligands. This observation suggests that
responsible for removal of the C5 hydrogen from dUMP in  E60(58) may play a role in proper ligand orientation, but
the dissolution of the covalent ternary complex (intermediates the productive orientation of |igands in monomer 1 suggests
Il and IV, Figure 1) in the TS reaction. Watérwas  that E60(58) is not essential for proper ligand orientation.
proposed to be the specific base responsible for abstractingrhe new ligand orientation has also been observed ith
the C5 hydrogen (Faumaet al., 1994). Additionally, N5 caseiTS crystals into which mTHF was soaked (Birdsztl|
of the cofactor mTHF was proposed to be a general baseg|., 1996). We observe strikingly different conformations
that mediates its effectsia a water (Hardyet al., 1995). of ligands for monomer 1 and monomer 2 which are
Our results show that wat€rhas moved from its wild-type  consistent with early work providing evidence for asymmetry
position 3.91 A from C5 of dUMP to 3.32 A away in the in the TS active site (Learst al, 1975; Galivaret al, 1975;
E60(58)Q structure which may be caused by attraction of Danenberg & Danenberg’ 1979) as well as provide a
watef’ by the poorly stabilized negative charge which has molecular explanation for recent data that showed that one
developed on O4 of dUMP as a result of the movement of competent active site retains full enzymatic activity (Maley
watet. In addition, the contacts wafémakes with TS are et al, 1995) The ||gand position in monomer 2 may be
weakened (Table 2), and the orientation of wéten the caused by the existence of a productive orientation of ligands
mutant structure is ||ke|y different than that in the WIId-type in monomer 1 and perhaps represents a prereaction Storage
structure. These observations may explain the previously site into which the cofactor is sequestered until it is used by
observed decrease in the rate of deprotonation of C5 ofthe enzyme (Birdsalet al., 1996). The occupancy of this
dUMP (Huang & Santi, 1994; Hardy et al., 1995). Thus, storage site by the cofactor analog is increased in the E60-
the changes in the position of wdtéiare consistent with  (58)Q mutant.
watef” being the specific base in the TS reaction. The
proposal of Hardyet al. (1995) that the general base in the
reaction is the N5 of the cofactor is also consistent with our
results if N5 mediates its effectda watef”.

Effect of E60(58)Q on Monomer 2: Implications for the
Enzymatic Nonidentity of the TS Monomelils. the wild-

Obsewation of a New Conformation for CB3717: Impli-
cations for Drug Design. The observation of a new
conformation for the ligands in the second active site has
important implications for rational drug design, since a new
region of the available conformational space within the active
X site has been delineated. In this conformation, CB3717
type structure, a covalent bond is observed betweentS oy a5 specific hydrogen-bonding contacts with Y146(94)
C198(146) and C§ of d_UMP in active site 2. In the structure and H199(147), two residues which play an important role
of E6O(58)Q, active site 2 has no covalent bond between, ihe T5 reaction (Carreras & Santi, 1995; Stroud & Finer-
C198(146) and dUMP, and the positioning of the ligands \ 456 1993). The disruption of the contacts of these two
and their contacts with TS are dramatically different. The (. ica| residues thus may represent a new manner by which
quinazoline m0|ety_of CB3717 has rotated about theCQ to approach the inhibition of TS. Exploitation of the newly
N10 bond so that it makes completely new contacts with ohqeryed contacts along with conformation-based searches

TS (Figure 8). This new position for CB3717 is different ¢ yhe remaining active site volume may result in new leads
than the “oxidized site” previously observed (Montfatt for TS inhibitors.

al., 1990), occupying part of the catalytically functional

dUMP site and making hydrogen bonds with residues that coNCLUSIONS

are proposed to be critical in the TS reaction. In addition,

the water structure in the active site is almost completely The structure of the E60(58)Q mutant®fcoli TS refined
different than that previously observed (Montfettal.,1990; to 2.5 A resolution sheds light not only on the role of E60-
Faumanet al., 1994). In the active site of monomer 2, (58) in the general TS reaction mechanism but also on the
watet, hydrogen-bonded to &of Q60(58), is still present  role of the conserved waters involved in the concerted
but is much farther from the dUMP (3.83 A), and wa#er hydrogen bond network which were implicated in the TS
either has been displaced or is too disordered to observemechanism. We have demonstrated that E60(58) is not
crystallographically. The quinazoline ring system of CB3717 required for proper positioning of the ligands and coordinates
occludes the position of wild-type watér The absence of  the hydrogen bond network which connects three conserved
the covalent bond in monomer 2 of the E60(58)Q structure waters with the ligands. The positions, orientations, and
is supported by the results of Zapf and co-workers (1993), polarities of these waters are clearly important, and we have
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gained insight into their role in the TS reaction mechanism. Huang, W., & Santi, D. V. (1994). Biol. Chem 269, 31327

In addition, we have presented a new conformation for the _
s Jackman, A. L., Jodrell, D. |., Gibson, W., & Stephens, T. C. (1991)

ligands in the TS active site which has profound implication

both in the enzymatic nonidentity of the TS monomers and

for the structure-based design of novel TS inhibitors.

ACKNOWLEDGMENT

31329.

Adv. Exp. Med. Biol. 309A19-23.

Jackman, A. L., Gibson, W., Brown, M., Kimbell, R., & Boyle, F.
T. (1993)Adv. Exp. Med. Biol. 339265-276.

Kraulis, P. J. (1991). Appl. Crystallogr. 24946—950.
Kunkel, T. A., Roberts, J. D., & Zakour, R. A. (198F%)ethods

We thank Paul Foster and Drs. Janet Finer-Moore and Enzymol. 154367—382.

Wei-dong Huang for important discussion during the wor
Strainy2913recA was provided by Dr. Dan Santi.

REFERENCES

Belfort, M. G. M., Pedersen-Lane, J., & Maley, F. (198%pc.
Natl. Acad. Sci. U.S.A. 8@1914-4918.

Birdsall, D. L., Finer-Moore, J., & Stroud, R. M. (1996) Mol.
Biol. 255 522-535.

Bringer, A. T. (1992)X-PLOR Version 3.1. A System for X-ray
Crystallography and NMRYale University Press, New Haven,
CT.

Carreras, C. W., & Santi, D. V. (199%nnu. Re. Biochem. 64
721-762.

Chambers, J. L., & Stroud, R. M. (197Axta Crystallogr. B33
1824-1837.

Kk Leary, R. P., Beaudette, N., & Kisliuk, R. L. (197%)Biol. Chem.

250 4864-4868.

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. (1990hb). Mol. Biol. 214 937-948.

McDonald, I. K., & Thorton, J. M. (1994). Mol. Biol. 238 777—
793.

McRee, D. E. (1993practical Protein CrystallographyAcademic
Press, San Diego.

Michaels, M. L., Kim, C. W., Matthews, D. A., & Miller, J. H.
(1990) Proc. Natl. Acad. Sci. U.S.A. 83957-3961.

Montfort, W. R., Perry, K. M., Fauman, E. B., Finer-Moore, J. S.,
Maley, G. F., Hardy, L., Maley, F., & Stroud, R. M. (1990)
Biochemistry 296964-6977.

Climie, S., Ruiz-Perez, L., Gonzalez-Pacanowska, D., Prapunwat- Otwinowski, Z. (1990)HKL, Yale University, New Haven, CT.

tana, P., Cho, S. W., Stroud, R., & Santi, D. V. (1990Biol.
Chem. 26518776-18779.

Climie, S. C., Carreras, C. W., & Santi, D. V. (19®Ripchemistry
31, 6032-6038.

Danenberg, K. D., & Danenberg, P. V. (197B)Biol. Chem. 254
4345-4348.

Perry, K. M., Fauman, E. B., Finer-Moore, J. S., Montfort, W. R.,
Maley, G. F., Maley, F., & Stroud, R. M. (199®roteins 8
315-333.

Pogolotti, A. L. J., Danenberg, P. V., & Santi, D. V. (198B)
Med. Chem. 29478-482.

Fauman, E. B., Rutenber, E. E., Maley, G. F., Maley, F., & Stroud, Sack, J. S. (1988). Mol. Graphics 6 244-245.

R. M. (1994)Biochemistry 331502-1511.

Finer-Moore, J. S., Montfort, W. R., & Stroud, R. M. (1990)
Biochemistry 296977-6986.

Finer-Moore, J. S., Maley, G. F., Maley, F., Montfort, W. R., &
Stroud, R. M. (1994 Biochemistry 3315459-15468.

Galivan, J. H., Maley, G. F., & Maley, F. (197Bjochemistry 15
356—362.

Hardy, L. W., Finer-Moore, J. S., Montfort, W. R., Jones, M. O.,
Santi, D. V., & Stroud, R. M. (1987%pcience 235448-455.

Hardy, L. W., Graves, K. L., & Nalivaika, E. (199Biochemistry
34, 8422-8432.

Schiffer, C. A., Clifton, 1. J., Davisson, V. J., Santi, D. V., & Stroud,
R. M. (1995)Biochemistry 3416279-16287.

Stroud, R. M., & Finer-Moore, J. S. (199BASEB J. 7671-677.

Wahba, A. L., & Friedkin, M. (1961)). Biol. Chem. 263PC11-
12.

Wallace, A. C., Laskowski, R. A., & Thornton, J. M. (199jotein
Eng. § 127-134.

Zapf, J. W., Weir, M. S., Emerick, V., Villafranca, J. E., & Dunlap,
R. B. (1993)Biochemistry 329274-9281.

BI961269R



