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Stereoselectivity of Enoyl-CoA Hydratase
Results from Preferential Activation
of One of Two Bound Substrate Conformers

molecule [5–7]. Site-directed mutagenesis and enzyme
kinetics have demonstrated that the two glutamates act
together to catalyze the concerted addition of water,
and replacement of either residue with glutamine results
in a dramatic (104 - to 106 -fold) reduction in kcat [8–13].
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probe the activation of ligands by enoyl-CoA hydrataseBiogen, Inc.
Cambridge, Massachusetts 02142 [14–16]. The ligand of choice for these studies has been

a substrate analog, hexadienoyl-CoA (HD-CoA; Figure
1B), in which an extra conjugated double bond thermo-
dynamically stabilizes the ligand. With the aid of exten-Summary
sive isotope labeling, normal mode calculations, and
model compound studies, a clear picture of the vibra-Enoyl-CoA hydratase catalyzes the hydration of trans-
tional spectrum of HD-CoA has been developed [14, 16],2-crotonyl-CoA to 3(S )- and 3(R )-hydroxybutyryl-CoA
resulting in a powerful probe of the intimate details ofwith a stereoselectivity (3(S )/3(R )) of 400,000 to 1. Im-
enzyme catalysis. The analysis of the vibrational spec-portantly, Raman spectroscopy reveals that both the
trum has focused on the double bond stretching regions-cis and s-trans conformers of the substrate analog
(1500–1700 cm�1) where the position of bands reflectshexadienoyl-CoA are bound to the enzyme, but that
a combination of the distribution of electrons within theonly the s-cis conformer is polarized. This selective
double bonds and the vibrational coupling between thepolarization is an example of ground state strain, indi-
two C�C bonds and the carbonyl group. For enoyl-CoAcating the existence of catalytically relevant ground
hydratase, the changes in Raman band positions thatstate destabilization arising from the selective com-
occur upon binding to the enzyme reflect ligand polar-plementarity of the enzyme toward the transition state
ization resulting from a reduction in bond order of therather than the ground state. Consequently, the ste-
carbonyl group and subsequent alteration in the vibra-reoselectivity of the enzyme-catalyzed reaction re-
tional coupling throughout the molecule. In particular,sults from the selective activation of one of two bound
the enzyme selectively decouples the conjugated hexa-substrate conformers rather than from selective bind-
dienoyl group so that the terminal C4�C5 double bonding of a single conformer. These findings have impor-
is no longer vibrationally coupled to the remainder oftant implications for inhibitor design and the role of
the molecule, and a new mode localized on the C3�C2-ground state interactions in enzyme catalysis.
C1�O enone fragment appears. We are particularly in-
terested in understanding the structural basis for ligand

Introduction polarization in order to determine the role that enzyme-
substrate interactions play in substrate activation and

Enoyl-CoA hydratase (crotonase) is the second enzyme transition state stabilization.
in the �-oxidation pathway and catalyzes the syn hydra- Since the polarizing effect of the enzyme on HD-CoA
tion of �,�-unsaturated-CoAs (Figure 1A) [1]. V/K for was eliminated by mutating one of the residues consti-
the hydration of crotonyl-CoA is close to the diffusion- tuting the oxyanion hole (G141P) [14], and given that
controlled limit for the reaction, and a primary goal of the active site remains intact in this mutant according to
our research is to dissect the molecular events that X-ray crystallography (unpublished data), the hydrogen
result in an enzyme-catalyzed rate increase of greater bonding network generated by the oxyanion hole around
than 1011 compared to the uncatalyzed reaction [2]. The the carbonyl oxygen of HD-CoA is clearly important in
enzyme is the eponymous member of the crotonase ligand polarization. In the current study we have ex-
superfamily in which the primary conserved feature is tended our structure-function studies to include four
a common protein fold that produces an oxyanion hole active site mutants in which the catalytic glutamates
used to stabilize carbanionic transition states [3, 4]. In have been replaced by either aspartate or glutamine.
all the family members that have so far been crystallized, These mutants and the wild-type enzyme span a 106-
one of the oxyanion hydrogen bond donors lies at the fold range of kcat and the effect of mutagenesis on polar-
N terminus of an � helix. In enoyl-CoA hydratase the ization of HD-CoA has been explored using Raman
backbone amide groups of A98 and G141 constitute spectroscopy. Our results provide a structural basis for
the oxyanion hole, and structural studies have also re- the observed stereoselectivity of the reaction. Specifi-
vealed the presence of two potential catalytic gluta- cally, enoyl-CoA hydratase binds two distinct substrate
mates (E144 and E164) that bind the catalytic water conformers, both of which may be hydrated to give dif-

ferent product enantiomers, but selectively activates
only one conformer to hydration. Preferential hydration4 Correspondence: peter.tonge@sunysb.edu
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are altered, reflecting a change in their normal mode
compositions relative to the ligand in solution (Table
1). These changes have previously been interpreted to
indicate (1) that the enzyme preferentially binds the s-cis
HD-CoA conformer and (2) that the enzyme polarizes
the hexadienoyl ground state, uncoupling the terminal
C4�C5 bond (1640 cm�1 band) and polarizing the
C3�C2-C1�O enone fragment (1565 cm�1 band) [14].
These polarizing forces in the active site are expected
to activate the substrate to catalysis and reflect the
forces in place to stabilize the carbanionic transition
state.

It is clear from Table 1 and Figure 2A that there are onlyFigure 1. Reaction Catalyzed by Enoyl-CoA Hydratase and Struc-
minor modifications (less than 5 cm�1) in the positions ofture of Hexadienoyl-CoA
the two double bond stretching bands near 1640 and(A) Reaction catalyzed by enoyl-CoA hydratase.

(B) Numbering scheme for hexadienoyl-CoA and the s-cis and 1565 cm�1 for the wild-type and mutant enzymes. Thus,
s-trans conformers. the observed changes in vibrational coupling within the

hexadienoyl moiety upon binding to enzyme are not
dependent on either of the two catalytic glutamates

of the activated substrate conformer produces the ob- (E144 and E164). However, despite the similarity in band
served stereochemical outcome of the reaction. positions, the Raman spectra of the E144 and E164

mutants do exhibit one important difference relative to
Results and Discussion the wild-type spectrum. Due to a reduction in the inten-

sity of the two bands at 1640 and 1565 cm�1, two new
Raman Spectra of Wild-Type and Mutant Enoyl- bands, at about 1630 and 1595 cm�1, are clearly evident
CoA Hydratases Provide Evidence for More in the difference spectra of the mutants that are not well
than One Bound Conformer of HD-CoA resolved in the wild-type spectrum (Figures 2A and 2B).
The difference Raman spectra of HD-CoA in aqueous Under the conditions employed for the Raman measure-
solution and bound to wild-type and four mutants of ments, we calculate that 94% of the HD-CoA is bound
enoyl-CoA hydratase (E144Q, E144D, E164D, and to the enzyme; therefore, the additional bands cannot
E164Q) are displayed in Figure 2A. The wave number be attributed to the presence of free HD-CoA. Since
and intensity data together with the vibrational assign- only two C�C stretching bands are expected for a single
ments for the major bands in the double bond stretching conformer of HD-CoA, the presence of four bands pro-
region (1500–1700 cm�1) of HD-CoA are summarized in vides strong evidence for two distinct conformations of
Table 1. For HD-CoA in solution, three C�C stretching HD-CoA bound to the enzyme.
bands can be resolved, indicating the presence of two The identity of the two bound conformers can be ob-
conformers, which have been identified as s-cis and tained from the Raman spectra by comparison with
s-trans around the C1-C2 single bond (Figure 1B) [14]. model compounds. Normal mode calculations have
Upon binding to wild-type enoyl-CoA hydratase, the Ra- shown that the conformation around the C1-C2 single

bond of the hexadienoyl group can have a strong influ-man bands associated with the C�C stretching modes

Figure 2. Evidence for Two Bound Conform-
ers from the Raman Spectra of Hexadienoyl-
CoA Bound to Enoyl-CoA Hydratase

(A) Raman spectra of HD-CoA bound to (a)
wild-type, (b) E144D, (c) E164D, (d) E164Q,
and (e) E144Q enoyl-CoA hydratases. The
concentration of enzymes were between 0.8
and 1 mM, and 0.8 equivalents of HD-CoA
were added in each case.
(B) Curve fitting of HD-CoA bound to wild-
type (wt) and E144Q enoyl-CoA hydratases
using Win-IR software. The E144Q spectrum
had a reduced slit width to produce a higher
resolution spectrum for curve fitting and is
thus slightly different from that displayed in
(A). The top trace is the raw spectrum while
the lower solid black and dashed traces are
the results of curve fitting.
(C) Raman spectrum obtained from a single
crystal of S-hexadienoyl-N-acetylcyste-
amine. 100 mW 752 nm laser radiation, 1 min
data collection time. The top trace is the ex-
perimental spectrum while the solid black and
dashed traces are the results of curve fitting.
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Table 1. Raman Band Positions and Intensity Together with Band Assignments for HD-CoA Bound to Enoyl-CoA Hydratase

Enzyme Positiona (Intensity) Positiona (Intensity) Positiona (Intensity) Positiona (Intensity)

wt 1640 (59) 1627 (16) 1597 (26) 1565 (100)
E144Q 1642 (28) 1628 (17) 1595 (23) 1568 (21)
E144D 1640 (35) 1629 (14) 1594 (22) 1565 (60)
E164Q 1643 (35) 1626 (16) 1595 (27) 1567 (48)
E164D 1644 (58) 1629 (17) 1595 (29) 1567 (56)

Raman s-cis s-trans s-trans s-cis
Assignmentb C4�C5 C4�C5�C1�O1 C2�C3 C2�C3�C1�O1

a Position and intensity data determined from deconvoluted Raman spectra. The Raman intensity data are corrected for laser power and are
estimated to be accurate to �10%. Intensities are normalized with respect to the 1565 cm�1 band in wild-type enzyme.
b Raman band assignments reflect the predominant bond contributions as determined by isotope labeling and normal mode calculations [14].

ence on the position of the C�C stretching modes due The intensity of the bands near 1565 and 1640 cm�1,
assigned to the s-cis conformer, decrease dramaticallyto changes in the degree of vibrational coupling with

the carbonyl group [14, 17]. In aqueous solution at room for the E144Q and E164Q mutants relative to the wild-
type enzyme, whereas the s-trans marker bands remaintemperature, both s-cis and s-trans conformers are pop-

ulated and consequently the Raman spectra of hexadie- relatively constant (Table 1). In general, under nonreso-
nance conditions Raman band intensities are deter-noyl model compounds at this temperature contain

bands associated with both conformers. In order to pro- mined by changes in molecular polarizability caused by
displacement of the atoms during the vibration and arevide unambiguous band assignments, we have analyzed

Raman data obtained under experimental conditions in fundamentally related to the electrooptical properties of
the constituent atoms and bonds. This is manifested inwhich only the s-cis or s-trans conformers are present.

Since the s-cis conformer is thermodynamically more an exquisite sensitivity for the Raman band intensities
to the distribution of charge in the molecule being stud-stable, lowering the temperature will selectively enrich

this population, and indeed, an earlier low-temperature ied [18]. The intensity changes that we observe may
reflect subtle effects on the ground and/or excited statesRaman study identified the bands due to s-cis hexadie-

noyl-ethyl thioester conformer [16, 17]. Additionally, we of HD-CoA due to its interactions with the two ionizable
side chains of E144 and E164. However, we note thathave observed that the model compound HD-NAC crys-

tallizes in the s-trans conformer (data not shown). The the band positions, which are sensitive to ground state
changes, are only slightly shifted in the mutants, leadingRaman spectrum obtained from a single crystal of HD-

NAC between 1500 and 1700 cm�1 is shown in Figure us to conclude that excited state effects dominate. Re-
gardless of the origin of the intensity changes, the key2C. Curve fitting reveals three bands in the double bond

stretching region at 1660, 1641, and 1599 cm�1. The observation is that the Raman bands due to the s-cis
conformer are considerably weaker in the mutants, re-weak band at 1660 cm�1 can be assigned to the C�O

stretching frequency of the hexadienoyl moiety. The two vealing the bands attributable to the s-trans conformer.
bands at 1641 and 1599 cm�1 correspond to the in-
phase and out-of-phase combinations of the two C�C X-Ray Crystallographic and Modeling Studies

In order to supplement the Raman studies with addi-stretching coordinates that are also coupled to the C�O
stretch. Based on their relative intensities, the band at tional structural information, we have determined the

2.1 Å X-ray crystal structure of HD-CoA bound to enoyl-1641 cm�1 is assigned to the in-phase combination,
whereas the 1599 cm�1 band is assigned to the out-of- CoA hydratase (Protein Data Bank code 1MJ3) (Table

2). In agreement with previous ligand bound structuresphase combination. Taking the s-cis and s-trans model
compound spectra together, we have assigned the [5–7], the hexadienoyl carbonyl group is hydrogen

bonded to the backbone amide groups of A98 and G141.bands in the enoyl-CoA hydratase mutants near 1640
and 1565 cm�1 to the s-cis conformer and the bands In addition, a water molecule forms hydrogen bonds to

the two catalytic glutamates (E144 and E164) and isnear 1630 and 1595 cm�1 to the s-trans conformer of
the hexadienoyl group bound to the enzyme. Closer optimally positioned to nucleophilically add to the C3

hexadienoyl carbon (Figure 3A). The bound hexadienoylinspection and curve fitting of the wild-type data reveals
that the additional bands at 1630 and 1595 cm�1, promi- group is s-cis about the C1-C2 single bond and, as

discussed previously [5–7, 19], this orientation of thenent in the Raman spectra of HD-CoA bound to the
mutants, are also present in the Raman spectrum of substrate will yield the 3(S )-hydroxyacyl product.

Our Raman studies indicate that the s-cis and s-transHD-CoA bound to wild-type enzyme (Figure 2B). This
indicates that the wild-type enzyme is also able to bind HD-CoA conformers are exposed to substantially differ-

ent polarizing forces in the active site of enoyl-CoA hy-two conformers. An earlier Raman study on HD-CoA
binding to wild-type enoyl-CoA hydratase [14] did not dratase. However, there is no evidence in the X-ray

structure of HD-CoA bound to enoyl-CoA hydratase forobserve additional bands due to a second conformer.
However, we note that the experimental conditions were the s-trans HD-CoA conformer. This likely reflects the

fact that the X-ray data were collected at 100 K, at whichsomewhat different in this study and that the bands from
the s-trans conformer are relatively weak in the wild- temperature only the s-cis conformer will be populated

even in solution, and could also result from differencestype spectrum.
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interactions are similar in both conformers, then addi-Table 2. Data Collection and Refinement Statistics
tional active site interactions must be involved in ligand

Data Collection
polarization. It is clear from the modeling studies that s-cis

Space group P212121 to s-trans isomerization will alter the alignment of the hexa-
Unit cell dimensions: a, b, c (Å) 76.9, 95.2, 249.4 dienoyl group with respect to the active site � helix (Figure
Number of unique reflections 97,058

3), and this may partially account for the observed differ-Resolution limits (Å) 50–2.1
ences in the vibrational spectra of the two bound conform-Redundancy 4.2
ers. This � helix is likely conserved through the croto-Completenessa (%) 90.1 (78.5)

Rsym
b (%) 7.9 (43.3) nase superfamily, and similar importance has been

�I� / �	I�c 16.3 (2.4) attached to the analogous helix in 4-chlorobenzoyl-CoA
dehalogenase, where ligand polarization and catalysisRefinement Statistics
are also intimately linked [21–24]. A similar explanation

Number of reflections used / free 92,257 / 4,801
has been advanced for the differences observed in theNumber of protein / ligand / solvent atoms 11,868 / 273 / 920
Raman spectra of 5-methylthienylacryloyl (5MTA) chro-Rcryst (Rfree)d (%) 17.9 (22.9)
mophore conformers bound in the active site of thiol-Deviations from ideal values in:

Bond distances (Å) 0.02 and selenol-subtilisin [25].
Bond angle (
) 3.0
Planar 1,4 distances (Å) 0.013
Chiral volumes (Å3) 0.18 Stereoselectivity of the Enzyme-Catalyzed
Torsion angles (Å) 5.3

Reaction Is Controlled by PreferentialVan der Waals repulsion (Å) 0.26
Hydration of One of Two Bound ConformersRamachandran statisticse 90.5 / 9.5
The observation of two bound conformers has importantB factor all atoms / ligandf (Å2) 29 / 36

Overall coordinate errorg (Å) 0.19 implications for the stereoselectivity of the enoyl-CoA
hydratase-catalyzed reaction. The hydration of trans-2-a Numbers in parentheses refer to the respective highest resolution
crotonyl-CoA stereospecifically produces the 3(S )-data shell in each data set.

b Rsym � �hkl�i|Ii � �I�|/�hkl�iIi where Ii is the ith measurement and hydroxybutyryl-CoA enantiomer; however, it has been
�I� is the weighted mean of all measurements of I. found that the 3(R )-enantiomer is also formed, but only
c �I� / �	I� indicates the average of the intensity divided by its once in every 4 � 105 turnovers [2]. The rate of formation
average standard deviation.

of the 3(R )-enantiomer is still much faster (�106) thand Rcryst � �hkl||Fo| � |Fc||/�hkl|Fo| where Fo and Fc are the observed and
the uncatalyzed rate, which means that formation of thiscalculated structure factor amplitudes. Rfree is the same as Rcryst for
enantiomer is also catalyzed by the enzyme. Interestingly,5% of the data randomly omitted from refinement.

e Ramachandran statistics indicate the fraction of residues in the mutation of E164, one of the catalytic glutamates, does
most favored and additionally allowed regions of the Ramachandran not affect the rate of production of the 3(R )-enantiomer
diagram as defined by PROCHECK [57]. No residues are in disal- but does reduce the rate of catalysis for the 3(S )-enan-
lowed regions.

tiomer (Table 3). However, mutation of E144 or removalf B factor refers to temperature factor for all atoms and for ligand
of the hydrogen bonding network through replacementstructure.
of either G141 or A98 with proline affects the rates ofg Overall coordinate error estimated from Rfree.
formation for both enantiomers, though not necessarily
to the same degree [20]. Modeling studies indicate that
the s-cis conformer is positioned in the active site toin other experimental conditions. While vibrational spec-

troscopy provides a snapshot of all structures present produce the 3(S )-enantiomer. If the water molecule that
hydrates the s-cis conformer is similarly positioned forat any instant, X-ray crystallography will only provide

information on conformers that are substantially popu- the s-trans conformer, then rotation of 180
 about the
C1-C2 bond presents the opposite face of the doublelated. Consequently, modeling studies were performed

using the crystal structure as a starting point, which bond to the water molecule, resulting in formation of
the incorrect 3(R )-enantiomer. Thus, the presence ofrevealed that the s-trans conformer can be accommo-

dated in the active site either by relocation of the hexa- two bound conformers provides an explanation for the
ability of the enzyme to produce both the 3(S )- and 3(R )-dienoyl tail or by repositioning of the carbonyl group.

Since the carbonyl group is hydrogen bonded to the hydroxybutyryl-CoAs. However, since only the s-cis
conformer is optimally aligned with the catalytic machin-backbone amides of G141 and A98 in the s-cis con-

former, it is possible that this favorable interaction may ery, preferential hydration of this conformer can explain
the stereoselectivity of the enzyme-catalyzed reaction.persist in the s-trans conformer as shown in Figure 3B.

In addition, the fact that the G141P and A98P mutants Multiple bound conformers may be a common theme
in the binding of substrates such as fatty acids to enzymes,do not form any appreciable 3(R )-hydroxybutyryl-CoA

supports the hypothesis that the substrate conformer since the acyl portion of these molecules lacks functional
groups that can interact with the active site and fix thethat leads to the 3(R ) product enantiomer is hydrogen

bonded to these residues in the active site [20]. How- conformation. Liu and colleagues have studied the inac-
tivation of enoyl-CoA hydratase with (methylenecyclo-ever, there is a large wave number shift (1595 to 1565

cm�1) and decoupling of the terminal double bond for propyl)formyl-CoA (MCPF-CoA) [26]. Interestingly, they
demonstrated that the (R )- and (S )-diastereomers ofthe s-cis conformer, whereas for the s-trans conformer

there are much smaller shifts (1640 to 1630 cm�1 and MCPF-CoA inactivated the enzyme with similar second
order rate constants, suggesting that the active site was1602 to 1595 cm�1) and no decoupling of the C4�C5

stretching modes on binding. If the hydrogen bonding able to accommodate equally either diastereomer. Fur-
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Figure 3. Crystal Structure of Hexadienoyl-
CoA Bound to Enoyl-CoA Hydratase

(A) X-ray crystal structure of HD-CoA bound
to wild-type enoyl-CoA hydratase. Addition
of the water molecule (W48) to the s-cis con-
former of the ligand will result in the formation
of 3(S )-hydroxyacyl-CoA (shown schemati-
cally). Also shown are the side chains of the
two catalytic glutamates (E144 and E164) as
well as the two residues (G141 and A98) that
comprise the oxyanion hole.
(B) Model of the s-trans ligand conformer ob-
tained by rotation of 180
 about the hexadie-
noyl C1-C2 single bond and assuming that
the hydrogen bond interactions with the oxy-
anion hole remain unchanged. If the water
molecule that adds to the s-trans conformer
is in a similar position to that shown for W48,
then hydration of the s-trans conformer will
result in the formation of 3(R )-hydroxyacyl-
CoA (shown schematically). While the exact
location of W48 with respect to the s-trans
conformer is unknown, the dotted line indi-
cating an interaction between W48 and E144
has been left in place since mutation of E144
affects the rate of forming 3(R )-hydroxybu-
tyryl-CoA. These figures were generated with
the programs MOLSCRIPT [59] and RAS-
TER3D [60].

thermore, evidence also exists for the presence of multi- Raman studies suggest similarities in the way in which
ligands interact with both enzymes, and Tamaoki et al.ple ligand populations bound to medium chain acyl-

CoA dehydrogenase (MCAD), the enzyme that precedes have proposed a two-state model for 3-thia-acyl-CoAs
of varying chain lengths bound to MCAD using reso-enoyl-CoA hydratase in the �-oxidation pathway. Our
nance Raman and 13C NMR data [27]. The two distinct
forms of the ligand were described as productively and

Table 3. Enzymatic Activity and Stereoselectivity of Wild-Type nonproductively bound and represented an anionic form
and Mutant Enoyl-CoA Hydratases that was able to form a charge transfer complex with
Enzyme kcat

a % Activityb kS/kR
c the flavin cofactor and a neutral form that could not.

wt 1790 � 120 100 4 � 105

E144Dd 26 � 1 1.9 NDe

Ground State Effects in Enzyme CatalysisE164D 1.50 � 0.01 0.08 1000
The enzyme-ligand interactions that result in the ob-E144Q 0.60 � 0.01 0.03 �2.9 �104

E164Q 0.0053 � 0.0003 0.0003 0.33 served polarization of the s-cis hexadienoyl conformer
are electrostatic in origin and cause a distortion of thea kcat values for crotonyl-CoA were determined at 25
C in 20 mM (pH
ligand structure toward the carbanionic transition state7.4) sodium phosphate buffer containing 3 mM EDTA. Data for the

wild-type and E164Q enzymes were taken from Hofstein et al. [12]. predicted for substrate hydration. Consistent with calcu-
Data for E144D, E164D, and E144Q are reported [20]. lations on a similar system [28], we estimate that the 30
b Activity relative to wild-type enzyme. cm�1 change in the enone vibrational band correlates
c Ratio of the rate of product enantiomer formation, determined as

with a 0.02 Å increase in the hexadienoyl C2�C3 bonddescribed in Wu et al. [2]. Data for the wild-type enzyme are taken
length, which is �10% of the expected change alongfrom Wu et al. [2] and the data for the mutants are taken from Feng
the reaction coordinate to the transition state if the latteret al. [20].

d Data determined with 3
-dephosphocrotonyl-CoA as substrate. approximates an enolate. Similar evidence for ground
Decrease in kcat relative to kcat determined for wild-type enzyme with state distortion has been provided by vibrational and
the same substrate (1380 s�1) [12]. NMR spectroscopies in other enzyme systems [22, 25,
e Not determined.

29–39]. In accordance with the work of Cheng et al. [50],
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we believe that these changes in ligand structure result results in the enoyl-CoA hydratase system may be re-
sponsible for 102- to 105-fold of the increase in kcat thatfrom placing the substrate (analog) in an environment

that has evolved to bind the transition state for the reac- the enzyme achieves, out of an overall rate increase
of �1011-fold.tion rather than the ground state. Consequently the sub-

strate is stressed because it is under pressure to adopt Analysis of the high stereoselectivity of the reaction
catalyzed by enoyl-CoA hydratase illustrates the subtlethe charge distribution and structure present in the tran-

sition state. In response to this stress, the substrate interplay between ground state destabilization, transi-
tion state binding, and catalysis in this system. Sincedeforms and this deformation is what is classically re-

ferred to as ground state strain [40]. hydration of 2-trans-crotonyl-CoA leads to preferential
formation of the 3(S ) product enantiomer with a stereo-While the role of transition state stabilization in en-

zyme catalysis has long been accepted [41–45], there specificity of 400,000 to 1, the transition state leading
to 3(S )-hydroxybutyryl-CoA must be �7.6 kcal/mol morehas been less agreement concerning whether destabili-

zation of the reactant ground state(s) also occurs, and stable than the transition state leading to the 3(R ) enanti-
omer [51]. Mutational analysis shows that a major con-if so, whether it is important for catalysis [40, 46–49].

Consideration of the energetics involved suggests that tributor to selective stabilization of the transition state
for formation of the preferred 3(S ) product derives fromthe strain itself cannot be activating, since deformation

would not occur if it were not energetically favorable in interactions with E164 [20]. Mutation of residues in the
oxyanion hole affected the rate of formation of bothcomparison to a complex containing the nondeformed

substrate. However, deformation of the substrate products; however, because of the low rate of formation
of the 3(R ) product it was not possible to quantitatively“costs” a considerable amount of energy. Using compu-

tational methods, Anderson and coworkers have esti- compare the effects on the two processes. Analysis of
ground state strain effects suggests that interactionsmated that the energy required for ligand polarization

in a similar system was 3.2 kcal/mol [28], while analysis with the oxyanion hole also contribute substantially to
differential stabilization of the 3(S ) transition state. Theof carbonyl stretching frequencies indicates that the

strain energy in our system may be up to 7 kcal/mol [14; observation that only the s-cis hexadienoyl conformer
is polarized by the enzyme is entirely consistent withP.J.T., unpublished]. Since distortion of the substrate

carries an energetic cost, the observation of strain con- X-ray crystallographic studies indicating that the 3(S )-
hydroxyacyl-CoA product requires that the substrate bestitutes direct evidence that the bound substrate is

stressed. The observed ligand polarization, which is the bound in an s-cis conformation about the C1-C2 single
bond. Consequently, of the two bound substrate popula-experimental manifestation of the strain, provides infor-

mation on the vectorial specificity and energetic magni- tions, only the s-cis conformer is productively aligned
with interactions that stabilize the 3(S ) product’s transi-tude of the stress. It is not directed randomly, but along

a vector that coincides with the changes in bond length tion state, and so only this conformer undergoes ground
state destabilization as revealed by ligand polarization.and charge distribution expected for movement along

the reaction coordinate. The fact that the most stable The lack of polarization in the s-trans conformer indi-
cates that there is little if any stress on the substratestate available to the ground state complex is strained

implies that the overall interaction energy between en- directed along the reaction coordinate leading to the
3(R ) product. Thus, while the presence of strain in thezyme and substrate, of which the strain energy is a

component, is lower (and thus the energy of the ground s-cis complex is not in itself responsible for the stereo-
selectivity of the reaction, it signals the contribution tostate complex is higher) than it would be if the enzyme

were configured so as to be optimally complementary stereoselectivity made by specific interactions that pro-
mote charge reorganization leading to the transitionto the unstrained substrate. This energy difference is an

example of what has classically been referred to as state for the 3(S ) product compared to that producing
the 3(R ) enantiomer.“ground state destabilization” [40].

Thus, while the strain that we observe is not in itself
activating, the observation of substrate strain provides

Significancedirect evidence for the existence of substrate destabili-
zation. The stress in the ground state that causes the

Vibrational spectroscopy is a powerful method for prob-strain acts to destabilize the ground state relative to the
ing the intimate details of enzyme catalysis. It operatestransition state and thus lowers the barrier for reaction.
on a time scale that is much faster than molecular mo-Only stress that is directed along the reaction coordinate
tions, thereby providing a snapshot of all structurescan achieve this effect, because only then is the stress
present at any instant. Moreover, the vibrational spec-relieved by the structural changes that occur upon
trum is exquisitely sensitive to perturbations in the struc-reaching the transition state. The relationship between
ture of the bound ligand and can thus report directly onground state strain and reactivity in phosphoryl transfer
catalytically important enzyme-substrate interactions.reactions has recently been examined using vibrational
In the present example, the observation of two boundspectroscopy [50]. We agree with these authors that
hexadienoyl conformers, only one of which is activated,strain originates from the specific complementarity of
can be used to rationalize the stereoselectivity of thethe enzyme of the transition state and does not itself
enzyme-catalyzed reaction, and additionally sheds lightcontribute directly to catalysis. Rather, it reflects vectori-
on the origins of catalysis by this enzyme. The polariza-ally specific destabilization that exists in the ground
tion of the s-cis hexadienoyl conformer is an examplestate. The above calculations of strain energy suggest

that the ground state destabilization inferred from our of ground state strain arising from the selective comple-
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Crystallization, Structure Determination, and Refinementmentarity of the enzyme toward the transition state
Crystals of wild-type enoyl-CoA hydratase were grown at 22
C byrather than the ground state. The net interaction energy
vapor diffusion in hanging drops containing 1 �l of protein solutionbetween enzyme and substrate will increase in the tran-
(100 �M protein and 1 mM HD-CoA) and 1 �l of reservoir solution

sition state, as the accompanying charge separation and containing 2.4 M (NH4)2SO4, 1 mM DTT, 1 mM EDTA, 5% n-octanol,
structural changes result in increased complementarity and 100 mM MES (pH 6.5). The crystals belong to space group

P212121 with unit cell dimensions a � 76.9 Å, b � 95.2 Å, c � 249.4 Å.with the enzyme and thus to stronger binding and to
Given the crystal lattice, there is one homohexamer in the asymmet-the relief of energetically costly strain [52]. This increase
ric unit. Diffraction data were collected from cryocooled crystalsin the net interaction energy between enzyme and sub-
soaked in mother liquor containing 25% (v/v) glycerol. Diffractionstrate stabilizes the transition state relative to the ground
data were collected at a wavelength of 1.1 Å at the National Synchro-

state. Thus, while stabilization of the transition state is tron Light Source at Brookhaven National Laboratory. Data were
solely responsible for increasing kcat/KM, destabilization indexed, integrated, and scaled using HKL [53]. The enoyl-CoA hy-

dratase structure bound to HD-CoA was solved by difference Fourierof the ground state is important for achieving a high
methods utilizing the refined coordinates from the 2.5 Å structurekcat [40]. The structural change that accompanies ligand
of enoyl-CoA hydratase with the competitive inhibitor acetoacetyl-polarization is a relatively small distortion along the reac-
CoA bound (PDB entry 1DUB). The model utilized for the differencetion coordinate toward the transition state. However, by
Fourier calculation was the hexamer without the bound inhibitor.

indicating the existence of stresses on the substrate Refinement of this model was performed using REFMAC5 [54] along
and by providing information on their strength and on with amplitudes to 2.1 Å resolution with the inclusion of tight non-

crystallographic restraints between all subunits within the asymmet-their vectorial specificity with respect to the reaction
ric unit except subunit D, which contained no HD-CoA ligand. Thecoordinate, experimental observations of ground state
final rounds of refinement were performed with relaxed noncrystallo-strain provide precise information on interactions in the
graphic restraints. All model manipulation and side chain positioningground state that contribute to catalysis.
was performed using the program O [55]. The program ARP [56]
was used to build the solvent structure into the resulting density
maps. Geometry was assessed with PROCHECK [57]. For subse-Experimental Procedures
quent calculations the CCP4 suite was utilized [58]. Data collection
and refinement statistics are given in Table 2.Ligand Synthesis, Protein Expression, and Purification
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