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ABSTRACT. Raman spectroscopy has been used to investigate the structure of a substrate analogue,
hexadienoyl-CoA (HD-CoA), bound to wild-type enoyl-CoA hydratase and G141P, a mutant in which a
hydrogen bond to the substrate carbonyl has been removed. Raman spectra of isotopically labeled HD-
CoAs, together with normal mode calculations, confirm the selective ground-state polarization of the
enone fragment previously suggested to occur on binding to the wild-type enzyme [Tonge, P. J., Anderson,
V. E., Fausto, R., Kim, M., Pusztai-Carey, M., and Carey, P. R. (188&pectroscopy,1387—394]. In

addition, Raman spectra of HD-CoA bound to the G141P mutant enzyme demonstrate that the hydrogen
bond between the G141 amide NH group and the substrate carbonyl is critical for polarization and activity.
Replacement of G141 with proline results in an approximatefyf@ld decrease ikt and eliminates the

ability of the enzyme to polarize the substrate analogue. As G141 is part of a consensus sequence in the
enoyl-CoA hydratase superfamily, the results presented here provide direct evidence for the importance
of the oxyanion hole in the reactions catalyzed by other family members.

Enoyl-CoA hydratase (EC 4.2.1.17) catalyzes the hydration H o] H OH* O
of trans-2-enoyl-CoA thiolesters to the correspondin)3( *H,0
hydroxyacyl-CoA compounds (Figure 12)( The reaction S-CoA =—= Ms-CoA
is the second step in the fatty agiebxidation pathway that H H H
results in the sequential shortening of fatty acids by two pro-2R
carbon units. The mammalian short-chain enzyme is most trans-2-crotonyl-CoA 3(S)-hydroxybutyryl-CoA
active with C4-C8 fatty acids §), and the reaction dfans Ficure 1: Reaction catalyzed by enoyl-CoA hydratase.

2-crotonyl-CoA {rans-2-butenoyl-CoA) proceeds close to
the diffusion-controlled rate for encounter of substrate and

(0]
enzyme withV/IK > 5 x 10® M~ st (4). Our current 5 3\/& o HHks/\COA

research focuses on dissecting the factors that contribute to 6/\4/\2 187 CoA

the catalytic power of the enzyme. Using Raman spectros- )
S§-Cis

copy, information is provided on changes in the ground-state

structure of the substrate upon binding to the enzyme and ) . .
interactions between enzvme and substrate that ar FiIGURE 2: Structure and numbering scheme $scis ands-trans
on in y €onformers of hexadienoyl-CoA. Position’ 9s the terminal

expected to strengthen in the transition state as chargemethylene group in the pantetheine portion of CaA (
reorganization occurs during the reaction. Coupling the

Raman studies with site-directed mutagenesis enables us to Hexadienoyl-CoA (HD-CoA; Figure 2) and cinnamoyl-
probe the importance of specific enzyrmgibstrate contacts. CoA have previously been used in difference Raman
When combined with reactivity measurements, this approachspectroscopic investigations of substrate analogues binding
provides a direct structureeactivity correlation for the  to enoyl-CoA hydratasel( 5). The additional conjugation
enzyme-catalyzed reaction. in these compounds, resulting from a second double bond
(HD-CoA) or phenyl ring (cinnamoyl-CoA), shifts the
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substantiated by site-directed mutagenesis, of two catalyticreaction progress was monitored by following the free thiol
glutamate residues in the enoyl-CoA hydratase active siteconcentration of CoA using 5slithiobis(2-nitrobenzoic
(E144 and E164), 7, 8). In addition, the modeling studies, acid) (DTNB) 0). When no free thiol was detected, the
together with X-ray crystallographic studieg £0), indicated organic solvent was removed in vacuo, and HD-CoA was
the presence of an oxyanion hole in which the enzyme purified by HPLC (Shimadzu) using an Alltech Econosil C18
donates two hydrogen bonds to the substrate carbonyl, fromsemipreparative column. HPLC was performed at a flow rate
the backbone NH groups of G141 and A98. G141 is part of of 4 mL/min using 20 mM ammonium acetate/1.75%
a consensus sequence in the enoyl-CoA hydratase superacetonitrile as buffer A and running a-@5% gradient of
family (11), and the crystal structure of 4-chlorobenzoyl- acetonitrile in 60 min. Elution was monitored at 260 and
CoA dehalogenase with product bound indicates that G114,290 nm using a Shimadzu SPD-10A UVis detector. The
the G141 homologue, also hydrogen bonds to the substratefractions with anAgso/Azgo ratio of 1.1 were pooled and
carbonyl (12). Structures for two other family members, lyophilized. To remove ammonium acetate, a second lyo-
dienoyl-CoA isomerasel@) and methylmalonyl-CoA de-  philization from water was performetd NMR (600 MHz,
carboxylase 14), have resulted in proposals that G143 D,0): 6 0.78 (s, 3H, 11CH3), 0.91 (s, 3H, 10CH3), 1.84
(isomerase) and G110 (decarboxylase) also contribute to(d, 3H, CH3hd), 2.44 (t, 2H, H9, 3.05 (t, 2H, HY), 3.37
oxyanion holes in these enzymes. Additionally, in each case(t, 2H, H8"), 3.46 (t, 2H, H5), 3.58 (g, 1H, H1B), 3.86
the conserved glycine lies at the N-terminus ofcahelix, (9, 1H, H1'A), 4.04 (s, 1H, H3), 4.25 (s, 2H, HH, 4.60
raising the possibility that the helix dipole is also involved (s, 1H, H4), 6.08 (d, 1H, H2hd), 6.15 (d, 1H, M1 6.18
in stabilizing charge accumulation on the substrate carbonyl (m, 1H, H4hd), 6.32 (m, 1H, H5hd), 7.14 (m, 1H, H3hd),
(7,9, 11, 13-17). 8.24 (s, 1H, H2), 8.54 (s, 1H, H8). The CoA Hand H3
The current difference Raman study builds upon previous resonances are obscured by the solvent reson&cBMR
Raman experimentsl(5). The discussion of the results is (75 MHz, D,O): 6 21.13 (C11 + C6hd), 23.74 (C10),
split into two sections. First, new isotope-labeled Raman data, 30.76 (C9), 38.30 (C6), 41.15 (C2), 41.26 (C5), 41.60
together with normal mode calculations, are used to refine (C8'), 68.44 (C5), 74.71 (CY), 76.79 (C2), 77.03 (C3+
the assignments of the double bond stretching bands thatC3’), 86.64 (C4), 89.34 (C1), 121.51 (C5), 127.81 (C5hd),
appear between 1500 and 1700 ¢énand to extend these 131.98 (C4hd), 142.68 (C8), 145.91 (C2hd), 146.74 (C3hd),
assignments to the-&C single bond stretching modes. These 152.18 (C4), 155.72 (C2), 158.46 (C6), 176.87'(;177.61
data confirm the selective ground-state electron polarization (C4"), 196.52 (C1hd). Molecular weight: ESI-MS [M H]~
of the enone fragment in HD-CoA and provide a physical calculated for [G/H41N7O;7PsS] = 860.15, found= 860.4.
explanation for the observed vibrational data. Second, we *0-HD-CoA.Hexadienoyl-CoA labeled with®O in the
compare the Raman spectra of HD-CoA bound to the mutantcarbonyl oxygen’fO-HD-CoA) was synthesized essentially
G141P with that of wild-type enoyl-CoA hydratase. Although as described previoushL), except that oxalyl chloride was
the G to P substitution is not a conservative replacement,used in place of thionyl chloride. Thé®O label was
the Ramachandran angles of G141 (54° andy —31°) introduced into the carbonyl group of hexadienoic acid by
are compatible with substitution by a proline [preferiggd  formation of hexadienoyl chloride followed by hydrolysis
—60° (189)]. In addition, proline is a good helix-capping with H,*0. Following 10 cycles of acid chloride formation
residue 19), and analysis of the G141P enzyme indicates and hydrolysis, the resulting'¥]hexadienoic acid was
that the active site is intact. Consequently, the loss of converted to the CoA derivative by the procedure described
polarization we observe for HD-CoA bound to the mutant aboveH NMR chemical shifts were identical to those given
implicates the G141 hydrogen bond as an important com- above for unlabeled HD-CoA. Molecular weight: ESI-MS
ponent of substrate polarization, consistent with the ap- [M — H] calculated for [G/HiN;O16'%0P;S] = 862.15,
proximately 16-fold decrease in activity we observe for this found = 862.4. ESI-MS analysis gave 93.790 labeling.

mutant. 2-13C-HD-CoA.Hexadienoyl-CoA labeled withC in the
hexadienoyl C2 position (2C-HD-CoA) was synthesized
EXPERIMENTAL PROCEDURES as follows using a modification of the procedure described

by Koo et al. 21). Thus, 0.2 mL (2.5 mmol) of freshly

acetaldehyde, [¥:CJacetyl chloride, and coenzyme A (lithium distilled crotonaldehyde was added d.ropV\/.lsg to a solution
salt; CoAJ were purchased from Sigma Chemical Co. [1,3- ©f 100 mg (0.94 mmol) of [2*C]malonic acid in 0.25 mL
13C,]Malonic acid (9996<C), [2-*C]malonic acid (999%°C), 0of freshly distilled pyrldlng at 80C. After refluxing at 120
and H*0 (95-98% *80) were purchased from Cambridge C for 4 h, the reaction mixture was added to about 1 ml. of
Isotope Labs. H,0 and acidified to pH 1.5 with concentrated sulfuric acid.
Hexadienoyl-CoAHexadienoyl-CoA (HD-CoA) was syn- [2—13C_:]Hex_adie_noic acid was extracted from the resulting
thesized from hexadienoylimidazole and CoA essentially as solution with diethyl ether and subsequently activated and

described ). Briefly, 30 mg (0.039 mmol) of CoA (lithium  couPled with CoA as described abovél NMR chemical
salt) was dissolved in 1 mL of 0.1 M NaHG@nd reacted shifts and coupling constants were identical to those observed

: . for unlabeled HD-CoA except that the doublet at 6.08 ppm,
at room temperature with 10 mg (0.062 mmol) of hexadi- . .
L ; ; o assigned to the proton attached to the hexadienoyl C2 carbon,
enoylimidazole dissolved in 1 mL of acetonitrile. The was split into wo doublets at 5.95 and 6.21 pph(c —
156 Hz). The'®C NMR spectrum was identical to that of

1 Abbreviations: CoA, coenzyme A (lithium salt); HD-Co&an- _
strans-2,4-hexadienoyl-CoA; DTNB, 5'5lithiobis(2-nitrobenzoic acid); the unlabeled HD-CoA, except that the peak at 145.91 ppm

DAC-COoA, (dimethylamino)cinnamoyl-CoA; ITC, isothermal titration ~ Was greatly increased in intensity, consistent WiGilabeling
calorimetry. at C2.

Chemicals.Hexadienoic acid, 1;icarbonyldiimidazole,
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3-13C-HD-CoA.Hexadienoyl-CoA labeled witFC in the
hexadienoyl C3 position (3*C-HD-CoA) was synthesized
as follows. Initially, [143C]crotonic acid was synthesized by
coupling acetaldehyde with [1,8€;]malonic acid using the
reaction conditions described above. Briefly, 1.0 mL (18
mmol) of acetaldehyde was added to a solution of [#3}-
malonic acid (169 mg, 1.6 mmol) in dry pyridine (1.5 mL),
and the mixture kept in an ieewater bath overnight. The
reaction mixture was then refluxed at 30 for 4 h, 1 mL
of water was added, and the solution was acidified with
concentrated hydrochloric acid to pH 1.5. Extraction with
diethyl ether and purification by flash column chromatog-
raphy yielded 79 mg (0.9 mmol, 56%) of [#€]crotonic
acid. Subsequently, [#C]crotonic acid was converted to
the acid chloride by reaction with oxalyl chloride in 90 min
and reduced to [#3C]crotonaldehyde by adding 1.2 equiv
of tri-n-butyltin hydride in aboti1 h using tetrakis(tri-
phenylphosphine)palladium(0) as cataly&®)( The reduction
of [1-13C]crotonyl chloride was monitored by following the
IH NMR integrals of the crotonyl chloride and crotonalde-
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mL of pyridine. After overnight reaction at room temperature,
the second flask was refluxed at 30 while the first flask
was heated to 68C for 4 h. Finally, 1 mL of HO was added

to the reaction mixture and the pH adjusted to 2.0 using
concentrated hydrochloric acid. The {&]crotonic acid was
extracted with 20x 10 mL of diethyl ether and purified with

a flash column using a 4:1 ratio of hexanes:ethyl acetate.
Evaporation in vacuo gave 250 mg of product.

The above [3¥C]crotonic acid (192 mg, 2.2 mmol) was
dissolved in 3 mL of dry diethyl ether and converted to the
acid chloride using 0.26 mL (3.0 mmol) of oxalyl chloride.
The [343C]crotonyl chloride was then reduced with 2 mL
of tri-n-butyltin hydride and introduced, without purification,
into a solution of malonic acid (4 g, 38 mmol) in dry pyridine
(6 mL) that had been heated to 8D. The reaction was kept
at 110°C overnight and cooled to room temperature, and 1
mL of water added. Following acidification to pH 2.0, the
5-13C-HD acid was extracted with 20 10 mL of methylene
chloride and purified by flash column chromatography
(hexanes:ethyl acetate, 4:3H NMR chemical shifts and

hyde methyl protons. The resulting aldehyde was isolated coupling constants were identical to those observed for

by distillation from 70 to 120°C (0.4 mmHg) and subse-
quently coupled with malonic acid to produce &]-

unlabeled HD-CoA, except that the multiplet at 6.32 ppm,
assigned to the proton attached to the hexadienoyl C5 carbon,

hexadienoic acid. The reaction mixture was acidified and was split into two multiplets at 6.19 and 6.45 pphd(c =
extracted with diethyl ether, and the raw product was loaded 156 Hz). The'3C NMR spectrum was identical to that of

on a silica gel flash column (% 18 cm) and eluted with
hexanes:ethyl acetate (4:1). The puréJ3}hexadienoic acid

the unlabeled HD-CoA, except that the peak at 127.81 ppm
was greatly increased in intensity, consistent Wi labeling

was then activated and coupled with CoA as described aboveat C5.

IH NMR chemical shifts and coupling constants were

Preparation and Purification of Wild-Type and Mutant

identical to those observed for unlabeled HD-CoA, except Enoyl-CoA HydratasesRecombinant wild-type rat mito-
that the multiplet at 7.14 ppm, assigned to the proton attachedchondrial enoyl-CoA hydratase was expressed and purified
to the hexadienoyl C3 carbon, was split into a doublet of from cultures ofEscherichia colias described4( 7). The

doublets at 7.01 and 7.27 ppiid{-c = 156 Hz). The'*C
NMR spectrum was identical to that of the unlabeled HD-

G141P mutant was constructed using QuikChange mutagen-
esis (Stratagene28). The mutant plasmid was purified using

CoA, except that the peak at 146.74 ppm was greatly standard methods, sequenced using dideoxynucleotide meth-

increased in intensity, consistent witfC labeling at C3.
4-13C-HD-CoA.Hexadienoyl-CoA labeled witkC in the
hexadienoyl C4 position (4C-HD-CoA) was synthesized
as described for 33C-HD-CoA except that [23C;Jmalonic
acid was used!H NMR chemical shifts and coupling

odology (CircumVent thermal cycle dideoxy DNA sequenc-
ing kit) and transformed into BL21(DE3)pLysS cells
(Novagen) for protein expression.

Determination of Kinetic Parameters and Binding Con-
stants Kinetic parameters for the reaction df@phospho-

constants were identical to those observed for unlabeled HD-crotonyl-CoA (dpCr-CoA) with G141P were determined in
CoA, except that the multiplet at 6.18 ppm, assigned to the 20 mM phosphate buffer at 25C, as described4j. The
proton attached to the hexadienoyl C4 carbon, was split into affinity of HD-CoA for enoyl-CoA hydratase was determined

a doublet of doublets at 6.05 and 6.31 ppWdy{c = 156
Hz). The3C NMR spectrum was identical to that of the

at 25°C in 20 mM phosphate buffer containing 500 mM
NaCl using the active site titrant 4-(dimethylamino)cin-

unlabeled HD-CoA, except that the peak at 131.98 ppm wasnamoyl-CoA (DAC-CoA). Previously, it has been shown that

greatly increased in intensity, consistent Wit labeling
at C4.

5-13C-HD-CoA.Hexadienoyl-CoA labeled witFC in the
hexadienoyl C5 position (%C-HD-CoA) was synthesized
using the same procedure as that described f§C4-4D-
CoA except that [1C]acetaldehyde and unlabeled malonic
acid were used in the first coupling reaction. Specifically,
7.0 mL (21.7 mmol) of trin-butyltin hydride was added
dropwise ovea 2 hperiod to 1.0 g (12.58 mmol) of [13C]-
acetyl chloride (bp 52C) dissolved in 5 mL of dry diethyl

the binding of DAC-CoA to the enzyme results in a 96 nm
red shift (400 to 496 nm) in thinax for the (dimethylamino)-
cinnamoyl chromophore. Consequentfy for the binding

of DAC-CO0A to the enzyme was determined by absorbance
spectroscopy in the presence of varying concentrations of
HD-CoA. The dependence of the obserkgdor DAC-CoA

with [HD-CoA] was used to determine tlig for HD-CoA.
Initial studies with G141P revealed that thga. for DAC-
CoA did not change on binding to this mutant. Consequently,
we used isothermal titration calorimetry (ITC) to determine

ether. The reduction was performed at room temperatureKy for the interaction of HD-CoA with G141P. The ITC

using 150 mg (0.14 mmol) of tetrakis(triphenylphosphine)-

experiments were performed at 26 with 167uM G141P

palladium(0) as the catalyst. To avoid exposure of the enzyme in 20 mM sodium phosphate buffer, pH 7.4,

resulting aldehyde to air, the [fClacetaldehyde was

containing 500 mM NaCl and 3 mM EDTA. Data were

distilled directly through a connecting tube into a second obtained using a MicroCal ITC instrument and analyzed

flask which contained a solutiorf 8 g of malonic acid in 8

using the MicroCal software2d).
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Raman Spectroscopiraman spectra were acquired using former, it is important to identify the major conformers
an instrument that has been described in detail elsewheregpresent in solution and assign their Raman spectra.
(25). The main feature of this instrument is that all the  Previous NMR studies have shown that the hexadienoyl
components have been optimized for operation with near- portion of HD-CoA adopts ams-transconformation about
IR excitation at 752 nm to reduce problems associated with the C3-C4 single bond in solution7j. In addition, the
large fluorescence backgrounds that can disrupt Ramanthiolester linkage is expected to exist exclusively in a
studies on biological systems. The Raman measurements ortonformation in which the CoA’9methylene group and the
the enzyme complexes were made by adding approximatelythiolester carbonyl oxygen are cis to each oth28).( An
60 uL of enzyme 6 a 2 mm by 2 mnrectangular cell and  additional degree of freedom exists around theCHl, (9')
collecting data for 8 min. Subsequently, a small volume of bond which can adopt either an anti or a gauche conforma-
substrate analogue (1 orgd) was added to the enzyme tion. Normal mode calculations @ethyl thiocrotonate have
without making any changes to the optical alignment or to shown that the conformation of this bond does not have a
the cell position. Difference Raman spectra were then strong effect on the vibrational spectrum in the spectral
calculated by performing a computer subtraction of the regions studied here28). However, two conformations
spectra of the enzyme plus substrate minus the enzyme alonearising from rotation about the C4C2 single bond are both
The difference spectra were wavenumber calibrated againstsignificantly populated in solution at room temperature and
cyclohexanone. All spectral manipulations were carried out are known to have an effect on the vibrational spectra of
using Win-IR software, and data acquisition was performed enones29). Consequently, the hexadienoyl portion of HD-
using WinSpec (Princeton Instruments, Trenton, NJ). Under CoA adopts two major conformations in solution that can
the conditions used for acquiring good quality difference significantly influence the vibrational spectrum, in which the
Raman spectra, the resolution of our system was ap-C2=C3 ethylenic bond and the=€0 group arecis (s-ci9
proximately 10 cm?. or trans (s-trang to each other (Figure 2).

Vibrational Calculations.The ab initio normal mode In the double bond stretching region (1560700 cn1?)
calculations on hexadienoyl ethyl thiolester were performed we expect to find bands attributable to both theis and
on an Indigo Il SGI using Gaussian 986]. This truncated  s-trans hexadienoyl conformers. This spectral region is
thiolester can safely be used to model the double bonddominated by intense bands assigned to the hexadienoyl
stretching modes of the hexadienoyl group, which are the group, as only very weak bands are present due to the CoA
focus of the current study, as it has been shown that the CoAportion of the moleculel). For unlabeled HD-CoA in pH
portion of HD-CoA does not significantly influence this 7.4 phosphate buffer, two intense bands are resolved at 1637
spectral region). Density functional theory was employed and 1595 cm?, and a shoulder appears at 1630 éiffFigure
with B3LYP composite exchange-correlation functionals and 3a). These bands are assigned to normal modes involving
a 6-31G** basis set. We found that using either DFT large contributions from the two <€C stretches in the
calculations with a 3-21G* basis set or Hartrdeock conjugated hexadienoyl group, since bands attributable to
calculations with a 6-31G** basis set did not reproduce the the carbonyl group are usually weak in the Raman spectrum.
experimentally observed energy order for the double bond However, vibrational coupling of the carbonyl group with
stretching modes. The-matrix for these calculations was the two G=C stretches does exert a strong influence on the
initially set up for thes-cisconformer. Once the geometry C=C stretching modes. The exact nature of this coupling is
had been optimized, isotopes were introduced and thedependent on the conformation around the-C2 single
vibrational frequencies recalculated. For thérans con- bond that links the carbonyl and=€C bonds.
former the optimized-cisgeometry was altered by a rotation Raman Spectra of Isotopically Labeled HD-CoAs in
of 18¢ around the C+O1 bond, the geometry was Solution In Figure 3 we compare the effect of isotopic
reoptimized, and vibrational frequencies were calculated. No labeling on the HD-CoA Raman spectrum. The key data are
imaginary frequencies were generated in any of the calcula-summarized in Table 1. Although changes in the relative
tions, suggesting that the global minimum energy was found intensities of some of the bands are observed upon labeling,
in each case. When calculated vibrational frequencies arewe can assign the major bands in the unlabeled Raman
compared with experimentally observed values, a scaling spectrum of HD-CoA as follows. It is known that at low
factor is generally introduced to provide closer agreement temperature the conformational equilibrium in the model
(27). For these calculations we have applied a scaling factor compound hexadienoyl ethyl thiolester shifts in favor of the
of 0.958. s-cisconformation {). Raman spectra of this model com-

pound as a function of temperature revealed that a band at

RESULTS 1637 cmr* decreased in intensity whereas bands at 1630 and

Raman Band Assignments for the HD-CoA Hexadienoyl 1595 cni! increased as the temperature was lowered and
Group in SolutionThe initial step in interpreting the Raman the population of the-cisconformer increased. On this basis
data for HD-CoA bound to wild-type and mutant enoyl-CoA the two most intense bands at 1637 and 1595'dmHD-
hydratases is to analyze the Raman data for HD-CoA free CoA are attributed predominantly to=€C stretching modes
in solution. Four single bonds are present in the hexadienoyl (coupled to the carbonyl group) for thetransand s-cis
portion of HD-CoA, (C3-C4, C1-C2, C1-S, and S-CH,), conformers, respectively. The band at 1637 Eexperiences
rotation about which will result in different conformations wavenumber shifts oA°C labeling of either of the €C
of the hexadienoyl group (Figure 2). As rotation about the double bonds and offO labeling of the carbonyl group.
single bonds can potentially alter the vibrational coupling The isotope shifts are largest for labeling in the terminal
in the hexadienoyl group, hence affecting the position and (C4=C5) double bond, revealing that this stretching coor-
intensities of the Raman bands associated with each con-dinate makes the strongest contribution to this band. In
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contrast, the band at 1595 ctnexhibits a strong shift on
13C2 or 13C3 labeling, a smaller shift ofO labeling, but
almost no change oC4 or *3C5 labeling. This indicates
that the normal mode associated with the 1595 chand
has a large contribution from the central €€23) double
bond, a weaker contribution from the carbonyl stretch, and
little or no contribution from the terminal (G4C5) double
bond. For both major bands coupling with the carbonyl group
accounts for the sensitivity to rotation around the—-CR
single bond. This coupling means that a total of foar©
stretching bands can be expected, two for each conformer
Comparison with the low-temperature spectrum of hexadi-
enoyl ethyl thiolester, which has an increasetisconformer
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Table 1: Position of Raman Bands in the Double Bond Stretching
Region of Labeled and Unlabeled HD-CoA Free and Bound to
Enoyl-CoA Hydratase

double bond region single bond region

Free HD-CoA
unlabeled 1637 1595 1178 1048 1033
1801 1642 1585 1179 1040 1027
13c2 1632 1578 1179 1039 1023
13C3 1629 1574 1169 1050 1035
13Ca 1616 1597 1170 1049 1035
13C5 1626 1595 1179 1050 1036
Bound HD-CoA
unlabeled 1641 1564 1183 1056 1033
1801 1641 1549 1184 1053 1038
13C2 1640 1553 1184 1052 1034
15C3 1636 1553 1173 1059 1035
13C4 1627 1565 1174 1060 1032
13C5 1634 1567 1185 1060 1033

population and a band maximum near 1630 gnteads to

the assignment of the shoulder at 1630 ¢érto a normal
mode with a similar composition to the 1637 chiband but
assigned to the-cisconformer. The fourth €C stretching
band, with a similar composition to the 1595 chiband but
attributed to thes-transconformer, is not resolved in our
data. We also note that the relative intensity of the bands
can be influenced by isotope labeling so that in the case of
0-, 13C2- and'*C5-labeled HD-CoA's the additional bands,
due to the mixture of conformers, are much more prominent
(Figure 3a).

It can be expected that other regions of the vibrational
spectrum will also be sensitive to the conformational state
of the hexadienoyl group. In particular, marker bands can
be identified in the & C single bond stretching region,
between about 1000 and 1200 ¢imFrom the isotopically
labeled data (Figure 3b), the band at 1178 trman be
predominantly attributed to the €&4 single bond stretching
motion. This assignment is based on the fact that the 1178
cm ! band exhibits wavenumber shifts of about 9¢émn
labeling of the C3 and C4 positions but is insensitive to labels
introduced at other positions (Table 1). In contrast, two bands
near 1048 and 1033 crhare shifted to 1040 and 1027 cin
and 1039 and 1023 crhonly for **O- or 13C2-labeled HD-
CoA, respectively, and can be predominantly attributed to
C1-C2 single bond stretch coupled to bending motions
involving the carbonyl group. The observed isotope shifts
are somewhat smaller than the theoretical value for a
diatomic oscillator (23 cmt shift for an isolated €C
stretching band at 1178 crj, indicating that there is
significant coupling of these motions with other vibrational
coordinates.

To test our vibrational assignments for HD-CoA in
solution, we have performed ab initio DFT calculations on
the s-cis and s-trans conformers of the model compound
hexadienoyl ethyl thiolester and its isotopically labeled
analogues. The results of these calculations for the double
bond stretching region (156700 cm?) are listed in Table
2. As the focus of the current study are the bands in the
1500-1700 cnt! region and since we have not included
CoA in the calculations, we do not consider the normal

‘modes below 1500 cm.

The normal mode calculations correctly predict the energy
order of the double bond stretching modes, and after scaling
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Table 2: Results of Vibrational Calculations for Bands in the 5
Double Bond Stretching Region for Hexadienoyl Ethyl Thiolester < T
Cl=01*  C4=C5andCEOl*  C2=CZ N 8 8
s-cisConformer o \ L C5HD-CoA
unlabeled 1681 1633 1592 8
1801 1657 1626 1589 § | . 8
5C1 1654 1624 1587 N 5 88 13
R C4-HD-C
15C2 1679 1633 1568 A NI U gl
13C3 1678 1632 1567 g 2
15C4 1679 1609 1592 ? € a2
13¢5 1678 1612 1586 A T SF ®ca3HD-Con
= ¥y
s-transConformer [ g &
unlabeled 1669 1640 1602 g < 3 83
1801 1645 1633 1597 = T ¥T  "co.HD-CoA
5C1 1644 1627 1600 5 o
C2 1668 1638 1579 e 3
15C3 1669 1636 1577 , 3 §§ 1
15C4 1668 1619 1598 L TonT O-HD-CoA
13¢5 1668 1625 1590 3 [
2 |sotope labeling of the atoms in these double bonds is calculated T ?; 8a
to produce significant wavenumber shifts in the Raman spectrum. T 7€ unlabeled HD-CoA
the values are reasonably close to those experimentally T | T T T
observed (Table 1). All three double bonds are involved at 1800 1600 1400 1200 1000 800 600
Wavenumber

some level in each normal mode, but only those bonds which
produce significant changes on isotope labeling are listed

FicUrRe 4: Raman difference spectra between 600 and 1800 cm

(Table 2). On the basis of these calculations we find that of HD-CoA and its isotopically labeled analogues bound to wild-

the carbonyl stretching modes are predicted to appear at 168]t5y

and 1669 cm! for the s-cis and s-trans conformers,

pe enoyl-CoA hydratase in 50 mM phosphate buffer, pH 7.4, and
00 mM KCI. In each case 0.8 equiv of HD-CoA was added to
800uM enzyme, and the data were acquired in 8 min.

respectively. These bands are presumably too weak to be
observed in the experimental Raman spectra. However, theisotope labeling indicates that the 1641 ¢nband is only

two predominantly &C stretching bands are calculated at
1633 and 1592 cnt for the s-cisconformer and 1640 and
1602 cn1? for the s-transconformer, closely matching the
experimental values. The higher wavenumber band involves
mainly the C4=C5 and C+01 bonds. In contrast, the main
contribution to the lower wavenumber band is from the=C2

sensitive to labeling of the terminal (€£5) double bond
and that the band at 1564 chinvolves only the enone (G3
C2—-C1=01) group. These data are in agreement with the
earlier difference Raman stud$) @nd provide thédirst direct
evidence for the assignment of the band at 1641'cithese
observations can only be explained if the enzyme’s active

C3 double bond. These calculations also reflect the fairly site is causing a significant redistribution in the normal modes
small wavenumber differences between the two conformerson binding, which results in the intense Raman band at 1564
for free HD-CoA. The only discrepancy between calculation cm™ being generated exclusively by the enone fragment

and experiment is that the calculations do not correctly
predict the wavenumber shifts in the 1637 dnmband
observed for*3C2- and*3C3-labeled HD-CoA. According

to the calculations there is no change in the frequency of
this band for these particular labels. However, the experi-
mental data reveal that shifts of around 10émccur upon
labeling (Figure 3a). This indicates that the band at 1637
cm  actually has some significant €3 character in free
HD-CoA.

Raman Band Assignments for HD-CoA Bound to Wild-
Type Enoyl-CoA Hydratas&he difference Raman spectra
of HD-CoA and its isotopically labeled analogues bound to
wild-type enoyl-CoA hydratase are presented in Figure 4.
The two bands observed at 1637 and 1630 tin the
spectrum of free HD-CoA (Figure 3a) are replaced by an
intense band at 1641 crh(Figure 4). In addition, the band
at 1595 cm? in the free spectrum shifts to 1564 chand
approximately doubles in intensity relative to the higher
wavenumber band upon binding (Figure 4). By comparison
with earlier studies, the 1641 and 1564 ¢nbands are
assigned to HD-CoA bound in &cisconformation. Thus,
the 1630 cm® band assigned to thecisconformer in free
HD-CoA shifts to higher wavenumber upon binding whereas
the 1595 cm* shifts to lower wavenumber. In addition, the

(C3=C2—-C1=01) of HD-CoA and the intense band at 1641
cm ! by the terminal double bond in isolation.

In the single bond stretching region the isotope-labeled
spectra of HD-CoA bound to wild-type enzyme are similar
to the data on HD-CoA free in solution. In particular, the
band which appears at 1183 chin the bound spectrum is
only sensitive to*C3 and!3C4 labeling, identifying it as
predominantly involving the C3C4 stretching motion. In
addition, two bands appear at 1056 and 1033 cin the
spectrum of unlabeled HD-CoA bound to wild-type enzyme.
These bands probably correspond to the two bands observed
at 1048 and 1033 cm for HD-CoA free in aqueous solution
(Figure 3b). However, the separation between the two bands
has increased, leading to a better definition of the two peaks.

G141P Kinetic Parameters and Binding Consta@$41P
was expressed with an N-terminal His-tag, which was
subsequently removed following purification. The mutant
enzyme bound to the CoA affinity column and eluted at the
same salt concentration as wild type, suggesting that the
mutation had not disrupted the CoA binding pocket. Table
3 compares th&., Km, andKy values for the wild-type and
G141P enzymes. Replacement of G141 with proline does
not affect theK,, for dpCr-CoA but results in a (1.4 10°)-
fold reduction inke. In addition, theKy for HD-CoA
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Table 3: Kinetic Parameters and Dissociation Constants for A98 G141
Wild-type and G141P enoyl-CoA hydratase

KealKm
enzyme Keat (s71)2 Km M) (uM~1s1a Ka (uM)P
wildtype 1380+ 50 89+ 9 1554+ 2.1 105+ 8.0 HD-Cog ,q
G141P 0.0010% 0.00004 105k 10 0.0000096t 1.1 23+0.7 ‘.
aKinetic parameters for the hydration df@phosphocrotonyl-CoA
were determined at 25C in 20 mM pH 7.4 sodium phosphate buffer E144
containing 3 mM EDTA. Data for the wild-type enzyme were taken d
from Hofstein et al. 41). ® Dissociation constants for HD-CoA binding E164
to enoyl-CoA hydratase were determined at°25in 20 mM pH 7.4 "’
sodium phosphate buffer containing 500 mM NaCl and 3 mM EDTA. co
Kq for the wild-type enzyme was determined using the DAC-CoA

titration method whileKy for G141P was determined using isothermal
titration calorimetry.

Ficure 6: HD-CoA modeled into the active site of enoyl-CoA
hydratase in as-cisconformation. The modeling was performed
using the X-ray structure of enoyl-CoA hydratase complexed with
octanoyl-CoA (0) with Insight Il (Biosym, MSI).

and 640uM HD-CoA, we calculate, using Ky of 23 uM,
that 91% of HD-CoA is bound to the G141P enzyme.

wild type

1564

1641

DISCUSSION

The isotope-labeled Raman spectra (Figure 4) provide
direct evidence for the complete decoupling of the terminal
double bond and the enone fragment of the hexadienoyl
group in HD-CoA upon binding to wild-type enoyl-CoA
hydratase in as-cisconformation (Table 1). This observa-
tion highlights the considerable polarizing force being exerted
on the ground state of the substrate analogue by the enzyme’s
active site. A number of structural features around the
enzyme’s active site may potentially be contributing to the
observed polarization (Figure 6). In particular, two hydrogen
T T T bonds between the amide backbone of residues A98 and

1700 1600 1500 G141 have been identified in the crystal structures of enoyl-
Wavenumber CoA hydratase in complex with acetoacetyl-Co®) énd
FicurRe 5: Raman difference spectra between 1500 and 1700 cm octanoyl-CoA (0). In addition, the G141 residue is located

of unlabeled HD-CoA bound to wild-type enoyl-CoA hydratase “hali : : ;
and the G141P mutant in 50 mM phosphate buffer, pH 7.4, and at the end of am-helix that points toward the active site, so

500 mM KCI. For both experiments 0.8 equiv of HD-CoA was the helix dipole may be increasing the strength of the
added to 80«M enzyme, and the data were acquired in 8 min. hydrogen bond between the G141 amide hydrogen and the

hexadienoyl carbonyl grou3Q—32). These interactions will

determined using ITC was 2& 1 uM for G141P, lower also be of primary importance for stabilizing the transition
than theKy of 105+ 8 uM and 150+ 4 uM observed for state for the enzyme-catalyzed reaction when negative charge
wild-type enzyme using the DAC-CoA binding assay and will accumulate on the carbonyl oxygen.
ITC, respectively. Taken together, these data strongly suggest To investigate the importance of the interactions depicted
that the glycine to proline substitution has not significantly in Figure 6 on polarization and reactivity, we have begun to
perturbed the overall protein conformation or the substrate replace amino acids in the active site and monitor the effect
binding site and that changes in enzyme activity and Ramanusing kinetics and Raman spectroscopy. Replacement of
spectra in the G141P enzyme can be ascribed mainly to theG141 with a proline results in an approximately5£6id
removal of a specific hydrogen bond between the enzyme decrease ikt While leavingK, unaffected. Interestingly, a
and ligand. similar decrease in reactivity has been observed in acyl-CoA

Raman Spectroscopyhe difference Raman spectrum of dehydrogenase where the specific removal of a hydrogen
HD-CoA bound to the G141P mutant between 1500 and bond to the substrate carbonyl resulted in an approximately
1700 cmit is displayed in Figure 5 where it is compared 10’-fold decrease in the rate of substrate oxidati@®).(The
with the Raman spectrum of HD-CoA bound to wild-type fact that the G141P enoyl-CoA hydratase mutant binds to
enzyme. The main difference between the Raman spectrathe CoA affinity column with an affinity similar to that of
of HD-CoA bound to the two enzymes is that the 1564&m  wild-type enzyme and that thi€ for the binding of HD-
band observed in the wild-type spectrum and assigned to aCoA is actually lower in the mutant compared to wild type
normal mode involving the hexadienoyl €€2—C1=01 provides strong evidence that the mutation has not resulted
enone fragment has been replaced by a band at 159%¥ cm in a major alteration in the structure of the active site.
in the G141P spectrum. From these data we conclude thatFurthermore, we note that the Ramachandran angles of G141,
the hexadienoyl group is no longer polarized by the enzyme. which are¢ —54°, v —31° (9, 10), are compatible with
Indeed, the Raman spectrum of HD-CoA bound to G141P substitution by a proline [preferregl —60° (18)].
is similar to the free HD-CoA spectrum (Figure 3a). Under  In addition to the changes in reactivity, removal of the
the conditions of the Raman experiment with 300 G141P G141 hydrogen bond completely abolishes the ability of the

Intensity

—1635
—1597




1732 Biochemistry, Vol. 40, No. 6, 2001 Bell et al.

enzyme to polarize the ground state of HD-CoA, suggesting Thus, the conjugated hexadienoyl group has become selec-
a direct link between polarization and reactivity. Since tively polarized, which activates the €3 bond for the
substituting glycine with proline must remove the hydrogen hydration chemistry. One reasonable explanation for this
bond between the substrate and residue 141, the observedecoupling would be a twist around the-€34 bond leading
loss of polarization and decrease in activity could in principle to a loss of conjugation in the hexadienoyl group. However,
result simply from loss of this hydrogen-bonding interaction. an earlier transferred NOE NMR study found no evidence
If this is so, then the hydrogen bond between G141 and thefor a loss of planarity in HD-CoA on binding to enoyl-CoA
substrate would have to be worth 34 kJ/mol in the transition hydratase®). Consequently, we postulate that the uncoupling
state, since this is how much the activation energy for the results from the specific alignment of the hexadienoyl group
reaction increases based on &-idld decrease irkca/Kn. with the local electric field in the active sit&)

Furthermore, since the hydrogen bond will strengthen in the  Finally, Raman spectroscopy has also been used to study
transition state, as charge is redistributed, the ground-statethe structure of ligands bound to 4-chlorobenzoyl-CoA
hydrogen bond enthalpy will likely be less than 34 kJ/mol. dehalogenase, a second member of the hydratase superfamily
While the present Raman data do not provide specific (38—40). The large changes in the electronic structure of
information on the energetics of the interaction between the ligands bound to the dehalogenase have been ascribed in part
HD-CoA carbonyl and the enzyme in the ground state, it is to a “pull” of electron density from the oxyanion hole and
noteworthy that in a previous resonance Raman study weaccompanyingx-helix. As noted by Gerlt and co-workers
observed that removal of a single hydrogen bond in the (11, 14), stabilization of negative charge on the substrate
oxyanion hole of subtilisin resulted in a 32 chincrease in carbonyl is likely a common theme in reactions catalyzed
ve—o for ana,S-unsaturated acyl-enzyme and estimated that by members of the hydratase superfamily. Here we present
the effective hydrogen bond enthalpy required to changethe first direct evidence for the importance of G141 in
ve=o by this amount was 32 kJ/mol34, 35). Indeed, substrate polarization and reactivity in enoyl-CoA hydratase.
hydrogen bond strengths of around 30 kJ/mol or greater have
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