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ABSTRACT: WhenR,â-unsaturated substrates bind to the active site of enoyl-CoA hydratase, large spectral
changes can be observed [D’Ordine, R. L., et al. (1994)Biochemistry 33, 12635-12643]. The differences
in the isotropic magnetic shieldings of the free and active site-bound forms of the carbonyl,R-, and
â-carbons of the substrates, hexadienoyl-CoA, cinnamoyl-CoA, and (N,N-dimethyl-p-amino)cinnamoyl-
CoA have been experimentally determined. The carbonyl andâ-carbons are all deshielded, while the
R-carbons show increased shielding. These chemical shift perturbations are interpreted to suggest that the
π-electrons of the enoyl thiolester are polarized when bound at the active site. Using the crystal structure
of (N,N-dimethyl-p-amino)cinnamoyl-CoA bound at the enzyme active site, the shielding tensors were
calculated at three different levels of theory, up to a density functional theory model that included all of
the contiguous active site residues. These calculations successfully reproduced the observed spectral changes
and permitted the electronic polarization of the substrate to be quantified as an electron density difference
map. The calculated electron density difference confirms the loss of electrons at the electrophilicâ-carbon
and carbonyl carbon, while a slight increase in electron density at theR-carbon where proton donation
occurs during the hydration reaction and a larger increase in electron density at the carbonyl oxygen are
predicted. The energy required to polarize the electrons to the observed extent was calculated to be 3.2
kcal/mol. The force that provides the requisite energy for the polarization is the interaction of the electric
field generated by the protein at the enzyme active site with the polarizable electrons of the substrate.
Because the induced electronic polarization is along the predicted reaction pathway, the extent of substrate
activation by the induced electronic strain is catalytically relevant.

The general principles by which enzymes catalyze chemi-
cal reactions have been sought since the original demonstra-
tion of cell-free chemical transformations. Even prior to the
identification of proteins as the chemical species embodying
the catalytic activity of most enzymes, it was proposed that
“the act of [interacting with the enzyme] may be ac-
companied by the intervention of molecular forces which
result in a rise in the chemical potential of the reacting
substances” (1). This concept of strain was given a physical
manifestation by the introduction of the “rack mechanism”
(2), which depicted an enzyme pulling a molecule apart by
bond distortion. The original concept of strain embodied an
electronic interpretation espoused by Quastel, who noted that
“the juxtaposition of certain molecules or groups [generate]
locally intense electric fields being a function of the

“geography” of [the enzyme]... It is from a consideration of
the effects induced in a molecule by the application of an
external field that...the mechanism of activation is forthcom-
ing” (3).

More recently, the paradigm for enzyme catalysis has
focused on transition state stabilization (4, 5). The role of
preorganized electrostatic interaction has been promoted by
Warshel (6-8) among others (9) to stabilize the transition
state. However, even Wolfenden in his seminal contribution
(4) recognized that, “For catalysis to be observed, the altered
substrate must be tightly bound [by the enzyme] in activated
forms which approach the transition state.” As suggested by
Wolfenden and outlined in Scheme 1, ground state destabi-
lization and transition state stabilization are not mutually
exclusive. In this paper, we present a general procedure for
quantifying how much electronic strain is present in a
substrate bound at an enzyme active site by examining the
13C NMR spectra of substrates bound to enoyl-CoA hydratase
(ECH).1

ECH is a member of the enoyl-CoA isomerase/hydratase
superfamily (10). The most conserved characteristic of this
enzyme superfamily is an active site that binds the CoA
thiolester carbonyl via a H-bond to a glycine amide at the
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amino terminus of a centralR-helix. In ECH, the two amide
proton H-bond donors that interact with the thiolester
carbonyl are Gly-141 and Ala-68 (11, 12). In this super-
family, these interactions polarize the carbonyl of the
thiolester, and consequently stabilize a common enolate or
enolate-like transition state which can promote a variety of
different chemical reactions (13). Mutation of Gly-141 to
Pro results in a decrease inkcat of ∼106 (14).

The electrostatic polarization of the carbonyl thiolesters
in enzyme‚substrate complexes was characterized initially
by large red shifts in the UV spectra of substrates bound to
both ECH (15) andp-chlorobenzoyl-CoA dehalogenase (16).
When (N,N-dimethylamino)cinnamoyl-CoA (DAC-CoA) binds
to ECH, its λmax is red shifted from 404 to 494 nm (15),
corresponding to a difference of 13 kcal/mol. This difference
in energy can arise from either a destabilization of the bound
ground state or a stabilization of the bound electronic excited
state. Clearly, if the ground state were to be destabilized by
13 kcal/mol in a manner that favored the reaction, it would
provide for a significant catalytic enhancement.

An extensive Raman spectroscopic characterization of
the polarization of substrates bound to the dehalogenase
has been undertaken (17, 18). These studies have char-
acterized the importance of the amide H-bonds, theR-helix
dipole, and the local electric field with respect to the
vibrational spectrum of the bound CoA thiolester substrate.
These studies qualitatively confirm that there is a detectable
electronic rearrangement that occurs in the bound substrate
but have not provided a quantitative estimate of the electronic
strain.

In this study, the perturbation of the13C NMR isotropic
shieldings of the carbonyl,R-, andâ-carbons of the enoyl-
CoA substrates that occur on binding to the active site of
ECH have been measured. We show that the changes in the
13C NMR resonances are consistent with polarization of the
enoyl thiolester and that high-level ab initio calculations
based on the active site structure of ECH (55) successfully
predict the observed changes in chemical shifts.2 The
agreement of the observed and calculated13C NMR spectra
permits a quantitative assessment of the extent of electronic
polarization present in the boundR,â-unsaturated thiolester
and its energetic contribution to be made to catalysis.

MATERIALS AND METHODS

Chemicals.Coenzyme A, lithium salt, was purchased from
Sigma Chemical Co. [1-13C,1-2H]Benzaldehyde was from
Isotec, Inc. Deuterium oxide (99%), lithium aluminum
deuteride (LiAlD4), and sodium [13C]bicarbonate (NaH13CO3)
were from Cambridge Isotope Labs. Triethyl phosphono-
[1-13C]acetate, triethyl phosphono[2-13C]acetate, benzalde-
hyde, 4-(N,N-dimethylamino)benzaldehyde, potassiumtert-
butoxide,n-butyllithium (1.6 M solution in hexanes), 4-bromo-
N,N-dimethylaniline, 3-quinuclidinone, and activated man-
ganese(V) dioxide (MnO2) were from Aldrich Chemical Co.

Enzymes.Beef liver ECH was isolated using a literature
procedure (19) as modified by Bahnson (20). The concentra-
tion of the crystalline enzyme was determined by spectro-
scopic titration with DAC-CoA and an extinction coefficient
of 27 800 M-1 cm-1 at 494 nm for the ECH‚DAC-CoA
complex (15).

Synthesis of CoA Thiolesters.1-13C- and 2-13C-substituted
cinnamic acids were synthesized by the condensation of
1-13C- and 2-13C-substituted TEPA with the appropriate
benzaldehyde as previously described (15) following a
published method (21), while [3-2H,3-13C]cinnamic acids
were synthesized by condensation of TEPA with the ap-
propriate [1-2H,1-13C]benzaldehyde. The isotopically labeled
cinnamic acids were converted to the cinnamoyl imidazoles
with carbonyl diimidazole and then to the CoA thiolester
following standard procedures (22). The CoA thiolesters were
purified by reverse phase HPLC as previously described (15).
[1-13C]Hexadienoyl-CoA and [2-2H,2-13C]hexadienoyl-CoA
were synthesized by the condensation of [1,3-13C2]- and
[2-2H,2-13C]malonic acid, respectively, with crotonaldehyde
as previously described (23).

4-(N,N-Dimethylamino)[1-13C,1-2H]benzaldehyde.4-Bromo-
N,N-dimethylaniline (525 mg, 2.6 mmol) was dissolved in
5-10 mL of freshly distilled THF and cooled to-78 °C.
After 15 min,n-butyllithium (2.7 mmol) was added dropwise
over a 10-15 min period to effect the lithium halogen
exchange (24). The resultant milky white solution was
allowed to stand for 20 min followed by the introduction of
13CO2 gas generated from the decomposition of NaH13CO3.
A stirred suspension of 500 mg (6.0 mmol) of NaH13CO3

dissolved in THF (1 mL) was reacted with 1 M H2SO4 in a
sealed 10 mL two-necked round-bottom flask connected, via
cannula, to the above reaction mixture. While the cannula
was submerged in the reaction mixture, the acid was added
dropwise to the NaH13CO3 over a period of 25-30 min until
no further evolution of CO2 was observed. The resultant
white acid (25) precipitated out of solution, and the reaction
mixture was allowed to warm to room temperature. Excess
n-butyllithium was quenched by the addition of aqueous
KOH. The solution was diluted in 100 mL of a NaOH/H2O
mixture (pH 10.0) and extracted with 3× 50 mL of CHCl3.
The pH of the aqueous layer was then adjusted to 4.0, thereby
precipitating the acid, which was extracted with 5× 100
mL of CHCl3. The CHCl3 extract containing the acid was
passed through a column of MgSO4 and the solvent removed
in vacuo. The recovered 4-(N,N-dimethylamino)[R-13C]-
benzoic acid (334 mg, 2.0 mmol, 77%) was a single spot at
the origin of silica gel TLC (90% hexanes and 10% EtOAc)
and exhibited a clean1H NMR spectrum (250 MHz,
CDCl3): δ 7.99 (dd, 2H,3JC-H ) 3.0 Hz,J ) 9.1 Hz), 6.67

1 Abbreviations: Cin-CoA, cinnamoyl-CoA; DAC-CoA, (N,N-
dimethyl-p-amino)cinnamoyl-CoA; DFT, density functional theory;
DSS, trimethysilylpropanesulfonic acid; ECH, enoyl-CoA hydratase;
GIAO, gauge-invariant atomic orbital; HD-CoA,trans,trans-2,4-
hexadienoyl-CoA; SCF, self-consistent field.

2 The changes in chemical shift and isotropic shielding of a given
nuclei are of opposite sign, but identical magnitude; e.g., a decrease in
shielding of a13C nucleus of 2 ppm will result in an increase in the
chemical shift of 2 ppm.

Scheme 1: Reaction Coordinate Diagram
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(d, 2H, J ) 8.7 Hz), 3.06 (s, 6H). IR (CH2Cl2) data were
consistent with an acid, exhibiting a broad band at 2932 cm-1

and a strong band at 1667 cm-1.

4-(N,N-Dimethylamino)[R-13C]benzoic acid (165 mg, 1.0
mmol) in 10 mL of THF was reduced to the corresponding
2H2-labeled alcohol by addition of LiAlD4 (110 mg, 2.0
equiv) at room temperature and allowed to react for 4 h.
Excess LiAlD4 was quenched by the addition of wet THF,
and aluminum oxides were removed by filtration through a
short stack of MgSO4. The solvent was removed by rotary
evaporation and the residue dried in vacuo. The recovered
alcohol (150 mg, 0.97 mmol, 97%) was a clear oil which
gave a single TLC spot (50% hexanes/EtOAc) and exhibited
a clean1H NMR spectrum (250 MHz, CDCl3): δ 7.23 (dd,
2H, 3JC-H ) 4.3 Hz,J ) 8.8 Hz), 6.73 (d, 2H,J ) 7.5 Hz),
2.93 (s, 6H). The resonance for benzylic protons at 4.49 ppm,
in comparison to that of the nonlabeled alcohol, was<5%
due to2H replacement. IR (CH2Cl2): 3381 cm-1 (no carbonyl
band observed).

4-(N,N-Dimethylamino)[R-13C,R-2H2]benzyl alcohol (150
mg, 0.97 mmol) was oxidized to the aldehyde by reaction
with 20 equiv of MnO2 (26) in 20 mL of THF for 4-6 h.
TLC (75% hexanes and 25% EtOAc) showed numerous
spots, including the aldehyde as compared to authentic
material. The yields for a single oxidation were poor,
necessitating the recycling of recovered starting materials.
After each oxidation, the aldehyde, alcohol, and yellow and
orange contaminants were separated by flash chromatography
(27) on a 300 mm× 20 mm silica gel column with a solvent
system of 75% hexanes and 25% EtOAc. Recovered alcohol
was recycled. 4-(N,N-Dimethylamino)[R-13C,R-2H]benzal-
dehyde (80 mg) crystallized as white plates with a slight
yellow tint. TheRf, 0.3 (75% hexanes and 25% EtOAc on
silica gel TLC), of the product aldehyde was identical to
that of an authentic sample. The1H NMR data (400 MHz,
CDCl3) [δ 7.75 (dd,3JC-H ) 4.6 Hz,J ) 9.0 Hz, 2H), 6.70
(d, 2H, J ) 8.8 Hz), 3.09 (s, 6H)] matched those of the
authentic sample with the exception that the aldehyde
resonance at 9.75 ppm was not observed, confirming the
deuteration of the aldehyde proton.

Triethyl Phosphono[2-13C,2-2H2]acetate.Triethyl phospho-
no[2-13C]acetate was converted to triethyl phosphono[2-
13C,2-2H2]acetate by incubation with 0.35 M 3-quinuclidinone
in D2O (pD 8.1) for 48 h. The exchange solution was
acidified to pD 1.0-2.0 with 1 M HCl and triethyl
phosphono[2-13C,2-2H2]acetate extracted with 4 equal vol-
umes of CHCl3. The pooled extracts were washed with 0.1
N HCl and dried with MgSO4, and the solvent was removed
by evaporation.1H NMR data (CDCl3) indicated there was
97% incorporation of2H at C-2.

1H NMR Spectroscopy.All 1H NMR spectra of the CoA
thiolesters were acquired on a Bruker AM 400 MHz NMR
spectrometer in D2O. 1H NMR spectra of other materials
were acquired in solvents as noted on either a Bruker AM
400 MHz or WM 250 MHz spectrometer. The probe
temperature was always 24-26 °C. Chemical shifts for the
CoA thiolesters are reported with respect to external trim-
ethysilylpropanesulfonic acid (DSS). The internal chemical
shift standard, for the CoA thiolesters, was the triplet at 2.43
ppm due to protons (t, 2H) on C-6′′ of the pantetheine
backbone (28).

Preparation of ECH for13C NMR Experiments.A 5 mL
crystalline sample of ECH (∼5-6 mg/mL) stored at-20
°C was thawed at 4°C. The crystals were collected by
centrifugation. The crystalline ECH was resuspended in
100-200 µL of filtered (0.22µm cellulose acetate Costar
mini filters) 100 mM potassium phosphate (pD 7.85( 0.1)
in D2O and transferred to an Eppendorf centrifuge tube. The
suspension of ECH was then placed in a centrifugal vacuum
evaporator for 1 h to remove residual ethanol. The protein
sample was dissolved in 450( 25 µL of the same buffer
and gently mixed at room temperature for 1 h. The
solubilized protein sample was then centrifuged at 12000g
for 5.0 min to clear the solution of any denatured protein.
The active ECH concentration was determined by using the
extinction coefficient of the DAC-CoA‚ECH complex of
27 800 M-1 cm-1 at 494 nm. The concentration of active
sites for all NMR experiments was between 2.0 and 2.5 mM.
The pD (7.8( 0.3) and temperature of solubilization (15-
30 °C) are crucial factors in the preparation of clear,
concentrated samples of ECH. Addition of substrate signifi-
cantly improves solubilization of the enzyme. The pD of the
samples was checked before and after experiments and was
always 7.8( 0.3. The active ECH concentration determined
at the end of the experiment was at least 80% of that
determined at the start. All samples contained trace amounts
of ethanol and EDTA retained from the crystalline suspen-
sions.

13C NMR of ECH‚R,â-Enoyl-CoA Complexes.The 13C
NMR spectra of the ECH‚cinnamoyl-CoA complexes were
obtained in 5 mm NMR tubes using a Bruker AM 400 MHz
NMR instrument operating at 100.61 MHz. All spectra of
ECH‚CoA complexes, consisting of 20000-26000 transients,
were acquired with broad band1H decoupling (decoupler
power of 0.5 W), pulse widths of 45µs, recycle delays of
2.0 s, at 26( 1 °C, and a spin rate of 17 rps. Spectra of
uncomplexed ECH were acquired prior to the addition of
the substrate to ECH. Spectra of uncomplexed substrates
were acquired independently. Concentrated stock substrate
solutions were used for addition to the ECH samples to
minimize dilution. Substrate, equal to approximately 0.75
equiv of ECH active sites, was added first, and then
successive titrations were performed to observe both bound
and free species. The13C NMR experimental conditions used
in these studies were adapted from those described in ref29
for acquiring13C NMR spectra of labeled substrates when
bound to porphobilinogen synthase, an enzyme with anMr

of 280 kDa.

Construction of the BoVine ECH ActiVe Site Model. The
crystal structure of DAC-CoA bound at the active site of
recombinant rat liver ECH [PDB entry 1EY3 (55)] provided
the initial coordinates for this structure. The model developed
for calculating the13C shielding of the bound CoA and
catalytic water included every amino acid within a 5 Åradius
of the carbon-carbon double bond of theR,â-unsaturated
thiolester. The N-terminal ends of amino acid residues were
capped by formyl groups [-HNC(dO)H], and the C-terminal
ends were capped as amides (-CONH2). The active site
contained 10 amino acids conserved between rat and bovine
enzymes: Ala-98, Met-103, Leu-117, Trp-120, Gly-141, Glu-
144, Glu-164, Gly-172, Ala-173, and Phe-263. The conser-
vation of all active site residues between rat and bovine ECH

2632 Biochemistry, Vol. 41, No. 8, 2002 D’Ordine et al.



allowed us to develop a working bovine ECH active site
model (67). The carboxylate of Glu-144 was deprotonated.
To determine if the protonation state of Glu-164 affects the
spectroscopic properties of the bound substrate, two models
of the active site were considered: one where Glu-164 is
protonated (DAC-1) and a second where Glu-164 is unpro-
tonated (DAC-2). The DAC-CoA was truncated to the
S-methyl thiolester. This structure of the ECH active site is
shown in Figure 1.

Calculation of NMR Shielding Parameters.De Dios and
Oldfield introduced a charge field approach to calculating
NMR shielding constants. The NMR shielding of a nucleus
was dissected into short- and long-range electronic effects,
while other intramolecular shielding arising from ring current
and susceptibility effects was determined to be minimal for
heavy atoms (30, 31). They, and others (32, 33), have
implemented methods for calculating NMR properties of
large systems where the short-range electronic effects are
determined by high-level ab initio calculations and the long-
range electrostatic effects are included at lower levels of
theory. We have implemented this conceptual approach to
calculate the change in shielding parameters observed when
ligands bind to the ECH active site. The shielding parameters
for the R,â-unsaturated thiolesters were obtained using the
gauge-invariant atomic orbital (GIAO) method (34, 35) with
three different electronic representations of the optimized
active site. All calculations began with the ONIOM-
optimized active site geometry (36), implemented in Gauss-
ian 98 (37). In this procedure, the molecular system being
studied is divided into two layers, which are treated with
different levels of theory. The reactants, including the
4-(dimethylamino)cinnamoyl thiolester and molecule of
water, were treated with density functional theory (DFT) at
the B3LYP/6-31G(d) level (38), whereas the model of the
enzyme active site was treated at the PM3 level of theory.
The virtue of this procedure is that the interactions between
the ligand and active site are evaluated at a defined level of
theory (in this case using PM3), while the electronic
distribution within the ligand is determined at a sufficiently
high level to permit accurate calculation of the NMR
properties (32). During optimization, the positions of the
atoms of the peptide backbone were frozen at their crystal-
lographic positions. The optimization of geometry was

terminated when the entire system reached the default
Gaussian convergence criteria for forces.

Following the charge field approach (30), the atoms of
the active site amino acids were replaced with partial charges.
A Mulliken population analysis from a single-point calcula-
tion where every atom of the system was treated at the
B3LYP/6-31G(d) level of theory was undertaken to obtain
an effective partial charge distribution. The shielding con-
stants for the substrate water and thiolester were then
calculated at the B3LYP/6-31G(d) level in the presence of
this charge field.

Using the ability of the ONIOM method to evaluate the
electronic contributions at different levels of theory, a GIAO
calculation with the active site amino acids modeled at the
PM3 level while the substrate water and thiolester were
modeled at the B3LYP/6-31G(d) level was performed. In
this calculation, the chemical shift calculation was performed
using the same basis sets that were used in the geometry
optimization. Finally, the GIAO shielding constants were
computed for the entire active site in the-2 state at the
B3LYP/6-31+G(d,p) level using the facilities of the Ohio
Supercomputer Center (∼400 CPU hours).

Calculation of the ActiVe Site Electric Field.The contribu-
tion to the electric field at the active site of residues not
included explicitly in the ECH active site model was
evaluated using DelPhi (39) with the atomic charges taken
from AMBER 4.0 (40). The partial charges on the atoms
included explicitly in the active site model were taken from
the Mulliken charge analysis. The charges on the DAC-CoA
atoms were set to 0, except for the nonbridging phosphate
oxygens which were charged to represent the fully ionized
forms.3 ECH is a hexamer composed of two trimers. The
trimer is required for activity as the extended active sites
are comprised by contributions from two subunits. To
evaluate the active site electric fields using DelPhi, the
trimer composed of the first three subunits in 1EY3 was
analyzed.

Electron Density Difference Map.The polarization of
DAC-CoA induced by binding to the ECH active site was
visualized by determining the difference in electron densities

3 The charges on the DAC-CoA thiolester were omitted because the
question to be answered is, “What is the electric field at the active site
generatedby the enzyme?”

FIGURE 1: Stereoscopic view of the DAC-CoA‚ECH active site used for13C NMR calculations. To improve the quantum chemical NMR
calculations, the active site of ECH was optimized using the ONIOM method. The key residues are labeled. The amides of Gly-141 and
Ala-98 interact favorably with the thiolester carbonyl, and Glu-144 and Glu-164 both H-bond to the substrate water molecule directly
above the double bond between C-2 and C-3 that would be hydrated during the catalytic reaction.

13C NMR of Enoyl-CoA Hydratase Substrates Biochemistry, Vol. 41, No. 8, 20022633



between the ECH‚DAC-CoA complex and the uncomplexed
enzyme and ligand (eq 1).

E represents the identically sized electron density cube
files for the subscript molecule(s).E for ECH and DAC-
CoA was maintained at the same size by converting the other
molecule to dummy atoms and using the NOSYMM key-
word. All calculations were performed at the B3LYP/6-31G-
(d) level. The electron difference cube file,∆E, was
visualized using the program gOpenMol (41-43, 66).

Electronic Strain Calculation.The optimized ONIOM
active site model was used as the basis structure for the
calculation of the electronic strain energy. The strain was
calculated by determining the self-consistent field (SCF)
electron density at the B3LYP/6-31G(d) level in the presence
of each protein atom being represented by the Mulliken point
charge determined from the active site model. This electron
density was saved in the checkpoint file, and then the active
site point charges were set to zero in the job definition file.
The energy of the electronic system was then determined
for every iteration of the SCF calculation by using the #P
and Guess)Read options in Gaussian 98. The electronic
polarization energy is the difference between the energy of
the system with the restored electron density and the final
SCF energy.

RESULTS

13C NMR of ECH‚R,â-Enoyl Thiolester Complexes.ECH
is a 168 kDa homohexamer of∼28 kDa monomers (44, 45).
The large size of the complex broadens the observed13C
resonances of bound substrates. The crystal structure of
bound DAC-CoA indicates that theR,â-thiolester is tightly
bound in the interior of the protein, with little disorder that
would provide a more anisotropic environment. Due to the
tumbling correlation and relaxation times associated with
large proteins (46), the13C NMR line width of the substrate
bound in the active site of ECH is anticipated to be very
broad. With this in mind, all of the methine protons in the
R,â-unsaturated CoAs were synthesized with2H present on
the labeled carbon to minimize the13C-1H dipolar relaxation,
the dominant mechanism of relaxation at these molecular
masses and tumbling correlation times, and thus minimize
the line width. As shown in Figure 2, it was then possible to
observe the13C resonances for theâ-13C of DAC-CoA. The
background13C resonances from the protein do not obscure
the regions of interest for this study. The titration of the active
sites permitted both the free and bound13C resonances of
the R,â-unsaturated substrates to be identified. The ECH
spectrum, including amide carbonyls resonances from 165
to 185 ppm, aromatic carbon resonances from 125 to 130
ppm, and aliphatic carbon resonances from 10 to 70 ppm,
displayed no detectable changes on binding of DAC-CoA.

Figure 3 shows expansions of the13C NMR spectrum for
the carbonyl,R-, and â-carbons of DAC-CoA. The13C
resonances of unbound DAC-CoA appear at 195.7, 121.7,
and 144.9 ppm, respectively, in spectral windows that are
not complicated by protein13C resonances. When DAC-CoA
binds to ECH, two additional resonances are apparent for
each13C-labeled carbon. These data are listed in Table 1.

The appearance of two different perturbed resonances for
DAC-CoA suggests that there are two different populations
of bound DAC-CoA that interconvert at less than∼500 s-1.
The presence of two bound species has been suggested by
stopped-flow studies where a transient intermediate with a
smaller red shift is observed that converts to the more UV-
polarized species with a rate constant of<100 s-1 (V. E.
Anderson and co-workers, unpublished observations). It is
possible that these separate resonances arise from two
different conformations, but another intriguing possibility is
that they arise from different protonation states of the active
site.

Similar spectra were acquired for C-1, C-2, and C-3 of
Cin-CoA as well as C-1 and C-2 of HD-CoA. These
substrates do not bind as tightly to ECH, and consequently,
the free and bound substrates were in a slow exchange
regime, resulting in a broadened average peak being observed
rather than the individual resonances for the free and bound
species. Since the experiments with excess enzyme were
conducted at 1-2 mM enzyme, a concentration at least 10-
fold greater than theKds of 50-100µM for these substrates,
the 13C resonance of the initial spectrum with ECH in 25%
excess is characteristic of the bound substrate. The magni-

∆E ) EECH‚DAC-CoA - EECH - EDAC-CoA (1)

FIGURE 2: 13C NMR spectra (100.6 MHz) of ECH and [3-13C,3-
2H]DAC-CoA. Full spectral width shown (0-260 ppm). (A) Free
[3-13C,3-2H]DAC-CoA, 6.0 mM, NS) 460, LB ) 10 Hz. (B)
Bound and free [3-13C,3-2H]DAC-CoA, 1.3 DAC-CoA/ECH ratio.
(C) Bound [3-13C,3-2H]DAC-CoA, 0.7 DAC-CoA/ECH ratio. (D)
Spectrum of 2.1 mM ECH. Note the aliphatic region of the protein
between 10 and 50 ppm, the aromatic/unsaturated region at 125-
135 ppm, and the amide/carbonyl region at 170-185 ppm. (B-D)
NS ) 25-28000, processed with LB) 25 Hz.
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tudes of the observed changes in chemical shift are similar
to those observed for the less perturbed form of DAC-CoA
and are included in Table 1. Qualitatively, the chemical shifts
for all of the carbonyl carbons (C-1) are deshielded in the
enzyme complex, while all of the C-2 atoms were more
shielded and the C-3 atoms deshielded. To the extent that
the differences in shielding reflect changes inπ-electron
density (vida infra), these changes in chemical shift are
consistent with a polarization of both the carbonyl andR,â-
carbon double bond of these enoyl thiolester substrates when
bound at the active site of ECH.

The identification of the perturbed13C resonances as
arising from the ECH‚DAC-CoA complex was confirmed
by the addition of unlabeled DAC-CoA. This addition
resulted in an increase in the intensity of the resonances of
the free species and a loss of both resonances attributed to
bound species. The ability of unlabeled DAC-CoA to
displace the13C-labeled material from the active site indicates
that the resonances from the bound DAC-CoA are due to
reversibly bound complexes.

The widths of the13C resonance from the uncomplexed
thiolester in the presence of the bound species are given in
each figure legend. Figure 3B shows the results of this
experiment with [2-13C]DAC-CoA. The resonance for the
uncomplexed species at 121.7 ppm is broadened by 51 Hz
in comparison to the line width in the absence of the enzyme.
The line broadening of the signal arising from the free DAC-
CoA is due to the chemical exchange between the complexed
and uncomplexed forms of DAC-CoA. The rate constant for
dissociation of DAC-CoA from the ECH complex can be

determined according to eq 2, where obsd refers to the line
width in the presence of the enzyme and free in the absence
(47).

The 51 Hz broadening observed for the unbound [1-13C]-
DAC-CoA yields an apparent dissociation rate constant of
160 s-1; since DAC-CoA has a kinetically determinedKD

of 1.8 µM, this implies that the association rate constant is
8.9× 107 M-1 s-1 under these conditions. It should be noted
that it is assumed that exchange is the only factor in the
difference in the broadness of the free resonances. These
numbers are regarded as upper and lower limits for the
dissociation and association rate constants, respectively.

For the otherR,â-unsaturated CoA thiolesters in this study,
the presence of both free and bound substrate resulted in a
broad resonance at an intermediate chemical shift, charac-
teristic of the intermediate chemical exchange regime where
the rate constant for exchange is comparable to the difference
in chemical shift (48), as shown in eq 3 where∆ν is the
separation, in hertz, between the two species in question.

Calculation of Anisotropic Shielding Parameters.The
active site of the ECH‚DAC-CoA complex was optimized
in a mixed mode calculation so that the geometry of the
bound ligand would be consistent with the level of theory
used to calculate the spectroscopic parameters. This opti-
mization resulted in very minor changes in the active site.

FIGURE 3: 13C NMR spectra (100.6 MHz) of ECH and13C-substituted DAC-CoAs. (A) [1-13C]DAC-CoA: (i) 1.9 mM ECH, (ii) [1-13C]-
DAC-CoA‚ECH complex with a 0.90 [1-13C]DAC-CoA/ECH ratio, (iii) excess [1-13C]DAC-CoA with a 1.6 DAC-CoA/ECH ratio, and (iv)
free [1-13C]DAC-CoA (5.2 mM). (B) [2-13C,2-2H]DAC-CoA: (i) aromatic region of ECH (2.2 mM) and (ii-iv) same as described for
panel A. (C) [3-13C,3-2H]DAC-CoA: (i-iv) same as described for panel A.

Table 1: 13C NMR Chemical Shifts (ppm) Observed for LabeledR,â-Unsaturated Substrates

1-13Ca 2-13C,2-2Hb 3-13C,3-2Hc

CoA free bound shift free bound shift free bound shift

Cin-CoA 195.9 201.0 5.1 126.9 126.1 -0.8 144.0 147.2 3.2
DAC-CoAd (1) 195.7 198.5 2.8 121.7 118.7 -3.0 144.9 147.7 2.8
DAC-CoAd (2) 204.7 9.0 114.2 -7.5 150.1 5.2
HD-CoA 196.5 200.8 4.3 127.7 124.8 -2.9

a The extent of13C labeling wasg98% in all species.b The percentage of deuterium label on C-2, as determined by integration of residual
protons in the NMR, was as follows: 70% for HD-CoA, 50% for DAC-CoA, and 30% for Cin-CoA.c The percentage of deuterium label on C-3
was as follows:>95% for DAC-CoA and>98% for Cin-CoA.d The 13C NMR spectra of DAC-CoA were typified by two new resonances as
shown in Figure 3.

π∆ν1/2,obsd) π∆ν1/2,free+ k-1 (2)

kex ) (π/x2)∆ν (3)
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One surprising characteristic of the 1EY3 crystal structure
was that the cinnamoyl thiolester was not planar, and the
torsion angle between C-3 and the aromatic ring,varied
between 12° and 29° in the six active sites of the ECH
hexamer (55). The ONIOM-optimized structure retained this
nonplanarity with the torsion angle being 12.1°, while in the
gas phase calculation, the conjugated system is planar. The
ONIOM method has been used to calculate shielding
constants for larger molecules (32). The calculated aniso-
tropic shielding parameters for the unbound and bound (N,N-
dimethyl-p-amino)cinnamoyl thiolester are presented in Table
2. The important result in Table 2 is that the observed
differences in shielding for C-1, C-2, and C-3 match that
observed experimentally both in sign and in magnitude
(Table 1).

Two other significant observations are contained in Table
2. The calculation of the13C shielding constants was largely
independent of whether Glu-164 was protonated or unpro-
tonated. While, we initially anticipated that the increased
negative charge in the unprotonated (-2) form would
enhance the polarization of the conjugated enoyl-thiolester,
the position of the charge directly above theπ-system only
results in a large change in the local electric field orthogonal
to theπ-system, which has a minimal effect on the calculated
shielding constants. The second important observation is that
using point charges derived from the quantum chemical
calculation was not an effective procedure to predict the
experimentally observed shielding constants and yielded
physically unrealistic results (e.g. shielding parameters for
C19 and C20).

Electric Field at the ActiVe Site.DelPhi calculations (39)
were undertaken to determine the electric field at the ECH
active site. These calculations determine the contributions
of all charges and the effect of the solvent dielectric on the
electric field at any given point. Including the atoms of DAC-
CoA as dummy atoms in the calculation permitted a
determination of both the electrostatic potential and the

electrostatic potential gradient (electric field) at each of the
atoms of the substrate enoyl thiolester. The contribution from
any particular feature can be dissected by setting all other
charges to zero. The results for the calculation of the electric
field at each atom of the DAC-bound thiolester from only
the atoms included in the quantum chemical model are
depicted in Figure 4a. The electric fields determined by
including all of the protein at the three different active sites
of the catalytic trimer using AMBER charges for the protein
residues are shown in Figure 4b-d. The qualitative conclu-
sion from these calculations is that the electric field from
the residues included in the quantum chemical model
accurately reflects the electric field present at the active site.
It follows that additional contributions from the extension
of theR-helix or other residues would not significantly alter
the electrostatic properties of the active site.

A second important observation is that there is a significant
variation of both the magnitude and direction of the electric
field vectors across the enoyl system. These variations
indicate that the electric field is a strong function of atomic
position and that changes in position of less than 1 Å will
result in significantly different electrostatic interactions. The
strong dependence of the electric field on position may also
be responsible for the differences in the electric fields
determined at each of the three active sites with three
different positionings of the substrate.

Magnitude of Electronic Polarization.The calculated
electronic polarization induced in DAC-CoA by binding at
the active site is shown in Figure 5. This figure emphasizes
that the greatest electronic polarization occurred along the
carbonyl and carbon-carbon double bonds. The results show
that there was a loss of electron density at C-3 and the
carbonyl carbon while there were increases in electronic
density on the carbonyl oxygen and, to a lesser extent, on

Table 2: Calculated Anisotropic Shielding Constants for
S-Methyl(N,N-dimethyl-p-amino)thiocinnamic Acida

ONIOMb net chargec

atom unbound DAC DAC-2d DAC-1e DAC-2d DAC-1e

O-4 -131.5 -163.3 -167.6 -140.1 -117.0
C-1 10.7 6.5 6.6 0.4 2.0
C-2 78.3 79.6 80.4 68.5 79.2
C-3 54.3 51.0 53.1 45.8 50.6
S-5 382.6 369.5 366.9 677.0 438.8
C-8 73.3 70.3 71.8 9.7 53.0
C-9 69.1 67.3 67.3 67.2 66.8
C-10 84.0 82.4 83.5 68.8 76.6
C-11 49.3 47.3 48.9 7.3 28.2
C-12 84.8 83.9 85.1 73.2 79.0
C-13 60.0 60.6 60.1 61.4 59.5
N-18 196.1 194.5 193.6 185.3 170.4
C-19 149.7 149.2 149.5 192.7 172.8
C-20 149.6 149.3 149.8 195.8 179.6
N-27 176.2 172.3 172.4 206.2 184.1

a Truncated theoretical model of DAC-CoA.b Shielding constants
calculated by the GIAO method for the ONIOM model of the ECH
complex.c Shielding constants calculated by the GIAO method using
partial charges to represent active site atoms.d Glu-164 is unprotonated,
with an overall active site charge of-2. e Glu-164 was protonated,
with an overall active site charge of-1.

FIGURE 4: Electric field vectors at ECH active sites. The enoyl
thiolester is placed in thex-z plane and is oriented so that theR,â
carbon-carbon double bond is along thex-axis. The electric field
vectors give the magnitude and direction of the electrostatic force
at the four nuclei of the conjugatedπ-system. The electric field
has been calculated using DelPhi (39) for our active site model in
panel a. It is clear that the electric field varies in both magnitude
and direction across the enoyl thiolester. The electric field of the
model is comparable to the electric field at three different active
sites of the first three subunits that form a trimer of the 1EY3 ECH
structure (b-d). The electric fields shown in structures e and f are
the corresponding electric fields that result from the residues omitted
from the quantum mechanical model. These structures indicate that
the omitted residues will contribute a modest increase to the
polarization of the enoyl thiolester, but that it is a modest fraction
of the total electric field.
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C-2. The system was too large for an NBO analysis using
Gaussian 98, so only the Mulliken analysis of assigning
electrons to specific atoms was investigated. Table 3 reports
the Mulliken charge analysis of the electronic distribution
from the-1 and-2 protonation state models. Qualitatively,
the results for the-2 model show changes consistent with
those represented in Figure 5. Quantitatively, the magnitude
of the electronic rearrangement is 0.02-0.05 electron, i.e.,
<1/20 of an electron. This magnitude of electronic rear-
rangement is consistent with the experimentally observed
changes in chemical shielding where a 5 ppm change in
shielding would correspond to a decrease in electron density
of 0.03 e according to the Speisecke-Schneider rule of 160
ppm/π-electron (49).

Electronic Strain Energy.The electronic strain energy was
determined from the difference in energy of the electronic
distribution present at the active site minus the optimized
SCF electronic energy for the same conformation of the
ligand in the absence of the active site electric field. The
rationale for this definition is presented in the Discussion.
For DAC-CoA bound to the-2 model of the ECH active
site, the electronic strain energy calculated at the B3LYP/
6-31+G(d) level is 3.2 kcal/mol. As explored further in the
Discussion, this value is an estimate based on the restrictions
of the model. There is a minimal dependence on the
assumption of the protonation state, as protonating Glu-164
only modestly changes the electric field in the plane of the
enoyl system. A dielectric constant of unity was appropriately
employed since the calculation involved a potential rear-
rangement and polarization of the interacting atoms; however,
this could lead to an overestimate. The truncation of the
active site and the strict definition of polarization energy
suggest that 3.2 kcal/mol is more probably a lower estimate.

DISCUSSION

WhenR,â-unsaturated substrates bind at the active site of
ECH, it is clear that their spectroscopic properties are
significantly altered. Previous investigations characterized
the change in the UV absorbance of para-substituted cin-
namoyl-CoAs (15). The systematic variation of UV absor-
bance together with the significant red shifts of the enoyl
thiolester stretching vibrations observed in the Raman
vibrational spectra (50) and the changes in the13C NMR
shielding constants have now confirmed that the electronic
distribution of the ground state is perturbed upon binding.
However, in the UV spectra, the red shift of theλmax was a
strong function of the para substituent (15), while the effects
of the electronic polarization of HD-CoA, Cin-CoA, and
DAC-CoA observed in the13C NMR spectra were all of
similar magnitude.

There are three different effects that can cause an alteration
of the spectral properties of a ligand on binding. The first is
a change in conformation. For carbon, rotation aboutσ-bonds
can produce significant alterations in shielding. This effect
is responsible for the observed correlation between secondary
structure and the13C chemical shift for CR in proteins (51,
52). The restriction of a bound ligand to a single conforma-
tion can result in both a sharpening of spectral features and
a shift in position as observed by Raman spectroscopy (53).
In the case ofR,â-unsaturated CoA thiolesters binding to
ECH, experimental evidence indicates this contribution will

FIGURE 5: Electron density difference map of the ECH‚DAC-CoA
complex. The electron density difference map that represents the
electronic polarization of the substrate and enzyme active site is
superimposed on the DAC‚thiolester coordinates. The color scheme
key is given at right with the units being electrons per cubic
angstrom. The contour lines are drawn at 0.001 electron/Å3. The
key feature of this figure is the fact that the electronic polarization
is focused on theR,â-unconjugatedπ-system of the substrate that
is activated for nucleophilic addition at theâ-carbon.

Table 3: Charge Distribution Obtained by a Mulliken Population
Analysis ofS-Methyl(N,N-dimethyl-p-amino)thiocinnamic Acida

Unbound and in a Complex with ECH

atom DAC uncomplexed DAC-2b DAC-1c

O-4 -0.460 -0.500 -0.511
C-1 0.255 0.289 0.245
C-2 -0.197 -0.217 -0.227
C-3 -0.155 -0.136 -0.178
S-5 0.084 0.107 0.108
H-6 0.145 0.153 0.157
H-7 0.163 0.166 0.170
C-8 0.174 0.199 0.194
C-9 -0.185 -0.171 -0.170
C-10 -0.192 -0.219 -0.193
C-11 0.376 0.381 0.396
C-12 -0.196 -0.217 -0.217
C-13 -0.200 -0.204 -0.196
H-14 0.135 0.146 0.135
H-15 0.131 0.132 0.144
H-16 0.137 0.159 0.160
H-17 0.130 0.142 0.155
N-18 -0.472 -0.472 -0.471
C-19 -0.315 -0.317 -0.326
C-20 -0.315 -0.331 -0.341
H-21 0.166 0.146 0.159
H-22 0.163 0.179 0.181
H-23 0.160 0.143 0.154
H-24 0.160 0.141 0.152
H-25 0.163 0.185 0.195
H-26 0.164 0.179 0.192
C-27 -0.611 -0.596 -0.589
H-28 0.183 0.168 0.186
H-29 0.183 0.266 0.196
H-30 0.240 0.198 0.218
a Truncated theoretical model of DAC-CoA.b Glu-164 is unproto-

nated, with an overall active site charge of-2. c Glu-164 was
protonated, with an overall active site charge of-1.
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be minimal. The bound conformations of HD-CoA and of
DAC-CoA have been characterized by NMR (54) and
crystallography (55). The most important torsion angle,
because it orients the reactive double bond between CR and
Câ relative to the carbonyl, is the OdC-CdC torsion angle
of 0°, indicating the thiolester is in ans-cis conformation
(56). This s-cis conformation is the predominant solution
structure forR,â-unsaturated thiolesters (57). The thiolester
torsion angles of the bound CoAs (C-S-C-O) are near
0°, which is common for most thiolesters (57). Thus, the
bound conformations of the CoA thiolesters in this study
are characteristic of the predominant solution structures,
making it difficult to ascribe the observed changes in13C
NMR spectra to changes in conformation.

The second perturbation of13C NMR shielding constants
can come from ring current effects and other intermolecular
magnetic susceptibility contributions. The structures of the
ECH active site and of the bound DAC-CoA indicate that
there are noπ-electrons within 4 Å of theenoyl thiolester C
atoms, ruling out the possibility of ring current effects
generating the observed changes. The third effect that can
cause changes in the13C shielding parameters is the
electrostatic environment of the active site, which includes
both the close intermolecular interactions of the H-bonds
from Gly-141 and Phe-98 and the more distant interactions
of the active site carboxylates of Glu-144 and Glu-164 and
theR-helical dipole of residues 141-148. The contributions
of these interactions were examined at three different levels
of theory: using assigned partial charges at the nuclear
positions, at the PM3 level using an ONIOM calculation,
and at the DFT level.

When substrates bind at an enzyme active site, they
become conformationally constrained by specific interactions
with active site functional groups. Crystal structures of many
enzyme‚substrate and enzyme‚inhibitor complexes have
confirmed these interactions. The well-defined electron
density in the crystal structures can clearly identify the
conformation of the ligand and the relative orientation of
the interacting groups. However, the strength of these
interactions and their roles in catalysis are less well identified
by the crystal structure.

Here we provide a conceptual process for determining the
extent of electronic polarization and consequently for
quantifying the resulting electronic strain. These questions
are inherently of a quantum chemical nature since they
require the determination of the distribution of electrons and
the energetic evaluation of the distribution. This process is
outlined in Scheme 2.

In Scheme 2, the solution structure of the substrate enoyl
thiolester is shown as A. When the structure binds to the
enzyme, the conformation, including bond lengths and
angles, is perturbed slightly as determined by the ONIOM
calculation. The validity of the computational model was
supported by its ability to reproduce the crystallographically
observed nonplanarity of theR,â-double bond with the
phenyl ring. From this structure, the electronic polarization
due to the electrostatic interactions with the active site was
determined by replacing the protein atoms with the Mulliken
point charges determined in the ONIOM calculation4 (struc-
ture B in Scheme 2). Thus, the SCF electronic distribution
of the substrate in the presence of these point charges is
determined and saved. The point charges are set to 0

(structure C), and the saved electron density is retrieved.
Since structures B-D are isoelectronic and have identical
nuclei positions, the difference in calculated energies between
B and C reflects the energy of interaction of the ligand
electrons with the active site electric field, while the
difference between structures C and D reflects the electronic
strain energy.

For a ligand molecule in a fixed conformation, the optimal
quantum chemical electronic distribution is calculated in an
iterative fashion so that the electrons and nuclei are present
in a SCF. This SCF is represented by structure D with the
electronic energy of the ligand designatedElig (eq 4).

If this conformation of the ligand with its associated
electronic distribution were placed in the electric field
generated by an enzyme active site, an electronic energy of
the unperturbed system could be determined from the sum
of Elig and the electrostatic interactions of the electrons and
nucleus with the active site electric field, given byEEl. In
addition, the electrons are free to move, i.e., to become
polarized in response to the electric field. This polarization
must lead to an increase in the electronic energy of the
molecule considered in isolation,∆Elig, but is more than
offset by a favorable change in the electrostatic interaction
energy,∆EEl; i.e.,∆Elig + ∆EEl must be negative. Thus, the
electronic energy of the complex in Scheme 2B is given by
eq 5.

As suggested by eq 6, this polarization will occur as long as
the increase in∆Elig is smaller in magnitude than the decrease
in ∆EEl.

4 Conceptually, it would have been preferable to use the electron
density for the substrate obtained from the ONIOM calculation directly,
but because there is a small amount of charge transfer, it is impossible
to identify the electrons from the substrate. This problem is solved
when all of the electrons must be associated with the substrate as is
the case when the protein is modeled as partial charges.

Scheme 2: Calculation of Electronic Strain

ED ) Elig (4)

EB ) Elig + EEl + ∆Elig + ∆EEl (5)
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In a theoretical experiment, the active site electric field
may be removed while retaining the polarization of the
electrons, i.e., to go from B to C in Scheme 2. In this thought
process, the electrostatic interaction terms are lost while the
cost of the electronic polarization is retained. Thus,EC is
given as the sum of the SCF energy of the ligand and the
energetic cost of polarizing the ligand electrons. Computa-
tionally, as shown in eq 8, this energetic cost is determined
as the difference in energies for structures B and C.

For the binding of DAC-CoA to the active site of ECH,
the quantum chemical calculation indicates that∆Elig is 3.2
kcal/mol. Any dissection of an overall binding energy into
component parts becomes a matter of definition. Our
definition of electronic strain energy based on Scheme 2 is
a very restrictive definition. All of the constraints placed on
the calculation have minimized the calculated electronic
strain; in particular, two major contributions that would
increase the calculated electronic strain have been omitted.
Charge transfer contributions, such as those that lead to
partial covalent character in H-bonds, are neglected since
the calculation represented the H-bond partners as partial
charges and not nuclei. Additionally, the restriction of the
bond lengths and angles in the relaxation from B to C in
Scheme 2 reduces the calculated electronic strain by limiting
the extent of polarization that is possible. However, this effect
is anticipated to be small since one of the qualitative results
of previous model studies of polarization of enoyl thiolesters
by uniform electric fields is that electronic redistribution of
the magnitude observed in these calculations results in bond
length changes ofe0.02 Å (58).

While the calculated electronic strain is only∼25% of
the 13 kcal/mol of potential ground electronic state desta-
bilization determined by UV spectroscopy, it could play a
significant role in the catalytic power of the enzyme. If, as
suggested by Scheme 1, this substrate activation reduces the
activation energy by 3.2 kcal/mol, it results in an∼200-
fold increase in the rate constant for hydration of the carbon-
carbon double bond. The interpretation that the 3.2 kcal/
mol decreases the activation energy relies on the similarity
of the electronic polarization we have observed in the ground
state and the presumed enol(ate) transition state that has been
ascribed to the reactions catalyzed by the enoyl-CoA
hydratase/isomerase superfamily (20, 59-64). Experimen-
tally, the effect of the induction of positive charge at the
electrophilicâ-carbon has been shown to enhance the rate
of reaction as the addition of thiophenoxide to a series of
para-substitutedâ-chloro-â-phenylcinnamic acid methyl
esters varied the rate more than 40-fold (65).

SUMMARY

The experimental changes in13C NMR shielding of the
carbonyl, R-, and â-carbons have been reproduced by a
GIAO calculation for DAC-CoA based on the crystal
structure of the active site determined in the preceding paper.

The qualitative agreement between experiment and theory
permits the calculated quantum chemical electronic distribu-
tions and associated energies to be used to provide an
estimate of the electronic rearrangement required to generate
the observed change in spectroscopic properties and to
provide a strict definition of electronic strain energy. For
ECH, the calculated electronic strain energy of 3.2 kcal/mol
suggests that electronic strain plays a modest role in
enhancing the rate constant for nucleophilic addition to the
â-carbon.
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