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Equilibrium isotope effects on the enoyl-CoA hydratase (crotonase, ECH) – catalyzed re-

action were modeled by a mixed QM/MM method. The classical region (27 aminoacids

essential for the catalysis) was treated at the MM level using universal force field UFF.

The quantum atoms of 4-(N,N-dimethylamino)cinnamoyl-CoA (DAC-CoA), one water

molecule, and two glutamate residues (Glu164 and Glu144) in the active site were treated

at the PM3 level.
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Understanding the catalytic power of enzymes is essential, because of their cen-

tral role in all chemical processes in living systems. Understanding enzyme mecha-

nisms provides a key to drug design, use of enzymes for synthesis, design of altered

enzymes, among other uses. Isotope effects are particularly suited for detailed studies

of the nature and relative rates of chemical events within an enzyme active site and de-

tails of its catalytic action.

Theoretical predictions are of special value in relation to the systems, where the

experimentally determined value of an isotope effect is not intuitively attributable to

a particular mechanism. This type of computational experiment requires a method

that is known to accurately reproduce molecular properties of substrates and products

(if an equilibrium isotope effect is being calculated) or substrates and corresponding

transition states (for kinetic isotope effect calculations).

Enoyl-CoA hydratase (crotonase) catalyzes addition of water molecule to 4-(N,N-

dimethylamino)cinnamoyl-CoA (DAC-CoA) yielding propenoyl thiolester (Fig. 1).

Enoyl-CoA hydratase catalyzes the syn addition of a water molecule across the

double bond of a range of trans-2-enoyl-CoA derivatives [1]. On the basis of thor-

ough isotope effect studies [2,3], it was proposed that crotonase catalyzes a concerted

reaction, where both the C–H and C–O bonds are formed in a single transition state.

An activated water molecule acts as the nucleophile in this mechanism. This would

require an activated Michael acceptor, suggesting the possibility that the crotonase

active site would induce a polarization of the carbon-carbon double bond of the sub-
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strate. However, on the basis of �-secondary deuterium isotope effect [4,5] a stepwise

reaction was postulated.

The environment of ligand’s potential hydrogen bond donors or acceptors chan-

ges dramatically upon transfer from the aqueous solution to the enzyme active site.

These changes may be manifested in the altered vibrational frequencies of bonds

participating in binding. This should cause small but measurable isotope effects on binding.

In this paper we present results of the calculations of the equilibrium isotope ef-

fects on the crotonase catalyzed reaction in order to put some light into effects caused

by the active site of the enzyme.

COMPUTATIONAL DETAILS

Reactant. DAC-CoA in the aqueous solution was optimized using the PM3 Hamiltonian [6,7] and

explicit water model. In the first step of constructing the water model DAC-CoA was “soaked” in the

TIP3P [8] water box (23.1:24.4:24.7 Å:Å:Å) containing 246 molecules of water. Then all water mole-

cules, which were outside the 8 Å radius from the carbonyl oxygen of DAC-CoA, have been discarded.

The radius selected corresponds to the one, used for the construction of the active site model (see below).

The geometry of DAC-CoA is very non-spherical. If all water molecules around it were kept in the model,

the number of degrees of freedom increases significantly with many water molecules far away from the

center of the reaction. However, when only water molecules within the 8 Å radius are present, significant
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Figure 1. Structures of substrate, intermediate and product.
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Figure 2. Structure of DAC-CoA with frame around the part used in calculations.



part of the reactant remains unsolvated. We have, therefore, decided to truncate the model of the reactant.

The part sticking out from the solvation sphere was removed. Fig. 2 illustrates the selection made. Atoms

outside the frame were removed and a hydrogen atom was added to the nitrogen involved in the amide

bond along which the truncation was made.

The model constructed in this way consisted of 67 water molecules and DAC-CoA (246 atoms). It

was optimized initially in Hyperchem ver. 5.1 [9] to the gradient of 0.0007 kcal/mol/Å and subsequently

reoptimized* in Gaussian [10] to the gradient of 0.07 kcal/mol/Å. The structure of the optimized model is

shown in Fig. 3.

The same method was used for the optimization of the product in the aqueous solution using explicit

water model. Model of the product in the aqueous solution was created from the model of the substrate in

the aqueous solution described above. The product is an adduct of a water molecule to the double bond

C3=C4 of DAC-CoA (numbering of atoms is given in Fig. 4). The necessary changes were included manu-

ally by addition of OH groups of the nearby water molecule to the C4 atom and the H atom of the same wa-

ter molecule to the C3 atom of DAC-CoA. The model constructed in this way consisted of 66 water

molecules and propenoyl thiolester (246 atoms). It was optimized in Gaussian to the gradient of 0.0035

kcal/mol/Å.

Enzyme active site was modeled using mixed QM/MM method within the ONIOM [11–15] scheme

as implemented in the Gaussian package. Initial coordinates were taken from the crystallographic data of

the enoyl-CoA hydratase catalytic hexamer obtained from the PDB (file 2DUB.pdb). The model included

aminoacids within the 8 Å radius from the carbonyl oxygen of DAC-CoA. Where necessary the

N-terminal ends of aminoacids were capped with hydrogen atoms to form –NH2, and the C-terminal ends
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Figure 3. Optimized structure of the aqueous solution model. Water molecules rendered with sticks for

clarity.

*Hyperchem uses only gradient criteria for the termination of an optimization, while Gaussian uses

additionally geometric criteria. The program we have used for calculations of isotope effects, Isoeff98,

requires full Hessian matrix in the Cartesian space, which is not available from Hyperchem output.

Initial model building and optimization was thus carried out in Hyperchem taking advantage of the

convenience of its GUI. However, the final calculations of Hessian had to be carried out using Gaussian.

We have noticed that when very tight convergence criteria are used in Hyperchem optimization the

convergence of the additional Gaussian criteria can be achieved within a few cycles. This is especially

important in the present case, where 67 individual water molecules are used and the energy surface is

very flat.



were capped by amino groups to form –CONH2. DAC-CoA model was truncated as described above (Fig. 2).

The net charge of –2 was assigned to the model on the basis of the expected protonation state of the

aminoacids at the physiological pH. The model created in this way includes 480 atoms. Out of this number

82 atoms including DAC-CoA, one water molecule, and two aminoacids: Glu-144 (charge –1) and

Glu-164 (charge 0) were treated quantum mechanically using the semi-empirical PM3 Hamiltonian. The

remaining part of the model of the enzyme active site was treated at the molecular mechanics level using

the universal force field UFF [16,17]. The division between the QM and MM regions includes three amide

bonds between Glu144 and Leu145 and Cys143, and between Glu164 and Pro163. Hydrogen atoms were

added to satisfy the valence of the QM fragment. Fig. 5 shows model of the reactant in the active site of the

enzyme.

Model of the product in the ECH active site was created from the model of the ECH active site with

bounded DAC-CoA described above in the same way as model of the product in the aqueous solution. The

structure was then reoptimized. The model prepared in this way includes the same number of atoms as the

model of the reactant in the active site and also division into QM and MM layers is the same. The model of

the enolate intermediate in the active site was generated from model of the product in the active site by

transferring the proton from C3 to Glu 164. The model was optimized in Gaussian to the gradient of 0.0225

kcal/mol/Å.

Hessian calculations were performed for all optimized structures to ensure that they represent sta-

tionary points and for the calculations of isotope effects.

Equilibrium isotope effects were calculated from [18]:
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Figure 4. Numbering of atoms in the model of the reactant.

Figure 5. Model of the ECH active site with bounded DAC-CoA used in the QM/MM calculations. Ac-

tive site residues rendered with sticks for clarity.



where K16/K18 is the calculated equilibrium isotope effect, n is the number of atoms in the molecule, ui =

h�i/kT, where h and k are Planck and Boltzmann constants, respectively, T is the absolute temperature and

�i are the frequencies of normal modes of vibrations. Subscripts “16” and “18” correspond to 16O or 18O

substituted species, respectively, while the “S” and “P” superscripts indicate the properties of the sub-

strate or product molecules. Isotope effects were calculated using the Isoeff98 program [19].

RESULTS AND DISCUSSION

Isotope effects are very useful in learning details of chemical and enzymatic reac-

tions. We have shown previously experimentally and theoretically that equilibrium
18O isotope effects on association of oxamate with lactate dehydrogenase in the pres-

ence of the cofactor, NADH, can provide information on the binding of a reactant to

an enzyme [20,21]. The equilibrium 18O isotope effect for carboxylic oxygen has

been found to be 0.9840 by the equilibrium dialysis. Significantly inverse value of the

equilibrium 18O isotope effect was ascribed to the formation of bifurcated hydrogen

bonds upon binding. Theoretical MO calculations allowed the quantification of the

observed value in terms of the rearrangement of the hydrogen bonding network

around the isotopic atom. We were interested in the equilibrium 18O isotope effects on

the crotonase reactions because the value of this effect can provide information about

the hydrogen bond strength. Measurement of isotope effects on formation of en-

zyme-ligand for large number of systems could result in correlation of EIE’s with the

strength of individual hydrogen bonds and has potential application in the design of

enzyme inhibitors.

One clear difference between enzyme catalysis and solution reactions is ordered

arrangement of electrostatic charges at the active site that serves as a specific “solva-

tion field” for the reactants and transition states. This problem has been addressed

theoretically but experimentally demonstrating the strength of “electrostatic solva-

tion” is a difficult undertaking. Our calculations aim at explanation and quantifica-

tion of the electronic alteration of reactants in the active site of the enzyme.

Using our model described above, we have found that a water molecule in the

model with substrate bound to the enzyme is hydrogen bonded between the two cata-

lytic glutamate residues, Glu144 and Glu164 and the lengths of these bonds are 1.74 Å

and 1.86 Å, respectively (Fig. 6). Glu144 is in position to facilitate the addition of wa-

ter to the C4 carbon of the substrate. The distance between oxygen of the water mole-

cule and carbon atoms C3, C4 of the substrate is 3.8 Å and 3.6 Å, respectively. The

carbonyl oxygen hydrogen-bonded with two amide protons from Ala 98 and Gly141

forms an “oxyanion hole”. Similar structure has been observed in serine proteases

[22,23]. The optimized hydrogen bond distances between the atoms at the active site

are summarized in Table 1.
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Table 1. Hydrogen bond distances (Å) in the structures of reactant and product optimized in the active site.

residue substrate product

Glu 144 1.74 (HW-OGlu)
a 2.80 (O46-HGlu)

Glu 164 1.86 (HW-OGlu) 1.83 (H47-OGlu)
Ala 98 2.45(HAla-O1) –
Gly 141 2.50(HGly-O1) –

aHW, HAla, HGly, HGlu correspond to hydrogen in the water molecule, hydrogen in –NH group in alanine,
and glycine, and hydrogen in –COOH group in glutamate, respectively. OGlu corresponds to the oxygen
in glutamate. For the definitions of O46, H47 see Fig. 8.

The optimized structure of the intermediate in the active site shows that Glu164

and Ala98 form hydrogen bonds with the intermediate (Fig. 7).
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Figure 6. Optimized structure of the substrate in the active site. DAC-CoA was truncated at the sulfur

atom for clarity.

Figure 7. Optimized structure of the intermediate in the active site. DAC-CoA was truncated at the sulfur

atom for clarity.



The optimized structure of the product in the active site shows that Glu144 and

Glu164 form hydrogen bonds with the product (Fig. 8).

Distances between O1 and nitrogen atoms of Ala 98 and Gly141 suggest that the

enolate intermediate is stabilized in the enzyme active site (Table 2). Our results are in

agreement with those postulated by Anderson (unpublished data).

Table 2. Distances (Å) between O1 and N from residues in the structures of substrate, intermediate and
product optimized in the active site.

residue substrate intermediate product

Gly 141 3.52 2.86 3.16
Ala 98 3.27 3.23 3.18

We have studied changes in the ground state electron distribution upon binding

using the PM3 method and CM2 partial atomic charges as implemented in Amsol6.6

[24]. The largest changes between the substrate in the aqueous solution and in the ac-

tive site are observed for the double bond C3=C4 (charge on the atom C3 decreased by

0.09, while on the atom C4 increased by 0.09) and C2=O1 (charge on the O1 decreased

by 0.07, while on the C2 increased by 0.03). Thus crotonase active site polarizes the

double bond between C3 and C4 of the substrate and enhances the electrophilicity of

the � carbon. Changes in charge distribution in case of the aromatic ring are not sig-

nificant (partial charge on atoms C6, C8, C9, C10 increases by 0.01, 0.04, 0.01 and 0.01,

respectively, and on atoms C5 and C7 decrease by 0.01). The charge on the atom N11

changes by only 0.02. The results obtained by the CM2 method differ quantitatively

and qualitatively from those obtained by the Mulliken analysis. The largest changes

between the substrate in the active site and intermediate in the active site are observed

Equilibrium isotope effects on the crotonase reaction 1473

Figure 8. Optimized structure of the product in the active site. DAC-CoA was truncated at the sulfur

atom for clarity.



1474 M. Ko³odziejska-Huben, V.E. Anderson and P. Paneth

T
a
b

le
3
.
C

al
cu

la
te

d
p
ar

ti
al

at
o
m

ic
ch

ar
g
es

.

at
o
m

s
su

b
st

ra
te

in
aq

u
eo

u
s

so
lu

ti
o
n

su
b
st

ra
te

in
th

e
ac

ti
v
e

si
te

in
te

rm
ed

ia
te

p
ro

d
u
ct

in
th

e
ac

ti
v
e

si
te

p
ro

d
u
ct

in
aq

u
eo

u
s

so
lu

ti
o
n

C
M

2
M

u
ll

ik
en

C
M

2
M

u
ll

ik
en

C
M

2
M

u
ll

ik
en

C
M

2
M

u
ll

ik
en

C
M

2
M

u
ll

ik
en

O
1

–
0
.4

4
–
0
.3

4
–
0
.5

1
–
0
.3

2
–
0
.6

0
–
0
.4

9
–
0
.4

6
–
0
.3

4
–
0
.4

1
–
0
.3

0
C

2
0
.4

8
0
.2

9
0
.5

1
0
.2

8
0
.5

2
0
.3

4
0
.4

6
0
.2

7
0
.4

4
0
.2

4
C

3
(C

�
)

–
0
.2

9
–
0
.1

5
–
0
.3

8
–
0
.1

4
–
0
.6

2
–
0
.6

2
–
0
.3

2
0
.0

0
–
0
.1

9
–
0
.0

1
C

4
(C

�
)

0
.0

5
0
.1

7
0
.1

4
0
.1

2
0
.2

8
0
.2

5
0
.1

9
0
.2

3
0
.2

0
0
.2

3
C

5
–
0
.1

6
–
0
.0

4
–
0
.1

7
–
0
.0

7
–
0
.1

6
–
0
.1

6
–
0
.1

6
–
0
.0

6
–
0
.1

5
–
0
.0

3
C

6
–
0
.0

4
0
.0

7
–
0
.0

3
0
.0

7
–
0
.0

7
–
0
.0

7
–
0
.0

6
0
.0

4
–
0
.0

5
0
.0

8
C

7
–
0
.1

5
–
0
.1

7
–
0
.1

6
–
0
.1

3
–
0
.0

9
–
0
.0

9
–
0
.1

4
–
0
.1

3
–
0
.1

7
–
0
.1

9
C

8
–
0
.0

5
0
.0

7
–
0
.0

1
0
.1

4
–
0
.0

8
–
0
.0

8
–
0
.0

7
0
.0

7
–
0
.0

7
0
.0

6
C

9
–
0
.1

8
–
0
.0

4
–
0
.1

7
–
0
.0

4
–
0
.1

7
–
0
.1

7
–
0
.1

6
–
0
.0

4
–
0
.1

7
–
0
.0

4
C

1
0

0
.1

4
0
.0

1
0
.1

5
0
.0

0
0
.0

9
–
0
.0

5
0
.1

1
–
0
.0

5
0
.0

9
–
0
.0

6
N

1
1

–
0
.3

9
0
.0

1
–
0
.3

7
0
.0

0
–
0
.4

0
0
.0

2
–
0
.3

9
0
.0

0
–
0
.4

0
–
0
.0

1
C

1
2

0
.0

2
0
.0

6
–
0
.0

1
0
.0

4
0
.0

1
–
0
.1

2
0
.0

0
0
.0

3
–
0
.0

1
0
.0

4
C

1
3

0
.0

2
0
.0

6
0
.0

0
0
.0

4
0
.0

0
–
0
.1

2
0
.0

0
0
.0

2
0
.0

2
0
.0

5
S

1
4

–
0
.2

3
–
0
.0

8
–
0
.2

3
–
0
.0

6
–
0
.4

1
–
0
.2

5
–
0
.2

4
–
0
.0

7
–
0
.2

3
–
0
.0

8
C

1
5

–
0
.1

3
0
.0

2
–
0
.1

4
–
0
.0

4
–
0
.1

4
–
0
.2

2
–
0
.1

3
–
0
.0

3
–
0
.1

1
0
.0

1



for C3, S14, O1, C8, C6, C10 (charge decreased by 0.24, 0.18, 0.09, 0.07, 0.06 and 0.04,

respectively) and C4, C7 (charge increased by 0.14, 0.07, respectively) (Table 3).

Mulliken charge distribution shows the largest changes in the aromatic ring indi-

cating polarization of only in this ring. The largest changes are observed for C5

(charge decreased by 0.03), C7 (increased by 0.04), and C8 (increased by 0.07). The

charge on the atom C4 decreases by 0.05, while CM2 method gives an increase by

0.09. When we compare substrate in the active site with the intermediate in the active

site, we observe changes in the Mulliken charge distribution for all atoms. Charges

decreased on the atoms C3, C8, S14, C15, O1, C12, C13, C9, C5, and C10 by 0.48, 0.22,

0.19, 0.18, 0.17, 0.16, 0.16, 0.13, 0.09, and 0.05, respectively. On the atoms C4, C2

and C7 charge increased by 0.13, 0.06, and 0.04, respectively. Mulliken analysis was

the base of the discussion presented by Carey et al. [25], which led to the conclusion

that the major electronic changes upon binding occur in the ring. Since CM2 charges

provide better description of these changes we believe that the polarization induced

by crotonase affects mostly the double bond. It is worth noticing that our results pro-

vide an example of the qualitatively different interpretation of the enzyme action

upon using more realistic atomic charge scheme. They also stress the importance of

using realiable schemes and provide warning for drawing conclusions from widely

used, but very simple Mulliken population analysis.

The C2=O1 bond length is shorter by 0.005 Å, C3=C4 by 0.003 Å, C2–C3 by 0.01 Å,

C14–C15 by 0.01 Å and C21–N22 by 0.01 Å for bound substrate than for free substrate.

The C4–H34 bond distance changed from 1.100 Å (substrate in aqueous solution) to

1.097 Å (substrate in the active site). The C3–H33 bond length is larger by 0.003 Å,

C4–C7 by 0.001 Å, and C2–S14 by 0.01 Å for bound substrate than for free substrate.

The C10–N11 bond distance changed from 1.143 Å (substrate in aqueous solution) to

1.443 Å (substrate in the active site). The remaining bonds are intact. In Table 4 se-

lected dihedral angles are summarized. The dihedral angle C8–C7–C4–C3 in free sub-

strate is close to zero. Crystallographic data for the bound substrate showed that the

aromatic ring is twisted along double bond C3=C4 axis. In agreement with these find-

ing our calculations indicate that the value of dihedral angle C8–C7–C4–C3 in en-

zyme-bound substrate is 13.7�. As stated above, major �-electron reorganization

occurs for the C2=O1 and C3=C4. This is reflected in the vibrational character of the

enzyme-bound substrate. The mode near 1913 cm–1 for substrate in aqueous solution

is associated with carbonyl group. One band 1923.7 cm–1 is observed for carbonyl

group in substrate in the active site (Table 5). The band 1827.6 cm–1 due to the double

bond C3=C4 (substrate in aqueous solution) is shifted to 1825.2 cm–1 (substrate in the

active site). The key aromatic ring mode near 1551 cm–1 for the free substrate remains

“intact” for the bound form. The bands 1215.4 and 1263.4 cm–1 (substrate in aqueous

solution) for the aromatic ring are moved to 1194.5 and 1259.5 cm–1 (substrate in the

active site), respectively.

Equilibrium isotope effects on the crotonase reaction 1475



Table 4. Selected dihedral angles.

dihedral angle
substrate in

aqueous solution

substrate

in active site

enolate

intermediate

product

in active site

product in

aqueous solution

C11–C10–C5–C6 174.8 171.7 175.3 175.6 –177.9
C8–C7–C4–C3 0.6 13.7 –53.3 53.9 –60.2
C7–C4–C3–C2 –179.8 –174.7 –139.9 –130.8 –167.2
C4–C3–C2–S14 –179.8 156.1 –171.6 178.5 –163.9
C2–S14–C15–C16 –88.2 –57.3 –110.3 –101.3 –86.3
S14–C15–C16–N17 87.4 99.6 135.5 137.1 117.6
C15–C16–N17–C18 78.2 76.0 105.6 70.4 72.9
C16–N17–C18–C20 –166.8 –177.4 –159.9 –170.6 –168.9
N17–C18–C20–C21 –84.1 –139.1 –139.9 –110.0 –138.4

Table 5. Calculated frequencies for substrate in aqueous solution and substrate in the active site, � (cm–1).

substrate in aqueous

solution

substrate

in the active site
modes

383.7 – ring
386.1 – ring
396.5 392.0 ring
426.3 415.8 ring, C3=C4

438.3 443.5 ring, S–C–O, C3=C4

451.3 – ring
469.5 479.1 ring, C=O
501.6 505.7 ring, S–C–O

– 514.7 CH3

556.6 554.4 ring, N–CH3

571.9 – ring
592.6 – ring
607.6 620.1 ring, C–S
619.9 – C–S, C=O, ring
635.5 653.7 ring, C–S
645.5 – C–S
661.6 – ring

– 702.9 ring, C–S–O, C=O
754.5 739.1 ring, C–S–O, C=O

– 811.2 ring, C–S
819.9 882.3 ring, C–S, N–CH3

– 931.6 ring, C–H
945.1 945.4 ring, C3=C4, CH3

– 981.9 ring
1019.3 – ring C–H
1033.3 1032.9 CH2, CH3

– 1034.0 CH2

1054.2 1052.8 CH3, ring
1098.4 1152.9 ring, C–H
1171.2 – N–CH3

– 1159.5 CH2

1215.4 1194.5 ring C–H, N–CH3

1246.7 1245.6 ring C–H
1263.4 1259.5 ring, C3=C4

– 1277.7 CH2

1329.5 1303.8 ring C–H, N–CH3

1360.2 1340.6 ring C–H, CH3

– 1352.3 ring C–H
1368.4 1368.8 CH2, CH3

1377.7 – CH2

1396.5 1392.3 CH2

– 1401.6 CH3

1430.9 – CH2

1479.3 1447.2 ring C–H
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Table 5 (continuation)

– 1499.9 CH2

1501.3 1517.3 ring C–H
1551.2 1551.6 ring
1632.8 1640.3 ring C–H

– 1760.9 ring C–H
1827.6 1825.2 C3=C4

1913.8 1923.7 C=O
2951.4 2981.2 C3–H
2975.4 3041.2 C4–H

Carey et al. investigated similar compound, S-ethyl 4-hydroxybenzoate thio-

ester. Their results of frequencies and shifts are in good agreement with our results

with one exception. The C=O feature could not be detected because it is obscured by

the ring modes or is vibrationally coupled with them. They observed two bands for the

ring for the bound ligand and both showed sizable, 15–20 cm–1 downshifts when sub-

strate was labeled with 13C and 18O in the benzoyl carbonyl group. It is likely that the

normal mode structure of the two intense features is highly delocalized, encompass-

ing the C=O bonds as well as the ring. Our calculation shows only one band for the

ring: 1551.6 cm–1. For the carbonyl group C=18O we observed 10.5 cm–1 downshift.

Carey et al. suggest that the ring becomes more quinonoid-like than benzenoid-like

and concludes that the valence structure 1 (S-ethyl 4-hydroxybenzoate thioester)

makes important contribution to the structure in the active site.

Our results demonstrate that the polarization is limited to the C4=C3–C2=O1 moi-

ety. Thus ring appears unaffected upon binding to the enzyme and the canonical reso-

nance structure 3 (DAC-CoA) makes important contribution to the ground state

structure of the molecule. Our results are in good agreement with those observed by

D’Ordine et al. [26,27]. They investigated 2,4-hexadienoyl-CoA using vibrational

spectroscopy. They showed that the enzyme polarizes the ground state of the conju-

gated substrate analogs and this polarization is limited to the C3=C2–C1=O portion of

the acyl group. Thus, C4=C5 appears unaffected upon binding to the enzyme (struc-

ture 2: 2,4-hexadienoyl-CoA).

Isotope substitution caused changes in frequencies. These changes are summarized in

Table 6.
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Table 6. Selected frequencies for substrate and product, � (cm–1).

substrate in

aqueous solution

substrate in

the active site

enolate

intermediate

product in the

active site

product in

aqueous solution

C2=
16/18O1 1913.8 (28.4)a 1923.7 (10.5) 1923.5 (6.5) 1938.0 (12.2) 1941.4 (40.8)

C3=
12/13C4 1827.6 (25.8) 1825.2 (7.2) – – –

C2=
12/13C3 – – 1923.5 (2.0) – –

12/13C3�-H48 – – – 2588.6 (3.6) 2922.2 (5.1)

C3�
1/2H33 2951.4 (749.9) 2981.2

(433.6)
3078.7 (427.2) 2995.5 (225.8) 2922.2 (728.7)

C4�
1/2H34 2975.4 (759.2) 3041.2

(433.6)
2849.1 (426.8) 2903.7 (225.9) 2901.0 (762.1)

aValues in parentheses are shifts upon isotopic substitution by the heavy isotope indicated in the leading
superscripts.

Table 7. Calculated isotope effects.

isotope effect 13
C3

13
C4

2
H33

2
H34

18
O1

EIE1
a

0.9997 0.9990 0.9670 0.9195 0.9977

EIE2
b

1.0077 0.9957 0.9479 0.9546 0.9981

EIE3
c

1.0025 0.9999 1.0103 0.9646 1.0026

EIE1	 EIE2 	 EIE3
d

1.0099 0.9946 0.9261 0.8467
0.9984

a – EIE on binding the reactant.
b – EIE on the chemical reaction in the active site pocket.
c – EIE on the release of the product.
d – overall EIE.

The carbonyl band corresponding to the bound substrate was compared to the free

substrate in aqueous solution and showed that the band is shifted by 9.9 cm–1. This

shift is attributed to hydrogen bond formation between the DAC-CoA molecule and

enzyme active site residues upon binding. One band 1923.7 cm–1 for C2=O1 is ob-

served in case of the substrate in the active site (a result of the hydrogen bond forma-

tion). 18O substitution caused 28.4 cm–1 shift in aqueous solution and 10.5 cm–1 in the

active site.

We have computed 18O1,
13C3,

13C4,
2H33,

2H34 equilibrium isotope effects. The

values of these isotope effects are summarized in Table 7. 18O equilibrium isotope ef-

fect on the enzyme-ligand association is capable of reflecting altered vibrational fre-

quencies associated with hydrogen bond formation. The inverse value of this isotope

effect indicates that the heavier isotope tends to concentrate in the enzyme-bound

state and the C–O bond becomes stiffer when bound to the enzyme. The significant
2H33 and 2H34 isotope effects can be interpreted as resulting from the binding distor-

tion. EIE’s are strongly correlated with hydrogen bond lengths. This confirms that the

hydrogen bond length can serve as a good indicator of hydrogen bond strength.
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k1 k2 k3
E + S E 	 S E 	 P E + P (2)

k–1 k–2 k–3

where S – substrate, P – product, E	S – bound substrate, E	P – bound product.

We were able to use this approach in the case of the equilibrium 2H isotope effect

because the � and � deuterium equilibrium isotope effects for the dehydration of

[(3S)-3-hydroxybutyryl]pantetheine by crotonase have been determined experimen-

tally [2]. The value of 2H33 EIE was found to be 1.07. From this value the EIE for the

hydration direction can be evaluated as equal to 0.935 (1/1.07). Our calculations yield

0.926 (EIE1	EIE2	EIE3). The measured value of the 2H34 EIE is 1.33 for the dehydra-

tion corresponding to 0.752 for the hydration direction. Our calculation gives value

equal to 0.847. These findings indicate that our model allows reliable prediction of

the equilibrium isotope effects.

The oxygen 18O1 isotope effect of binding to crotonase is small: 0.23%. This value

indicates that hydrogen bonds are weak (the carbonyl oxygen is hydrogen bonded

with Gly141 and Ala98, the length of that bond is 2.5 Å and 2.45 Å, respectively).
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