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ABSTRACT: 4-Chlorobenzoyl-coenzyme A (4-CBA-CoA) dehalogenase catalyzes the hydrolytic dehalo-
genation of 4-CBA-CoA to 4-hydroxybenzoyl-CoA by using an active site aspartate as the nucleophile.
Formation of the corresponding Meisenheimer complex (EMc) is followed by chloride ion expulsion
which forms the arylated intermediate (EAr). This is then hydrolyzed to the product. In this paper, we
explore the relationship between active site polarizing forces acting on the benzoyl carbonyl and the rate
of formation of the Meisenheimer complex. The polarizing forces at the CdO group were modulated by
introducing site-selected mutations (A112V, Y65D, G113A, G113S, G113N, and F64P), near the CdO
binding site. Using either the substrate, 4-CBA-CoA, or the substrate analogue, 4-methylbenzoyl-CoA
(4-MBA-CoA), Raman difference spectroscopy provided the position of the CdO stretching frequency
(νCdO) for a total of 10 enzyme-ligand complexes. In turn, the values of the CdO frequencies could be
converted to differences in effective hydrogen bonding strengths between members of the series, based
on earlier model studies [Clarkson, J., Tonge, P. J., Taylor, K. L., Dunaway-Mariano, D., and Carey, P.
(1997)Biochemistry 36, 10192-10199]. Catalysis in the F64P, G113A, G113S, and G113N dehalogenase
mutants was very slow withkcat values ranging from 8× 10-3 to 7.6× 10-6 s-1. The EAr intermediate
did not accumulate to a detectable level on these enzymes during a single turnover. Catalysis in the Y65D
and A112V dehalogenase mutants were almost as efficient as catalysis in wild-type dehalogenase with
kcat values of 0.1-0.6 s-1. In wild-type dehalogenase, 22% of the bound substrate accumulated as the
EAr intermediate during a single turnover (kobs for EAr formation) 24 s-1); in the Y65D mutant, the
level of accumulation is 17% (kobs for EAr formation ) 3 s-1), and in the A112V mutant, the level is
23% (kobs for EAr formation) 17 s-1). The kobs for EAr formation in wild-type dehalogenase and the
more active dehalogenase mutants (Y65D and A112V) was taken to be an estimate of thek for EMc
formation, and thekobs for EP formation in a single turnover was taken to be an estimate of thek for EMc
formation in the severely impaired mutants (F64P, G113A, G113S, and G113N). A plot of the logkobs for
EMc formation versus the CdO stretching frequency of bound 4-CBA-CoA (or 4-MBA-CoA) is a straight
line (R2 ) 0.9584). Throughout the series,νCdO varied by 61 cm-1, corresponding to the change in hydrogen
bonding enthalpy of 67 kJ/mol. The results show that changes in polarizing forces at the benzoyl carbonyl
are transmitted to the benzoyl (4) position and correlate with the rate of aromatic nucleophilic addition
five chemical bonds away. Interestingly, the relationship between effective polarizing forces and reactivity
seen here for dehalogenase is similar to that reported for the addition-elimination reaction involving the
hydrolysis of a series of acyl serine proteases.

In an environment as complex as an enzyme’s active site,
it would be of great interest to assess the interactions between
individual enzyme and substrate groups and to determine
the effect of these interactions on reactivity. For most
enzymes, this goal is beyond reach, but the system presented
here, involving the hydrolytic dehalogenation of 4-chloro-
benzoyl-coenzyme A (4-CBA-CoA)1 by a dehalogenase,

offers an unusual opportunity to explore just such a relation-
ship. Selected mutations have been employed to vary the
strength of the hydrogen bonds to the substrate’s benzoyl
carbonyl, and using Raman spectroscopy, it is possible to
quantitate the changes in hydrogen bond enthalpy at the Cd
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O group. It is found that these changes correlate with rate
of formation of the first intermediate on the reaction pathway,
a Meisenheimer complex.

4-CBA-CoA dehalogenase catalyzes the hydrolytic deha-
logenation of 4-CBA-CoA to 4-hydroxybenzoyl-CoA (4-
HBA-CoA) via a multistep mechanism involving initial
attack of Asp145 on C(4) of the substrate benzoyl ring which
forms a Meisenheimer intermediate (EMc) (1), followed by
expulsion of the chloride ion which forms an arylated enzyme
intermediate (EAr) and then ester hydrolysis in the EAr
which forms the product (Figure 1) (2). The benzoyl CdO
group of the bound substrate is positioned for H-bonding to
the backbone amide NH groups of Phe64 and Gly114 and
for electrostatic interaction with the positive pole of the
R-helix of residues 114-122, while the benzoyl ring itself
is surrounded by the aromatic rings of Phe64, Phe82, Trp89,
and Trp137 (3). The rings provide a low-dielectric insulating
sheath that probably facilitates the transmission of electronic
effects through the benzoylπ-electron system. A major
objective in this study is to search for a possible relationship
linking interactions at the benzoyl CdO group with the rate
of nucleophilic addition at benzoyl’s C(4) position, five
chemical bonds away.

In an earlier study, we impaired the interaction between
the benzoyl CdO group and the electropositive sites on the
enzyme by replacement of the CdO group with the CdS
group (4). Raman difference spectroscopic studies of 4-HBA-
dithio-CoA complexed to wild-type dehalogenase have
shown that the CdS group does not transmit the electron
pulling forces of the Gly114 and Phe64 backbone amide NH

groups (5). Consequently, the dithio substrate analogue is
less active as a substrate than 4-CBA-CoA, for example, with
kcat values of 3.2× 10-3 and 0.6 s-1, respectively.

In this work, we employ a different strategy to modulate
the interaction between the benzoyl CdO and the electro-
positive sites on the enzyme; we modify the electropositive
sites themselves. We have prepared and evaluated a series
of site-directed mutants in which amino acid replacements
were introduced at the A112, G113, and G115 positions
flanking theR-helix N-terminus and at the G63 and Y65
positions flanking residue F64. As can be seen in Figure 2,
these residues are near the CdO binding site, and thus,
mutations at these sites are expected to cause subtle con-
formational changes that translate into a reduction in the
strength of the electrostatic interaction with the substrate Cd
O group. Such a reduction would, in turn, result in a reduced
level of polarization of the CdO group. This is measured
by Raman difference spectroscopy and can be used to
calculate the change in hydrogen bonding enthalpy. At the
same time, the changed polarizing effects at the CdO group
are transmitted to the 4 position of the benzoyl ring, bringing
about changes in the rate of Meisenheimer complex forma-
tion. In this study, we show that there is a correlation between
the effective hydrogen bonding strength at the benzoyl Cd
O group and the logarithm of the rate of formation of the
Meisenheimer complex. Surprisingly, the relationship be-
tween the thermodynamic and kinetic parameters uncovered
here bears a strong resemblance to that found for the
deacylation behavior of a series of acyl serine proteases (6).

FIGURE 1: Pseudomonassp. strain CBS-3 4-CBA-CoA dehalogenase-catalyzed conversion of 4-CBA-CoA to 4-HBA-CoA.
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EXPERIMENTAL PROCEDURES

Materials

Ligands. 4-CBA-CoA, 4-MBA-CoA, and 4-HBA-CoA
were prepared according to published procedures (7).

Enzymes.QuickChange mutagenesis (Stratagene) was used
in combination with theSmaI-SalI-pT7.5 plasmid (con-
taining the 4-CBA-CoA dehalogenase gene) as a template
(8) and the Escherichia coli BL21(DE3) cell line for
construction of site-directed mutants. Mutant sequences were
confirmed by DNA sequencing. Wild-type and mutant
dehalogenases were purified according to the following
procedure. BL21(DE3) cells transformed with WT (8) or
mutant dehalogenase-encoding plasmid were grown at 28
°C in 3 × 2 L of LB medium containing 50µg/mL
ampicillin. Protein production was induced with 0.4 mM
isopropylâ-D-galactopyranoside (IPTG) ca. 10 h postinocu-
lation (cell density had reached an OD600 of 1.0). After a 5
h induction period, the cells were harvested by centrifugation
(5000g for 15 min) and then suspended in 300 mL of buffer
[50 mM K+Hepes and 1 mM DTT (pH 7.5)] at 0°C. The
cell suspension was passed through a French press at 1200
psi and then centrifuged at 48000g and 4°C for 1 h. The
supernatant was chromatographed on a 40 cm× 15 cm
DEAE-cellulose column [equilibrated with 50 mM K+Hepes
and 1 mM DTT (pH 7.5)] at 4°C using a 1.5 L linear
gradient from 0 to 0.35 M KCl in 50 mM K+Hepes and 1
mM DTT (pH 7.5) as the eluant. The column fractions were
analyzed by SDS-PAGE. The desired protein eluted at 0.1
M KCl. Solid (NH4)2SO4 was added to the combined
fractions to a final concentration of 10% (w/v). The resulting
solution was chromatographed at 4°C on a 18 cm× 3 cm
Butyl-Sepharose column [pre-equilibrated with 10% (w/v)
(NH4)2SO4 in 50 mM K+Hepes and 1 mM DTT (pH 7.5)].
The column was eluted with a 500 mL linear gradient from

10 to 0% (NH4)2SO4 in 50 mM K+Hepes and 1 mM DTT
(pH 7.5). The desired protein fractions [eluted at∼5%
(NH4)2SO4] were combined and dialyzed in 50 mM K+Hepes
and 1 mM DTT (pH 7.5) for 4 h at 4°C [to remove (NH4)2-
SO4 present in the protein sample] prior to being loaded onto
a 12 cm× 3 cm hydroxyapatite column [pre-equilibrated
with 50 mM K+Hepes and 1 mM DTT (pH 7.5)]. The
column was eluted at 4°C with a 400 mL linear gradient
from 0 to 0.2 M K2

+(HPO4) in 50 mM K+Hepes and 1 mM
DTT (pH 7.5). The purified protein (eluted at∼0.05 M
potassium phosphate) was concentrated using an Amicon
device (10 kDa Disc membrane) or a 10 kDa Macrosep
centricon. (The hydroxyapatite chromatographic step is
necessary for the removal of traces of a contaminating
thioesterase activity.) The protein purity was confirmed by
SDS-PAGE. The protein concentration was determined by
using the Bradford method (9) and by the protein absorbance
at 280 nm (extinction coefficient) 40 090 M-1 cm-1). The
yields were as follows: 15 mg/g (wet cell) for WT, 10 mg/g
for G113A and G113S, 5 mg/g for Y65D, F64P, and G113N,
3 mg/g for A112V and A112S, and 1 mg/g for G113V and
G115A.

Kinetic Assays

Steady-State Continuous Spectrophotometric Assay.This
assay was used to measurekcat, Km, andKi values for wild-
type dehalogenase andkcat andKm values for the Y65D and
A112V dehalogenase mutants. The initial velocity of the
dehalogenase-catalyzed conversion of 4-CBA-CoA to 4-HBA-
CoA was measured by monitoring the increase in solution
absorption at 300 nm (∆ε ) 8200 M-1 cm-1). Reactions
were carried out in 50 mM K+Hepes (pH 7.5 and 25°C)
that contained wild-type (0.03µM) or mutant dehalogenase
(0.03µM for Y65D and 0.08µM for A112V) and varying
concentrations of 4-CBA-CoA (0.5-10-fold greater thanKm).
The initial velocity data were analyzed using eq 1 and the
computer program KinetAsyst (IntelliKinetics) to calculate
Vm andKm. Thekcat was calculated from the ratio ofVm and
enzyme concentration.

whereV is the initial velocity,Vmax the maximum velocity,
[S] the substrate concentration, andKm the Michaelis
constant.

Steady-State Fixed-Time Assay.TheKm and/orkcat values
for the low-activity dehalogenase mutants G113A, G113S,
G113N, and F64P were determined by measuring the amount
of 4-HBA-CoA (at 330 nm,ε ) 18 200 M-1 cm-1 for the
4-HBA-CoA phenoxide anion) formed in reaction mixtures
incubated for a specific time period, and then quenched with
base (110µL of 0.3 M KOH added to 110µL of reaction
mixture). Reactions were carried out in 50 mM K+Hepes
(pH 7.5 and 25°C) which contained 2µM G113A, 5 µM
G113S, 20µM G113N, or 20µM F64P dehalogenase and
varying concentrations of 4-CBA-CoA (15-200 µM) (for
G113A and G113S mutants) or a saturating concentration
of 4-CBA-CoA (500µM) (for F64P and G113N mutants).
Reactions were terminated at or below 10% conversion of
substrate. The initial velocity of the reaction was calculated
from the slope of a plot of product concentration versus
reaction time. Initial velocity data measured as a function

FIGURE 2: Target residues of mutation around the backbone NH
group of G114 and F64 which perturb the function of the oxyanion
hole in the wild-type 4-CBA-CoA dehalogenase (based on ref3).
Black sticks denote the product 4-HBA-CoA. Dotted lines represent
H-bonding interactions between the benzoyl CdO group and
backbone amide NH groups of Phe64 and Gly114. An identical
crystal structure with no conformational changes was also found
for the 4-HBA-CoA-D145A mutant complex.

V ) Vmax[S]/([S] + Km) (1)
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of 4-CBA-CoA concentration were analyzed by using eq 1
for calculation ofVm andKm. Thekcat values for the G113N
and F64P mutants were estimated from the ratio of the initial
velocity measured at saturating 4-CBA-CoA concentrations
and the enzyme concentration.

Single-TurnoVer Reactions Monitored by Stopped-Flow
Absorption.Equal volumes (50µL) of 40 µM 4-CBA-CoA
and 120µM dehalogenase mutant (Y65D and A112V) in
50 mM K+Hepes (pH 7.5 and 25°C) were mixed with a
DX.17 MV stopped-flow spectrometer (Applied Photophys-
ics, Leatherhead, U.K.) equipped with a 150 W xenon lamp
(6 mm slit width). Data acquisition and processing were
carried out with a 32-bit processor Archimedes workstation,
which was also used for subsequent nonlinear regression
analysis of the kinetic traces. The absorbance traces were
measured at 370 nm (the molar extinction coefficient for the
dehalogenase-4-HBA-CoA complex is in the range of
10000-17000 M-1 cm-1, depending on the mutant used; the
dehalogenase-4-CBA-CoA complex does not absorb at this
wavelength) and were analyzed with a single-exponential
equation (eq 2) to obtain the observed rate constantkobs.

where At is the absorbance at timet, Amax the maximal
absorbance, andkobs the apparent first-order rate constant.

The 370 nm absorption traces for reactions catalyzed by
the low-activity dehalogenase mutants G113A and G113S
were measured using a Beckman DU640 UV-vis spectro-
photometer, following the hand mixing of enzyme and
substrate.

Single-TurnoVer Reactions by Rapid Quenching or Hand
Quenching.Single-turnover reactions catalyzed by wild-type
dehalogenase and the Y65D and A112V mutant dehaloge-
nases were monitored by measuring the amount of 4-HBA-
CoA released from the enzyme upon denaturation (acid
quench) and the amount of 4-HBA-CoA released from the
precipitated enzyme fraction [arylated enzyme form (EAr)]
upon base-catalyzed hydrolysis. A KINTEK rapid quench
apparatus was used to mix 32µL of 101 µM 4-CBA-CoA
and 30µL of 239 µM enzyme in 50 mM K+Hepes (pH 7.5
and 25°C). After a specified period of time, the reaction
was quenched by the addition of 182µL of 0.32 M HCl. A
200 µL aliquot was removed and mixed with 34µL of 2.5
M KOH. The absorbance of the resulting solution was
measured at 330 nm immediately after mixing. This absor-
bance was used to calculate the total amount of EAr and
4-HBA-CoA formed in the reaction. To measure the amount
of EAr, 40 µL of saturated 4 M KCl was added to 244µL
of the acid-quenched reaction mixture to facilitate enzyme
precipitation. The mixture was centrifuged with a NANOSEP
0.2 µm centrifugal concentrator. A 220µL aliquot of the
filtrate was mixed with 34µL of 2.5 M KOH, and the
absorbance of the resulting solution at 330 nm was measured
(this step measures the amount of 4-HBA-CoA present in
the quenched reaction mixture). The enzyme precipitant
contained in the concentrator was suspended in 250µL of
0.2 M HCl, which also contained 0.56 M KCl, and then
centrifuged. This cycle was repeated twice more. The washed
enzyme precipitant was then dissolved in 230µL of 0.15 M
KOH and centrifuged for 2 min in a NANOSEP 0.2µm
centrifugal concentrator. The absorbance of the filtrate at 330

nm was measured to determine the amount of 4-HBA-CoA
generated from the hydrolysis of the arylated enzyme. For
the reactions catalyzed by the low-activity dehalogenase
mutants (F64P, G113A, G113S, and G113N), 250µL
reaction solutions [initially containing 60µM dehalogenase
mutant and 20µM 4-CBA-CoA in 50 mM K+Hepes (pH
7.5 and 25°C)] were mixed by hand with 10µL of 6 M
HCl and 40µL of saturated KCl. The reaction mixtures were
separated and analyzed as previously described. The plots
of EAr concentration versus reaction time were fitted using
eq 2 to define thekobs for EAr formation.

Ligand Dissociation Constants Measured by Fluorescence
Titration. A FluoroMax-2 fluorometer was used in protein
fluorescence quenching experiments aimed at measuring the
binding constants of 4-MBA-CoA with wild-type and mutant
dehalogenases. The intrinsic fluorescence spectrum of the
dehalogenase (1µM) in 50 mM K+Hepes (pH 7.5 and 25
°C) that results from 290 nm excitation has an emission
wavelength maximum at 337 nm. For a typical titration
experiment, 1µL aliquots of ligand were added to a 1 mL
solution of 1µM dehalogenase, and the fluorescence intensity
at 337 nm was monitored. Because of filtration effects, the
maximum ligand concentration that was used did not exceed
200 µM. Thus, for mutant-ligand pairs having largeKd

values (<50 µM), titrations were carried out to partial
saturation. The fluorescence data were fitted to eq 3 using
the Kaleida Graph computer program for nonlinear regression
analysis (10).

where [S] is the total ligand concentration, [E] the total
enzyme concentration,Kd the apparent dissociation constant
of the enzyme-ligand complex,Fobs the observed change
in fluorescence intensity,Fmax the maximum change in
fluoresence intensity, andFo the initial fluorescence intensity.

Raman Spectroscopy

The nonresonant Raman spectra were obtained using 647.1
nm laser excitation from an Innova 400 krypton laser system
(Coherent, Inc.), a back-illuminated charge-coupled devise
(CCD) detector (model 1024EHRB/1, Princeton Instruments,
Inc.) operating at 183 K, and a Holospec f/1.4 axial
transmission spectrometer (Kaiser Optical Systems, Inc.)
employed as a single monochromator, as described in a
previous report (11). Enzyme samples contained in cuvettes
(50µL in volume) were brought to appropriate concentrations
and buffered with 50 mM Tris-HCl at pH 7.5. Enzyme and
4-CBA-CoA or 4-MBA-CoA concentrations that were used
are given in the figure legends. Data were collected im-
mediately after the complex had been made, using a laser
power of∼950 mW and CCD exposure times of 5 min. The
Raman spectrum of the buffer was subtracted from that of
the ligand in buffer (giving the spectrum of the free ligand),
while the spectrum of the enzyme in buffer was subtracted
from that of the enzyme-ligand complex to give the
spectrum of the bound ligand.

RESULTS

Changes in Polarization at the CdO Group: EffectiVe
Hydrogen Bonding Strength.The stretching frequency of the

At ) Amax[1 - exp(-tkobs)] (2)

∆F/F0 ) [∆Fmax/F0([E])][ Kd + [E] + [S] -

x(Kd + [E] + [S])2 - 4[E][S]]/2 (3)
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thioester CdO bond for the bound ligand was measured by
Raman difference spectroscopy (11-13). The wavelength
of the excitation laser source was 647.1 nm, far from
absorption bands of the benzoyl moiety of the ligands that
occur near 280 nm. Thus, the experiments were carried out
under nonresonance conditions, eliminating the possibility
of photochemical changes being induced by the laser.
Binding of the substrate analogue 4-methylbenzoyl-CoA (4-
MBA-CoA) or the substrate itself, 4-CBA-CoA, to the
dehalogenase mutants yields a wide variation in the position
of the CdO stretching frequency. As can be seen in Table
1 and Figures 3 and 4, it occurs between 1608 and 1669
cm-1. The latter value represents the CdO group in an
essentially null electrostatic force environment, being close
to 4-bromobenzoylS-alkyl thioester in CCl4 [with a CdO
stretch at 1669 cm-1 (14)] and 4-methylbenzoylS-ethyl
thioester in CCl4 [CdO stretch at 1663 cm-1 (13)]. The
lowest value is 1608 cm-1 for substrate binding to D145A
dehalogenase (15). The CdO group here is effectively
polarized by the hydrogen bonds from the Phe64 and Gly114
backbone NH groups as well as by the positive pole (at
Gly114) of theR-helix dipole of residues 114-122. It should
be noted that the 4-MBA-CoA does not form an EMc, the
electronic properties of the 4-methyl group are unfavorable,
and there is no evidence for the characteristic EMc Raman
bands near 1510 and 1220 cm-1 (1, 12). Thus, in all cases,
where we are recording Raman spectra, we are observing
the Michaelis complexes.

The mutant enzymes fall into three classes. Changes in
A112V and Y65D increase the value of the CdO stretch
only modestly over that seen for the WT; changes in G113A
and G113S increase the CdO stretch by 30-47 cm-1, and
changes at F64P and G113N increase the CdO stretch by
∼60 cm-1. The positions of these mutations near the
dehalogenase active site are indicated in Figure 2. It is
apparent that the position of the CdO frequency can depend
on both the position and nature of the site-specific mutation.

The decrease in the CdO frequency is, of course, due to
its increasing single-bond character brought about by net
electropositive forces near the CdO oxygen. These bring
about an increase in the valence bond form II (Scheme 1) to

the true structure. As a result, the CdO bond assumes a
decrease in double-bond character.

For the WT (or D145A), the two peptide NH hydrogen
bonds and theR-helix dipole appear to be oriented to achieve
maximal polarization. Although we cannot dissect the
polarizing forces into their individual components, we are

Table 1: Steady-State Kinetic Constants (kcat andKm) for Catalyzed Dehalogenation of 4-CBA-CoA, Observed Rate Constants (kobs) for the
Single-Turnover Reaction of 4-CBA-CoA to 4-HBA-CoA (or where noted to arylated enzyme EAr), Dissociation Constants (Kd) for
Dehalogenase Complexes of 4-Methylbenzoyl-CoA (4-MBA-CoA), and Thioester CdO Stretch Frequencies (νC)O) in Dehalogenase
Complexesa

wild-type F64P Y65D G113A G113S G113N A112V

kcat (s-1) 0.60( 0.01b 7.6× 10-6 c 0.44( 0.01b (8 ( 1) × 10-3 b,c (4.5( 0.3)× 10-4 c 4.6× 10-5 c 0.130( 0.001b

Km (µM) 3.7 ( 0.3b 11 ( 0.7b 26 ( 11b,c 62 ( 9c 6.6( 0.3b

kcat/Km

(s-1 µM-1)
0.16b 0.039b 3.2× 10-4 b,c 6.5× 10-6 c 0.019b

kobs (s-1) 24 ( 0.5 for EAre 1.0× 10-5

for EPf
3.4( 0.9

for EAre
(4.5( 0.04)× 10-3

for EPf
(8.5( 0.9)× 10-4

for EPf
3.9× 10-5

for EPf
17 ( 0.5

for EAre

2.3( 0.1 for EPd 1.030( 0.006
for EPd

1.80( 0.02
for EPd

Kd (µM)h 1.6( 0.2 19( 4 1.7( 0.3 25( 4 140( 10 105( 30 2.5( 0.4
νCdO 1608 (with D145A)g 1667g 1639g 1669g

frequency
(cm-1) 1612h 1668h 1613h 1638h 1655h 1612h

a Reactions were carried out at pH 7.5 and 25°C. See Experimental Procedures for details.b Measured by a steady-state continuous 300 nm
spectrophotometric assay.c Measured by a steady-state fixed-time 330 nm spectrophotometric assay.d Measured by a single-turnover stopped-flow
370 nm spectrophotometric assay.e Measured by a single-turnover rapid quench 330 nm spectrophotometric assay.f Measured by a single-turnover
hand quench 330 nm spectrophotometric assay.g Measured with the 4-CBA-CoA complex.h Measured with the 4-MBA-CoA complex.

FIGURE 3: Typical Raman spectra of 4-CBA-CoA in various
states: (A) free 7.9 mM 4-CBA-CoA in 50 mM Tris-HCl buffer,
(B) bound to D145A (392µM) at an E:S ratio of 1:1, (C) bound to
G113S (430µM) at an E:S ratio of 2:1 (averaged data for the first
15 min), and (D) 4-CBA-CoA bound to F64P (290µM) at an E:S
ratio of 2:1 (the first 5 min of data). All were at pH 7.5 in 50 mM
Tris buffer. The band ranging from 1608 to 1667 cm-1 is due to
the CdO stretching vibration of the thioester group, and the intense
band at 1590 and an unresolved shoulder at 1570 cm-1 are due to
the phenyl ring CdC stretching modes (modes 8a and 8b).
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able to estimate the effective hydrogen bonding strength. In
this instance, this is defined as the strength of a single
hydrogen bond that would shift the CdO stretch from its
unperturbed position of 1669 cm-1 to its position of 1608
cm-1 for the most highly polarized form. The estimate is
made by undertaking hydrogen bonding studies on the model
compound 4-methylbenzoylS-ethyl thioester in CCl4 using
FTIR spectroscopy. Details are given in the publications by
Clarkson et al. (13), where it is shown for benzoyl thioesters
that the enthalpy of effective hydrogen bonding strength
(∆H) is linearly related to the shift of the CdO stretch
frequency (∆νCdO) by the following equation:

For this series of dehalogenase complexes, this gives a
change in the effective H-bonding strength of 67 kJ/mol (16
kcal/mol), which is obviously a potent polarizing force at
the CdO bond.

Kinetic and Thermodynamic Properties of Site-Directed
Mutants.Dehalogenase mutants G63A, G63I, G63P, G115V,
G115N, G115L, G115S, and A112G were overexpressed as
insoluble proteins and were not pursued further. Dehaloge-
nase mutants G113V and A112S were expressed as soluble
proteins; however, upon purification and concentration, the
proteins precipitated from solution. These mutant dehaloge-
nases were not examined further. Dehalogenase mutants
A112V, G113N, G113S, G113A, Y65D, and F64P were
overexpressed as soluble proteins and purified to homogene-
ity (as determined by SDS-PAGE). Their solubility, wild-
type dehalogenase-like chromatographic behavior, and sta-
bility were indicative of a native fold.

The steady-state kinetic constantskcat and Km were
determined at 25°C and pH 7.5 using a continuous
spectrophotometric assay. The results are listed in Table 1.
The dehalogenase mutants F64P and G113N did not possess
sufficient activity for determination ofKm. For these mutants,
thekcat was calculated from the initial velocity measured at
a presumed saturating level of substrate. Thekcat values of
the mutants ranged from 0.0013% (7.6× 10-6 s-1) to 73%
(0.44 s-1) of the wild-type dehalogenasekcat value (0.60 s-1).
This range was sufficient for exploration of the relationship
between the rate of catalysis of formation of the Meisenhe-
imer intermediate and the ability of the enzyme to polarize
the substrate or substrate analogue, 4-MBA-CoA, as defined
by the CdO stretching frequency. The binding affinities of
the mutant dehalogenase for the 4-MBA-CoA ligand were
determined by fluorescence titration. TheKd values that were
obtained are listed in Table 1. These values ranged from 1.7
to 140µM compared to theKd of 1.6 µM measured for the
wild-type dehalogenase. The binding affinity of each mutant
was strong enough to ensure adequate population of the
enzyme-ligand complex for Raman measurement.

The dehalogenase reaction pathway is a multistep one, and
each step, including product release, attenuates the turnover
rate (2). For the wild-type dehalogenase, the rate of a single
turnover is 2.3 s-1 which is ca. 4-fold faster than the steady-
state turnover rate. Thekobs for EAr formation (from the ES
complex) is 24 s-1 (Table 1). Because EAr formation follows
EMc formation, 24 s-1 is the lower limit for thek for EMc
formation. In wild-type dehalogenase, the EAr accumulates
to a level corresponding to 22% of the bound substrate, while
in the A112V mutant, it accumulates to a level of 23%
(Figure 5). In the Y65D mutant, thekobs for EAr formation
(3.4 s-1) is slower than thekobs for EAr formation in A112V
(17 s-1), or in wild-type dehalogenase (24 s-1). Nevertheless,
the EAr accumulates to a level of 17% because the rate of
EAr hydrolysis is also reduced in this mutant (see Figure
5).

The severely decreasedkcat andkobsvalues (for the single-
turnover reaction, Table 1) determined for the F64P, G113A,
G113S, and G113N mutants indicate that one or more of
the forward microscopic rate constants have been drastically
reduced. Because the mutation is directed at the disruption
of substrate polarization, it was hypothesized that EMc
formation is a limiting step in these mutants. A mutation
which inhibits the rate at which EAr is formed to a greater
extent than the rate at which it is consumed will preclude
the accumulation of the EAr intermediate. Therefore, the
precipitated enzyme fractions derived from single-turnover
reactions catalyzed by F64P, G113A, G113S, and G113N

FIGURE 4: Typical Raman spectra of 4-MBA-CoA in various
states: (A) free 4-MBA-CoA (4.2 mM) in 50 mM Tris-HCl buffer,
(B) 4-MBA-CoA bound to WT enzyme (350µM) at an E:L ratio
of 1:1, (C) 4-MBA-CoA bound to Y65D (200µM) at an E:L ratio
of 1:1, and (D) 4-MBA-CoA bound to G113A (245µM) at an E:L
ratio of 3:2. All were at pH 7.5 in 50 mM Tris-HCl buffer. The
band ranging from 1612 to 1638 cm-1 is due to the CdO stretching
vibration of the thioester group, and the intense band between 1608
and 1596 cm-1 and an unresolved shoulder from 1582 to 1570 cm-1

are due to the phenyl ring CdC stretching modes (modes 8a and
8b).

Scheme 1

-∆H ) 1.24νCdO - 8.72 kJ/mol (4)

Strength of Dehalogenase-Substrate Hydrogen Bonding Biochemistry, Vol. 42, No. 31, 20039487



dehalogenases, and quenched at varying conversions, were
analyzed for EAr content. In contrast to wild-type, A112V,
and Y65D dehalogenase, the F64P, G113A, G113S, and
G113N mutant dehalogenases did not contain a detectable
level (>3%) of the EAr intermediate. This result suggests
that EAr formation is limiting in these mutants.

Because EAr is formed in two steps, consisting of the
conversion of ES to EMc and then EMc to EAr, inhibition
of either of these steps could cause EAr formation to become
rate-limiting. Therefore, only if it were known (which it is
not) that the EMc intermediate is converted to EAr in the
quenched reaction could it be known with certainty that the
ES to EMc step is rate-limiting in the reaction pathway
catalyzed by the mutants. Nevertheless, it is not unreasonable
to assume that EMc formation is rate-limiting because the
mutation is more likely to impair the stabilization of the
transition state leading to the EMc intermediate than it is
the transition state associated with the expulsion of the
chloride ion from this intermediate. This latter step, which
is driven by the gain in aromaticity, occurs without the
assistance of active site residues and, thus, is not expected
to be sensitive to amino acid replacement made at a distant

position in the catalytic site. In contrast, a mutation that
reduces the level of H-bond interaction with the substrate
benzoyl CdO group should reduce the affinity of the
substrate for the enzyme (note the increasedKd values of
the mutant enzyme-4-MBA-CoA complexes listed in Table
1) and, to a much greater extent, reduce the extent of
stabilization of the charged EMc intermediate (and the
transition state leading to it).

DISCUSSION

Polarization throughout the Benzoylπ-Electron System.
For a delocalizedπ-electron system such as the benzoyl
moiety, two kinds of polarization effects can be distinguished.
In the first, strong electropositive forces near the CdO
oxygen increase electron density at the oxygen atom with a
consequent increase in CdO single-bond character and a
downshift in the stretching frequency. The electron pull at
the CdO group is not accompanied by electron release (or
push) at the 4 position. Consequently, there is only minor
π-electron rearrangement throughout the benzoyl skeleton,
and phenyl ring modes are only perturbed modestly. Thus,
in this case, the phenyl 8a and 8b modes shift only from
1608 to 1596 cm-1 when 4-MBA-CoA binds to WT
dehalogenase, although the CdO group undergoes strong
local polarization. This situation is accompanied by a fairly
small red shift in the benzoyl’sπ-π* transition, typically
from 260 to 302 nm upon binding (12).

However, when electron release is available at the 4
position, e.g., from the O- or OH moiety of the bound
product 4-HBA-CoA, a synergistic combination of electron
“pull” at the CdO group and “push” at the 4 position causes
a major rearrangement throughout the entireπ-electron
system. This leads to the benzenoid ring becoming more
quinonoid-like, and the 8a and 8b ring modes are replaced
by double-bond features near 1560 and 1525 cm-1 in the
4-HBA-CoA-WT enzyme complex (12). This effect is
accompanied by a major red shift in theπ-π* transition
from 293 to∼370 nm upon binding of the product to the
enzyme. Such massive spectral changes were first observed
in resonance Raman studies of chromophoric substrates
binding to papain (16) and later in Raman difference
(nonresonance) spectroscopic studies of model substrates
binding to cysteine proteases (17, 18). The significance of
this second class of polarized systems is that the large
rehybridization at the CdO group, brought about by “push-
me-pull-you” electronic effects, precludes setting up relation-
ships involving the properties of the carbonyl and reactivity
(19).

In this instance, we are fortunate that substrate polarization
is localized primarily in the CdO group, enabling us to
quantitate changes in hydrogen bonding strength with nearby
site-specific mutations in the enzyme. However, the conse-
quent changes in electron density transmitted to the 4 position
as the reaction proceeds do give rise to the large observed
changes in rate of formation of the Meisenheimer complex.

Correlation between the CdO Stretching Frequency and
the Rate of Formation of the Meisenheimer Complex.Above,
we made the case that the rate-limiting step for the reaction
of the substrate with the severely compromised mutants of
dehalogenase (G113A, G113S, G113N, and F64P) is the
formation of the Meisenheimer complex shown in Figure 1,

FIGURE 5: Accumulation of EAr in the single-turnover reaction of
115 µM WT dehalogenase with 52µM 4-CBA-CoA, 144 µM
A112V with 66µM 4-CBA-CoA, and 144µM Y65D with 66 µM
4-CBA-CoA in 50 mM Hepes buffer (pH 7.5, 25°C) measured
with rapid quench mixing and the spectrophotometric assay at 330
nm.
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and that by measuring the values ofkobs of EP under single-
turnover conditions we are measuring the rate of Meisen-
heimer formation.

As can be seen in Figure 6, for 10 ligand and enzyme
combinations, there is a good correlation between the position
of the CdO stretching frequency andkobs (R2 ) 0.9584),
wherekobs is the rate of formation of EP derived from single-
turnover experiments for severely impaired mutants in which
EAr does not accumulate (G113A, G113A, G113N, and
F64P) or rate of formation of EAr for enzymes in which
EAr accumulates (WT, A112V, and Y65D). The ranges are
quite broad, and reactivity varies by approximately 2400000-
fold andνCdO by 61 cm-1. As we have discussed above, the
latter translates into a change in effective hydrogen bonding
strength (enthalpy) of∼67 kJ/mol. Thus, it appears that
modulating the hydrogen bonding strength at the CdO group,
by modifying the dispositions of the two H-bond donors and
the electrostatic potential due to theR-helix dipole, affects
the transition state for formation of the Meisenheimer
complex five chemical bonds away. Moreover, there appears
to be a good correlation between the enthalpy of the effective
hydrogen bonding strength and logkobs. By using the
relationship

we find that the difference in∆G values (∆∆G) for the series
of complexes in Figure 6 is 36 kJ/mol. Thus, we can conclude
that approximately half of the enthalpy available with the
increase in the polarizing forces at the substrate’s CdO group
finds use in reducing the free energy between the ground
and transition states for Meisenheimer formation. In this, we
have made the assumption that entropy factors are changed
little going through the series of enzyme-ligand complexes
shown in Figure 6 and Table 1.

There is a remarkable correspondence between the results
displayed in Figure 6 for the system presented here and the

results we obtained for the deacylation of a series of acyl
enzymes involving subtilisin and chymotrypsin (20, 21). In
the latter studies, because of technical limitations, we had
to use chromophoric substrates to generate resonance Raman
spectra possessing sufficient intensity to permit detection.
Thus, the acyl enzymes were of the form shown in Chart 1.
The resonance Raman spectra were measured in a flow
system for the fully active species following a pH jump. The
pH jump leads to the base-catalyzed onset of deacylation,
but the spectral data were acquired before significant
deacylation had occurred. The results for a series of acyl
enzymes, showing the CdO stretching frequencies and the
logarithms of the deacylation rate constant, logk3, are shown
in Figure 7. The results yield a very well-defined straight
line (R2 ) 0.984). The implications of these findings have
been widely discussed in the literature in terms of the
relationships among the reactivity, the effective hydrogen
bonding strength at the acyl CdO group, and the changes
in the CdO bond length throughout the series (21-23). Here,
we note the strong similarities between the findings for the
acyl-serine proteases and the series of dehalogenase com-
plexes. Figure 7 compares the two sets of data. For the serine
protease complexes, reactivities vary by 16300-fold and Cd
O stretching frequencies by 54 cm-1. For the dehalogenases,
reactivities vary by∼2400000-fold and CdO stretching
frequencies by 61 cm-1. The slopes of the two plots ofνCdO

versus logk are similar. Moreover, two sets of experiments
probing hydrogen strengths for model compounds show that

FIGURE 6: Plot ofνCdO frequencies vs the single-turnover rate (log
kobs) for the 4-CBA-CoA dehalogenase series. (1) 4-CBA-CoA-
D145A: 1608 cm-1, kobs(WT) ) 24 s-1. (2) 4-MBA-CoA-WT:
1612 cm-1, kobs ) 24 s-1. (3) 4-MBA-CoA-A112V: 1612 cm-1,
kobs ) 17 s-1. (4) 4-MBA-CoA-Y65D: 1613 cm-1, kobs ) 3.4
s-1. (5) 4-MBA-CoA-G113A: 1638 cm-1, kobs) 4.5× 10-3 s-1.
(6) 4-CBA-CoA-G113S: 1639 cm-1, kobs ) 8.5 × 10-4 s-1. (7)
4-MBA-CoA-G113S: 1655 cm-1, kobs ) 8.5 × 10-4 s-1. (8)
4-MBA-CoA-F64P: 1668 cm-1, kobs) 1 × 10-5 s-1. (9) 4-CBA-
CoA-F64P: 1667 cm-1, kobs ) 1 × 10-5 s-1. (10) 4-CBA-CoA-
G113N: 1669 cm-1, kobs) 3.9× 10-5 s-1. The solid line represents
a linear regression fit to the data with a correlation coefficientR2

of 0.9584. The error bars denote the accuracy of CdO frequency
positions (2 cm-1).

∆G ) -RT ln[(kobsh)/(kT)] (5)

FIGURE 7: Correlation between carbonyl stretching frequencies and
log k in two enzyme systems. Empty circles correspond to data for
the 4-CBA-CoA dehalogenase series in this study (see Figure 6).
Data for the serine protease series are shown as filled squares. The
data ofνCdO stretching frequencies and the deacylation rates log
k3 in the acyl serine protease are taken from ref21. The solid lines
represent linear regression fits to the data of each series (a
correlation coefficientR2 of 0.984 was obtained in the acyl serine
protease). The error bars denote the accuracy of CdO positions
((2 cm-1).

Chart 1: Acyl Enzyme Intermediate in Serine Protease,
Represented by Chymotrypsin
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for the serine proteases the change in the CdO stretch of 54
cm-1 is equivalent to a change in the effective hydrogen
bonding strength of 57 kJ/mol (24), whereas for the deha-
logenase series, the change in the CdO stretch of 61 cm-1

is equivalent to a change in the effective hydrogen bonding
strength of 67 kJ/mol (13).

Thus, for both series of enzymatic reactions, the effect of
hydrogen bonding (and dipole) interactions at a CdO group
appear to be correlated with rate acceleration. Moreover,
there is quite good quantitative agreement. We define a value
log10 κ/∆H, whereκ is the ratio of the fastest and slowest
rate constants and∆H is the corresponding difference in
effective hydrogen bonding strength across the series (this
is akin to the slopes seen in Figure 7). This gives the log of
rate acceleration generated per kilojoule per mole of H-bond
strength. It is 0.074 for the acyl enzyme series and 0.095
for the dehalogenase series. This finding tells us that a similar
change in the effective H-bond interaction at the CdO group
is associated with a similar degree of rate acceleration in
both reactions. Of course, the latter represents a difference
in ground-state and transition-state energies, while the
interactions at the CdO group are assessed solely in the
ground state. Nevertheless, it seems remarkable that a similar
relationship betweenνCdO (or ∆H) and logk holds for the
nucleophilic substitution seen directly at the acyl carbonyl,
for the acyl enzymes, and for the interaction at the thioester
carbonyl and nucleophilic aromatic addition occurring five
bonds away in a delocalizedπ-electron system bound in the
active site of dehalogenases.
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