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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 Aspl145 carboxylate as the
nucleophile. Formation of the corresponding Meisenheimer complex (EMc) is followed by chloride ion
expulsion to form arylated enzyme (EAr). The EAr is then hydrolyzed to product. In this paper, we report
the kinetics for dehalogenase-catalyzed 4-fluorobenzoyl-CoA (4-FBA-CoA) and 4-nitrobenzoyl-CoA (4-
NBA-CoA) hydrolysis and provide Raman spectral evidence for the accumulation of EMc in these reactions.
The 4-FBA-CoA and 4-NBA-CoA substrate analogues were selected for the poor leaving group ability of
their C(4) substituents. Thus, the formation of the EAr from EMc should be hindered, giving rise to a
guasi-steady-state equilibrium between EMc and the Michaelis complex. Detailed kinetic studies were
carried out to quantitate the composition of the reaction mixtures. Quench experiments demonstrated that
significant populations of EAr do not exist in reaction mixtures involving the 4-F- or 4-N-substrates. A
kinetic model enabled us to estimate that approximatety2®% of the enzymesubstrate complexes in

the reaction mixtures are present as EMc. Raman difference spectra of 4-NBA-CoA and 4-FBA-CoA
bound to WT and H90Q mutant dehalogenase have broad features near 1500 and 12ftatmare

absent in the free ligand. Crucially, these features are also absent in the Raman spectra of the complexes
involving the D145A dehalogenase mutant that are unable to form an EMc. Quantum mechanical
calculations, at the DFT level, provide strong support for assigning the novel 1500 and 1Z2@atures

to an EMc.

4-Chlorobenzoyl-coenzyme A (4-CBA-CoAjlehaloge- mechanism §—15). The individual steps proposed for the
nase {—3) mediates the central reaction of the 4-chloroben- reaction are illustrated in Figure 1. According to this
zoate (4-CBA) to 4-hydroxybenzoate (4-HBA) pathway mechanism, substrate binding to the dehalogenase active site

found in certain soil-dwelling bacterid), Previous studies s followed by attack of the carboxylate side chain of Asp145
of substrate activation and turnover occurring within the at the benzoyl C(4). The Meisenheimer complex formed
dehalogenase active site have revealed an elaborate catalytithenceforth referred to as the EMc intermediate) ultimately
expels the Cl ion, thus forming an arylated enzyme complex

_ (the EAr intermediate). Hydrolysis of the ester function in

M.; gﬂ'ds gﬁ?gz%%v‘az Spl{%égtfd by NIH Grants GM-28688 (10 D-D-- g then occurs, forming the 4-HBA-CoA product, which

* To whom correspondence should be addressed. P.R.C.: phone 216along with a proton and the Clion is released from the
368-0031, fax 216-368-3419, e-mail carey@biochemistry.cwru.edu. enzyme active site.
D.D.-M.: phone 505-277-3383, fax 505-277-6202, e-mail dd39@

unm.edu. The first step of catalysis, substrate activation through
¥ Current address: Dupont Pharmaceutical Co., Hockessin, DE thioester G=O polarization, is achieved via H-bonds formed
29707, to two active site backbone amide—s, one of which

1 Abbreviations: 4-CBA, 4-chlorobenzoate; 4-CBA-CoA, 4-chlo- . . i .
robenzoyl-coenzyme A; 4-HBA-CoA, 4-hydroxybenzoyl-CoA; 4-FBA- (G|y114) is positioned at th_e positive pqle of anhelix
CoA, 4-fluorobenzoyl-CoA; 4-NBA-CoA, 4-nitrobenzoyl-CoA; Hepes, ~dipole and the other of which (Phe64) is coupled to the
N-(2-hydroxyethyl)piperazin®&¥-2-ethanesulfonic acid; Tris, tris(hy- binding of the CoA moiety [backbone=€0 to Ade C(6)-

droxymethyl)aminomethane; WT, wild-type;-& dehalogenaset- . . . P
XBA-CoA complex in which X = chloro, fluoro, or nitro: EP, NH.] (see active site pictured in Figure B)( The electron

dehalogenase4-HBA-CoA complex; EMc, Meisenheimer complex (o~ “Pull” provided to the G=0O is augmented by an electron
complex) formed by addition of the dehalogenase Aspl45 to the “push” from the carboxylate of Aspl45 poised at C(4) of

substrate benzoyl C(4); EAr, benzoyl-CoA ester formed with the he sypstrate benzoyl ring{9). The electrostatic interac-
dehalogenase active site Asp14RA8 aromatic nucleophilic substitu- . - L. .
tion; H-bond, hydrogen bond: HPLC, high-performance liquid chro- tions are facilitated by the sheath of aromatic side chains

matography; DFT, density functional theory; HF, Hartré®ck. (Phe64, Phe82, Trp137, and Trp89) encircling the benzoyl
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Ficure 1: Proposed chemical steps of theeudomonas sptrain CBS-3 4-CBA-CoA dehalogenase-catalyzed conversion of 4-CBA-CoA
to 4-HBA-CoA.

moiety. The overall effect of the active site environment on mechanism that involves the arylation of Aspl45 and
the substrate is dispersion of the rimglectron density away  subsequent hydrolysis of the aryl ester at the Asp1Z£8C
from C(4) and toward the thioester=DO. The close proximity (2.9 A) of the Trp137 indole NH to the
The ensuing attack made by the Aspl145 at the C(4) of Asp145 @1 (Figure 1) indicates that it functions to orient
the polarized benzoyl ring has been evidenced throughthe carboxylate nucleophile and/or activate the Asp145 aryl
several independent lines of experimental investigation. First, ester (Figure 2). Likewise, the positioning of the His90 N(3)
from the X-ray structure of the 4-CBA-CoA dehalogenase at 3.6 A from the Asp145 carboxyl carbon suggests its
4-HBA-CoA complex (0), the Asp145 carboxylate oxygen participation in binding and activating the water nucleophile
002 is seen positioned in an “attack conformatioh&( 17, involved in the hydrolysis of the EAr intermediate. Results
2.5 A from C(4) (see Figure 2). Second, within the detection from a kinetic analysis of the H90Q mutant support the role
limit of the rate measurement(l x 1077 s1), the D145A of His90 in general base catalysis in EAr hydrolyss.

mutant has been found to be “catalytically inactiva&8). The formation of Meisenheimer complex intermediates in
Third, it has been shown that single-turnover reactions carriedthe nucleophilic substitution reactions of electrophilic aro-
out in oxygen-18-enriched water produce [Ct&){4-HBA- matic rings is well documented 9, 20. Nitro substituents

CoA as product [i.e., the C(4)OH is derived from an active are especially effective in activating the ring for nucleophilic
site carboxylate]13, 19. Finally, single-turnover reactions  attack because they provide resonance stabilization to the
carried out with }*C]4-CBA-CoA in conjunction with rapid anionico-complex. The UV/visible absorption spectra of the
quench techniques have demonstrated the formation andvieisenheimer intermediates formed from the reaction of
decay of a kinetically competent covalent enzyme intermedi- nitro-substituted aromatic rings are strongly red-shifted, thus
ate 6, 14. These data are consistent with a reaction allowing easy detection of the intermediate. A most striking
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Ficure 3: Kinetic model for Pseudomonas spstrain CBS-3

4-chlorobenzoyl-CoA dehalogenase catalysis adapted from)ef (

E is the dehalogenase, S is 4-chlorobenzoyl-CoA, EMc is the

Meisenheimer intermediate, EAr is the arylated enzyme intermedi-

4—HBACA ate, and P is 4-hydroxybenzoyl-CoA.

and is therefore difficult to observe. Through the use of an
alternate substrate in which the chloride substituent is
replaced by a leaving group having less mobility (fluoride
or nitrite), the rate at which the EMc patrtitions forward can

FiGuRe 2: Active site region of th&®seudomonas sptrain CBS-3 be significantly reduced. This will allow an equilibrium to

4-CBA-CoA dehalogenaset-HBA-CoA complex generated using ;
the X-ray crystallographic structural coordinates reported in@f ( be established betvyeen the-S and EMC. .complexes,
and Insight II. The 4-hydroxybenzoyl-CoA ligand is truncated to 9overned by the relative rates of Asp145 addition to substrate

show only the hydroxybenzoyl end. and expulsion from EMc. Based on these rates, we antici-
pated that ca. 1620% of the dehalogenase may be populated

example of biological Meisenheimer complex formation is as the EMc. Raman spectroscopic data, supported strongly

seen with the development of an orarged color in culture by quantum mechanical calculations, provide good evidence

media containingRhodococcus erythropolignd 2,4,6- that a population of EMcs does indeed exist in reaction

trinitrobenzene Z1). Studies have shown that this color is mixtures containing the 4-NBA-CoA or 4-FBA-CoA ana-

derived from hydride transfer to the aromatic ring to form logues.

the anionico-complex @2). Because hydride and nitrite are

poor leaving groups, the Meisenheimer complex persists. EXPERIMENTAL PROCEDURES

Glutathione transferase-catalyzed nucleophilic aromatic  General. 4-CBA-CoA, 4-FBA-CoA, and 4-HBA-CoA
substitution reactions have been well characterized. Glu-were prepared according to rel5). 4-NBA-CoA was
tathione transferase catalyzes the formation of the thiolate synthesized from coenzyme A and 4-nitrobenzoyl chloride
anion of glutathione and its addition to a variety of carbon by adaptation of the procedure described in 28j.(4-CBA-
electrophiles, including highly activated aromatic rings. The CoA dehalogenase (specific activity 1.5 units/mg) and the
addition of glutathione to activated aromatic rings having D145A, H90Q mutants were prepared according to the
poor leaving groups produces relatively stable Meisenheimerpublished procedurel)). Enzyme concentration was deter-
complexes (the glutathione anion is also a poor leaving mined by using the Bradford metho#9).
group) which are further stabilized through tight binding by  Ligand Dissociation Constants Measured by Fluorescence
the enzyme active sit@8, 24. The X-ray crystal structures  QuenchingA FluoroMax-2 fluorometer was used in protein
of the classt (25) and classr (26) glutathione transferases fluorescence quenching experiments aimed at measuring the
bound with 1-Gglutathionyl)-2,4,6-trinitrocyclohexadienate  binding constants of 4-FBA-CoA and 4-HBA-CoA with
anion have been reported, and these structures reveal-CBA-CoA dehalogenase. The fluorescence spectrum of
stabilization through H-bond interactions occurring between dehalogenase (M) in 50 mM K*Hepes (pH 7.5, 25C)
the nitro substituents and the enzyme active site. resulting from 290 nm excitation has an emission wavelength

The aromatic substitution reaction catalyzed by the maximum at337 nm. For a typical titration experiment,1D
4-CBA-CoA dehalogenase differs from that catalyzed by the 4L aliquots of ligand were addea ta 1 mL solution of 1
glutathione transferase in two important ways. First, the #M dehalogenase, and the fluorescence intensity at 337 nm
aromatic ring of the substrate is only weakly electrophilic, Was measured following each addition. The fluorescence
and therefore it must be fully activated for nucleophilic attack data, collected at ligand concentrations ranging from 0.1 to
by the enzyme active site. The EMc, which is formed at an 60uM for 4-FBA-CoA and from 0.1 to 1&M for 4-NBA-
estimated rate of 200°% (see kinetic mechanism illustrated COA, were fitted to eq 130) using the Kaleida Graph
in Figure 3), is stabilized through a network of H-bonding computer program for nonlinear regression analysis:
groups originating at the thioester<O (Figure 1) 6, 27). _

Second, in the dehalogenase, the nucleophile is the carboxy—AF/FO = (AFma/Fo [ED{(Kq + [E] +[S]) —
late Asp145 and not a thiolate anion. Unlike the thiolate \/(Kd + [E] + [S])? — 4[E][S]}/2 (1)
anion, the carboxylate is an excellent leaving group. Con-

sequently, the reversion of the EMc teEis competitive where [S] is the total ligand concentration, [E] is the total
with its partitioning forward to EAr. Kinetic studies have enzyme concentrationKy is the apparent dissociation
indicated that the EMc expels the carboxylate residue at anconstant of the enzymdigand complexAF is the observed
estimated rate of 2000 5while it expels the chloride ionat  change in fluorescence intensithFmax is the maximum

a rate of 40 st (5). The EMc intermediate does not change in fluorescence intensity, ar@ is the initial
accumulate to a significant extent during substrate turnover fluorescence intensity.
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Ligand Binding Rates Measured by Stopped-Flow Fluo-
rescenceFor fluorescence kinetic measurements, a DX.17
MV stopped-flow spectrometer (Applied Photophysics, Leath-
erhead, U.K.) equipped with a 150 W xenon lamp (2 mm

slit width) was used. The excitation wavelength was 290 nm,

and the emission filter cutoff was 320 nm. Data acquisition

Dong et al.

UV/Visible Difference Spectra, Stopped-Flow Absorption
Measurements, and Data Analys&s$V/visible difference
spectra were measured as described in Taylor e9rlThe
absorption reference spectra were measured by using 1 mL
quartz tandem cells containing 0.5 mL of enzyme solution
in one compartment and 0.5 mL of 4-FBA-CoA or 4-NBA-

and processing was controlled by a 32-bit processor CoA solution in the other. All solutions were buffered with
Archimedes workstation, which was also used for subsequent50 mM K*Hepes (pH 7.5, 1 mM DTT, 2%C). The reference
nonlinear regression analysis of the kinetic traces. Stock absorbance spectrum was recorded and subtracted from the

solutions of ligand and enzyme were diluted to specific
concentrations with 50 mM KHepes buffer (pH 7.5, 2%C).

spectrum of the mixed solutions to give the difference spectra
of the enzyme-4-FBA-CoA or —4-NBA-CoA complex. For

Data sets were collected in triplicate and averaged. The UV/visible absorption kinetic measurements, a DX.17 MV
fluorescence quenching traces were analyzed with a single-stopped-flow spectrometer (Applied Photophysics, Leather-
exponential equation to obtain the observed rate constanthead, U.K.) equipped with a 150 W xenon lamp (1 mm slit

kobs The plot ofkops VS ligand concentration was linear for
each reaction. These data were fit to eq 2 to obkajrand
Kot

Kobs = Kot T KorlS] 2

In eq 2, [S]= substrate concentratiok,,s = observed rate
constantk,, = binding rate constant, angy = dissociation
rate constant.

Reaction Progress Cues Measured by 4-HBA-CoOA
Spectrophotometric Detection. (A) Multiple Tuteo Reac-
tions. Reaction solutions initially contained 20/ 4-CBA-
CoA dehalogenase and 20M 4-NBA-CoA in 50 mM
K*Hepes (pH 7.5, 28C) or contained 44.%M 4-CBA-
CoA dehalogenase and 3™ 4-FBA-CoA in 50 mM K*-
Hepes (pH 7.5, 28C). After a specified incubation period,
a 110uL aliquot was removed from the 4-NBA-CoA reaction
mixture and mixed with 11QuL of 0.3 M KOH. The

width, 1 cm path length) was used. Stock solutions of ligand
and enzyme were diluted to specific concentrations with 50
mM K*Hepes buffer (pH 7.5, 25C). Reactions were
monitored at 430 and 375 nm overQ00 ms and 63600

s time periods. Data sets were collected in triplicate and
averaged. The computer program KINSIBIL was used to
simulate curves to the absorption traces using the microscopic
rate constants and molar extinction coefficients of the
absorbing species as input.

Raman Spectroscopyl.he 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 device (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 repoi).( Enzyme samples

absorbance of the resulting solution was measured at 330contained in cuvettes were 30 in volume and buffered

nm (€ = 18.2 mM* cm™? for the 4-HBA-CoA phenoxide
anion). In the case of the 4-FBA-CoA reaction, 2b of

2.5 M KOH was added directly to the reaction solution, and
the absorbance at 330 nm was measured.

(B) Single-Turneer ReactionsThe reaction between 30
uL of 250 uM 4-CBA-CoA dehalogenase in 50 mM*K
Hepes (pH 7.5, 28C) and 32uL of 201 uM 4-CBA-CoA
in 50 mM K*Hepes (pH 7.5, 25C) was carried out in a
KINTEK rapid quench device. After a specified incubation
period, the reaction was quenched with 182of 0.32 M
HCIl. Then 40uL of (saturated 4 M KCI was added to
facilitate enzyme precipitation. The mixture was centrifuged
in a 0.5 mL NANOSEP MF 0.2m centrifugal device (Pall
Filtron Corp.). A 220uL aliquot of the supernatant fraction
was mixed with 34uL of 2.5 M KOH, and the absorbance

with 50 mM Tris-HCI at pH 7.5. Enzyme and 4-FBA-CoA
or 4-NBA-CoA concentrations used are given in the figure
legends. Data were collected immediately after the complex
had been made, using a laser power&850 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 free ligand), while the spectrum of the enzyme
in buffer was subtracted from that of the enzynligand
complex to give the spectrum of the bound ligand.

Calculations. Quantum mechanical computations have
been performed to determine the vibrational assignments of
the Meisenheimer compounds (Mc) formed by the 4-N and
4-F analogues (Figure 8), and to provide insights into
geometry changes occurring in the Mc. For the calculations,
the bulky coenzyme A part was truncated toSethyl, and

of the resulting solution at 330 nm was measured. The the torsional angle about-8C was set at gauche [which is
enzyme precipitant contained in the centrifugal device was the same as the conformer found in the X-ray crystal data

suspended in a 25@L solution containing 0.2 M HCI and

of the final product 4-HBA-CoA 10)]. The Aspl145 side

0.56 M KCI and then centrifuged. This cycle was repeated chain was represented by an acetate speciesGQOBQ").
twice more. The washed enzyme precipitant was then 4-NBA-CoA and 4-FBA-CoA were also analyzed by sub-

dissolved in 23QuL of 0.15 M KOH and centrifuged, and

stituting S-ethyl for the CoA, to confirm the ring modes of

the absorbance of the resulting solution at 330 nm was the benzoyl moiety, and the vibrational modes associated
measured. The reaction between the dehalogenase anwith the NG, and F substituents.

4-NBA-CoA was not carried out in the rapid quench device.
Instead, after a specified incubation period, the 280
reaction solution initially containing 7@M dehalogenase
and 60uM 4-NBA-CoA in 50 mM K*Hepes (pH 7.5, 25
°C) was hand-mixed with 1L of 6 M HCI and 40uL of

Using Gaussian 98 softward3d), full geometry optimiza-
tion of the molecules was carried out for the subsequent
estimation of harmonic force constants at the density
functional theory (DFT) level of B3LYP/6-3tG(d) [i.e.,
electron correlation effect included Becke’s three-parameter

4 M KCI. The reaction mixture was separated and analyzed exchange functional using the correlation functional of Lee,

as previously described.

Yang, and Parr33, 34]. The same Gaussian basis set of
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Table 1: Thermodynamic and Kinetic Constants Measured for 0

4-CBA-CoA Dehalogenase with 4-CBA-CoA, 4-FBA-CoA, and 60 7 .
4-NBA-CoA (Values Are Defined within 10% Error) ! .

ligand Kon(UM~ts™D) ko (1) Kg(uM)2  k(shP 50 |
4-CBA-CoA° 7 30 4 2.3

4-NBA-CoA 2.4 1.0 0.5(04) %10
4-FBA-CoA 14 23 16 (16) % 108

2 The Kq4 value not in parentheses was calculated from the binding
rate constants while thKy value in parentheses was determined by
titration using fluorescence titration quenching methddehek value ok .
was determined by fitting product formation curves for a single turnover [ -
measured at saturating ligand concentratfovialues taken from ref 0 s" : ‘ - ! I
(5). 0 20 40 60 80 100 120
Time (min)

40 |- -

30 | .

20 |

Product Concentration (M)

25

6-31+G(d) was used for compounds | and Il (as anions),
and for 4-FBA-CoA and 4-NBA-CoA. The absence of B

imaginary vibrational frequencies confirmed that the opti- 20 -
mized geometries correspond to ground-state energy minima,
not to saddle points.

RESULTS AND DISCUSSION

Kinetic Analysis of Dehalogenase-Catalyzed Hydrolysis of
4-FBA-CoA and 4-NBA-CoA

Product concentration (uM )
>
{

Prior to carrying out Raman spectroscopic studies of the o Bl 1 , .x . .
dehalogenase complexes of 4-FBA-CoA and 4-NBA-CoA, o 5 10 15 20 25 30 35
it was necessary to measure binding constants for these Time (hour)
complexes and the rate at which they undergo reaction. Also,Ficure 4: Time courses for the formation of 4-HBA-CoA in the
because the Raman analysis may detect any intermediatéeaction of (A) 20:M 4-NBA-CoA and 20uM wild-type 4-CBA-
present in reaction mixture, it was important to show that gg&ﬁ%fgﬁf‘gﬁi A n?j04r2.l\5/lu+|\l§|evvﬂ?ds-t§/%|-el Z%BZE-%)oinge@-
the arylated enzyme does not accumulate in these mixtures)ggenase in 50 mM KHepes (pH 7.5, 25C).

Binding. The k,n andk values for the binding of 4-FBA-

CoA and 4-NBA-CoA to 4-CBA-CoA dehalogenase were  The dehalogenase (44:81)-catalyzed reaction of 4-FBA-
measured using stopped-flow fluorescence quenching tech-CoA (3004M) proved to be too slow to monitor over several
niques. The values obtained are listed in Table 1 along with turnovers. The time course shown in Figure 4B indicates
those reported previously for 4-CBA-Co&)( Based onthe  that the enzyme completes only 50% of a turnover at 25 h.
kon and kot values for 4-FBA-CoA, aKq = 16 uM is From the time course data, a turnover rate of 206 s!
calculated. The&Ky calculated for 4-NBA-CoA is 0.5M. is obtained. The poor leaving ability (F< NO,~ < CI7) in

The K4 values for 4-FBA-CoA and 4-NBA-CoA compare  dehalogenase simply implies that breaking of the-B4ond

with the Kqg = 4 uM calculated from the binding rate s rate-limiting in these alternative substrates, a phenomenon
constants obtained for 4-CBA-CoA)( of SVAr reactions that depends on the character of the

Owing to slow turnover of the 4-FBA-CoA and 4-NBA- nucleophile and the leaving group—Xas well as the
CoA ligands, fluorescence titration curves could be deter- accessibility of a H-bond donor that may assist the departure
mined. These titration curves reflect the equilibria between of the X— (20, 35).
free ligand and the enzymdigand complex plus EMc. For A Probe for the Arylated Enzyme Intermedid®eevious
4-FBA-COA, the apparenKy = 16 uM, and for 4-NBA- studies have shown that during a single turnover of 4-CBA-
CoA, the apparenKy = 0.4 uM. These values agree with CoA by the 4-CBA-CoA dehalogenase, both covalent
the Ky values calculated from the binding rate constants. enzyme intermediates accumulate on the enzyB)e I

Time Courses for Product Formatiomhe time course for ~ contrast, we do expect to observe EAr accumulation during
product formation was examined under multiple-turnover dehalogenase turnover of 4-FBA-CoA or 4-NBA-CoA. This
conditions in which the 4-CBA-CoA dehalogenase (20) is because once formed, the EMc will expel the fluoride or
is reacted with a 10-fold excess of 4-NBA-CoA (20M). nitrite ion at a rate much slower than the anticipated rate of
The reactions were terminated by adding sufficient KOH EAr hydrolysis. To test this hypothesis, we measured EAr
solution to raise the pH to 14. Under these conditions, the accumulation during single-turnover reactions of 4-FBA-CoA
enzyme is inactive, and the 4-HBA-CoA product exists as and 4-NBA-CoA. To accomplish this, the original single-
the phenoxide anion, which is detected at 330 nm. Figure turnover experiment which employed“C]4-CBA-CoA
4A shows the product formation curve for the first several (along with centrifugal molecular cutoff filtration of enzyme
turnovers of 4-NBA-CoA. The first turnover (corresponding and HPLC separation ot{C]4-CBA-CoA and [“C]4-HBA-
to 20uM 4-HBA-CoA) occurs at the same rate as subsequent CoA) (5) was modified so that it could be carried out with
turnovers, indicating that a step preceding product releaseunlabeled reactant.
is rate-limiting. The turnover rate derived from the time  The new EAr detection method was first demonstrated
course is 1x 103 s, with 4-CBA-CoOA serving as substrate. Reaction mixtures
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Ficure 5: Time courses for the formation of EAr (denoted with 375 nm for reactions of 60M 4-NBA-CoA and 70uM wild-type

. . : 4-CBA-CoA dehalogenase in 50 mM*Klepes (pH 7.5, 25C)
open squares) and 4-HBA-CoA (denoted with solid circles) in the X h ! )
reaction of (A) 104:M 4-CBA-CoA and 121M wild-type 4-CBA- over (A) a 0-200 ms time period and (B) a{B600 s time period.

CoA dehalogenase in 50 mM™Klepes (pH 7.5, 28C) and (B) ) )
60 uM 4-NBA-CoA and 70uM wild-type 4-CBA-CoA dehaloge-  4-FBA-CoA and 4-CBA-CoA dehalogenase did not contain

nase in 50 mM KHepes (pH 7.5, 25C). detectable levels of EAr. These results demonstrate that the
reaction intermediate EAr does not accumulate to a signifi-
of dehalogenase (12dM) and 4-CBA-CoA (104«M) were  cant extent during dehalogenase-catalyzed hydrolyses of
quenched with acid after specified incubation periods in a 4.FgA-CoA and 4-NBA-CoA. Thus, EAr will not contribute
rapid quench device. The precipitated enzyme was separatedsignjficantly to the Raman spectra measured for mixtures of
and the two fractions were treated with aqueous KOH t0 gyehalogenase and 4-FBA-CoA or 4-NBA-COA.
convert EAr (from enzyme precipitant) and 4-HBA-CoA : . .
. : Stopped-Flow Absorption Studies of the Single-Tueno
(from Eze supe(;natant) to the)pherr: oxide anion of the 4-HBA- React?gn of 4-NBA-CoEln the introduction, we gpeculated
CoA (detected at 330 nm). The time courses for EAr X .’
formation and product formation thus obtained are shown that in the dehalogenase—cr_;\talyzed reactions of 4'FB'OA'COA
in Figure 5A. EMc present in the reaction solution at the and 4-NBA-CoA the EMc might _accur_nulate_to alevel0%
time of the quench may also contribute to the EAr pool of the total enzyme present. This estimate is based on a slow
rate of fluoride or nitrite expulsion from EMc and on the

through expulsion of chloride ion. The time course reveals ion that th ¢ the f 42 d
the accumulation of EAr over the first 100 ms to a level of assumption that the rates of the forward (209 and reverse

25% [isolation of labeled enzyme by precipitation proved (2000 s directions of the ES to EMc St?p are the same in
to be more efficient than isolation by repetitive dilution and the 4-FBA-CoA and A'_'NBA'COA reactions as they are in
centrifugal molecular cutoff filtration of solvated enzyme as (h€ 4-CBA-COA reaction. Here, the progress of a single-

used previously to detect 16% accumulation; seeSpthd turnover reaction of.dehaloge'nase (M) and 4-NBA-COA'
then a decline over the next 500 ms to 0%. (60 uM) was monitored using stopped-flow absorption

The same experiment was carried out with 4-NBA-CoA techniques. The absorption curves measured at 430 and 375
and 4-FBA-CoA, but owing to the slower reaction rate, the "M (Figure 6) were fitted using the kinetic model of the
reactions were terminated by hand rather than by rapid 4-CBA-CoA reaction but substituting the experimental values
quench. Only EAr will be detected in the quenched mixtures Of 4-NBA-COA kon andkri for ki andk-1, and thekoss for
because EMc will expel the enzyme carboxylate more E-P formation forks.
efficiently than the fluoride or nitrite ion. In Figure 5B, the The UVl/visible absorption spectra of 4-NBA-CoA and
time courses for EAr and product formation during the single- 4-HBA-CoA in buffer and the UV/visible absorption differ-
turnover reaction of 6@M 4-NBA-CoA with 70 uM 4-CBA- ence spectra of the dehalogenadeNBA-CoA complex and
CoA dehalogenase are shown. The product formation curvethe dehalogenasel-HBA-CoA complex are shown in Figure
was analyzed with a single-exponential equation to giye 7. The UVl/visible absorption difference spectra of the
= 7 x 10 s 1. The covalent enzyme was not detected. dehalogenaseligand complexes were generated by subtract-
Similarly, aliquots removed from the reaction mixtures of ing the absorption spectra of the uncomplexed ligand and
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The binding reaction between 4-NBA-CoA and the de-
halogenase can be monitored at 430 nm where the dehalo-
genase-4-NBA-CoA complex absorbs since no other species
is expected to contribute at this wavelength. The EMc
complex is not expected to absorb at 430 nm wavelength
because the nitro substituent, which contributes to the long-
wavelength absorption of the benzoyl moiety of the substrate
through resonance, does not contribute to the siredectron
density of theo-complex. Likewise, the absorption by the
enzyme-product complex does not extend out to 430 nm.

The 0-200 ms 430 nm absorption curve shown in Figure
6A was fitted with KINSIM @1) using a kinetic model
consisting of the substrate binding and EMc forming steps:

Ky ky
E+ S‘kTI— E'S‘a— EMc

wherek; = 2.8 st uM™1, k.; = 1.0 s'%, kp, = 200 s'%, and

k_, = 1000 s?; and at 430 nm, 5S¢ = 0.92 mM*cm?,

and for the E, S, and EMe = 0.0 mM* cm™. Like the
dehalogenaseproduct complex, the dehalogenageNBA-
CoA complex absorbs at 375 nm. The-200 ms 375 nm
absorption curve shown in Figure 6A derives from the
formation of the dehalogenasd-NBA-CoA complex, how-
ever, and not from the formation of the enzyaproduct
complex which occurs at longer reaction times (see below).
The 375 nm absorption curve was fitted to the kinetic model
shown above, using-Be = 1.23 mMcm?, and the same
rate constants used to fit the 430 nm absorption curve.

At longer reaction periods (63600 s), the absorption at
430 nm begins to decrease and the absorption at 375 nm to
increase from the respective plateaus reached at the attain-
ment of the quasi-equilibrium between the 4-NBA-CoA,
dehalogenase, dehalogenadeNBA-CoA complex, and the
EMc. The 6-3600 s 430 and 375 nm absorption curves
shown in Figure 6B were fitted with KINSIM3Q) using a
kinetic model consisting of all of the reaction steps:

. k K k Kk
enzyme (measured with a tandem cell) from that of the ‘ ’ ’ !

enzyme-ligand complex. Thus, the difference spectrum
reveals shifts in ligand absorption induced by the environ-
ment of the enzyme active site. From previous studgs ( K k2 ks

12), it is known that the dehalogenase active site induces a ‘T ks T
large red shift in the absorption band deriving from the -

benzoyl chromophore of the substrate or product ligand ¢

owing to the polarization of the ring-electron density. In  \herek, = 2.8 s uM~1, k; = 1.0 1, k, = 200 s, k_»

the case of the 4-HBA-CoA ligand, the 260 nm adenine — 1000 s ks =0.005s, k 3=0s % k; =255 k4, =
absorption maximum is unchanged upon enzyme complex-g 51 ks =1 s ks =8uM s ESe=1.23 mM*
ation while the benzoyl absorption maximum is shifted from cm-1 at 375 nm, EP ¢ = 10.5 mM1 cmt at 375 nm, and
290 to 375 nm. This shift appears in the difference spectrumg.g ¢ = 0.92 mMt cm at 430 nm.

as a trough at 290 nm and peak at 375 nm. The absorption The goodness of fit of the simulated curves generated by
spectrum of 4-NBA-CoA in buffer reveals that the 260 nm ysing the original kinetic model derived for the dehaloge-
adenine absorption overlaps with a broad benzoyl absorptionnase-4-CBA-CoA reaction %) with adjustments made for
band extending to 350 nm. The difference spectrum (mea-the substrate binding rate constants (experimektahnd
sured within 15 s after mixing and thus deriving from the k. values for 4-NBA-CoA substituted) and the EMc to EAr
dehalogenase4-NBA-CoA complex in equilibrium with the  rate constant (to reflect the lower mobility of the nitrite
EMc complex) indicates significant absorption out to 500 |eaving group) supports our original hypothesis that the
nm, well beyond the absorption range of solvated 4-NBA- lifetime of the EMc intermediate can be increased by
CoA or the dehalogenasd-HBA-CoA complex. This long-  substituting the 4-CBA-CoA with 4-NBA-CoA as substrates.
wavelength absorption occurs because of the resonance offhe simulated values fde, = 200 st andk_, = 1000 s?

the nitro substituent with the benzoyl ring, coupled with the reflect the accumulation of EMc derived from 4-NBA-CoA
polarization of the ring by the enzyme active site. to 20% of the enzyme present. Realistically, the stopped-

E+S & ES & EMcZ EArNO, & EPH'NO,

ka
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Table 2: DFT Predicted Frequencies (¢inof Meisenheimer

Compound %

mode Raman
no. frequency activity normal mode
66 1740.0 4 acetoxy ester€D stretch

65 1644.3 179  thioester-€0 stretch+

8a-like G=C symmetric stretch
64 1595.0 118  8a-like €C symmetric stretch

+ thioester G=0 stretch

63 1524.9 56  two €&C antisymmetric stretch
59 1459.4 23 8b-like ring quadrant stretch
57 1447.7 18 19a-like ring stretch

53 1304.2 34 19b-like ring stretch

51 1277.5 17 3-like ring stretch

49 1258.3 14 7dike ring bend+ C1-C

stretch+ ring C—H i.p. bend
+ acetoxy ester-O—C=0 bend
48 1245.6 5 acetoxy estetO—C=0 bend
+ 7d-like ring i.p. bend
+ C—H.p. bend

. . . 47 1176.4 14 9a-like ring €H i.p. bend
FicURE8: Meisenheimer compounds | and Il predicted by quantum  4g 1101.2 1 15-ike ring €H i.p. bend
mechanical analysis. The ring bond lengths in | are C£C2C6 41 983.5 3 18a-like ring i.p. bend
= 1.43 A; C2C3=C5C6= 1.37 A; C3C4=C4C5= 1.46 A. The 40 960.9 10  ethyl €C stretch
ring bond lengths in Il are C1G2C1C6= 1.42 A; C2C3-C5C6 39 946.9 3 ring GH 0.0.p. bend
= 1.35 A; C3C4=C4C5= 1.47 A. 38 939.3 9 GC-O—C bend+ 18a
37 920.5 2 ring GH o.0.p. bend
) 36 909.0 27 13-like ring i.p. bend
flow data cannot be used to define these two rate constants 35 847.4 7 1-like ring bend- C—S stretch
with precision. Nevertheless, the fit is exquisitely sensitive 34 797.4 1 ringo.0.p. bend
to the ratiokz/k_» and to the value o used as input. Only ?j ;gj; 1‘:‘)’ rind ?_Hb%gdp- bend
by increasing the value &§ can the ratio ok./k—, be reduced 30 718.3 15 ring é_p,'_| 0.0.p. bend
and the goodness of fit preserved. Thus, 20% may be a 29 662.2 27  SCstretch
reasonable estimate of the fraction of enzyme which ac- 28 653.4 15  acetoxy ester«Z—C bend
cumulates as EMc during the course of the Raman spectral + ring i.p. bend+ C—F stretch
experiments described below. % gig:g g &Til?éoi:g Egﬂg
. . 25 590.9 1 acetoxy ester€D 0.0.p. bend
Raman Spectral Analysis of Dehalogenase Reaction 24 573.1 4 18b-like ring i.p. bend
Mixtures of 4-FBA-CoA and 4-NBA-CoA + C—F stretch
. . . . 23 537.9 2 ring 0.0.p. bend
Density Functional Theory Calculations on the Nkgure 22 504.4 3 ring0.0.p. bend

8 i!lustrates the structural feature§ of the P“?‘?“_Cted Meisen- a A total of 78 normal modes exist for Meisenheimer compound |.
heimer compounds obtained by using the ab initio HF method Normal modes associated only with tBesthyl group and the methyl
[HF/6-31+G(d)]. Noticeably, the ring C4F bond is elon- group from the acetoxy ester are mainly composed-eH@eformation
gated from 1.36 A in the substrate 4-FBA-CoA to 1.47 A in and/or C-C stretching and therefore not listed heriVilson notations

the Meisenheimer compound I. and that of the ring C4-nitro for benzenoid ring modes can roughly be adopted here to describe the
N bond is el ted f P 1 4é A in th bst tg 4-NBA ring modes of the Meisenheimer compound. i.p., in-plane; 0.0.p.,
is elongated from 1. in the substrate 4-NBA- 4t of plane.

CoA to 1.61 A in compound Il. While the ring remains
planar, it possesses evident double bond/single bond char- ) ) L

acter, with sp hybridization at the C1, C2, C3, C5, and C6 structure without a negative vibrational frequency, further
atoms. and Sphybridization at the C4 atom iﬁdicéting the indicating that the structure represents a truly stable inter-
absence of full electron density delocalization in the related Mediate on the reaction pathway. The DFT frequencies of
five sp-cabon atoms. The exocyclic EC(=0) bond is Meisenheimer compound | are listed in Table 2. The raw

shortened from 1.50 A in the substrates to 1.43 A in the Mc frequencies were converted by a single scaling factor of
compounds, demonstrating charge delocalization to the 0-975, mainly to correct for the anharmonicity effect and

thioester group, and, hence, small yet effective activation of the use of finite basis set, according to a previous evaluation
the ring under the carboxylate’s attack, through resonanceVorK (36)-

stabilization. It is expected that in the enzyme environment Detection of EMc by Raman Spectroscopgtection of

the stabilizing effect of the CoA thioester group on the Mc the EMc by Raman spectroscopy proved successful. Previous
compounds can be further enhanced by the thioester'sstudies of the wild-type and mutant dehalogenase complexes
participation in a network of peptide hydrogen bon@isa7) with substrate, substrate analogues, and product have cul-
that starts from the Phe64 and Glyl114 backboneHN minated in a large database for the assignments of peaks
(Figures 1 and 2). Further minimal energy calculations by positions associated with thioester=O and benzoyl ring

the density functional theory (DFT) method [B3LYP/6- C—H bond motions of the ligands in solution and in the
31+G(d)] yielded an optimized geometry for Meisenheimer polarizing environment of the dehalogenase active Site (
compound | quite similar to that seen for compound | in 8, 12, 37. Now we analyze the Raman spectra of 4-FBA-
Figure 8. These calculations also yielded a vibrational CoA and 4-NBA-CoA complexed with wild-type and H90Q
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Ficure 9: Raman spectra of 4-FBA-COA in various states. (A)
Free 4-FBA-Co0A, 5.0 mM, in 50 mM Tris-HCI buffer; (B) 4-FBA-
CoA bound to D145A (272M), 1:1 ratio; (C) bound to WT (350
uM), E:S= 1:1 ratio; (D) bound to H90Q (260M), E:S = 2:1;

(E) a double difference Raman spectrum (C minus B) that is
dominated by modes from the Meisenheimer complex. All solutions
were made at pH 7.5, Tris buffer, 50 mM.
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evidence comes from the quantum mechanical calculations
and from parallel studies with 4-NBA-CoAdehalogenase
complexes.

Table 2 lists the predicted Raman frequencies for the Mc
based on the DFT calculations. The calculations were
undertaken for the negatively charged Mc analogue com-
pound | in vacuo, and thus an exact correspondence between
the calculated values and those for the Mc in the active site
is not expected. However, the calculations do provide good
insight into the expected distribution of normal modes. In
Table 2, modes 63 and 59 are medium intensity Raman
features, associated with ring stretches, and these can account
for the broad intensity between 1480 and 1540 €seen in
Figure 9C,D. The increase in intensity and apparent band
broadening near 1300 crhin Figure 9C,D upon forming
the enzyme complex is explained by the presence of the 19b-
like ring stretch for the Mc, mode 53 in Table 2. Some or
all of the Mc modes 51, 49, 48 explain the appearance of
the broad feature around 1222 chin Figure 9. Thus, the
calculations on the Mc provide a one-to-one correspondence
between the most active Raman modes predicted for the Mc
between 1100 and 1550 cfand the observed intensity
increases for the complex in Figure 9. In addition, the
calculations predict that the 1590650 cn1? region will
contain significant contributions from Mc ring modes which
will overlap with those from the £5 complex. This is borne
out by the “double difference” spectrum seen in Figure 9E.
These data were obtained by subtracting Figure 9B from
Figure 9C, and the most intense Mc modes are indeed in

dehalogenase in the context of the spectra obtained for thes¢he 1600 cm?! region. As a result of the multiple data

ligands bound to D145A dehalogenase which EMc
formation cannot occur.
Raman difference spectra of 4-FBA-COA in solution,

subtractions leading to Figure 9E, minor peaks have to be
treated with caution, and the appearance of modes due to
protein also is a possibility if conformational change ac-

bound to wild-type and H90Q dehalogenase, and bound tocompanies Mc formation. However, Figure 9E suggests that
D145A dehalogenase, are shown in Figure 9. The key Ramarthe Mc has quite a rich Raman spectrum and some of the
modes found in the spectrum of the solvated 4-FBA-CoA broad peaks we have commented on are due to multiple
are the G=0 stretch at 1651 cm and the phenyl ring modes  features.

at 1603, 1584, and 1213 crh The feature near 1232 crh Raman difference spectra of 4-NBA-COA in solution,
is a 7a type ring mode containing a contribution from-aFC bound to WT and H90Q dehalogenase, and bound to D145A
stretching motion (Table S1 in Supporting Information lists dehalogenase are compared in Figure 10. In the figure the
detailed assignments for vibrational modes of 4-FBA-CoA). NO, group contributes intensity at 1359 ch(NO, sym-
Upon binding to wild-type or H90Q enzyme, the=O is metric stretch) and 1113 crh(N—C stretch) (see detailed
strongly polarized, resulting in a shift from 1651 chto a assignments for 4-NBA-CoA in Table S2 of Supporting
shoulder near 1605 cmh The ring modes at ca. 1600 cfn Information). As in the case of the complexes involving
are only slightly perturbed, showing small changes in 4-FBA-CoA (Figure 9), the key observations are the presence
frequencies and relative intensities (although this region doesof broad features near 1530 and 1220 &fior 4-NBA-CoA
contain some contribution from the Mc; see below). Similar binding to wild-type and H90Q enzymes (Figure 10C,D) and
effects are seen in the Raman difference spectrum oftheir absence in the spectrum from the complex with D145A
4-methylbenzoyl-CoA bound to the dehalogenase active siteenzyme (Figure 10B). Again, the broad features are assigned
(8, 12. However, the spectrum of WT dehalogenase-bound to modes from the EMc.

4-FBA-CoA reveals novel features not seen for bound
4-methylbenzoyl-CoA. Specifically, the 4-FBA-CoA com-
plex gives rise to unique features in the form of fairly broad
bands near 1222 and between 1480 and 1540 c&imilar

The 4-nitro group is a better leaving group than 4-F, and
the 4-NBA-CoA dehalogenase (WT) turns over to the
product complex 4-HBA-CoAdehalogenase at a rate of 7
x 107% s7. Figure 11 follows this reaction via the Raman

broad features are seen for 4-FBA-CoA binding to the H90Q difference spectrum, from 1 to 79 min after mixing. At 56

form of dehalogenase. Crucially, however, these “novel”

min, the Raman peaks of the substrate at 1586'¢phenyl

bands are absent for 4-FBA-CoA bound to the D145A mutant ring mode) and 1358 cm (—NO,, symmetric stretch) have

enzyme, which cannot form an EMc. We assign the “novel”
broad bands from the 4-FBA-CoA complexes with WT and
H90Q enzymes to modes from the EMc. The “novel” bands

almost disappeared to be replaced by the characteristic modes
of the bound product at 1561 and 1523 ¢énas reported
previously for the latter complex?( 8, 12. By fitting the

persist over time, consistent with the slow conversion rate change in intensity of the 1587 crhband with time, we

of the EMc revealed by the kinetic study. Strong supporting

obtained a single-exponential decay with a rate o640
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Ficure 10: Raman spectra of 4-NBA-CoA in various states. (A)
Free 4-NBA-CoA, 8.87 mM, in Tris-HCI buffer, 50 mM; (B)
4-NBA-CoA bound to D145A (233M); (C) bound to WT (253
uM), averaged data for the first 5 min reaction; (D) bound to H90Q
(221 uM). All solutions were made at pH 7.5, 50 mM Tris-HCI
buffer. Enzyme:ligand ratios for all complexes were 1:1.
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Ficure 11: Time-dependent Raman spectra of 4-NBA-CoA bound
to 253uM WT dehalogenase (A) at reaction= 1 min, (B) att =
19th min, (C) at = 29th min, (D) att = 43rd min, (E) at = 56th
min, (F) att = 79th min. The solutions were made at pH 7.5, Tris
buffer, 50 mM. Enzyme:ligand ratie= 1:1.

s1, in good agreement with the value determined from the
kinetic studies. The critical observation in Figure 11 is that
the broad band near 1215 ch{see 1 min trace) appears to

track the disappearance of the substrate bands at 1586 and 7.

1358 cn! in the ES complex. This discussion cannot be
extended to the “novel” broad band near 1500 &ghue to
interference from the product bands. Since the 1215cm

band is absent in the substrate and the product, it must be

Dong et al.

due to intermediate, and its intensity diminution tracking that
of bound substrate strongly supports the concept that we are
seeing an equilibrium population of &= EMc.

We do not know the absolute Raman intensities (scattering
cross sections) associated with the EMc. However, the
appearance of novel weak-to-medium intensity bands near
1220 and 1530 cnt is consistent with a minor population
of EMc. In the ES and EMc band overlapped region (1600
1570 cn1?), the increase in the relative intensity of the 1580
cm~* band for the 4-FBA-CoA complex relative to the CoA
adenine band near 1330 ch(Figure 9) is about 30% in
the WT complex compared to the D145A complex. Again,
this is consistent with an EMc population in th0—30%
range. A similar increase by 30% in the intensity for the
band near 1590 cm in the WT vs D145A enzyme occurs
for 4-NBA-CoA binding (Figure 10), when using the
corresponding CoA band at 1330 chas a reference.

Summary.Detailed kinetic studies on 4-FBA-CoA or
4-NBA-CoA reacting with dehalogenase are consistent with
an equilibrium population of Michaelis and Meisenheimer
complexes remaining in reaction mixtures for tens of minutes
or longer. For these reaction mixtures, two regions in their
Raman difference spectra show “novel” features that are
assigned to a population of EMc. The assignment is
supported by high level quantum mechanical calculations.
This is one of the first reports of the use of Raman
spectroscopy to detect transient intermediates in a complex
reaction scheme and illustrates the power of a tripartite
kinetic, theoretical, and spectroscopic approach.
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