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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 (4-HBA-CoA) via a multistep mechanism involving
initial attack of Asp145 on C(4) of the substrate benzoyl ring to form a Meisenheimer intermediate (EMc),
followed by expulsion of the chloride ion to form an arylated enzyme intermediate (EAr) and then ester
hydrolysis in the EAr to form product. This study examines the role of binding interactions in dehalogenase
catalysis. The enzyme and substrate groups positioned for favorable binding interaction were identified
from the X-ray crystal structure of the enzymé&-HBA-3'-dephospho-CoA complex. These groups were
individually modified (via site-directed mutagenesis or chemical synthesis) for the purpose of disrupting
the binding interaction. The changes in the Gibbs free energy of the enzustrate complexNAGes)

and enzymetransition state complexA(AG*) brought about by the modification were measured. Cases
whereAAG* exceedsAAGes are indicative of binding interactions used for catalysis. On the basis of this
analysis, we show that the H-bond interactions between the Gly114 and Phe64 backbone amide NHs and
the substrate benzoyFEO group contribute an additional 3.1 kcal/mol of stabilization at the rate-limiting
transition state. The binding interactions between the enzyme and the substrate CoA nucleotide moiety
also intensify in the rate-limiting transition state, reducing the energy barrier to catalysis by an additional
3.3 kcal/mol. Together, these binding interactions contribut€® to the KeafKm.

4-Chlorobenzoyl-coenzyme A (4-CBA-CoAjlehaloge- proton and the chloride ion is released from the enzyme
nase catalyzes the central reaction of the 4-chlorobenzoateactive site.
(4-CBA) to 4-hydroxybenzoate (4-HBA) pathway found in  The X-ray crystal structure of the 4-CBA-CoA dehaloge-
certain soil-dwelling bacteria (Scheme #).(This pathway nase-4-HBA-3-dephospho-CoA complex has been deter-
provides entry into the central oxidative aromatic pathways mined at 1.8 A resolution15).2 Bound to the enzyme, the
(5) and, thus, a way for the host bacterium to utilize 4-CBA  |igand assumes a hook-shaped conformation in which a tight
as an alternate energy source. turn at the pyrophosphate brings the ligand pantothenate and

The mechanism for 4-CBA-CoA dehalogenase catalysis the pyrophosphate moieties out of one surface depression
is summarized in Figure 16¢14). Accordingly, substrate  on the enzyme and into a second one (Figure 2). Thus, while
binding to the dehalogenase active site is followed by attack the benzoyl and adenosine portions of the ligand are buried
of the carboxylate side chain of Asp145 at benzoyl C(4). within the two crevices, the pantothenate and the pyrophos-
The Meisenheimer complex (EMc) thus formed expels phate moieties are partially solvent exposed.
chloride ion to produce the arylated enzyme intermediate  The potentially favorable interactions between the enzyme
(EAr). Hydrolysis of the ester function in the EAr then occurs and product ligand that are evident from the X-ray crystal
to generate the 4-HBA-CoA product, which along with a structure are illustrated in Figure 3. The 4-hydroxyl group

of the benzoyl ring H-bonds with the carboxylate group of

T This research was supported by NIH Grant GM28688 to D.D.-M. A5p145' W.h”e the benzoyl ring itself is surrounded by the

* To whom correspondence should be addressed. Phone: (505) 277-aromatic rings of Phe64, Phe82, Trp89, and Trp137. The
3383. Fax: (505) 277-6202. E-mail: dd39@unm.edu. benzoyl G=0O group is positioned for H-bonding to the

* Abbreviations: EMc, Meisenheimer intermediate; EAr, arylated hackbone amide NHs of Phe64 and Gly114 and for electro-

enzyme intermediate; ES, enzyms&ubstrate complex; EP, enzyme . - . -
product complex; 4-CBA, 4-chlorobenzoate; 4-HBA, 4-hydroxyben- StatIC_ interaction with the positive p0|e of the_ lﬂ_ﬂ25_
zoate; COA, coenzyme A; 4-CBA-CoA, 4-chlorobenzoyl-coenzyme A; o-helix. The phosphoryl groups of the CoA unit form ion

4-HBA-CoA, 4-hydroxybenzoyl-coenzyme A; 4-MeBA-CoA, 4-meth-  pairs with the charged side chains of Arg24, Arg257, and
ylbenzoyl-coenzyme A; 4-CBA-dithio-CoA, 4-chlorobenzoyldithio- Arg67, while the adenine C(6)NHjroup engages in H-bond

A; 4-HBA-dithio-CoA, 4-hyd b Idithio- . . .
A cCon. 1Nethenocoenzyme A B ADP. adenosne B interaction with the backbone=€D group of Phe64. Note

diphosphate; '3P,3-ADP, adenosine '3hospho-5diphosphate; 5 that the backbone amide NH group of this same residue
AMP, adenosine 'smonophosphate; ADP, adenosine'&diphosphate;

ATP, adenosine'&riphosphate; PPinorganic pyrophosphate; NMR,
nuclear magnetic resonance; WT, wild-type; DTT, dithiothreitol; Hepes, 2The dehalogenase was cocrystallized with synthetic 4-HBA-CoA
N-(2-hydroxyethyl)piperzinéN'-2-ethanesulfonic acid; HPLC, high-  which contains 4-HBA-3phospho-CoA as a contaminant. The crystals
performance liquid chromatography. formed from the enzyme bound with this contaminant.
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Ficure 1: Steps of 4-CBA-CoA dehalogenase catalysis. The catalytic residues functioning in the eszysieate (ES), the Meisenheimer
intermediate (EMc), the arylated enzyme intermediate (EAr), and the enzgraduct complex (BP-Cl~-H*) are shown.

Scheme 1: Three-Step 4-CBA Degradation Pathway Found in Certain Soil-Dwelling Bacteria

~0~  ATP. CoASH ~SCoA E—SCoA 0 -0~
| cr H H

AMP, PP; CoASH
4-CBA:CoA ligase 4-CBA-CoA dehalogenase 4-HBA-C0A thioesterase

H-bonds to the benzoyl-€0 group at the opposite end of j
the 4-HBA-CoA ligand, thereby connecting the two subsites
on the enzyme. Because the 4-HBA-CoA ligand bends back
on itself, adenosine N(7) and the pantetheine NH group can
H-bond, as can the-phosphate and the pantetheine C(OH)
group. This study was carried out to determine the Gibbs
free energies derived from these interactions in the enzyme
substrate complex and in the enzynateansition state
complex formed in the rate-limiting step.

EXPERIMENTAL PROCEDURES

6 Ficure 2: Stereodiagram of the 4-CBA-CoA dehalogenase active
) General Coenzyme A (CQ'A,‘)’ N'-etheno-CoA«:{-CoA), site with 4-HBA-3-dephospho-CoA bound. The figure was gener-
3-dephospho-CoA, adenosing3-diphosphate (5-ADP), ated using the X-ray crystallographic coordinatés) (using the
adenosine 'smonophosphate (BAMP), adenosine '&diphos- molecular modeling program Insightll.
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Ficure 3: Stereodiagram of the 4-CBA-CoA dehalogenase active site with 4-HB¥ezhospho-CoA bound. The figure was generated
using the X-ray crystallographic coordinatd$) using the molecular modeling program Insightll.
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same procedure that was used for purification of wild-type

nucleotide pyrophosphatase, bovine liver crotonase, anddehalogenase. (). DNA sequences were verified by nucleo-
buffers were purchased from Sigma Chemical Co. All other tide sequencing carried out at the Center for Agricultural
chemicals were purchased from Aldrich. Dehalogenase Biotechnology, University of Maryland (College Park, MD).
concentrations were determined by using the Bradford The G114A and G114P dehalogenases were prepared as
method (6) or by measuring the UV absorbance of protein previously describedl().

solutions at 280 nme(= 40090 M*! cm™1). Enzyme Preparation of Dehalogenase Substrate and Product
spectrophotometric assays were carried out using BeckmanAnalogues (Chart 1)The compounds 4-CBA-CoA, 4-MeBA-
DU640 or 7400 UV~vis spectrophotometers as previously CoA, 4-HBA-CoA, 4-CBA-dithio-CoA, and 4-HBA-di-

described &, 9). 'H NMR and 3P NMR spectra were

thio-CoA were prepared as previously describ&dLe, 27).

measured with a Bruker Advance 500 MHz or Bruker AC The compounds 4-CBA‘3lephospho-CoA, 4-CBA-CoA,

250 MHz NMR spectrometer using,D as a solvent and a
probe temperature of 2226 °C. The chemical shift data are

4-CBA-pantetheine, 4-MeBA-3lephospho-CoA, and 4-bro-
mobenzyl-CoA were prepared from the commercially avail-

reported with respect to the external reference (trimethylsi- able acyl chloride precursors 4-chlorobezoyl chloride, 4-

lyl)propanesulfonic acid for'H NMR and the internal
reference phosphoric acid féfP NMR.

methylbenzoyl chloride, and 4-bromobezoyl bromide by
direct reaction with the CoA or CoA analogue as described

Preparation of Mutant Dehalogenasef®24K, R24L, in ref 9. 4-Bromophenylacetyl-CoA was prepared from
R67K, R67L, R257K, R257L, G113A, F64P, and F64A 4-bromophenylacetyl bromide (synthesized from 4-bro-
dehalogenases were prepared using the standard “overlapmophenone as reported in &%) and CoA according to the
ping” PCR method 17). The cloned pT 7.5 plasmids were procedures reported in r&f The compounds 4-HBA*3
purified using the QIA prep spin plasmid kit and then used dephospho-CoA, 4-HBA-pantetheine, and 4-hydroxyphen-
to transformEscherichia colBL21(DE3) cells from Novagen.  ylacetyl-CoA were prepared from 4-hydroxybenzoic acid
The overexpressed mutant enzymes were purified using the(Aldrich) and 4-hydrozylphenacyl bromide (synthesized from
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4-hydroxyphenone as reported in &) by converting them In eq 3,AAnax is the the total change in absorbandd is

to the anhydride derivative via reaction with ethyl chloro- the observed change in absorbance, [E] is the the total

formate followed by reaction with the CoA or CoA derivative enzyme concentration, [S] is the ligand concentration, and

as described in ret9. 4-CBA-pantetheine phosphate was Kj is the dissociation constant.

prepared from 4-CBA-CoA (1@mol) by treatment with 5 Calculation of AAGgs and AAG*. Values for AAGgs

units of nucleotide pyrophosphatase in 50 mMHeépes (binding energy for the enzymesubstrate complex) and

buffer (20 mM MgC}, pH 7.0) at 37°C for 10 h. The'H AAG* (binding energy for the rate-limiting transition state)

NMR and %P NMR spectral data of the compounds were calculated from eqs 4 and 36}, whereR is the gas

mentioned above are reported in the Supporting Information. constant (1.987 cal mol K~1) andT is temperature in kelvin
Steady State Kinetic Analysi$he steady state kinetic (298 K).

catalytic constant¥maxandKy, and the competitive inhibition

constant<; were measured for wild-type (0.0aV), R24K AAGgg=

(O.OZIMM), R24L (0.05/t|\/|), R67K (0.05,uM), R257K (0.02 —RTIn(K obs,without group prese[k obs,with group prese)n (4)

uM), R257L (0.1uM) G113A (1.0uM), F64P (1.0uM), d d

and F64A (0.0M) dehalogenase. The initial velocity of AAG*= —RTIn[(k./K )obs,withoutgrOUP present

the catalyzed reaction was measured using the spectropho- e

bs,with t
tometric assay described in r@fReactions were carried out (Kaf Kpp) 775 ITOUP PIESETE(5)
in 50 mM K*Hepes (pH 7.5, 25C) containing varying _ _

concentrations of 4-CBA-CoAl,—10-fold timesKy,) with In eq 4,KoPswithout group preseyn K jobswith group preserfiepresent

or without inhibitor. Inhibitor concentrations ranged between the constants for dissociation of the ligand from the enzyme
1.5- and 4-fold time<;. For all measurements, the initial in the absence of the functional group (removed by either
velocity data were analyzed using eqs 1 and 2 and themodification of the ligand structure or mutation of the

computer programs of Clelan@4). interacting residue) and in the presence of the functional
group, respectively. Thi; values obtained for the competi-
V= (Vi ISDI([A] + Kp) 1) tive inhibitors are treated as dissociation constants. Khe

values are considered as an approximationKgf(when
chemical steps are rate-limitinkjy, = Kg). For 4-CBA-Co0A,
the K calculated from the ratio déy (28 s™) to kon (7 uM 1
s 1) is 4 uM (W. Zhang and D. Dunaway-Mariano, unpub-
lished data) which is comparable to the reporgdof 3.7
uM (13). Thus, the assumption thit, = K is valid for the
natural substrate with the wild-type enzyme. For substrate
analogues and dehalogenase mutants in which catalysis is
slowed, the assumption should surely hold.

In eq 5, kcalle)ObS’Withom group  present gnd ((call
K ) 0Ps:with group presetfigpresent th&../Kn values measured for
reactions taking place in substrates and/or enzymes missing
the functional group (by either modification of the ligand
structure or mutation of the interacting residue) and pos-
sessing the functional group, respectively.

V= (Vinax [SD/[Kn(1 + [IVK) + [All (@)

whereV is the initial velocity,Vmaxis the maximum velocity,
[S] is the substrate concentratioK,, is the Michaelis
constant, [I] is the inhibitor concentration, aKdis the the
inhibition constant. Thek., was calculated fronVma{[E],
where [E] is the total enzyme concentration.

The initial velocities of the dehalogenase (7.8/4)-
catalyzed reactions of 4-CBA-pantetheine phosphate and
4-CBA-pantetheine (500M) were measured in the presence
and absence of 3'-ADP (0.5-10.0u«M) or 5'-ADP (0.5—
7.5uM).

UV-—Visible Absorption Difference Spectra of Enzyme
Ligand ComplexedJV —visible absorption difference spectra
were measured as described inX8fReference spectra were
measured using 1 mL quartz tandem cells containing 0.5 ML RESULTS AND DISCUSSION
of enzyme solution in one compartment and 0.5 mL of a
4-HBA-CoA or 4-MeBA-CoA (or analogues) solution inthe  Kinetic and Thermodynamic Constants Measured To
other. All solutions were buffered with 50 mM“*Klepes  Eyaluate Binding Interactions between the Enzyme and
(pH 7.5, 25°C). The reference absorbance spectrum was the Substrate Coenzyme A Moiety
recorded and subtracted from the spectrum of the mixed
solutions to give the difference spectra of the enzytigand
complex. The apparent dissociation constatts ©f the
enzyme-4-MeBA-CoA and enzyme4-HBA-CoA com-

Enzyme MutantsThe enzyme residues positioned for ion
pairing with the phosphoryl groups of the substrate CoA
moiety are Arg24, Arg67, and Arg257. These residues were

plexes were measured by spectral titration. The absorbancé‘:“'plac‘ad with Lys :10 coEserve thﬁ positive charge, and with
due to the enzymeligand complex, determined from the L€U to remove the charge. The mutant enzymes were
difference spectrum, was measured as a function of “gandevaluated for their ability to bind the substrate analogue

concentration at a fixed enzyme concentration. The 4-MeBA- 4-MeBA-CoA ?”d the product ligand 4'HBA'COA’ as well
COA titrations were monitored at & of 302-308 nm, as the CoA unit of these ligands. The binding constants of

while the 4-HBA-COA titrations were monitored at 373 nm these Ii'g.and's were measured by spectral titration and/for
(for R24L and R24K, R67K, R257L and R257K, and F64A competitive inhibition® The steady statk.,; and Ky, values
mutants) or 318 nm (for the G113A mutant). The titration

data were fitted to eq 3 as previously describ28).( _ 3'I_'he dissociation constant&{) measured from UV differential
titration experiments are typically-3-fold smaller than th&; values
_ _ measured from inhibition experiments. The reason for this discrepancy
AA= (AAmaJ[E])[Kd + [E] +[S] is not known. In the case of the titration experiment, the high enzyme

2 concentration and the preincubation of the enzyme with ligand may
\/(Kd + [E] + [S]) - 4[E][S]]/2 (3) contribute to the differences that are seen.
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Table 1: Kinetic Constantskd: andK) for Wild-Type and Mutant 4-CBA-CoA Dehalogenase Catalysis and Dissociation Conskapts (
and/or Inhibition Constant()® for 4-MeBA-CoA, 4-HBA-CoA, and CoA with Wild-Type and Mutant 4-CBA-CoA Dehalogenase (Measured
at pH 7.5 and 25C in 50 mM KtHepes Buffer)

4-CBA-CoA 4-MeBA-CoA 4-HBA-CoA CoA
enzyme Keat (571 Km (uM) Ki or Kg (uM) Ki or Kg (uM)?3 Ki (uM)
wild-type 0.60+ 0.01 3.7+ 0.3 42+ 0.2 25+0.1° 140+ 100
0.5+ 0.12 0.6+ 0.2
R24L 0.33+ 0.04 41+ 7 464+ 3° 16.5+ 1.0° 6604+ 70°
8.1+ 0.8
R24K 0.95+ 0.05 21+ 2 114+ 1° 24+£0.2 2504+ 30°
9422 0.5+ 0.2
R67K 0.38+ 0.01 6.9+ 0.7 51+ 5° 6.2+0.2 5204 70°
13+ 12 244+ 0.2
R257L 0.14+ 0.01 70+ 9 72+ 6° 19+ 3 24004+ 300°
20+ 12
R257K 0.55+ 0.01 5.8+ 0.5 3.1+ 0.2 1.7+ 0.2 90+ 10°
35+ 0.9 0.22+ 0.08

aDissociation constantg) measured from UV differential titration experiment.Inhibition constantsk;) measured from inhibition experiments.

Table 2: Kinetic Constants and/or Inhibition Constants Measured for 4-CBA-CoA Structural Analogues as Substrates or as Competitive
Inhibitors of Wild-Type 4-CBA-CoA Dehalogenase

inhibitor/substrate Keat (571 Km (uM) Ki (uM)
4-CBA-CoA 0.60+ 0.01 3.7£0.3
4-CBA-3-dephospho-CoA 0.4% 0.01 20+ 2
4-MeBA-3-dephospho-CoA 22+ 2
4-CBA-€CoA 0.007+ 0.0005 310t 30
4-CBA-pantethiene phosphate 0.0510.003 440+ 40
4-CBA-pantethiene phosphate/2.5 mVB3ADP 0.13+0.01 260+ 20
4-CBA-pantethiene ~0.001 >2000
4-CBA-pantethiene/1 mM'8BADP 0.0564+ 0.005 70+ 20
ATP, 5-AMP, 3-AMP, 3 ,5-ADP, adenosine, RP >5000
5-ADP 4200+ 400
CoA 140+ 20
3'-dephospho-CoA 770+ 70
4-CBA 21000+ 1000

were measured to evaluate the ability of mutant enzymes toTaple 3: Kinetic Constants(x: andKy) for Wild-Type and Mutant
bind and turn over substrate at low concentratidag/Km; 4-CBA-CoA Dehalogenase Catalysis and Dissociation Constants
E 4+ S— E + P) and at saturating concentratiorga( (Kq) and/or Inhibition Constants()® for 4-MeBA-CoA,
ES— E + P). The kinetic and thermodynamic constants #HBA-COA, and CoA with Wild-Type and Mutant 4-CBA-CoA

. . . Dehalogenase (Measured at pH 7.5 and®@5n 50 mM K"Hepes
obtained for the mutants are listed in Table 1. Buffer)

The CoA binds to wild-type dehalogenase with moderate
affinity (Ki = 140uM). The Arg24 is aligned for interaction 4-CBA-CoA 4-MeBA-CoA 4-HBA-CoA
with the p-P of the CoA pyrophosphoryl group. Lys €nz&yme  Ka(s?)  Km@M) KiorKsuM) KiorKq(uM)
substitution at this position reduces the CoA binding affinity wild-type 0.60+0.01  3.7£03 4.2+05  25+0.1

2-fold, and Leu replacement reduces it 5-fold. Reductions 05+01  06+0.2
are also observed in the binding affinities of 4-MeBA-CoA GL13A  0005£0001 14.3:03 44+ 6 84(;1 gbga
(Leu, 10-fold; Lys, 2.5-fold) and 4-HBA-CoA (Leu, 7-fold).  G114A 0.002 116+ 10 — 50-100°
The Arg24 mutations do not strongly inhibit catalytic F64P <10°° - -

turnover (minimal change irkea), but their impact on ~ F64A 0.03+0.002 52+04 06+02 14401
substrate binding is reflected in redudeg/K, values (Leu, a Dissociation constantg) measured from UV-differential titration
11-fold; Lys, 4-fold). experiments? Inhibition constants K;) measured from inhibition

Arg67 is aligned for interaction with the'-phosphoryl ~ €XPeriments.

group of the substrate CoA moiety. Unfortunately, the R67L
mutant was expressed as an inclusion body and, thus, wasmost fully retained in the R257K mutant, but it is
not characterized. The R67K mutant binds CoA 4-fold less significantly reduced in the R257L mutant (4-fold reduction
tightly than does the wild-type enzyme. Comparable reduc- in ke and 81-fold reduction ifkeafKn).
tions are observed in the binding affinities of 4-MeBA-CoA Substrate Analogue$he 3-dephospho-CoA and 4-MeBA-
and 4-HBA-CoA, and reductions (3-fold) were observed in 3'-dephospho-CoA were used in ligand binding studies to
Keal K. probe the interaction between Arg67 and tHeP3of the
Arg257 is aligned for interaction with the-P of the CoA substrate CoA moiety. Th&; values (Table 2) of these
pyrophosphoryl group. Lys substitution at this position does analogues are 5-fold larger than those of CoA and 4-MeBA-
not reduce the CoA binding affinity; however, Leu substitu- CoA (Table 3). 4-CBA-3dephospho-CoA undergoes ca-
tion reduces it 17-fold. A similar trend is seen in the binding talysis as fast as 4-CBA-CoA under saturating conditions
of 4-MeBA-CoA and 4-HBA-CoA. Catalytic function is  but 7-fold slower under nonsaturating conditions.
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Ficure 4: (A) Curve of the reaction rate (4-CBA-pantetheine with 4-CBA-CoA dehalogenase) vs the concentratidtDéf. §B) Curve
of Iret_action rate (4-CBA-pantetheine phosphate with 4-CBA-CoA dehalogenase) vs the concentratjifrAB added to the reaction
solution.
4-CBA-pantetheine and 4-CBA-pantetheine phosphate carbonyl group of Phe64 (Figure 2) to ligand binding and
were used to probe the contribution of the CoA nucleotide catalysis, the kinetic constants of 4-CBAC0A, a substrate
moiety to substrate binding and catalysis. First, the analoguesanalogue having an ethylene bridge betweérahd N of
were tested as substrates for the dehalogenase using ththe adenosine portion of CoA (Chart 1), were measured. On
spectrophotometric assay in which the appearance of thethe basis of the observad,; of 7 x 1072 s* andk.a/Ky, of
4-hydroxybenzoylpantetheine product is monitored by the 2.2 x 10°° uM~* s7%, it is evident that the C(6)N}group
increased absorbance at 310 nm. For both reactions, as essential to efficient catalysis, although it is not known
noticeable lag in product formation preceded the attainment what singular contribution removal of the H-bond interaction
of the steady state rate. For example, the reaction of 2.6 mMmakes. The introduction of unfavorable steric interaction
4-CBA-pantetheine with 7.xM dehalogenase showed no associated with the ethylene bridge may also contribute to
detectable product formation during the first 250 s of the impaired binding and catalysis.
reaction. After a lag period of~600 s, slow product o .
formation was observed, the rate of which eventually Kinetic and Thermodynamic Constants Measured To
increased to a steady state rate of #.303 s~%. Inclusion Evaluate Binding Interactions between the Enzyme and
of 1.0 mM B-ADP in the reaction eliminated the delay in the Substrate Benzoyl=€D Group
the attainment of the steady state and allowed the measure- Enzyme MutantsThe substrate benzoyl=€0 group is
ment ofkear (5.6 x 1072 s7%) andKp, (170 uM). _ positioned to engage in H-bonding with the amide backbone
The initial velocity of the reaction of 4-CBA-pantethiene - NHs of Gly114 and Phe64. To evaluate the contribution of
(500uM) catalyzed by dehalogenase (#14) was measured  these H-bonds to substrate binding and catalysis, we exam-
as qfunctlon of SADP concentration. Th.e resul'_[s are plotted ined the catalytic properties of F64P and G114A (G114P
in Figure 4A. The plot reflects nucleotide activation & 5 roved to be insoluble) dehalogenase mutants. Catalysis in

ADP concentrations of<2 mM. The apparent, for F64P is severely impaired. In contrast, the F64A mutant was
activation is~0.6 mM. Higher concentrations of -ADP  fqnd to be only 30-fold less activéf andK reported in
resulted in reduced initial velocities. The origin of this T5ple 3) than wild-type dehalogenase, and the binding
inhibition was not examined. _ affinities of the 4-MeBA-CoA and 4-HBA-CoA ligands are

The ke measured for 4-CBA-pantetheine phosphate is nchanged. The electropositive edge of the Phe64 ring may
5.0 x 1072 s7* (12-fold lower than that of 4-CBA-COA), nteract favorably with the displaced halide (Figure 3) in the
and thek, is 440uM (100-fold larger than that of 4-CBA-  genalogenase active site, thus accounting for the 30-fold
CoA) (Table 2). Thekey of the reaction was increased t0  requction in the extent of catalysis observed for the F64A

0.13 s and theKy, lowered to 26Q:M when 2.5 mM 3,5- mutant? In contrast, the majority of the #dold decrease
ADP was present in the reaction solution. The dependence;, k.. Observed with the F64P mutant is attributed to the
of the initial velocity of the reaction on',5-ADP concentra- loss of H-bond interaction with the benzoy© group.
tion was measured at fixed enzyme (1) and 4-CBA- However, in the absence of an X-ray structure of the mutant

pantetheine phosphate (10B1) concentrations (Figure 4B). ~ enzyme, we cannot rule out the possibility that impaired
The data, defining a hyperbolic curve, were used to obtain catalysis is the result of a change in enzyme conformation.
an apparenKn, for activation of 1.7 mM. These results  catalysis in the G114A and G113A dehalogenases is
indicate that synergistic binding occurs between 4-CBA- girongly inhibited as are the binding reactions of 4-MeBA-
pantethiene and"$\DP and between 4-CBA-pantethiene  coa and 4-HBA-CoA (Table 3). While the G114 backbone
phosphate and S'ADP; _ amide NH is still available for H-bonding in these two
The ligands 3AMP, 5-ADP, ATP, 3-AMP, adenosine,  mytants, the added steric bulk of the Ala side chain at
and PPwere tested as competitive inhibitors versus 4-CBA- position 113 or 114 is apparently sufficient to offset the
CoA. No inhibition was observed at inhibitor concentrations alignment of the doneracceptor pair.
up to 5 mM. 3-ADP, on the other hand, was found to be a
competitive inhibitor having 'Ki.Of 4.0 mM (Tablg 2). 4 Previous studiesl( 2) have suggested that the benzene ring edge
For the purpose of evaluating the contribution of the i, the phenylalanine residue interacts favorably with negatively charged
hydrogen bond between the AdeC(6)NHnd backbone  atoms.
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Table 4: Kinetic and Inhibition Constants Measured for
4-CBA-CoA Analogues (See Chart 1 for Structures) as Substrates or
as Competitive Inhibitors of Wild-Type 4-CBA-CoA Dehalogenase

inhibitor/substrate Keat (S71) Km@M)  Ki (uM)
4-chlorobenzyl-CoA - - 55+ 6
4-CBA-dithio-CoA 0.003+ 0.0002 334 -
4-HBA-dithio-CoA - - 69+ 7
4-bromophenacyl-CoA 0.0% 0.004 24+ 3 -

Substrate Analogued-Chlorobenzyl-CoA (Chart 1), an
analogue of 4-CBA-CoA in which the benzoy=D group
is replaced with a CKHgroup (and is therefore not available
for H-bonding with Gly114 and Phe64), is not a substrate.
TheK; of this analogue is 5aM (see Table 4), ca. 15-fold
larger than théK; measured for the inert substrate analogue
4-MeBA-CoA.

The keo; of 4-CBA-dithio-CoA, in which the benzoyl €
O group is replaced with sulfur, is 200-fold smaller (32
108 vs 0.6 s?) than that of 4-CBA-CoA, while théa/Kn,
value is decreased 1760-fold (Table 4). 4-HBA-dithio-CoA
binds 28-fold less tightly than does 4-HBA-CoA. Raman
difference spectroscopic studies of 4-HBA-dithio-CoA com-
plexed to wild-type dehalogenase have shown that 888 C
group does not transmit the electron pulling forces of the
Gly114 and Phe64 backbone amide NHs. This finding and
decreased binding affinity are consistent with the reduced
H-bonding capacity of the €S group 27).

The keto analogue, 4-bromophenacyl-CoA, in which a
methylene group bridges the benzoy+0O group and the
CoA sulfur displays a 20-fold reduction k, and a 128-
fold decrease in thé./Ky, compared to those of 4-bro-
mobenzoyl-CoA @) (Table 4).

Differential Use of Binding Energy To Stabilize the
Substrateversus Transition State Enzyme Complexes

The kinetic data reported in Tables-4 were used to
calculateA AGgs, the contribution of a specific group on the
substrate ligand to stabilization of the ES complex, and
AAG¥, the contribution of a specific group on the substrate
to the stabilization of the rate-limiting transition state
complex (Table 5). The binding energies contributed by the
CoA unit of the 4-CBA-CoA ligand in the ES complex
(AAGEgs) and in the transition stateA\(AG*) suggest that the
CoA unit plays critical roles in securing the substrate into
the active site and in reducing the energy barrier to turnover.
In particular, the 3P,5-ADP region of the CoA contributes

7.5 kcal/mol to dehalogenase transition state stabilization,

4.4 kcal/mol to stabilization of the ES complex, and, thus,
3.1 kcal/mol toward catalysis. Differential binding to the CoA
moiety of acyl-CoA thioesters in catalysis by other enzymes

Table 5: Binding Energies Derived from Noncovalent Interactions
between Active Site Residues and Specific Regions of the
4-CBA-CoA Substrate in the Enzymé&ubstrate ComplexAAGes)
and Transition State ComplexAAG*) (Values Defined within

10% Error)

—AAGes —AAG*
region of substrate (kcal/mol) (kcal/mol)

CoA 5.1 -
3,5-ADP 3.0 4.3
3-P,5-ADP 4.£ 7.5
3'-phosphate 10 1.2m
5'-a-phosphate 1¢7 2.6
5-5-P 13 1.8
4-CBA-pantethiene phosphate 4.3 -
4-CBA-pantethiene 3m -
4-CBA 2.1 -
benzoyl G=O 1.6 4.9

a Calculated from th&; of 4-CBA and theK, of 4-CBA-CoA with
the wild-type enzyme? Calculated from thé, of 4-CBA-pantethiene
phosphate and th&, of 4-CBA-CoA with the wild-type enzyme.
¢ Calculated from th&, of 4-CBA-pantethiene and th¢,, of 4-CBA-
CoA with the wild-type enzyme? Calculated from the averageAGes
of —1.0 kcal/mol from theK, of 4-CBA-3-dephospho-CoA and the
Km of 4-CBA-CoA with the wild-type enzyme, AAGgs of —1.0 kcal/
mol from theKq of 4-MeBA-3-dephospho-CoA and th&, of 4-MeBA-
CoA with the wild-type enzyme, and/&AGgs of —1.0 kcal/mol from
the K; of 3'-dephospho-CoA and thi&; of CoA with the wild-type
enzyme.? Calculated from the averageAGes of —1.7 kcal/mol from
the K, of 4-CBA-CoA with the R257L mutant and the wild-type
enzyme, aAAGgs of —1.7 kcal/mol from theq of 4-MeBA-CoA with
the R257L mutant and the wild-type enzyme, and &Ggs of —1.7
kcal/mol from theK; of CoA with the R257L mutant and the wild-
type enzyme! Calculated from the averag®AGes of —1.4 kcal/mol
from theKy, of 4-CBA-CoA with the R24L mutant and the wild-type
enzyme, aAAGgs of —1.4 kcal/mol from the&y of 4-MeBA-CoA with
the R24L mutant and the wild-type enzyme, andhAGgs of —1.0
kcal/mol from theK; of CoA with the R24L mutant and the wild-type
enzyme ? Calculated from th&; of 3',5-ADP and theK, of 4-CBA-
CoA with the wild-type enzymée' Calculated from théX; of 5'-ADP
and theK, of 4-CBA-3-dephospho-CoA with the wild-type enzyme.
i Calculated from the; of CoA and theKy, of 4-CBA-CoA with the
wild-type enzymel Calculated from thé&; of 4-chlorobenzyl-CoA and
the Kr, of 4-CBA-CoA with the wild-type enzyme: Calculated from
the ratio ofk./Km values derived from 4-CBA-pantethiene phosphate
and 4-CBA-CoA with the wild-type enzyméCalculated from the ratio
of kealKm values derived from 4-CBA-pantethiene and 4-CBA-CoA
with the wild-type enzyme? Calculated from the ratio d&./Km values
derived from 4-CBA-3dephosphoCoA and 4-CBA-CoA with the wild-
type enzyme" Calculated from the ratio d&../Km values derived from
4-CBA-CoA with the R257L mutant and the wild-type enzyme.
° Calculated from the ratio d:a/Kr values derived from 4-CBA-CoA
with the R24L mutant and the wild-type enzymteCalculated from
the ratio ofk./Km values derived from the averageAG* of —4.4
kcal/mol from 4-CBA-dithio-CoA and 4-CBA-CoA with the wild-type
enzyme and aAAG* of —5.4 kcal/mol from 4-CBA-CoA with the
G114A mutant and the wild-type enzyme.

from interaction with the large CoA appendage to secure
the substrate in the active site and drive catalysis may be

has been noted in the literature. For example, Anderson andcommonplace among acyl-CoA-dependent enzymes.

co-workers observed that',3-ADP activates crotonase-
catalyzed hydration of 4-crotonylpantethei8,(29). Jencks
and co-workers found that in 3-oxoacid CoA transferase
catalysis, the nucleotide domain of CoA contributes 8.9 kcal/
mol toward stabilization of the transition state and only 2.2
kcal/mol toward stabilization of the ES comple30( 31).
Similarly, in acyl-CoA dehydrogenase catalysis, thg'3
ADP unit contributes an estimated 4.1 kcal/mol to transition
state stabilization and only 1.6 kcal/mol to ES complex
stabilization 82). Thus, the use of binding energy derived

The substrate benzoyl=€0 group also makes a signifi-
cant, differential contribution to ESAAGgs = —1.6 kcal/
mol) and transition stateAAG* = —4.9 kcal/mol) stabili-
zation in the dehalogenase. Thus, 3.3 kcal/mol of binding
energy derived from interaction with the benzoyO group
is applied to catalysis.

The G=0 group is positioned for H-bond formation with
Gly1l14 and Phe64 backbone amide NHs. As seen within
the dehalogenasel-HBA-CoA complex, these H-bonds are
2.7 and 2.9 A in length, respectively. The donor and acceptor



H Luo et al. Biochemistry

C=0 group and the amide NH group of tiNeacetylcys-
teamine group of CoA, and (6) the H-bond formed between
adenosine N(7) and the pantetheine NH group. The second
network consists of the H-bond between tingphosphate
and the pantetheine C(OH) group, the H-bond formed
between Arg257 and the-phosphate group of CoA, and
the H-bond between Arg24 and ti#ephosphate group of

o114 < A2 4-HBACoA CoA.
Ny &8 Recently, Guo and Salahub reported the results of density
& IR function calculations which showed the large cooperative
effect induced by the interaction of an anion with a peptide

G117
Ficure 5: Stereoview of cooperative hydrogen bond networks in hydrogen bond networld). These workers suggested that

the active site of 4-CBA-CoA dehalogenase observed in the X-ray a cooperative H-bonding might be used by an enzyme to

crystal structure of 4-CBA-CoA dehalogenase and the 4-HBA-CoA differentia”y stabilize a negatiVEIy Charged transition state
complex 6). The ligand 4-HBA-CoA is shown in a ball-and-stick ~ over the substrate. In addition, quantum mechanical calcula-
representation, and the residues 2%, 62-67, 113-117, and tjons also indicated that helices havingagptype distortion
b257) are shown as sticks. The atom coloring scheme IS asy; the N-terminus (which always involves residue at the
follows: C, green; O, red; N, blue; P, magenta; and S, yellow. . f thex-helix f . bif d d y
The a-helix from G114 to G117 is represented by a pink ribbon. N-t€rminus of thex-helix forming a bifurcated +4 and -5

To provide a clear picture, only the backbones are shown for 1—3 hydrogen bond) may be particularly effective in charge
residues N25, A26, L27, A62, Y65, L66, and L116. stabilization.

atoms appear to be optimally aligned for strong H-bond In 4-CBA-CoA dehalogenase, the ligand benzoyl carbonyl
. . - . ..~ group serves as an extension to connect the H-bonding
formation. We entertained the possibility that in the transition network from two structural units, one-helix segment

state leading to EMc formation these H-bonds might shorten,(Gll4_G121) and one loop segment (ABR67). As the
thus taking on the characteristics of the comparatively reaction proceeds, the developing negative charge at the

stronger low-barrier H-bond (LBHB)3@). To test this : . .

I carbonyl oxygen of the thioester might be stabilized by the
pOZS[I)b]I_T%/AVée rrlmleasured ;HﬁB'\AMg Zpectralof the g 1455 strong cooperative effect induced by the interactions with
an ehalogenase- ~LOA COMPIEXES. RaMaN 4,0 =0 group. We hypothesize that to optimize this

studies of these tight binding complexes have shown that, : - :
cooperative effect, the CoA ligand assumes an unusual highly
‘ébcxl? pHg,. tf}elFe.nzqyl g(égo_rhgroup ﬁf the bo:”:d 4-HBA- bent structurewhich allows the nucleotide moiety of CoA
oA ligand is fully ionized {4). The resuiting enolate group to participate in the H-bond network. This may also explain

of the bound quinoniod anion is anal_ogous to that present in how the nucleotide domain of CoA can bring about the large
the EMc complex. Thus, our expectations were that if LBHBs increase in the rate of dehalogenase catalysis (Table 5).

formed as the ES complex proceeded to the EMc complex L ;
) Indeed, a very similar cooperative hydrogen bond network
they would be present in the D145S and D145A dehaloge- can be identified in the X-ray crystal structure of 2-enoyl-

naset—4—HdB¢\—CotA Eomplexes at p(lj-i 7”? T?éH NMR oo hydratase (crotonase) bound with acetoacetyl-CoA, in
Spec rgl ( a da nfo ds Oynl)d measured wi hwa etr s.ugprefsst;]onwhich the thioester carbonyl group is the connection for two
were devoid ol downfield resonances characterstic ot the .o y_pond networks involving almost identical H-bonds

LBHB (34), thus indicating that LBHB formation does not seen in dehalogenas@§( 37). Thus, we expect that the

contribute to dehalogenase catalysis. differential expression of binding energy at the ground state

th H?Evé then T'ght the t;NO Ht-r?(')n(if] tot the .tEC. grotu? EPnO and the transition state via cooperative H-bonding could be
€ compiex gain strength in the transition state's Une, ., nmon strategy used in catalysis by enzymes in the

possibility is that as the charge density on the oxygen atom 2-enoyl-CoA hydratase/isomerase superfan@g, G9).
is increased, the resulting increase in the electrostatic '

interaction is amplified through the two H-bond networks AckNOWLEDGMENT
seen to connect with the Gly114 and Phe64 backbone amide
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