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ABSTRACT. Halohydrin dehalogenase (HheC) frolgrobacterium radiobacterAD1 catalyzes the
dehalogenation of vicinal haloalcohols by an intramolecular substitution reaction, resulting in the formation
of the corresponding epoxide, a halide ion, and a proton. Halide release is rate-limiting during the catalytic
cycle of the conversion oR)-p-nitro-2-bromo-1-phenylethanol by the enzyme. The recent elucidation of

the X-ray structure of HheC showed that hydrogen bonds between the OH group of Tyr187 and between
the @1 atom of Asn176 and &L atom of Trp249 could play a role in stabilizing the conformation of the
halide-binding site. The possibility that these hydrogen bonds are important for halide binding and release
was studied using site-directed mutagenesis. Steady-state kinetic studies revealed that mutant Y187F,
which has lost both hydrogen bonds, has a higher catalytic actikify ith two of the three tested
substrates compared to the wild-type enzyme. Mutant W249F also shows an enkancallie with

these two substrates, as well as a remarkable increase in enantioprefereri®Repfoit(o-2-bromo-1-
phenylethanol. In case of a mutation at position 176 (N176A and N176D), a 1000-fold lower catalytic
efficiency K.o/Km) was obtained, which is mainly due to an increase of Khevalue of the enzyme.
Pre-steady-state kinetic studies showed that a burst of product formation precedes the steady state, indicating
that halide release is still rate-limiting for mutants Y187F and W249F. Stopped-flow fluorescence
experiments revealed that the rate of halide release is 5.6-fold higher for the Y187F mutant than for the
wild-type enzyme and even higher for the W249F enzyme. Taken together, these results show that the
disruption of two hydrogen bonds around the halide-binding site increases the rate of halide release and
can enhance the overall catalytic activity of HheC.

Halohydrin dehalogenases catalyze the intramolecularunderstood dehalogenasés-(1), such as haloalkane de-
nucleophilic displacement of a halogen by a vicinal hydroxyl halogenases and halocarboxylic acid dehalogenases, since
group in haloalcohols, producing the corresponding epoxides.they do not use covalent catalysis. The enzymes, which show
They also efficiently catalyze the reverse reaction with significant sequence and mechanistic similarity with the
alternative nucleophiles N, CN—, NO,™, etc.) {, 2). The short-chain dehydrogenase/reductase (SDR) protein family,
enzymes are involved in the bacterial degradation of severalhave recently received attention due to their ability to produce
important environmental chemicals, such as 1,3-dichloro-2- optically pure haloalcohols and epoxides and because of the
propanol, epichlorohydrin, and 1,2-dibromoethaBe-g). broad range of nucleophiles that is accepted in epoxide ring-
The catalytic pathway of these compounds includes a stepopening reactionsl( 2, 12, 13).

in which a vicinal halohydrin is converted to an epoxide. Halohydrin dehalogenase (HheC) fradmradiobactethas
The halohydrin dehalogenase (Hh&@pm Agrobacterium — peen studied in detaill( 13, 14, 17, 18, 21). The enzyme is
radiobacterAD1, which is the topic of this paper, converts 5 pomotetramer with 28 kDa subunits. HheC exhibits high
1,3-dichloro-2-propanol to epichlorohydrin. After hydrolysis activity toward a broad range of aliphatic and aromatic
to 1-chloro-2,3-propanediol by epoxide hydrolase, the de- o 5hvdrins. The X-ray structures of HheC with bromide
halogen_ase converts the product to glycidol, which is further bound, and with R)-styrene oxide and chloride bound, as
metabolized and serves as a growth substr8le The o)l a5 a structure containing the halohydrin substrate mimic
halohydrin dehalogenases differ from several other well- (R)-1-p-nitrophenyl-2-azidoethanoplPAE), have recently
been solved4). The structures show that each subunit has
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Ficure 1: X-ray structures of the active site of halohydrin dehalogenase (HheC). (A) Structure of the active site of Hhe®)-tvph (
nitrophenyl-2-azidoethanol R)-pNPAE, in green] bound (PDB code 1PXO). Trp249 (in brown) is from another monomer in the tetramer.
(B) Halide-binding site of HheC with a chloride ion (yellow ball) bound in the X-ray structure of the enzghieride—(R)-styrene oxide
complex (PDB code 1PWZ). Hydrogen bonds are indicated by dashed lines, and the distances are indicated by the numbers (A).

of the enzyme cocrystallized with epoxid&3( 14). The halide-binding site was also observed. The loop that forms
enzyme follows a general base catalysis mechanism. Thethe halide-binding site is stabilized by hydrogen bonds

conserved serine is involved in substrate binding by interact- between Asnl76 and Tyrl87 and between Tyrl87 and
ing with the hydroxyl oxygen of the substrate. The primary Trp249 from the other subunit. In addition, Leul78 seems

role of Argl49 is suggested to be lowering of thi€,f to close off a possible halide exit route. Previous halide-

Tyrl45, which abstracts a proton from the substrate hydroxyl binding studies revealed that a local conformational change
group to activate it for nucleophilic attack on the neighboring occurs around the active site upon halide binding by HheC,

halogen-substituted carbon atom, resulting in release of halideresulting in a large increase of intrinsic protein fluorescence

and formation of an epoxide. Recently, the mechanistic role (18). The structural correlate of this fluorescence change is
of the catalytic triad Serl14, Tyrl55, and Lys159 im-3  unknown since no structure of a ligand-free enzyme has been
hydroxysteroid dehydrogenase/carbonyl reductase$iSD/ solved. A conformational change may also be needed for
CR) from Comamonas testosterohias been analyzed in the release of halide from the active site of HheC. The

detail (16). Tyrl55, corresponding to Tyr145 of HheC, was deletion of the hydrogen bonds that stabilize the loop between
proven to be an effective base in the phenolate form with residues 175 and 188 could possibly weaken the packing of
an unusually low K, of 7.2. In HheC, Tyr145 probably also  the halide-binding site and thus facilitate the motions that

has a low K, as indicated by the pH dependency of g are required for halide release and accelerate the catalytic
for 2-bromoethanol conversion Kp.,, = 7.3; L. Tang, cycle of the enzyme.

unpublished data). Proton acceptance is facilitated by Lys159 To test these hypotheses, site-directed mutagenesis experi-
in 30-HSD/CR, which is at a position corresponding to that ments were conducted. Of the analyzed HheC mutants,
of Arg1l49 in HheC. Recently, the kinetic mechanism of variants of Leu178 did not fold correctly, whereas variants
HheC has been studied, usinB)-{p-nitro-2-bromo-1-phe-  y187F and W249F showed a higher activity toward both
nylethanol (PNSHH) as a model substrel@)( The conver-  gjiphatic and aromatic substrates and a higher rate of halide
sion of (R)-PNSHH obeys an ordered Uni-Bi mechanism, release than the wild-type enzyme. The results are in
and the inhibition pattern as well as the occurrence of burst aggreement with a kinetic mechanism in which halide release
kinetics suggested that halide is first released from the js rate-limiting and in which the overall catalytic rate can

enzyme, followed by the epoxide. Moreover, substrate he enhanced by destabilizing the halide-binding loop.
binding was identified as a rapid equilibrium step, and halide

release appeared to be rate-limiting in the overall catalytic MATERIALS AND METHODS
cycle of the forward reaction.

Crystallization of HheC with chloride ion an&®)-styrene Materials. Both enantiomers op-nitro-2-bromo-1-phe-
oxide bound showed that the halide-binding site is mainly nylethanol (PNSHHp-nitrostyrene halohydrin) (99% enan-
formed by the backbone of residues 758, which are in ~ tiomerically pure) andp-nitrostyrene oxide (PNSO) (99%

a loop region (Figure 1B). Clear interactions of the chloride €nantiomerically pure) were synthesized as described by
ion with the enzyme can be observetif), This includes Westkaemper and Hanzlik®). The enantiomers of PNSHH
contacts with the peptide nitrogen atoms of Tyrl77 and Were separated by preparative HPLC as described before
Leul78 and the & atom of Asn176. The chloride also (18). All other chemicals were of p.a. (pro analysi) quality.
interacts with the side chains of Prol75, Leul78, Phel2, Oligonucleotide primers were from Sigma Genosys.
Phel86, and Tyrl87. An interaction between the chloride Mutagenesiskor mutagenesis the previously constructed
ion and a water molecule that is bound at the back of the plasmid pGEFHheC was uset3j. It contains théhheCgene
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(accession number AF397296) under control of the phage Scheme 1

T7 RNA polymerase promoter. Mutant enzymes were Br
constructed using the QuikChange site-directed mutagenesis E b ppe 5 EBr
kit of Stratagene (La Jolla, CA) with pGEFHheC as the ky

template following the recommendations of the manufacturer.
Asnl76 was mutated to Ala or Asp with primersTrc-
GCAATAGGACCQOGCATATCTTCACAGTGAAOr5-TTC-
GCAATAGGACCGCGATTATCTTCACAGTGAA. Tyrl87
was changed to Phe with primet-GATAGTCCCTACT-
TCTTCCCCACAGAACCGTGG. Primers'sGCAATAG-
GACCCAATTATGCACACAGTGAAGATAGTCCC and
5-GCAATAGGACCCAATTATTTC CACAGTGAAGATA-
GTCCC were used to obtain mutants L178A and L178F,
respectively. The mutated codons are shown in bold. Mutant
W249F was constructed as described befd8 Successful
mutagenesis was confirmed by sequence analysis.

Enzyme Purification and AssayVild-type and mutant
HheC were expressed mscherichia coliBL21(DE3) and
purified using Q-Sepharose (50 mL; Pharmacia Biotech) as
described before2(). All buffers contained 10% glycerol
and 1 mMg-mercaptoethanol to improve the stability of the
enzyme 21). During purification the halohydrin dehaloge-
nase activity was determined using the chromogenic substrat
rac-p-nitro-2-bromophenylethanol by monitoring the absor-
bance change at 310 nnasfsyy = 3100 cnT-M~%; epnso
= 4289 cmt**M 1) in 50 mM Tris—sulfate buffer (pH 7.5)
at 30 °C on a Perkin-Elmer Lambda Bio 10 UV/vis
spectrophotometer2). The concentration of protein was
determined by measuring the absorbance at 280 nm usin
an extinction coefficient of 35920 cnrM 2.

Determination of Ligand Binding by Fluorescence Titra-
tion. Fluorescence titrations were performed on a Fluorolog-

spectrofluorometer at 3tC with an excitation wavelength the quenched reaction mixtures were directly injected into a
of 290 nm, and emission spectra were recorded in the range 4 yin

of 300—450 nm. Immediately prior to the experiment, the tube containing 0.7 mLfol M phosphate buffer (pH 7.6)

enzyme was diluted to a desired concentration. Halide anda{]?]j'?dml‘ ofr:jt:?tggl etzelr Wi'th Tsz'gg?:tﬁs a?hlnrterr:lal
other nucleophiles were added from freshly prepared stock >tandard. Quantitative analysis o € ether phase

solutions in 50 mM Tris-sulfate buffer (pH 8.0) containing was performed by HPLC using an analytical Chiralcel OD

. : column with heptane/2-propanol (92:8) as eluent (1.3 mL/
1 mM g-mercaptoethanol to protein solutions (0.03 mg/mL). . C
Apparent dissociation constants were obtained by nonIinearm'n)' The retention times oR}-PNSO andiy)-PNSHH were

ST : . . 8.3 and 16.8 min, respectively.
regression fitting of eq 1 using SigmaPlot 2000 as described Data Analysis.Stopped-flow traces of bromide-binding

_ experiments were fitted using nonlinear regression analysis
AF=HSV(ST +Kd) (1) (SigmaPlot version 8.0 for Windows) to a single exponential
equation, resulting ink.s values for different bromide

Circular Dichroism Spectroscopyrar-UvV CD spectra
were recorded from 190 to 250 nm at 26 on an AVIV
model 62A DS circular dichroism spectrometer using a 0.1
cm cuvette containing 0.1 mg/mL halohydrin dehalogenase
in 5 mM potassium phosphate, pH 7.5. Each spectrum shown
represents the average of five scans and was corrected for
the absorbance caused by the buffer.

Stopped-Flow ExperimentsStopped-flow fluorescence
experiments were used to study the kinetics of bromide
binding and dissociation. The experiments were done at 30
°C on an Applied Photophysics model SX17MV stopped-
flow apparatus as described previously)( The concentra-
tions mentioned in the text are the concentrations after
mixing. Each trace shown is the average of four to six
repeated experiments. Immediately prior to the experiment,
the enzyme was diluted to the required concentration with
50 mM Tris—sulfate buffer (pH 7.5) containing 1 mM
eB-mercaptoethanol to protect the enzyme against inactivation.

Rapid-Quench Experiment3re-steady-state burst forma-
tion of (R)-PNSO from PNSHH was measured on a Kintek
RQF-63 rapid-quench apparatus at°@in 50 mM Tris—
sulfate buffer (pH 7.5) containing 1 mgtmercaptoethanol.
The reactions were initiated by rapidly mixing equal volumes

50 ulL) of a solution of R)-PNSHH (1.5 mM, final
concentration) and an enzyme solution (0.12 mM Y187F or
0.087 mM W249F). The reaction mixtures were then
3 guenched with 0.4 M 80Oy (final concentration). To prevent
chemical conversion of PNSO under these acidic conditions,

before (L8). In this equationAF is the relative change of

the fluorescence intensity akmax [S] is the concentration concentrations.

of halide, epichlorohydrin, or another ligan&y is the F=Al- ekobst) )
apparent dissociation constant, dpib the relative change

of the fluorescence intensity at [S} Kq. The individual rate constants in Scheme 1 were obtained

Steady-State Kinetic¥he steady-state kinetic parameters by fitting eq 3 to the experimentdd,,s values using the
with 1,3-dichloro-2-propanol were determined in 50 mM program Scientist (MicroMath). This led to a unique set of
Tris—sulfate buffer (pH= 8.0) at 30°C by either monitoring solutions for the rate and equilibrium constants that could
halide liberation 22) or gas chromatography. ). Halohy- describe the fluorescence traces over the whole concentration
drins and epoxides were analyzed by gas chromatographyrange.

Samples (1.5 mL) were extracted with 1.5 mL of diethyl

ether containing 0.05 mM mesitylene as an internal standard. _ n ko[Br] 3)
Extracts were analyzed by split injection ofi2 on a HP5 Kons = K2 [Br] +K;

column (model HP 19091J-413; Hewlett-Packard) with

helium as a carrier gas. For the chromogenic substrate Assuming that the bromide-bound enzym®&&n Scheme
p-nitro-2-bromophenylethanol, the initial velocities were 1 is responsible for the elevated fluorescence intensity, the
measured as described befold)( Data were fitted to the  steady-state fluorescence can be expressed as a function of
Michaelis—Menten equation using nonlinear regression.  the constants in Scheme 1:
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‘ k,[Br] Scheme 2
F=F,+fF 4
0 a OK k_ + [Br](k _|_ k_ ) ( ) PNSHH K K
e 2 2 E | PNSHH=——= E.BrPNSO —
. Br. E + HBr + PNSO

-2¢

where Fy is the fluorescence intensity of the ligand-free
enzyme and, is the relative change of the fluorescence
intensity at [Br] > Ka.

The apparent dissociated constant is then given by the

Table 1: Apparent Dissociation Constanig;)(of HheC and Its
Mutants for Anions at pH 7.5

equation: Ka (MM)
enzyme Ct Br- CN- N3~
_ Kk, WT 31+08 054+0.1 1.2+0.3 1.3+ 0.2
Ke= 1k (®) Y187F  13+06 03+01  -@ 1.9+0.6
2 "2 W249F  3.9+1.2 07402 104+34 12404
For the analysis of burst kinetics of the conversionR)f ( @No fluorescence change upon ligand addition.

PNSHH by HheC (Scheme 2), which was measured at [S]
> Kmpnshn the rapid-quench data were fitted with eq 6, using catalytically active, with the exception of the L178A and

the program Scientis2Q). L178F mutant proteins, which mainly were present as dimers
it and not studied further. The active mutants were subjected
([E-Br-PNSO]+ [PNSO]E, = Ao(l — e ™) + k.t to kinetic analysis.
(6) Steady-State Ligand Bindinghe effect of the mutations

on ligand binding was measured using fluorometric titration
k2c(k2c + k—29 g g g

A, = ) (Table 1). Mutants Y187F and W249F showed a clear
(Kye T K pe 1 Kgd (Koo + K o + Kg0) fluorescence enhancement when halide was added, similar

to what is observed with the wild-type enzyme. Only a very
A =Ko + K pe + Ky (8) small fluorescence increase was observed for the asparagine

mutants (N176A and N176D). Thus, ligand binding could
In this equation is the observed burst rate constal$,  only be studied with wild-type HheC and mutants Y187F
is the amplitude, ank.is the steady-state turnover number. and W249F. For these proteins, the effect of halide ions (Br
Equations 7 and 8, which give the amplitude and apparentand Cr) and two alternative nucleophiles accepted by the
rate constant of the burst as a function of the rate constantsenzyme (N~ and CN") on the intrinsic protein fluorescence
in Scheme 2, were used to replacandAq in eq 6 for the  was measured at different concentrations. The wild-type
fitting process. A unique solution of the rate constigt HheC showed the lowe#t, value for bromide (0.5 mM).
was obtained for mutants Y187F and W249F, while it was The Kq values for N~ and CN were 2-fold higher, whereas
difficult to obtain a precise value fde. due to a very fast  the K4 value for chloride was about 6-fold higher than that
ring closure of R)-PNSHH by the two mutants. for bromide. The mutants Y187F and W249F displayed
Equation 9 was derived as described bef@#.(it defines  similar dissociation constants with halides {@hd Br) and
the Ki value as a function of the rate constants in Scheme N,- as the wild-type enzyme. The exception is GNor
2, and it was used to calculate tKefor the binding of R)- which a 9-fold higherKy value was obtained with mutant
PNSHH by the mutant enzymes. W249F than with the wild-type enzyme. No significant
KK _pe + ko) ﬂgorescence change was observed whgrr @Mis mixed
K __s\—2 3 9) with mutant Y187F. Moreover, the wild-type enzyme
MPNSHH e + Koo T Kge displayed a similaky value for bromide in the absence and
presence of 10 mM CN The results indicate that mutating
RESULTS Y187F or W249F has little effect on the affinity of the ligand-

Mutants with a Modified Halide-Binding Sit&Ve con- binding site of HheC and that CNmight bind to the active

structed mutants in which the hydrogen bonds that were site in a diﬁ_‘er_ent way than Fhe othgr gnions. Thg Ie}tter
hypothesized to influence the stability of the halide-binding OPServation is in agreement with the finding that halide ions
site loop were disrupted. Asn176, which has a hydrogen bond@nd N~ are inhibitors of the conversion oR[-PNSHH,
with Tyr187 (Figure 1B), was replaced by an alanine or an While CN™ (10 mM) does not inhibit the reactior2
aspartate (N176A and N176D), and Tyr187, which is  Steady-State KineticShe steady-state kinetic parameters
hydrogen bonded to Asn176 and Trp249, was replaced by aof the mutants were determined using an aliphatic and an
phenylalanine (Y187F). Leu178, which was proposed to be aromatic halohydrin as the substrate (Table 2). Mutants
involved in the halide release pathway in HheC, was mutated N176A and N176D showed a more than 100-fold decrease
to Ala and Phe. The mutants, including the previously Of catalytic efficiency K../Km) with the tested halohydrin
constructed mutant W249H.8), were expressed iB. coli substrates, but most of thea values were reduced less,
BL21(DE3), and all showed similar expression levels as the indicating that the mutations on position 176 mainly affect
wild-type enzyme. The mutant proteins could be purified via substrate capture by HheC.

one-step purification, resulting in pure proteirs90%) as Mutant Y187F displayed a remarkable increase ofithe
judged by SDSPAGE @0). Far-UV CD spectra of the  value with two substrates as compared to the wild-type
mutant proteins were similar to that of the wild-type enzyme, enzyme. With 1,3-dichloro-2-propanol, a 2-fold highex
showing that the mutations had no significant influence on and a similarK,, value were obtained as with wild-type
the secondary structure of the protein. All mutants were HheC, resulting in an improvement of the catalytic efficiency.
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Table 2: Steady-State Kinetic Parameters of Active HheC Vafiants

1,3-dichloro-2-propanol R)-PNSHH ©-PNSHH
Keal Km Keal Kin Keaf K
enzyme  Keat(S7Y) Km (MM) M71s?)  kea(sh) Km (MM) M-1s) Keat (71 Km (MM) M-tsh) E
WT 9.3+ 0.9 0.010+ 0.002 9.3x 106 22+1 0.009+ 0.003 2.4x 10° 7+1 0.434+0.05 1.6x 10* 150
N176A >3.3 >3.2 1.0x 1¢¢ =>0.76 >1.40 46x 10* >7.2x10°% >0.8% 8.3 60
N176D >0.97 >4.4 23x 10 >6.3 >1.5 47x 100 >0.2 >1.26 1.7x 1% 30

Y187F 18.7+1.1 0.012+£ 0.005 1.6x 10° 89+3 0.17£ 0.02 52x 10° 9.1+0.5 0.65+0.01 1.4x 10* 40
W249F 16.0+ 0.9 0.024+ 0.007 6.7x 1 170+ 13  0.05+ 0.01 33x10F 23+0.2 0.61+ 0.08 3.8x 10° 900

2The enantioselectivity toward PNSHH is expressed asthalue [K.afKm)r/(kealKm)g. P The values are the highest substrate concentrations
that were used.
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Ficure 2: Kinetics of bromide binding and release with wild-type HheC. (A) Fluorescence traces obtained upon binding of bromide to the
wild-type enzyme with a final concentration of 24M. The final concentrations of bromide are 0, 0.1, 0.2, 0.5, 1, 2, and 7 mM, respectively
(from bottom to top). The solid lines represent the best fit with a single exponential function. (B) Fluorescence traces of the release of
bromide from wild-type HheC. HheC (BM) was premixed with bromide and diluted 1 to 1 with 50 mM Fr&ulfate buffer (pH 7.5)
containing 1 mMgB-mercaptoethanol. The final concentration of bromide is 0.2, 0.4, and 0.8 mM (from bottom to top). The solid lines are
the best fit to a single exponential function. (C) Concentration dependencelgfifa bromide binding @) and bromide releas®©j. The

solid line is the best fit to Scheme 1 using the data in Table 3.

For (R-PNSHH, a 4-fold increase of thk., value was bond between Asnl76 and Tyrl87 or between Tyrl87 and
observed, although the catalytic efficiency was lower than Trp249.
with the wild-type enzyme due to a highKr, value. The Pre-Steady-State Bromide Binding and Dissociatire-
mutation on position 187 affected the steady-state kineticsvious studies showed that the halide release step is rate-
toward the §-enantiomer of PNSHH in a different manner limiting in the catalytic cycle of the conversion of thB){
as with the R)-enantiomer, since with§-PNSHH thek.y PNSHH by wild-type HheCX(7). To investigate whether the
and theK, value were only slightly influenced. elevatedk.,: values of mutants Y187F and W249F were
Enhancedk.,; values for 1,3-dichloro-2-propanol ane)¢ caused by faster halide release, the pre-steady-state bromide
PNSHH, but not for §-PNSHH, were also observed for binding and dissociation kinetics with these two mutants and
mutant W249F (Table 2). Compared to the wild-type wild-type HheC were studied by stopped-flow methods,
enzyme, mutant W249F exhibited a 1.4-fold increase in monitoring the intrinsic protein fluorescence.
catalytic efficiency Ke.afKm) for (R)-PNSHH, while thek.a/ (A) Wild-Type HheCFluorescence traces were measured
Km value with 1,3-dichloro-2-propanol was slightly decreased after rapid mixing of the enzyme with various concentrations
due to a 2.4-fold higheK, value. Moreover, mutant W249F  of bromide (Figure 2A). It was found that the fluorescence
showed a remarkable 6-fold improvement of the enantiose- intensity increased to a steady-state level within the first 70
lectivity with PNSHH due to a decreased catalytic efficiency ms after mixing. The traces could be fitted with a single
with the (§-enantiomer. exponential equation, yielding an observed rate constagt (
Taken together, these results indicate that the catalytic rateand an amplitude. Thie,,s values increased with increasing
of HheC was indeed improved by removing a hydrogen bromide concentrations, which can be explained by Scheme
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Table 3: Kinetic Parameters of Wild-Type HheC and Mutants W187F and W249F at pH 7.5
Scheme 1 Scheme 2
enzyme Kg(mM)  Kgead (MM) K1 (mM) k(s ka6 ka(s?)  Kd(mM) ke (579 Kooc(s™  kac(s™
WT 0.5+0.1 0.38 0.45£ 0.1 71 36+ 1 22+1 0.1 380 <5 21+1
Y187F 0.3+0.1 0.37 04701 55+1 201+2 89+ 3 2.9-4.8 1506-2500 <20 92+ 1
W249F 0.7+ 0.2 —¢ —¢ —¢ —¢ 170+ 13 >1.2 >4000 <10 180+ 5

aSee Schemes 1 and 2 for definition of constahi; values were calculated by using eq 5 and the rate constants from Tal\®Bdetectable
due to very fast halide binding Ks values of the mutant enzymes were calculated by using eq 9.
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Ficure 3: Kinetics of bromide binding and release with mutant Y187F. (A) Fluorescence traces that were obtained upon binding of bromide
to mutant Y187F (5«M). The final concentrations of bromide are 0, 0.2, 0.6, 1, 2, and 5 mM, respectively (from bottom to top). The solid
lines show the fit with a single exponential function. (B) Fluorescence traces of the release of bromide from mutant Y187F. Enzyme (10
uM) was premixed with bromide and diluted 1 to 1 with 50 mM Friulfate buffer (pH 7.5) containing 1 mgkmercaptoethanol to final
bromide concentrations of 0.25, 0.5, and 1 mM (from bottom to top). The solid lines are the best fit to a single exponential function. (C)

Concentration dependence of thgs for bromide binding @) and bromide releas®j. The solid line is the best fit to Scheme 1 using the
data in Table 3.

1, involving a rapid bimolecular binding step followed by a rate and binding constants give a good description of the
slow unimolecular isomerization28, 25). For bromide kinetic mechanism for bromide binding and release by HheC.
dissociation, all fluorescence traces could also be fitted to a (B) Mutant Y187FThe pre-steady-state bromide binding
single exponential equation. When the enzyme was premixedand release experiments were also performed with mutant
with bromide, no clear burst in fluorescence intensity was Y187F. This gave similar fluorescence traces as with the
observed upon dilution with buffer, which indicates that wild-type enzyme (Figure 3A), which could also be fitted
release of bromide follows Scheme 1 as well (Figure 2B). with a single exponential equation. Analysis of igg values
In the case of bromide binding, the maximum valuekgf of these traces revealed a similar bromide concentration
that can be reached ks + k-, (Figure 2C). dependent pattern (Figure 3C) as for the wild-type enzyme,
The kops Values were fitted with eq 3, resulting in unique which indicates a similar kinetic mechanism for bromide
solutions for the rate and equilibrium constants in Scheme binding for mutant Y187F and wild-type HheC (Scheme 1).
1 (Table 3). Since no burst in fluorescence was observedHowever, theky,svalues for mutant Y187F were much higher
upon binding of bromide by HheC, the fluorescence of than those for the wild-type enzyme at the same bromide
enzyme EBr' was assumed to be equal to that of E. concentrations. Thisincreased hyperbolically from 210
According to Scheme 1 and the data in Table 3, the rate of to 250 s* with increasing bromide concentrations. Bromide
binding of bromide is mainly limited byk,, while k_, dissociation experiments with mutant Y187F were also
determines the release of halide. The rate of halide releaseperformed by dilution of the bromide-premixed enzyme with
(k-2) for the wild-type enzyme is in the same order of buffer (Figure 3B). The relatively high noise to signal ratio
magnitude as thé.y value (21 s') for the conversion of is due to the smaller change of the protein fluorescence
(R)-PNSHH. TheKq value calculated from the results of pre- intensity upon bromide binding for mutant Y187F than for
steady-state kinetic studies using eq 5 was in good agreementhe wild-type enzyme. All fluorescence traces could again
with the value obtained from steady-state measurementsbe fitted to a single exponential equation, and no fluorescence
(Table 3). This indicates that Scheme 1 and the correspondingump occurred upon dilution of the premixed enzyme.
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0.10 PNSO followed by a steady-state phase was obtained both

N B e with the wild-type enzyme and with the two mutants (Figure

, 0.08 [Tty b 5). This indicates that the rate-limiting step during the
g ::": PR catalytic cycle occurs after the chemical epoxide-formation
B 0.06 |mntwets b bbb A step with all of these three enzymes. Thus, product release

S — " N remains the rate-limiting step in the catalytic cycle of

©ooal ' ‘ . conversion of R)-PNSHH by the mutant enzymes.

e " The two mutants were assumed to have a similar kinetic

0.02 ‘ , , , mechanism as the wild-type enzyme, which involves three
0.00 001 002 003 004 005 steps, with the second product being released immediately

Time (s) after the first one (Scheme 217). To obtain the rate

FiGURe 4: Kinetics of bromide binding with mutant W249F. constants in Scheme 2, eq 6 was expressed as a function of
Fluorescence traces obtained upon mixing bromide with mutant rate constants by substitution Af§ and4 with eqss 7 and 8,
W249F (2uM). The final concentrations of bromide are 0, 0.2, and then it was used to fit the rapid-quench experimental
0.4, 0.6, 1, 2, and 2.5 mM, respectively (from bottom to top).  gata. It was found that the value of the rate constarkof

: was not well defined for the two mutants (Y187F and
The rate constants in Scheme 1 for mutant Y187F were W249F) because of insufficient data within the first mil-

obtained by analyzing the experimental data in the same Wa&Yjisecond of the reaction due to the dead time of the rapid-

as for the wild-type enzyme (Table 3). For mutant Y187F, guench apparatus. With the two mutants, the rate of the back-

!(‘2’ which largely deFermines the kinet_ics of br_omide release reaction of the chemical step (step 2 in Scheme 2) was much
in the case of the wild-type enzyme, indeed is much larger lower than its forward reaction, which is also the case for

than that for the wild-type enzyme. The ratekefis 8-fold the wild-t ;
. . . - -type enzyme. The rate &. that determines the
higher as well. The apparent halide dissociation conskat ( rate of the steady-state phase is in good agreement with the

calculated by using eq 5 is similar to the one obtained from kot Value obtained from steady-state measurements (Table
steady-state measurements.

(C) Mutant W249FThe pre-steady-state bromide-binding The ke, values of mutants Y187F and W249F were

experiments were also performed for purified mutant W249F significantly increased compared to the wild-type enzyme,

enzyme (Figure 4.)' Th_e fluoresce_nce Intensity I.nc.reasedindicating that the enhanced rate of halide release for mutants
rapidly upon bromide binding, and it terminated within the

dead time of stopped-flow apparatus (1.8 ms). Therefore, it Y187F and W249F is accompanied by an increased rate of

is not possible to analyze the kinetics of bromide binding gtla\lhgll_'ogebr;ggic:]n ]::o;r?s)t-apnN(SonﬂhJ?viovrillljjt?;t;o(r:atlgillqgie d
and dissociation for this mutant in a similar way as for the using e 9 Wit?l thek vaslue obtained from steadv-state
other two enzymes. However, by inspection of the fluores- kinet%c gtudies and thme rate constants in Table 3{Y187F
cence traces of wild-type HheC and the mutants, it appeared '

: . .9 mM < Kg < 4.8 mM; W249FKs > 1.2 mM) were more
that the fluorescence intensity reached a steady-state leve S ’ S
within 0.05 s for the wild-type enzyme, while this occurred han 10-fold higher than thig; of the wild-type enzyme (0.1

Witn 001 and 0.002 5 (dad e of the apparatu) for ™ TS5 resls e ht e substte b step
mutants Y187F and W249F, respectively (Figures 3A and which produces a negative effect on the catal )t/lg efﬁci)e/nc :
4). Thus, it is reasonable to conclude that mutant W249F P 9 y y

: S of the enzyme. Thus, it is likely that the presence of the two
has an even faster rate of halide binding and release thar}1 o o
mutant Y187E. ydrogen bonds is important for the stabilization of the

Pre-Steady-State Burst Kinetid® determine whether the structure of the Michaelis complex.
halide reIe_ase step is still rate-limiting in the catalytic cycle DISCUSSION
of conversion of R)-PNSHH by mutants Y187F and W249F,
pre-steady-state experiments were performed using the rapid- The work presented here describes a kinetic analysis of
quench method. A pre-steady-state burst of formation of the role of residues Asnl176, Tyrl87, and Trp249 in halide

800
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Ficure 5: Burst kinetics of the ring-closure reaction &){PNSHH by mutant HheC. The conversion of 1.5 mRJ-PNSHH by (A) 0.12
mM Y187F and (B) 0.087 mM W249F in 50 mM Trssulfate buffer (pH 7.5) was followed by rapid-quench analysis after different
incubation times. The solid lines are the best fit to Scheme 2 using the data in Table 3.
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binding and catalytic activity of HheC. These residues are halide releaseld). The halide-binding site with chloride ion
proposed to stabilize the overall conformation of the halide- bound was highlighted in Figure 1B. In the structure of the
binding site by forming two hydrogen bonds (Figure 1B). HheCGBr-styrene epoxide complex, stryrene epoxide closes
Steady-state kinetic studies indicated that substitution of the entrance to the halide-binding site from the solvent. It is
Tyrl87 or Trp249 by a phenylalanine significantly enhances most likely that halide is released to the solvent via a pathway
the activity toward the aromatic halohydrifR)(PNSHH. lined by the water molecule in the back of halide-binding
Moreover, pre-steady-state kinetic analysis of mutants Y187F site, which is the shortest route to reach the solvent. Opening
and W249F revealed that halide release is still rate-limiting of this pathway could possibly involve a rotation around the
in the conversion ofR)-PNSHH, and therefore we assume Ca—Cf bond of residue Leul78. Direct proof for this route
that these two mutants follow a similar kinetic mechanism is difficult to obtain as the L178A and L178F mutations not
as the wild-type enzyme (Scheme 2). The results indicatedonly yielded inactive enzyme but also disrupted the oligo-
that the improved catalytic activity is due to an enhanced meric state of the enzyme. A second possibility is a pathway
rate of halide release for the two mutants since halide releasehat is close to the substrate-binding site. The two studied
was identified as the rate-limiting step in the conversion of hydrogen bonds are located near the beginning of the
(R)-PNSHH by the wild-type enzyme. For 1,3-dichloro-2- substrate entrance tunnel at the protein surface. However,
propanol and §-PNSHH, a less pronounced effect on the to allow halide release via this route with epoxide remaining
keat Value was observed than witiR(PNSHH, which bound, the tunnel needs to be enlarged by moving away
indicates that there are differences in the kinetic mechanismseveral amino acids, including Tyrl87 and Trp249. Thus,
for these substrates. It should also be noted that halide releasbalide release according to this route would indeed require
in the wild-type enzyme precedes release of epoxide, whicha conformational change that involves the amino acids
implies that the halide release step may be slower in the targeted in this study. The release of halide via this route is
catalytic cycle than when it is measured in the absence ofin agreement with the kinetic properties of the mutant
epoxide. enzymes (Y187F and W249F). However, from the available

To prove that the release of halide is indeed enhanced forX-ray structures of HheC it is difficult to envision how this
the two mutants, the pre-steady-state kinetics of halide conformational change precisely would happen.
binding was studied. The results clearly indicate that the The mutations at positions 187 and 249 did not cause a
isomerization step k(;) in the halide release pathway significant effect on the halide-binding site itself, since the
(Scheme 1), which determines the overall rate of halide Kq values of the two mutants with halide ions are similar to
release for both wild-type HheC and the Y187F mutant, still that of the wild-type enzyme. This is not surprising as many
exists. However, its rate is much higher in the mutant. This other interactions between the halide ion and the enzyme
indicates that the breakage of the two hydrogen bonds indeedemain. The mutations on position 176 (N176A and N176D)
enhances halide release. The observation that halide releaseaused a larger increase of thg, value for all tested
albeit faster, is still the slowest step in the catalytic cycle substrates than the mutations Y187F and W249F, which
indicates that it requires more extensive structural rearrange-might be due to an effect on substrate binding. The X-ray
ments than just the breakage of two hydrogen bonds. Sincestructure revealed that the backbone and side chain atoms
both the bromide-free wild-type enzyme and the mutant of Asnl76 interact with the substrate mimi®R){l-p-
enzymes did not crystallize, no structures are available thatnitrophenyl-2-azidoethanolpPAE) via van der Waals
would help to describe the halide exit pathway further. contacts (Figure 1A), and the increasekip of the N176A

The involvement of a unimolecular isomerization step in mutant could be due to the absence of these van der Waals
the halide release pathway indicates that the halide ionconnections. Alternatively, there are other conformational
produced from the hydrophobic substrate cannot be releaseadhanges in the N176A mutant that influence substrate
from the occluded active site by free diffusion through the binding. The increasel,, of the N176D mutant might be
protein. Instead, the kinetic data suggest that the protein hascaused by the introduction of a charge in the substrate-
to undergo a conformational change before halide dissocia-binding pocket.
tion takes place. A halide release pathway with a slow Release of halide is enhanced by the removal of the two
isomerization step preceding release also occurs with ha-hydrogen bonds, resulting in a large improvement of the
loalkane dehalogenase froidanthobacter autotrophicus catalytic activity of the resulting HheC mutants. Besides this,
(DhIA) (26). In this case, the conformational change was the chemical reaction stegyf), which is the actual dehalo-
proposed to occur in the cap domain and to lead to solvationgenation reaction of)-PNSHH, also becomes much faster
of the active site that facilitates halide to escag@).( A with mutants Y187F and W249F than with the wild-type
similar process could possibly occur in HheC, although at enzyme. This observation is in contrast with the situation
present there is little evidence for this. An alternative way for haloalkane dehalogenase (DhlA). With DhlA, a higher
of facilitating halide release in HheC could be an interaction rate of halide release is always accompanied by a lower rate
with one or more positively charged residues along a halide of carbon-halogen cleavage in the conversion of good
exit channel. In the light-driven chloride pump halorhodop- substrates, such as 1,2-dibromoethane and 1,2-dichloroethane
sin, the channel-lining arginine residue 108 was found to be (29), indicating that rapid carberhalogen bond cleavage
essential for chloride uptake from the extracellular side and and fast halide release have opposite structural requirements
release to the interio28). However, no arginine or lysine  and that the balance between these processes is evolutionarily
close to the halide-binding site is observed in the structure optimized for 1,2-dichloroethane in DhIA. The consequence
of HheC. is that the halide release and the carbbalogen cleavage

We further inspected the X-ray structure of wild-type steps cannot be changed independently. Apparently, carbon
HheC with bound halide and epoxide for possible routes of halogen bond cleavage and halide release are not inversely
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connected in the same way in HheC, at least for the substrates 8.

tested here, which makes it possible to obtain HheC variants
with improved catalytic properties by site-directed mutagen-
esis.

Strikingly, the W249F mutation caused a significant
improvement of the enantioselectivity with PNSHH. Most
studies on increasing and changing enantioselectivity of
enzymes by mutagenesis have been done with lipases and
phosphotriesterase. Although several lipases with improved
enantioselectivity were obtained by single point mutation,
most of them possess lower catalytic activity than the
corresponding wild-type enzym&@). In these cases, the
enhanced enantioselectivity by the mutations was due to the
modifications of the substrate-binding pocket of the enzyme.
In phosphotriesterase, the enantioselectivity can also be
modified by site-directed mutagenesis of the residues sur-
rounding the binding pockets for the groups bound to the
chiral phosphorus aton8{). No such binding pockets for
the substituents present on the chiral carbon atom exist in
HheC, and at this moment stereoselectivity can only be
interpreted in kinetic terms. In a previous paper, we
demonstrated that the high enantioselectivity of wild-type
HheC is mainly determined by differences in the substrate-
binding step and the chemical reaction step for the two
enantiomers of PNSHH1{y). For mutant W249F, the
improvement of the dehalogenation step might be one of the
main causes for the enhanced enantioselectivity toward
PNSHH, although the substrate-binding step is somewhat
weaker than with the wild-type enzyme. Moreover, the
decreased catalytic efficiency of the mutant W249F toward
the (9-enantiomer of PNSHH might also contribute to the
improved enantioselectivity. Thus, mutant W249F represents
an interesting example on the elevation of both catalytic
activity and enantioselectivity by a point mutation, which is
possible due to the fact that enantioselectivity and turnover
number are dominated by different microscopic rate con-
stants.
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