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ABSTRACT: Halohydrin dehalogenase (HheC) frakgrobacterium radiobacteAD1 is a homotetrameric

protein containing four tryptophan residues per subunit. The fluorescence properties of the enzyme are
strongly influenced by halide binding. To examine the role of the tryptophans (W139, W192, W238, and
W249) in halide binding and catalysis, they were individually mutated to a phenylalanine. All mutations,
except for W238F, influenced the enzymatic properties. Mutating W192 to phenylalanine inactivated the
enzyme and led to dissociation into dimers and monomers. In the structure of HheC, residue W139 and
residue W249 from the opposite subunit are close to the active site of the enzyme. Substitution of W139
mainly affectedKn, values with all tested substrates and reduced the enantiopreferenpeniton-2-
bromo-1-phenylethanol. Replacing W249 increased kgtAndK, values with all tested substrates except

for the (§-enantiomer op-nitro-2-bromo-1-phenylethanol, for whidh,: was 3-fold decreased, resulting

in a 6-fold increase of the enantioselectivity. Fluorescence measurements revealed that in the ligand-free
state the intrinsic protein fluorescence of mutant W139F is higher than that of the wild-type enzyme,
while the fluorescence intensity of mutants W238F and W249F was lower. The fluorescence intensities
of the W238F and W249F enzymes were increased when they were unfolded or when bromide was added,
whereas the fluorescence of mutant W139F was not increased by unfolding or addition of bromide. These
results demonstrate that the fluorescence of residues W238 and W249 is partially quenched in the folded
ligand-free state, and that W139 is completely quenched and acts as an energy acceptor for the other
tryptophan residues as well. Changes of the maximum fluorescence emission wavelength of the HheC
variants and the results of acrylamide quenching experiments confirmed that bromide binding induces a
local conformational change around the active site, resulting in residue W139 and the quencher group
being separated.

Halohydrin dehalogenases catalyze the reversible intramo-an epoxide hydrolase obtained from the same organgsm (
lecular nucleophilic displacement of a halogen by a hydroxyl 9). The enzyme also accepts alternative nucleophiles in the
group in vicinal halohydrins, producing the corresponding reverse (epoxide ring-opening) reaction, such as afjle (

epoxides. This is a key detoxification reaction in the  ppec shows significant sequence similarity with the short-
degradation of_varlous halogenated compounds. So f_ar, onlychain dehydrogenase/reductase (SDR) protein fandy (

gfe\yvv hz;lohydrln delhal?gen(;asezhave beenﬁqharla;tl_egjfed( This allowed a prediction of the global three-dimensional
). We have recently cloned and expressed itoli A structure of HheC using protein structures of the SDR family

'(A\Dlr53t)) tTeri rﬁ'?%dgn tg:gilogg?arsnengemd% frtmr”? m as templates. Furthermore, site-directed mutagenesis studies
grobacterium radiobac , & ram-negative bactenu have identified three residues, Ser132, Tyr145, and Arg149,

gg{)eag;t?;r??r?g zﬁg;l;fggrogr](; Thzhé%rfﬁéoepa?gé:‘s theWhich are invqlved in catalysis (Figure 1). The gxperimental
a homotetramer with 28 kDa subunits. HheC exhibits high 5”“‘““??7 which was solved recently, confirmed the'se
propositions, and also revealed the presence of a halide-

enantioselectivity toward some aromatic halohydrins, and it ™. =% . .
y y binding site (0). However, a structure of the halide-free

can be used to produce enantiomerically pure aromatic . )
halohydrins, epoxides, and diols using a tandem reaction with €"ZYMe s not available. The structure shows that two of
the four tryptophans of HheC, W139 and W249 (from the
P— opposite 2-fold symmetry related subunit), are close to the
EU.ThIS work was supported by Grant QLK3-2000-00426 from the active site, whereas W192 and W238 are less close.
* To whom correspondence should be addressed. Phok&1)0- Moreover, tryptophan residues are found to be located in
3634209. Fax: £31) 50-3634165. E-mail: D.B.Janssen@chem.rug.nl. the active site and play a role in substrate binding in some

1 Abbreviations: HheC, halohydrin dehalogenase; PNSpthitro- i i
2-bromo-1-phenylethanol; SDR, short-chain dehydrogenalse/reductase'Other dehalogenases, as well as in epoxide hydrolases and

PNSO,p-nitrostyrene oxideKs,, Stern-Volmer quenching constant; SDR protei.ns_ll—:_I.S). Nardin_i et al. reported that. the
NATA, N-acetyltryptophanamide; DEPC, diethyl pyrocarbonate. substrate-binding site of epoxide hydrolase frémradio-
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Ficure 1: Proposed reaction mechanism of halohydrin dehalogenaseAraadiobacterAD1 (HheC).

bacter AD1 is lined by two tryptophan residued4). In

After purification the halohydrin dehalogenase activity was

haloalkane dehalogenase, W125 and W175 play a role indetermined by monitoring bromide liberation at 30 using
halogen and halide binding and are important for catalysis 5 mM 2-bromoethanol in 50 mM Tris/SMuffer (pH 8.0)

(16). It has been shown that these active site tryptophans(22). The concentration of protein was determined by
can be used as fluorescent probes to study substrate bindingneasuring the absorbance at 280 nm. The extinction coef-
and structural changes that occur upon ligand binding. ficient of HheC was calculated by using the program Dnastar
In the present study, we used site-directed mutagenesis tqwild type, e2g0 = 35920 cmt*+M~%; mutants e2s0 = 30230
investigate the role of tryptophan residues in substrate cm M),
binding and protein fluorescence of HheC by constructing  Circular Dichroism SpectroscopyFar-UV CD spectra
four tryptophan mutants (W139F, W192F, W238F, and were recorded on an AVIV model 62A DS circular dichroism
W249F) and by measuring their catalytic and fluorescence spectrometer. The CD spectra were recorded from 190 to

properties.

MATERIALS AND METHODS

Materials Standard chemicals and biochemicals were
obtained from Sigma, Acros, Merck, and Aldrich. Both
enantiomers op-nitro-2-bromo-1-phenylethanol (PNSHH)

250 nm using a 0.1-cm cuvette containing 0.1 mg/mL
halohydrin dehalogenase (5 mM potassium phosphate, pH
7.5) at 25°C. Each spectrum shown represents the average
of five scans and was corrected for the absorbance caused
by the buffer.

Steady-State Kinetics Measuremeniiial velocities were

were synthesized as described by Westkaemper and Hanzlikneasured at 36C on a Perkin-Elmer Lambda Bio 10 UV/
(19). The enantiomers of PNSHH were separated by prepara-Vis spectrometer by monitoring the absorbance change at 310

tive HPLC using an analytical Chiralpak AS column (5 mm

nm using the chromogenic substrapenitro-2-bromo-1-

inside diameter) with hexane/2-propanol (95:5) as eluent Phenylethanol in 50 mM Tris/SCbuffer (pH 7.5) €pnshn

(flow rate 1.3 mL/min), which yielded product of at least
98% enantiopurity. The retention times of individual enan-
tiomers are as follows:R)-PNSHH, 25.5 min; §-PNSHH,
28.9 min. Oligonucleotide primers were from Sigma Geno-
sys.

MutagenesisThe previously constructed plasmid pGEF-
HheC @), containing theA. radiobacter hhe@ene (acces-

= 3100 cnT*M™%; epnso = 4289 cnm-M 1) (23). Initial
rates were determined from the initial linear part of the
reaction progress curves. The steady-state initial velocity
pattern in the absence of products was obtained by varying
the concentration of substrate. Kinetic data were fitted with
the Michaelis-Menten equation using Sigmaplot 2000 to
obtain the steady-state kinetic parameters. For 1-chloro-2-

sion number AF397296), was used as the template for Methyl-2-propanol, the initial velocity was determined by
mutagenesis. Mutant genes were constructed using theMonitoring halide liberation22). All koo values are defined
QuikChange site-directed mutagenesis kit of Stratagene&S Per monomer.

(LaJolla, Ca) following the recommendations of the manu-
facturer. W139 was mutated to Phe with primér GCC-
TTCGGGCCTTTAAGGAACTTTCTACC. W192 was
changed to Phe with primer-8 CCCACAGAACCGIT-
TAAAACGAATCCAGA. Primers 8- CGGCCAGGTGT-
TCTTTTTGGCCGGCGGAT and '5 AATGATC-
GAGCGTTTTCCTGGTATGCCCGA were used to obtain

mutants W238F and W249F, respectively. Successful mu-

tagenesis was confirmed by sequence analysis.
Expression, Purification, and Enzyme Assaysld-type

and mutant HheC enzmes were expresseé.ircoli BL-

21(DE3) and purified by using Q Sepharose (130 mL,

Fluorescence MeasurementSteady-state fluorescence
measurements were performed on a Fluorolog-3 spectro-
fluorometer at 3C°C. The excitation wavelength was 290
nm, and emission spectra were recorded in the range ef 300
450 nm. Immediately prior to the experiment the enzyme
was diluted to a desired concentration.

For the steady-state substrate binding experiments, 0.03
mg/mL protein solutions were used. Halide and epoxides
were added from freshly prepared stock solutions in 50 mM
Tris/sulfate buffer (pH 8.0) containing 1 mlg-mercapto-
ethanol. The change in fluorescence was corrected for
dilution, which did not exceed 10%. Substrate binding was

Pharmacia Biotech) and Resource Phe (40 mL, Pharmaciaanalyzed from the relative change of the fluorescence

Biotech) columns as described befor20)( All buffers
contained 10% glycerol and 1 mi@d-mercaptoethanol to
improve the stability of the enzymeZ). The enzyme could
be stored at—70 °C for at least three months without
significant loss of activity.

intensity atlemax (AF) at varying substrate concentrations.
Apparent steady-state dissociation constants were obtained
by nonlinear regression fitting of eq 1 using Sigmaplot 2000.
In this equation, [S] is the concentration of halide or
epoxidesKy is the apparent dissociation constant, &nid
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Table 1: Steady-state Kinetic Parameters of Wild-Type and Mutant MheC

1-chloro-2-methyl-2-propanol R)-PNSHH ©-PNSHH
Km kcat kca{Km Km kcat kcaIKm Km kcat kca{Km
enzyme (mM) (s (s+M™Y (mM) (s (stMY (mM) (s (s-M7 E
WT 0.26+0.06 68+5 2.6x1CP 0.009+ 0.003 22+1 24x10° 0.434+0.05 7+1 1.6x 10 150
W139F 6.7+ 0.76 44+3 6.5x 10° 0.15+0.04 385 25x10° 0.06+0.01 13+1 2.1x 10° 1.2

W238F 0.11+0.02 74+2 6.5x10° 0.007+ 0.003 21+1 3.0x10C° 0.23+0.03 4+ 0.2 1.7x 100 176
W249F 2.5+ 0.59 80+ 7 3.2x10* 0.050+0.01 170+ 13 3.3x1F 0.61+0.08 2.3+03 3.8x10C* 900

aNo activity was detected for mutant W192F.

the relative change of the fluorescence intensity at$S]  (DE3), and the mutated proteins were isolated to a purity of
Kg. about 95% as judged by SBRAGE.

_ Purified W192F halohydrin dehalogenase did not show
AF =T [SI([S] + Ky @ significant activity with R)-PNSHH, one of the best
Fluorescence emission spectra drdax were measured substrates of HheC ir} the ring-closure regctib?_).(A crude .
at a protein concentration of 0.1 mg/mixin the absence and cell-free extract of this mutant was also inactive, excluding

: the possibility that inactivation occurred during the purifica-

presence of bromide. The emission spectra of all HheC tion procedure. The other three mutant enzymes showed
variants were also measured in the presence of 7.8 M urea. P ’ y

: : ; significant activity (Table 1). To determine if the lack of
in ng qriiﬂntl#mss;gg Ogﬁf;ztrel?pfhj oge(s);: e;:: egvgiléditsei:]rgmed activity of mutant W192F was caused by incorrect folding

N-acetyltryptophanamide (NATA) as a standade= 0.14 of the protein, the secondary structures of wild-type enzyme
(24). The excitation wavelength was 290 nm’ aﬁd the and the mutants were measured by far-UV circular dichroism

emission was measured from 300 to 450 nm with a 2-nm SPectroscopy. All mutant proteins, including W192F, dis-

band-pass for excitation and a 5-nm band-pass for emission.played spectra similar to that of the wild-type enzyme (data

The protein concentration was adjusted to give an absorbancéqe;;?%Vr\]mt)r’]énggfgwgatrha;?irgagf nfor;:.?lgolﬁ'%n'lc;ngt
at 290 nm between 0.05 and 0.1. y structu P InS.

study, it was reported that wild-type HheC is only active as
a homotetramer2(l). Therefore, the oligomeric state of all
utants was probed by gel filtration. All mutants appeared

For fluorescence quenching experiments with the colli-
sional quencher acrylamide, a protein concentration of 0.03
mg/mL w. . Fluor nce was m r rali

o as used. Fluorescence was measured after aliquot 0 be present as tetramers except for mutant W192F. Under

of freshly preparé 8 M acrylamide were added to the protein the conditions used. this mutant enzvme was composed of
solution either in the presence or in the absence of substrate, '0' > used, thi Ou Zyme w P
The acrylamide quenching data were fitted to the Stern about 90% dimers and 10% monomers (data not shown).

Volmer equation (eq 228). Fo andF are the fluorescence v WIS T8 LS i SHELE 0 TR e
intensities at an appropriate emission wavelength in the P ’ 9

absence and presence of acrylamide, respectively. [Q] is thes\llsl(;gle: t\t]vz;er?jto gtL%risng)L/jrrr;ﬁ;?actlvatlon. Therefore, mutant
concentration of quencher, ari€, is the Stera-Volmer '

guenching constant. The steady-state kinetic parameters and enantioselectivity
of the active mutants were examined using a nonchiral
Fo/F =1+ K [Q] (2) aliphatic substrate (1-chloro-2-methyl-2-propanol) and two
chiral aromatic substratesR)- and ©)-PNSHH) (Table 1).
Chemical Modification with Diethyl Pyrocarbonaté It was found that mutating W238 to a phenylalanine had a

stock solution (600 mM) of diethyl pyrocarbonate (DEPC) relatively small effect on th&, andk..; values for all three
was freshly prepared in cold absolute ethanol immediately substrates. Thus, the ratioslef/K., for mutant W238F and
before use. The modification reactions were initiated by the wild-type HheC with the enantiomers of PNSHH are similar,
addition of DEPC (final concentration 3 mM) to the enzyme and the enantioselectivity was maintained. Substitution of
solution (0.2 mg/mL) in 50 mM Tris/Sgat 25°C. Samples  W139 or W249 by phenylalanine, which are located close
were taken in time, and the modification of histidine residues to the active siteX0), drastically altered the kinetics of the
was followed by analyzing the difference UV absorbance enzyme. The W139F mutation mainly resulted in different
spectra with a Perkin-Elmer Lambda Bio 10 UV/vis spec- K, values, while thek. values were affected to a lesser
trometer. The formation o-carbethoxyhistidine was cal-  extent. Mutation of W139 caused a 26-fold increaséin
culated from the increase in absorbance at 240 nm using arfor 1-chloro-2-methyl-2-propanol and a 17-fold increase in

extinction coefficient of 3200 M-cm™ (26). Km for (R)-PNSHH, while it resulted in a 7.2-fold decrease
in Ky, for (§-PNSHH. The W139F mutation caused opposite
RESULTS effects on thek../Kn values for the R)- and the §)-

Properties Of Tryptophan Mutant3 o probe the r0|e Of enantiomers Of PNSHH (96'f0|d decrease and 13'f0|d
individual tryptophan residues, all four tryptophans were increase, respectively), resulting in a complete loss of
individually replaced by phenylalanines. The mutants W139F, enantioselectivity of the enzyme for PNSHH.

W192F, W238F, and W249F were expressed and purified Replacing W249 also resulted in changes of kheand

as described previously for the wild-type enzyn2@)( All keat Values. The W249F mutant exhibited a 9.6-fold increase
mutants were produced as soluble proteins up to a level ofin Ky, for 1-chloro-2-methyl-2-propanol and a 5.6-fold
30% of the total protein in cell-free extract & coli BL21- increase inKy, for (R)-PNSHH, whileK, for (S-PNSHH
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Ficure 2: Intrinsic fluorescence emission spectra of wild-type and mutant HheC. The spectra were determined in the presande (
absence-{) of 7.8 M urea. The effect of substrate on the emission spectra was also investigated in the presence of 20 mM bromide (---).
The emission spectra were recorded.gt= 290 nm using 0.1 mg/mL protein solutions prepared in 50 mM Tris/sulfate buffer (pH 8.0)
containing 1 mMg-mercaptoethanol.

was only slightly affected. The mutation resulted in @ small taple 2: Relative Fluorescence Intensity (FI) and the Fluorescence

effect on thek., value for the aliphatic substrate, while there Quantum Yield @) of HheC Variants

was a large effect on the rate of conversion of the aromatic relative fluorescence intensity (%) &

substrates (7.7-fold increase witR){PNSHH and 3-fold iaandt m— i bromide lTaand f
gand-iree Igana-iree Wi romide ligand-iree

decrease with§-PNSHH). Consequently, thea/Ky, values enzyme native state unfolded state (20 mM)  native state
were 1.4-fold increased folRj-PNSHH and 4.2-fold de-

A . . wra 100 280 360 0.05
creased for §-PNSHH, resulting in a 6-fold increase in  \y139F 250 210 260 0.13
enantioselectivity compared with that of wild-type HheC. w238k 85 195 250 0.07
These results suggest that residues W139 and W249 canW249F 98 195 300 0.06

interact with substrate, which is in agreement with the  aThe fluorescence emission maximum intensity of wild-type HheC
structural data, which indicate that the indole side chains of in the ligand-free native state was set as 100%.
W139 and W249 line a binding pocket for the aromatic
groups of R)-styrene oxide and R)-1-p-nitrophenyl-2- mutating W139 did not show a significant effect on the
azidoethanol10). Moreover, it appeared that the mutations emission wavelength maximum of the enzyme. The fluo-
of W139 and W249 had opposite effects on the enantiose-rescence of W238 and W249 in the wild-type enzyme
lectivity toward PNSHH. appears to be partially quenched since the decrease of
Steady-State Fluorescence Properties of Wild-Type HheCfluorescence intensity of W238F and W249F compared to
and the Tryptophan Mutantdhe three active tryptophan the wild-type enzyme was much less than proportional. This
mutants were used to study the role of individual tryptophan could be due to energy transfer to W139 or to other
residues in protein fluorescence (Figure 2). The emission neighboring residues. Therefore, W192 might have a rela-
spectra of the ligand-free wild-type enzyme and mutant tively high contribution to the total protein fluorescence.
showed a broad fluorescence maximum at-3392 nm The fluorescence quantum yields of active mutants and
(Table 3), which indicates that the average microenvironment wild-type HheC were measured in the absence of any ligands
of the indole side chains of tryptophans in HheC is relatively (Table 2). The wild-type enzyme and mutants W238F and
hydrophobic 28). The microenvironment of W249 seems W249F possessed a similar lo® value, while mutant
to be more polar than that of the other two residues as aW139F showed a high value. It is obvious that the quantum
3-nm blue shift was observed when W249 was replaced by yield of the wild-type enzyme is not additive. This suggests
a phenylalanine. a tryptophar-tryptophan energy-transfer mechanism.
Inspection of the fluorescence intensities of the native  To obtain more information about the microenvironment
ligand-free enzymes revealed that the intrinsic protein of the tryptophans, the fluorescence emission spectra of wild-
fluorescence increased when W139 was replaced by atype HheC and mutants W139F, W238F, and W249F were
phenylalanine, whereas the fluorescence intensity of mutantsmeasured in the presence of 7.8 M urea (Figure 2). It was
W238F and W249F was somewhat lower than that of the found that the emission maxima of the proteins were red
wild-type enzyme (Table 2). This indicates either that W139 shifted to 356-355 nm (Table 3), indicating that the proteins
reduces the total fluorescence intensity in the wild-type became unfolded. Upon unfolding in urea, wild-type HheC
enzyme or that there is a large change in the environmentand mutants W238F and W249F displayed a large increase
of the other three tryptophans when W139 is replaced by aof fluorescence intensities, while only a small change of
phenylalanine. The latter explanation is unlikely since intensity was observed with mutant W139F (Table 2). These
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Table 3: Emission Maximaltmay, Dissociation Constant¥(), and Acrylamide SteraVolmer Quenching Constant&4) of Both Wild-Type
and Mutant Hhe€

Cl- Br- I~ Ksv
Aemax(NM) Kq JEmax Kq JEmax Kg JEmax ligand-free bromide
enzyme folded unfolded (mM) (nm) (mM) (nm) (mM) (nm) native state (20 mM)
WT 342 356 4.1+£0.8 343 1.3+ 0.2 343 1.2+0.2 343 9.0 28.0
W139F 343 356 - 340 - 340 - 340 9.1 12.8
W238F 342 356 6.8&1.4 344 1.40.2 345 2305 345 11.6 38.6
W249F 339 355 7611 340 1.1+0.2 340 21+£0.2 340 10.6 125

aThe K4 values are the average of two to four determinations. The plots from which the quenching constants were determined are shown in
Figure 3. A dash indicates no significant change of fluorescence intensity was detected.

results again indicate that W139 plays a role in tryptophan W249F displayed dissociation constants with halides, Cl
fluorescence quenching in native HheC. Br—, and I similar to those of the wild-type enzyme. Thus,
Effect of Substrate on Tryptophan Fluorescence Properties the mutations had little effect on halide binding, although
of HheC VariantsTo probe the role of individual tryptophans mutation of residue W249 influenced the kinetics of PNSHH
in the halide-induced fluorescence enhancements, fluores-conversion. For mutant W139F, it appeared that bromide still
cence emission spectra were measured in the presence of hinds to the enzyme since an inhibition constant of 0.9 mM
saturating concentration of bromide (Figure 2). By compari- was found for bromide during the conversion Bj-PNSHH,
son of the fluorescence intensity of HheC variants to that of which is similar to that of the wild-type enzym27). These
the wild-type enzyme in the presence of 20 mM bromide results indicate that the two tryptophans (W139 and W249)
(Table 2), it was found that residues W139, W238, and W249 located closest to the active sitif are not directly involved
contributed 28%, 30%, and 17%, respectively, of the total in halide binding, even though the fluorescence properties
fluorescence intensity of wild-type HheC when bromide was do change when halide is bound.
bound. Therefore, W192 must contribute about 25% of the  There was no significant change of fluorescence intensity
total fluorescence. when wild-type HheC was mixed with epoxide substré&e (
Upon adding bromide, a 3-nm blue shift @fmax was PNSO in the absence of halide. Lutje Spelberg et @l. (
observed for mutant W139F compared to mutant W139F in reported that HheC convertel){PNSO to the corresponding
the ligand-free state, which shows that the average microen-azido alcohol with high enantioselectivity, which indicates
vironment of the remaining tryptophans W192, W238, and that it can bind to the wild-type enzyme, but apparently the
W249 became more hydrophobic upon bromide binding. binding does not influence the fluorescence properties. Other
However, this did not cause a remarkable increase of theirepoxides that can be converted but did not influence
fluorescence intensity. Thus, the large increase in fluores- fluorescence included 5 mMRj-epichlorohydrin, R.S)-1,2-
cence observed in the wild-type enzyme when bromide is epoxybutane, andX(S)-1,2-epoxypropane.
added is not due to a change of the microenvironment of Quenching of Wild-Type HheC and Tryptophan Mutants
residues W192, W238, and W249, but it must be mainly by Acrylamide Measurements of tryptophan fluorescence
due to a separation taking place between W139 and itsquenching by acrylamide are often used to obtain information

guencher group. about changes in the local environment of tryptophans upon
When fluorescence emission maxima were measured inligand binding 29). For HheC, fluorescence quenching by
the presence of 20 mM bromide, a 3-nm blue shiff.gfax acrylamide was measured in the absence and presence of

was observed for mutants W139F and W249F while a 2-nm 20 mM bromide. The SteraVolmer plots of wild-type and
red shift was found for mutant W238F in comparison to the mutant HheC enzymes were linear at acrylamide concentra-
Aemax Value of bromide-bound wild-type HheC (Table 3). tions below 0.1 M but were slightly upward curved at a high
Thus, the local environment of W139 and W249 is relatively concentration of acrylamide (Figure 3). This can be explained
hydrophilic and that of W238 is somewhat more hydrophobic in terms of a static quenching component, which is due to a
compared to the average microenvironment of the four short distance between quencher and chromophore molecules
tryptophans in ligand-bound HheC. This is consistent with at the moment that the latter becomes excit2#l).(The
the observation that W139 and W249 are more exposed toquenching constant&{,) were derived from the initial slopes
the solvent than residue W238Q). A similar effect of the of the corresponding SteriVolmer plots (Table 3). The
mutations on the emission maxima of HheC variants was variation of the Kg, values reflects differences in the
observed with the other halide ions (Table 3). accessibility of tryptophan residues to solvent. Relatively
The observation that the fluorescence intensity of HheC exposed tryptophans give hi¢fy, constants, and replacement
and the W238F and W249F mutants was increased uponof these residues would consequently reducekiheralue.
halide binding suggests that tryptophan fluorescence can be Without substrate present, all HheC variants displayed a
used as a probe to determine halide dissociation constantsimilar acrylamide quenching constant, suggesting that the
(Kg). Accordingly, theKq values for the halide of the active  acrylamide accessibilities of their fluorescent tryptophan
HheC variants, except for mutant W139F, were determined residues are similar. As the fluorescence properties of the
by fluorometric titration (Table 3). The wild-type HheC tryptophans in wild-type HheC cannot be separately studied
showed similarKy values of around 1 mM for iodide and in the native ligand-free state, no direct conclusions can be
bromide, whereas thkq value for chloride was about 3.5-  drawn about the effect of bromide on the local environment
fold higher. Moreover, it was found that wild-type HheC of each tryptophan residue. However, a comparison of the
had a lowerKy value at lower pH. Mutants W238F and microenvironments of the tryptophans of the bromide-bound
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Ficure 3: Stern-Volmer plots of fluorescence quenching by acrylamide. Measurements were done in the absence of spetratieh(
20 mM bromide 4). The slopes of the best linear fit for each data &gt ¢alues) are shown in Table 3.

enzyme can be made using the measu¢gdvalues. With I A
20 mM bromide, mutant W238F showeda, value that is €20 R
1.4-fold higher than that of the wild-type enzyme, while the g 15 “o .
Ksv values of mutants W139F and W249F were-5%% 3 5
lower than that for wild-type HheC, suggesting that W238 210 0
is more buried and W139 and W249 are more exposed than S 051, . ,,O, °L % ° e g o
the average tryptophans in HheC, which is consistent with «
the conclusion that was obtained from thg..xmeasurement 0.0 6 7 8 P
of those HheC variants in the presence of 20 mM bromide. oH

Effect of pH on Fluorescence Emission Intensity test 25 B
if a charged amino acid residue acts as a quencher of 820
tryptophan fluorescence in the native protein, we measured S Lvv vy vy ]
the pH dependence of the fluorescence emission intensity g15% Y
for the wild-type and mutant enzymes (Figure 4). It was 7:;1'0 - . s
found that the fluorescence of wild-type HheC and mutants § ., .
W238F and W249F is higher at low pH than that at high £ 05 sy '
pH with an apparent K, of 7, while the fluorescence 0.0
emission intensities of mutant W139F changed very little in 6 7 8 9 10 11
the pH range between 5.8 and 11. Moreover, the pH pH

dependence of the fluorescence intensity for wild-type HheC Ficure 4: Effect of pH titration on the fluorescence of HheC
disappeared in the presence of 20 mM bromide (Figure 4A). Vﬁgla?tzsbPa&eLA: V\_/(l]:d-typg Hht?]C in the abser?gén'sl FE;ES{%KEE

. . . (0] m romide, and in the presence o m .
These results |nd|cat§ that the fluorescence quenching du anel B: mutant W139Fw), mutant W238F M), and mutant
to W139 correlates with the deprotonated state of a group\w249rF @) in the absence of bromide. The fluorescence was
with a pK, of about 7, for example, a histidine, and that this determined using a mixed buffer system of 50 mM Bis-Tris, Bis-

quenching process can also be suppressed by adding bromidd.ris propane, and Caps containing 0.05 mg/mL protein.

To probe whether a histidine residue is responsible for
the observed fluorescence quenching, DEPC, a histidine-at high pH (Figure 4A); i.e., the modified enzyme no longer
specific reagent, was used. HheC contains seven histidineshowed the loss of W139-induced quenching at low pH.
residues per subunit. In the presence of 1 mM DEPC, only Spectrophotometric analysis revealed that three histidines had
one histidine was modified and the pH dependence of been modified. The structure of halide-bound HheC shows
fluorescence still remained. The pH dependence of thethat H26 is the most exposed among the seven histidines,
fluorescence of wild-type HheC disappeared after the enzymeand that two histidines, H198 and H201, are relatively close
was incubated with 3 mM DEPC for 2 min. Under those to W139. Taken together, these results might indicate that
conditions, the enzyme retained 90% of its activity compared the one that was modified at low concentration of DEPC is
to HheC without modification, suggesting that the modified H26 and the latter two modified histidines might be H198
enzyme is folded correctly. The fluorescence intensity in the and H201, which play a crucial role in fluorescence quench-
pH range of 5.8-10 was similar to that of the native HheC ing in the native state of HheC.
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Ficure 5: Sequence alignment of six halohydrin dehalogenases. The sequences were aligned by using the Clustal X program. The most
conserved residues are marked in black. The active site residues are indicated with asterisks, and the tryptophan residues in HheC are
indicated with arrows.

DISCUSSION The steady-state kinetic studies with the mutants demon-
strate that W139, W238, and W249 are not essential for
We used site-directed mutagenesis to probe the fluores-catalysis. Mutating W238 does not cause a significant effect
cence properties and role in substrate binding of the on the steady-state kinetics of HheC and Kaevalue for
individual tryptophan residues in HheC. Substitution of each halide, which is consistent with the observation that residue
of the tryptophan residues by phenylalanine, which is w238 is located far from the active sit&0). With mutant
commonly used to replace tryptopha80{-34), resulted in  W139F a large decrease in tKg, value was observed for
three active mutants (W139F, W238F, and W249F) and one(S)-PNSHH, while theK, values for R)-PNSHH and
inactive mutant (W192F). Far-UV CD results indicate that 1-dichloro-2-methyl-2-propanol were increased, suggesting
all mutations, including mutant W192F, do not cause that residue W139 might be even closer to the binding pocket
significant perturbations of the protein. Gel filtration experi- of the aromatic group of3)-PNSHH. §)-PNSHH could not
ments revealed that the impaired tetramerization of mutantbind well to the active site of wild-type HheC, and the
W192F might be the main reason for its lack of activity, as enzyme preferably convertBPNSHH. This selectivity was
it has been found that the tetramer is the active form of HheC |ost by replacing W139 and resulted in a mutant (W139F)
(21). The X-ray structure of HheC shows that W192 is without any enantioselectivity toward PNSHH. It has been
located in a hydrophobic cavity that is close to the interface demonstrated that two other halohydrin dehalogenases,
of two subunits. Therefore, replacing W192 by a phenyl- termed HheB-GP1 and HheA-AD2, display only a moderate
alanine residue might destroy some interactions within the enantioselectivity toward some aromatic halohydri<j.
cavity, resulting in a change of the oligomeric state of HheC. Sequence alignment of halohydrin dehalogenases shows that
Sequence alignment of all known halohydrin dehalogenasesw139 is not conserved in the other two types of halohydrin
shows that W192 is the most conserved tryptophan residuedehalogenases, which implies that mutations at the corre-
(Figure 5), which suggests that W192 might be important sponding position in HheA and HheB may also influence
for stabilizing the native structure of other halohydrin the enantioselective properties of these enzymes since the
dehalogenases as well. predicted three-dimensional structures of those three halo-
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hydrin dehalogenases closely resemble each o8)er ( when protonation takes place correlates with the protonation
By mutating W249, the steady-state kinetics can be of a histidine residue. Normally, a protonated His residue is
significantly altered with both aliphatic and aromatic halo- an efficient tryptophan fluorescence quenctg&g, g9, 43).
hydrins. However, W249 does not seem to be directly Thus, itis not likely that there is a direct interaction between
involved in halide binding since mutant W249F displays a a His residue and W139 since HheC shows a higher
Kq value for halide similar to that of wild-type HheC. fluorescence intensity in the protonated form. Instead,
Therefore, the changes of th&, values with all tested  protonation might induce a local conformational change that
substrates that occurred when W249 was replaced might beseparates W139 and its quencher group. The quencher could
due to an effect on the R group of the substrates. Replacingbe a protein residue that interacts with the His residue(s)
W249 largely increased they value for R)-PNSHH, which that becomes protonated. Summarizing, the fluorescence
can be explained by enhancing the rate of bromide releasequenching experiments suggest that bromide binding and
in the catalytic cycle since this step was identified as rate- protonation induce a local conformational change that
limiting (27). Therefore, W249 might be close to the halide separates W139 from its quencher group, by which the total
export route or influence halide release indirectly. intrinsic protein fluorescence of HheC is enhanced.
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