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ABSTRACT. The glutathione (GSH)-dependent dichloromethane dehalogenas#ietmglophilussp. strain

DM11 catalyzes the dechlorination of @El, to formaldehyde via a highly reactive, genotoxic intermediate,
S(chloromethyl)glutathione (GS-CEI). The catalytic mechanism of the enzyme toward a series of
dihalomethane and monohaloethane substrates suggests that the initial addition of GSH to the alkylhalides
is fast and that the rate-limiting step in turnover is the release of either the peptide product or formaldehyde.
With the exception of CLCIF, which forms a relatively stable GS-@Hintermediate, the turnover numbers

for a series of dihalomethanes fall in a very narrow range3%1). The pre-steady-state kinetics of the
DM11-catalyzed addition of GSH to GBH,Br exhibits a burst os-(ethyl)-glutathione i, = 96 4+ 56

s followed by a steady state witko; = 0.134 0.01 s*. The turnover numbers for G8H,Cl, CHs-

CHzBr, and CHCHGzl are identical, indicating a common rate-limiting step. The turnover numbers of the
enzyme with CHCH,Br and CHCH,l are dependent on viscosity and are very close to the measured
off-rate of GSEt. The turnover number with @hlis also dependent on viscosity, suggesting that a diffusive
step is rate-limiting with dihaloalkanes as well. The rate constants for solvolysis s8CHICI, a model

for GS-CHCI, range between 17§ (1:1 dioxane/water) and 64%5(1:10 dioxane/water). Solvolysis of

the S(halomethyl)glutathione intermediates may also occur in the active site of the enzyme preventing
the release of the genotoxic species. Together, the results indicate that dissociation of theXG&-CH
GS-CHOH intermediates from the enzyme may be a relatively rare event.

A number of glutathione (GSH}ransferases are capable Scheme 1
of catalyzing the dehalogenation of dichloromethane and
related compounds to formaldehyde via the reactse
(halomethyl)glutathione intermediate as illustrated in Scheme
1. In mammals, this reaction is principally catalyzed by the
class theta GSH transferases and is thought to be responsibl
for the bioactivation of dihaloalkanes to mutagets-).

GSH + CHoXo

Ho0 Ho0
GS-CHpX ——= GS-CH,0H === GSH + CH,(OH),

of dihaloalkanes, also enhance the mutagenicity of the
compounds in reversion assays wiimonella typhimurium
%he bacterial DM11 dehalogenase has a much higher
. . L o catalytic efficiency K.a/Km) toward dihalomethanes than do
Some microorganisms use similar enzymes to initiate the the mammalian class theta enzymas, (14). Although a

acquisition of carbon or energy from dihalomethan@s (. . e ;

: gher catalytic efficiency might be expected to lead to
19). The GSH-dependent dichloromethane dehalogenase,nhanced metabolic activation, the observed mutagenicity
from Methylophilussp. strain DM11 is a very efficient

. ! . does not clearly correlate with catalytic efficien 14).
catalyst in this regard. However, it is not clear how the y y ags(14)

S ; In fact, in one study the DM11 enzyme was found to be
bacteria mitigate the genotoxic effects of the heavy load of Y y

) . . much less effective in the metabolic activation of £
S-(h_alomethyl)glutathlone produced during the catabolism than the rat GST T21 (13).
of dihalomethanes.

It is established that both mammalian and bacterial It is possible that the catalytic properties of the DM11

. ~ enzyme have evolved to minimize the formation of the
enzymes, which catalyze the GSH-dependentdehalogenatlorbreé/umeol mutagen, fre& (halomethyl)glutathione. For

example, GS-CECl is expected to be a very reactive species
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from the National Institutes of Health. that may solvolyze to GS-GiH while still bound in the
* Address correspondence to this author. Email: r.armstrong@ active site of the enzyme, particularly if the product release
vanderbilt.edu. Fax: 615 343-2921. Tel: 615 343-2920. steps are slow as illustrated in Scheme 2. Moreover, it is
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S Universite Louis.pasieur. also possible that the enzyme may utilize a single molecule

1 Abbreviations: GSH, reduced glutathione: GSQglutathione of GSH for multiple rounds of catalysis if the hydrolysis of
sulfonate; GSEt,S-(ethyl)glutathione; DTT, dithiothreitol; EDTA, GS-CHOH to formaldehyde on the enzyme surface is faster

ethylenediaminetetraacetic acid; IPTG, isopropylthioglucopyranoside; than peptide product release. The relatively low values of
HEPES, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; NAD, KCHZXFZ) pd thpf t that the t by for DM11
B-nicotinamide adenine dinucleotide; ACQ, 6-aminoquinstydroxy- M and tne fact that the turnover numbers for -

succinimidylcarbamate. catalyzed reactions with many dihalomethanes fall in a very
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Scheme 2

Ho0 HoO
E + GS-CHxX W GS-CH,OH === GSH + CH,(OH),

slow

a
‘ slow

f H,0 H20
E*GS™ + CHoXg == E*GS™*CHX» = E*“GS-CHpX — = E*GS-CH,OH == E-GS- + CHy(OH),

narrow range is consistent with a rate-limiting step in the spectrophotometer at Z& in 1-mL gastight cuvettes. For
reaction other than the initial halide displacemeit, (15). each reaction, 10 nM DM11 was preincubated with 1 mM
However, the relative rates of the initial displacement GSH, 1 unit (0.23 mg) of formaldehyde dehydrogenase from
reaction, solvolysis, and product release steps for theseP. putidaand 1 mM NAD in 100 mM potassium phosphate
reactions are not known. buffer (pH 8.0). The reaction was initiated by adding the
In this paper, the catalytic properties of the DM11 substrate dihalomethane. The concentrations of substrates
dehalogenase are probed with a series dihalomethane anavere varied between 08V and 1 mM for CHCI,, CHx-
monohaloethane substrates. The later compounds are subBrCl, CH;Br,, CH,CIF, and CHCIl and 1.2uM and 0.4 mM
strate analogues that report on the initial halide displacementfor CH.l,. The rate of production of formaldehyde was
reaction without the complications of the subsequent chem-determined using linear regression to fit the initial rate of
istry that ensues with dihalomethane substrates. Rapid-NADH production measured as an increase of absorbance
quench kinetic results suggest that the initial displacementat 340 nm. All measurements were done in triplicate and
reaction is very fast relative to the turnover of the enzyme. averaged. Data were fit to the Michaetidlenten equation.
The turnover numbers of the enzyme with £HH,Br and Kinetic parameters of DM11 with glutathione as the
CH;CH,l are shown to be dependent on the viscosity of the variable substrate were determined from the coupled assay
reaction medium and are very close to the measured off- carried out at constant concentration of substrateGTH1
rate of GSEt. The turnover number of @kdetermined by mM), while the concentration of glutathione was varied
iodide release is also dependent on viscosity, suggesting thabetween 25uM and 10 mM. Data were fit to eq 1 to
a diffusive step, perhaps product release, is the rate-limiting accommodate the substrate inhibition to obtain K, and
step with dihaloalkanes as well. The rate constant for K;.
solvolysis of CHSCHCI, a model for GS-ChLCIl, was

determined to range between 1* $1:1 dioxane/water) and V= Kead SILE] Q)
64 s (1:10 dioxane/water). Taken together, the results [S]2
indicate that release of tt&(halomethyl)glutathione inter- Kn+I[9 ra

mediate from the enzyme may be a relatively rare event. !

lodide Release Assa¥nzyme activity for the iodine-
EXPERIMENTAL PROCEDURES containing substrates GH, CH,CII, and CHCH,l was also
Materials. Competent cells oEscherichia coliBL21- followed by iodide anion release spectrophotometrically at
(DE3)pLysSwere from Novagen (Madison, WI). Isopropyl- 226 nm. lodide ion has ax»s = 13000 Mt cm™). The
[-b-thiogalactopyrnoside (IPTG) and 1,4-dithiothreitol (DTT) experimentally determinefle values for each substrate were
were obtained from Research Organics (Cleveland, OH). 15200 Mt cm* for CH,l,, 10 200 Mt cm™? for CH,CII,
Ampicillin, chloramphenicol, sodium acetate, triethylamine, and 5500 M?! cm™* CH3;CH,l. For each reaction, 25 nM
EDTA (ethylenediaminetetraacetic acid), glycerol, sucrose, DM11 was preincubated with 1 mM GSH in 100 mM
HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid), potassium phosphate buffer (pH 8.0) at°Z5 The reaction
glutathione S-(ethyl)glutathione, NAD §-nicotinamide ad- was initiated by the addition of the iodoalkane. Measurements
enine dinucleotide), and formaldehyde dehydrogenase fromwere done on a Perkin-Elmer Lambda 18 spectrophotometer
Pseudomonas putidaere purchased from Sigma (St. Louis, in a 1-mL gastight quartz cuvette. The rate of product
MO). Dichloromethane, chlorobromomethane, dibromometh- formation was calculated by linear regression to fit the initial
ane, chloroiodomethane, diiodomethane, iodoethane, chlo-rate of iodide release. Data were fit to the Michaelidenten
roethane, bromoethane, and 1,4-dioxane (anhydrous) wereequation.
obtained from Aldrich (Milwaukee, WI) and used without Pre-Steady-State Binding of Glutathioire-steady-state
further purification. Chloromethyl methyl sulfide (Aldrich)  kinetic data for glutathione binding were obtained with an
was purified by distillation. Chlorofluoromethane was ob- Applied Photophysics Ltd. model SX17MV stopped-flow
tained from Flura Corporation (Newport, TN). Water (HPLC spectrometer at 25C with a 0.2-cm path-length cell. In the
grade) and anhydrous monobasic potassium phosphate werabsorption mode, the wavelength was set at 239 nm to detect
from Fisher Scientific (Pittsburgh, PA). Acetonitrile (HPLC thiolate anion formation. In the fluorescence mode, the
grade) was from EM Science (Gibbstown, NJ). The fluo- excitation was set at 295 nm and the intrinsic protein
rescence reagent AQC (6-aminoquindhydroxysuccin- fluorescence observed through a 320-nm cutoff filter. Reac-
imidyl carbamate) was purchased from Waters (Milford, tions contained 2@M enzyme for the absorption measure-
MA). The DM11 dehalogenase was expressed and purified ments and M enzyme for the fluorescence measurements
as previously described ). (concentrations observed in the cell). Solutions of enzyme
Steady-State Kinetics of Formaldehyde Formatidhe and glutathione were made in 100 mM potassium phosphate
kinetic parameters of DM11 were determined by a coupled buffer (pH 8.0). In general, 57 traces were averaged for
assay with formaldehyde dehydrogenase frBmputida. each concentration of glutathione and fit to a single-
Reactions were followed with a Perkin-Elmer Lambda 18 exponential equation.
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The dissociation rate of the G&om the enzyme complex A gradient of acetonitrile (1525%) was used to elute the
was determined in a complementary experiment in which a reaction components over 20 min at a flow rate 1 mL/min.
solution of 40uM enzyme containing 2 mM GSH was The data were fit into the eq 3 for two-step kinetic process
rapidly mixed with a solution of 40 mM GSO. The that includes an initial burst followed by a steady-state
exponential decay of th&y,3s was followed to obtain the  reaction whereA = burst amplitudet = time, k, = rate
apparent off-rate of the thiolate. constant for the burst, ank, = steady-state turnover

Steady-State Fluorescence Titratiomissociation con- number.
stants for the complex of DM11 with glutathione, glutathione
sulfonate, o1S-(ethyl)glutathione were determined by fluo- y=Al— e ")+ [Elkt 3)
rescence titration. Steady-state fluorescence measurements ) )
were made on a SPEX Fluorolog-3 spectrofluorimeter (Jobin ~ Stopped-Flow Analysis of the DM11-Catalyzed Reaction
Yvon Horiba, Edison, NJ) in the constant-wavelength mode. 0f GSH and CCH,l. The DM11-catalyzed reaction of GSH
The samples were excited at 295 nm, and the emission ofahd CHCH.l was monitored at 25C with an Applied
samples at 340 nm was collected over 60 s. All measurementd”hotophysics Ltd. model SX17MV stopped-flow spectrom-
were done in triplicate and averaged. The decrease oféter at 25°C with a 0.2-cm path-length cell. The reaction
fluorescence intensity of 0.@M of protein in 20 mMm  Was initiated by rapidly mixing a solution of 4éM DM11
potassium phosphate buffer pH 8.0 was measured uponcontaining 1.0 mM GSH in 100 mM potassium phosphate
addition of the solution of GSH or its derivatives to a final buffer (pH 8.0) with a solution of 5 mM CiCHl in the

concentration of 0.410 mM. Data were analyzed using eq Same buffer. To eliminate mixing artifacts, a difference trace
2 was generated by subtraction of the absorbance data obtained

from rapid mixing of 4QuM DM11 containing 1.0 mM GSH
(Frox— FIIS" with buffer al_one._
F=F —max S7 2) Effect of Viscosity ondg The dependence of the steady-
Kos+ [9" state kinetic parameters on the relative solution viscosity was
determined by studying the DM11-catalyzed reactions with
whereF = steady-state fluorescence emissiBpax = F in iodoalkanes or bromoethane in the presence of viscogens.
the absence of substrat€s = protein fluorescence at 1he microviscosity of the solvent was varied by the addition

saturating concentration of substraté,s = dissociation of sucrose or glycerol to the reaction buffer. The relative
constantn = Hill coefficient. viscosity of the buffers ranged from 1 to 2.35 for sucrose
Steady-State Kinetics of the Reaction withsCH,Br and solutions and from 1 to 3.15 for glycerol-containing buffers.
CHiCH,Cl. The steady-state kinetics of DM11-catalyzed The relative viscosities of the solutions were measured in
addition of GSH to bromoethane was initiated by addition &n Ostwald viscometer at 2&. The reactions were carried

of bromoethane (32M to 4 mM) in 100 mM HEPES (pH out as described above. Product formation was detected as
8.0) to a solution of kM DM11 and 1 mM GSH in the an increase in the absorbance at 226 nm for the reaction with

same buffer at 28C. The reaction was quenched by addition i0doalkanes or analyzed by HPLC for bromoethane after the
of 1 N HCI, neutralized wh 1 N NaOH, derivatized with ~ derivatization with AQC. , . _
AQC, and analyzed by HPLC as described for the rapid- Sobolysis of CHSCHCI. Solvolysis of the intermediate

quench experiments below. Data were fit to the Michaelis ~@nalogue chloromethyl methyl sulfide in various mixtures
Menten equation. of aqueous 1,4-dioxane was investigated by an asymmetric

Rapid-Quench Analysis of the Reaction of the DM11- mixing stopped-flow spectrometry. The reaction was initiated
Catalyzed Reaction of GSH and gEH,Br. Rapid-quench ~ PY rapid mixing of 1 mM solution of chloromethyl methyl
experiments were performed on a model RQF-3 Chemical- Sulfide in dry 1,4-dioxane with 25 mM HEPES buffer (pH

Quench-Flow apparatus (KinTek Corp., Austin, TX). The 8.0) at 1:1_, 1:2.5, 1:5, ar_ld 1:1Q (v/v) ratios ofdioxanelwater.
reactions were initiated by rapid mixing of a solution The reaction was monitored in the UV at 4-nm intervals

containing 60 or 10&M DM11, 1.0 mM GSH, and 5aM between 220 and 26_0 nm until the reaction was cpmpleted.
valine (as an internal standard for the following analysis) in 1he rates of solvolysis of chloromethyl methyl sulfide were
100 mM HEPES (pH 8.0) with the solution of 20 mM calculatec_i from the evolutlc_m of the UV spectra with t_he
bromoethane and M valine in the same buffer. Reactions  Pro-Kineticist global analysis software and plotted against
were also done at two higher concentrations with solutions the concentration of water in the final mixture.

containing 400 and 606M DM11 and 2 mM GSH, 5M RESULTS

valine. All reactions were quenched with 0.1 N HCI at

various times from 10 ms to 100 s, and then each reaction Steady-State Kinetics of the DM11-Catalyzed Reactions
mixture was neutralized witl N NaOH. For further analysis, with DihalomethanesThe steady-state kinetic analysis of
the reaction mixtures were treated with 6-aminoquindlyl-  reactions with six dihalomethane substrates summarized in
hydroxysuccinimidyl carbamate (AQC) derivatizing agent. Table 1 shows essentially the same trendgirandke./Kw

For derivatization, 1QuL of each reaction mixture was previously observed under different experimental conditions
combined with 80uL of borate buffer (supplied with the  (15). The turnover numbers are remarkably similar with the
AQC reagent) and 1L of AQC solution, heated at 55C exception of CHCIF, which is known to form a relatively
for 10 min, and analyzed by HPLC using a 4.6 num25 stable GS-ChLF intermediate on the way to formaldehyde
cm Beckman C-18 Ultrasphere column. Samplesl(bwere (3). If the chemical decomposition of GS-@His the rate-
injected onto the column equilibrated with buffer containing limiting step in formaldehyde formation, then the observed
140 mM sodium acetate, 12.5 mM triethylamine, (pH 4.96). turnover number of 0.009 % suggests &/, ~ 77 s for the
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Table 1: Steady-State Kinetic Parameters of DM11 toward
Dihalomethane Substrates by the Coupled Assay with Formaldehyde
Dehydrogenase or by lodide lon Release

substrate Keat(s™4) KealKm (M71s7Y) Ky (uM)
CHCl, 1.51+0.06 (4.9£1.0)x 10* 31+6
CH,Br, 3.18+0.08 (1.0£0.2)x 10°  3.1+0.5
CH.BrCl 1.00+0.01 (6.25+ 0.07) x 10° 1.62+ 0.01
CH,CIF 0.009+ 0.001 (1.74 0.6) x 1% 53+ 18
CHCIl  1.034+0.02 (1.4+ 0.1f (5.420.9)x 10° 2.0+0.3
CHal  1.31+0.05(1.5£0.1p (7.7+1.7)x 16°F  1.7+0.4

aValues ofke: in parentheses are based on iodide release determined
spectrophotometrically.

0.012 ® o
0.008
v (uMs)
[ ]
0.004
0.000 | T T T T T T T T T T
0 2 4 6 8 10
[GSH] (mM)

Ficure 1: Dependence of the initial velocity of formaldehyde
formation on the concentration of GSH. The line is a fit to the
expression for saturation kinetics with substrate inhibition (eq 1)
with kear=1.50+ 0.08 s, Ky =99+ 14uM andK; = 7.3+ 1.5
mM.

intermediate. This is consistent with previous suggestions
that the solvolysis of GS-CiF occurs on the time scale of
minutes B).

In contrast tdk ., the values fok../Kwu, which reflect the
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Fluorescence (cps x 105)

[GSH] (mM)

Ficure 2: Fluorescence titration of 06M DM11 enzyme with
GSH at pH 8.0 and 28C. The samples were excited at 295 nm,
and the emission was monitored at 340 nm with an integration time
of 60 s. The line is a regression fit of the data to eq 2 withKhe
andn values reported in the text.

approach to equilibrium. Titration of the enzyme with GSH
results in a 30% decrease in the intrinsic protein fluorescence.
The binding isotherm suggests that the interaction of GSH
with the dimeric enzyme exhibits positive cooperativity as
illustrated in Figure 2 with &5 = 0.884+ 0.07 mM andn

= 2.1 + 0.2. The binding of the analogue glutathione
sulfonate (GS@) is similar with Kos = 1.26 + 0.06 mM
andn = 2.3+ 0.1.

The kinetics of the approach to equilibrium for the binding
of GSH to DM11 appears to occur as a two-step process.
The binding of GSH is accompanied by slow thiolate
formation as indicated in Figure 3A. The observed rate
constant for thiolate formation varies as a linear function
[GSH] (Figure 3C) in the concentration range that can be

activation barrier(s) between the free enzyme and substratestudied €10 mM due to high background absorbance at 239

and the first irreversible step, vary somewhat more and
correlate reasonably well with the expected electrophilicity
of the methyl carbon and the leaving group ability of the
first departing halide. The coupled formaldehyde dehydro-

nm). The apparent off-rate of the thiolate is too small (
0.1 s to be accurately measured in this experiment.
Interestingly, the maximum amplitude of the thiolate signal
indicates a\eo3g~ 2000 Mt cmYactive site, which is about

genase assay detects the formation of formaldehyde, whichhalf that expected based on the knows = 5000 M-t cm™!

is at least two steps removed from the initial displacement
reaction. However, the spectrophotometric detection of iodide
ion in reactions of CkCll and CHl; looks at steps preceding

formaldehyde formation. The turnover numbers for these two

for GS (16).

The changes in fluorescence on GSH binding to the
enzyme occur on the same time scale as thiolate formation
(Figure 3B). However, in this instance, the concentration

substrates in both assays are similar and indicate that thedependence of the kinetics can be evaluated at much higher
reaction is behaving as expected for a steady-state enzymati¢GSH] where saturation behavior is observed. The hyperbolic

reaction.

The steady-state kinetics toward &2, with GSH as the
variable substrate is shown in Figure 1. The kinetic param-
eters are consistent with those reported previousi9,(13,

14), but the positive cooperativity with GSH reported in other
work under different experimental conditiorss 10, 13) was

not observed. In contrast, a marked substrate inhibition by
GSH is observed at concentratior®2 mM (Figure 1).
Similar behavior has been previously not&)l All steady-
state kinetic assays were therefore conducted at [GSH]
mM.

Interaction of the Enzyme with GSHhe interaction of
GSH with the enzyme was investigated by steady-state
fluorescence titration and by stopped-flow kinetics of the

dependence dpson [GSH] is consistent with a mechanism
such as that in Scheme 3 in which the slow ionization of
enzyme-bound GSH is preceded by a rapid equilibrium
binding of the peptide where the dissociation constant for
the first stepKs = k-1/ks. The dependence éf,son [GSH]

is given by eq 4.

Kops = K-z T K[GSHJ/(Ks + [GSH]) (4)

(5)
The fluorescence data indicate thét= 130+ 30 mM,

k,=59+8s?, andk , = 0.44 0.3 s1. WhenKs> [GSH]
as in the thiolate formation experiments, the dependence of

Kops = K_, + K[GSH]/K,
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abs |\ Table 2: Steady State Kinetic Parameters of DM11 toward
0.052 F Monohaloethane Substrates by HPLC Assay or by lodide lon
Release
substrate k(s KealKm (M1 s7Y) Kwm (uM)
0.048 CHsCH,CI 0.10£0.01  (3.0+£0.2)x 1 330+ 46
CH:CHBr  0.14+0.01  (4.2+0.2)x 1 330+ 40
CH3CH,l2 0.154+0.01  (3.8+£0.07)x 10*  39+7
0.044 ¢ aValues are based on iodide release determined spectrophotometrically.
0.0032 fime The netk-, for the conformational transition and thiolate
I e S formation in the complex was estimated tob.1 s'* and
-0.0032 m v " 2 therefore too small to be accurately measured in the approach
to equilibrium kinetics. It is possible to measure the rate
ol i constant for this transition by preforming the -BS

0.14

0.06 r

-0.02 1

time (s) ‘

complex and then trapping the free enzyme with a high
concentration of the substrate analogue @S®the stopped
flow (17—19). Rapid mixing of E*GS™ ([E] = 20 uM,
[GSH] = 1 mM final concentration) with GS© (20 mM
final concentration) results in the exponential decay of the
thiolate absorbance at 239 nm witlk g = 0.0147+ 0.0004

s 1. With the values oKs, ky, andk_, in hand an overall
equilibrium constant I((D;g) for thiolate formation on the
enzyme of 3QuM can be calculated.

0.0032 Kinetics of Addition of GSH to Monohaloethanéso
WWMMMMWWWW examine the initial displacement step in isolation, the
©0.0032 10 20 30 20 reactions with CHCH,CI, CH;CH.Br, and CHCH,l were

investigated. These molecules are reasonable steric analogues

1c of dihalomethanes given that a methyl group approximates
20 the size of a halogen. The steady-state kinetic parameters
] for these substrates are presented in Table 2. Again, the
K (5_1;5‘: values ofkc for these substrates are essentially identical,
O 0 indicating a common rate-limiting step in turnover. In
] contrast, the values df../Kw reflect the relative leaving
5 group ability of the halides.

T T T T T T T I
20 40 60 80
[GSH] (mM)

Inasmuch as the peptide products of these reactions are
the same, the most reasonable kinetic scenario is that release
of GSEt is the rate-limiting step in turnover of the enzyme.

If this were true, then a burst of GSEt would be expected

with GSH at pH 8.0 and 25C. Absorbance was monitored at 239 Pefore the enzyme entered the steady-state. Figure 4 il-
nm in a 0.2-cm cell with [E}= 20 uM and [GSH]= 400uM. The lustrates the results of rapid-quench experiments with-CH
lower trace is the residual to a fit of the data to a single exponential CH,Br as the substrate. The steady-state turnover, which has
with akops= 0.211+ 0.002 s*. (B) Fluorescence change onrapid 3 |, that is close to that observed in steady-state kinetic

mixing of enzyme and GSH at pH 8.0 and 25. The sample, [E] : :
= 2 uM and [GSH]= 500 uM, was excited at 295 nm and tofal experiments, is clearly preceded by a burst of product that

fluorescence was observed through a 320-nm cutoff filter. The lower IS €duivalent to about half of the concentration of active sites.

trace is the residual to a fit of the data to a single exponential with The two surprising results of these experiments are the
akobs = 0.208=+ 0.003 s™. (C) Dependence dépson [GSH]. The amplitude of the burst phase and the magnitude of the rate
data for thiolate formation®) were fit to eq 5 withky/Ks = 630+ constant for the burst estimated to be between 50 and 150

Ficure 3: (A) Thiolate formation on rapid mixing of the enzyme

10 Mt standk-, ~ 0. The data for the fluorescence chang@ (

were fit to eq 4 withKs = 130+ 30 mM, k, = 58+ 9 st andk_,
=044+03st
Scheme 3
k4[GSH] Ko
E ——

E‘GSH =———= E*GS’
k_1 k_2

konsON [GSH] reduces to eq 5. Thus/Ks = 6304+ 10 M2

s L. Clearly, the first chemical step of the reaction is much
faster than the subsequent kinetic event(s) that limits
turnover. The amplitude of the burdy, was measured at
four enzyme and two GSH concentrations and, within the
error of the experiments, did not vary from half the
concentration of the active sites as indicated in Table 3. These
observations indicate that the dimeric enzyme functions with
half-the-sites-reactivity.

In principle, it should also be possible follow the pre-

s 1 for thiolate formation is in reasonable agreement with steady-state formation of Iby stopped-flow spectroscopy

that calculated from the fluorescence kinetics of 45@0

at 226 nm. However, the spectral contribution of G&d

M~1s™1 Unlike the steady-state fluorescence titration, there the high background absorbance of the reaction mixtures at
is no evidence of positive cooperativity in the stopped-flow wavelengths<230 nm make such experiments difficult to

kinetics.

execute and interpret. Nevertheless, stopped-flow difference
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Ficure 4. Burst kinetics of GSEt formation. A solution of enzyme

and GSH in 100 mM HEPES buffer (pH 8.0) was rapidly mixed
with buffer containing CHCH,Br. The final reaction mixture
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Fluorescence (cps x 10®)

[GSEt] (mM)

FiGure 6: Fluorescence titration of 06M DM11 enzyme with
GSEt at pH 8.0 and 25C. The samples were excited at 295 nm
and the emission monitored at 340 nm with an integration time of
60 s.

of 270+ 10 s (Figure 5). It seems likely that this spectral
change is associated with the chemical step of the reaction
and that it reflects the combined loss of thiolate and increase
in I~ on reaction of EGS™ with CH;CH.l. The rate constant

contained 3Q«M enzyme active sites, 0.5 mM GSH, and 10 mM  for this process is somewhat larger than that observed for
CH3;CH,Br. The reactions were quenched and the GSEt concentra-the purst of GSEt in the reaction with GEH,Br and
tions analyzed as described in Experimental Procedures. The dat

points are averages of three independent determinations. The soli

line represents a fit of the data to the expression [GSEf(1 —
€709 + [E]keat With, A= 15+ 1 uM, k, = 96 & 56 s%, andkeat

}onsistent with the expected higher chemical reactivity of

CH3CHol.
Binding of GSEt to the Enzym&he kinetics of binding

= 0.13+ 0.01 s. The inset more clearly shows the burst phase of GSEt to the enzyme was examined by stopped-flow

of the reaction.

relative
A230

0.106° =,

0.082-

2.0 6.0 10.0 14.0 16.0
0.0045 —— ——
g
-0.0045 —
time (ms)

Ficure 5: Difference stopped-flow kinetic trace of the reaction of
20 uM DM11 and 0.5 mM GSH with 2.5 mM CkCH,l. The
reaction was carried out at Z& (pH 8.0) by rapidly mixing a
solution of 40uM DM11, 1.0 mM GSH in 100 mM KHPQ, buffer

(pH 8.0). The difference trace was generated by subtraction of the

absorbance data obtained from rapid mixing 4B DM11

containing 1.0 mM GSH with buffer alone. The resulting trace no

longer contains the mixing artifacts observed<@ms. The bottom

trace is the residual of a fit of the data to single-exponential

expression withky,s = 2704+ 10 s'1.

Table 3: Amplitude of the Burst of GSEt in the Pre-Steady-State
Reaction of EGS™ with CH3;CH.Br as a Function of the
Concentration of the Enzyme and GSH

[enzyme] /M) [GSH] (mM) A/[E] [GSEL)/[E]
30 0.5 0.5+ 0.1
50 0.5 0.6+ 0.1
200 1.0 0.56+ 0.05
300 1.0 0.53t 0.03

spectroscopy of the pre-steady-state reaction ofGHHI
with a solution of EGS™ clearly indicates a rapid decrease

spectroscopy and steady-state fluorescence titration. Steady-
state fluorescence titration of the enzyme with GSEt indicates
a hyperbolic binding isotherm with a dissociation constant
of 2.1 £ 0.1 mM (Figure 6). This contrasts with the
cooperative behavior observed in the binding of GSH and
GSGs.

The kinetics of the approach to equilibrium were deter-
mined as illustrated in Figure 7. The observed rate of binding
is quite slow, and the dependencekgf;on [GSEt] appears
linear with an apparent second-order rate constant of126
2 M~1s™% The fact that this rate is so far from the diffusion
limit indicates that an isomerization of the protein occurs
prior to or after the binding event. Most importantly, the
apparenk,; = 0.0754+ 0.008 s!is close to the observed
turnover numbers (ca 0.315 s*) with CH;CH,Cl, CHs-
CH.Br, and CHCH_l. This is a good indication that peptide
product release is likely the rate-limiting step in turnover of
these substrates.

Dependence of the Enzyme-Catalyzed Reactions on Vis-
cosity. If a diffusive step such as product release controls
the turnover of the enzyme, théf), observed at a reference

viscosity 7° will be related tok.,; observed at some higher
viscosity, 77, in the presence of a viscogen b, /kea =

n/n°. Thus, a plot of the inverse relative rate constant vs the
relative viscosity 4/1°) should be linear with a slope 1

when the release of product is limited by a strictly diffusive

barrier or have a slope 0 if a nondiffusive barrier such as
chemistry is rate-limiting. Figure 8 illustrates the dependence
of k2, /k.o: ON relative viscosity for three different substrates
and two different viscogens. The slopes of the plots range

from 0.7 to 1.1 and are consistent with a rate-limiting

diffusive step in the turnover of the enzyme.

Sobolysis of CHSCHCI. The kinetics of solvolysis of
chloromethyl methyl sulfide was investigated in a series of
dioxane/water mixtures to provide an estimate of the sol-

in the absorbance at 230 nm that occurs with a rate constant/olytic stability of the GS-CHCI intermediate. The com-
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Ficure 7: (A) Fluorescence change on rapid mixing of the DM11
enzyme with GSEt at pH 8.0 and 2&. The sample was excited

at 295 nm and total fluorescence was observed through a 320 nm

cutoff filter. (B) Dependence of.ps for the fluorescence change

Stourman et al.
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on [GSEt]. The line is a least-squares fit of the data with a slope Ficure 9: (A) Three-dimensional plot of the evolution of the UV

=126+ 2 M1 st and an intercept of 0.07% 0.008 s.
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Ficure 8: Dependence dtga/kcat on the relative viscosity of the
reaction medium. The experimental data points @pQH;CH,-
Br in glycerol, slope= 1.11 4+ 0.06; ) CHsCH,l in glycerol,
slope= 1.12 £+ 0.08; (A) CH3;CHjl in sucrose, slope= 0.81 +
0.02; @) CHyl; in glycerol, slope= 0.72 £+ 0.05; () CH,l; in
sucrose, slopes 1.12+ 0.1. The line illustrated has a slope of 1.

pound is very stable in anhydrous dioxa@6)(but solvolyzes
rapidly in the presence of water as illustrated in Figure 8.

spectrum during the hydrolysis of GECH.CI after rapid asym-
metric mixing (1:5) of CHSCH,CI in dioxane with 25 mM HEPES
(pH 8.0). Kinetic traces were acquired at 4-nm intervals between
260 and 220 nm and processed with Pro-Kineticist program. The
evolution of the spectra was fit to a single exponential with a rate
constant of 38.27. (B) Dependence of the observed rate constant
on the concentration of water.

DISCUSSION

Interaction of the Enzyme with GSHhe interaction of
the DM11 enzyme with GSH and related molecules appears
to involve at least two species. Although positive cooperat-
ivity is observed in the binding of GSH in equilibrium
experiments, it is not apparent in the approach to equilibrium
kinetics or in the steady-state kinetics. It is interesting to
note that cooperativity in the equilibrium titrations is only
observed in the binding of GSand GSQ@~, molecules that
provide a negative charge near the sulfur. The substrate
inhibition by GSH indicates that there is a second GSH
binding site. Whether this phenomenon is related to oc-
cupancy of the second subunit in the dimer is not clear.

The rather slow spectral changes observed in the approach
to equilibrium experiments are indicative of a two-step
process involving a rapid preequilibrium binding of the
peptide that is followed by a slow conformational transition
associated with formation of a tightly bound thiolate

The observed rate constant for solvolysis ranges from of 1'1complex. This behavior is very similar to that previously

s ! (ty2 = 0.63 s) in 1:1 dioxane/water to 64's(t;, = 11

reported for the microsomal enzyme, MGSTLT), The lack

ms) in 1:1Q dioxane/water. The solvolysis occurs on a time of evidence for positive cooperativity in the approach
scale that is at least as fast as enzyme turnover. The nonlineagquilibrium kinetics suggests that the equilibrium binding

dependence of the rate constant for solvolysis osOHs

and kinetic experiments are looking at different phenomena.

expected since the reaction proceeds through the cationicThere is, for example, a large discrepancy in the apparent

intermediate, G§=CH,, which is stabilized by the higher
dielectric constant of solvent mixtures with increasing
concentrations of water.

dissociation constants of GSH{> = 30uM vs Ko5= 1.8
mM) obtained from the two experiments. The principal
differences between the two types of experiments are the
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Scheme 4 The rapid rate of solvolysis of GJSCHCI in mixed
GSH 60 s agueous-organic solvents suggests that perhaps solvolysis
E =—— E-GSH E*GS HSG-E*GS" of E-GS-CHX (where X = CI, Br, or I) may occur more
Ks=0.13M 0.015s™ rapidly or at least on the same time-scale as peptide product

_ _ _ release. The kinetics of solvolysis on the enzyme surface
concentrations of the enzyme and the time scale, with the obviously depends on the structure and solvent accessibility
equilibrium experiments being at lower protein concentration of the active site, which at this point are not known. It is
and on a much longer time scale. It could be that the worth noting that the solvolysis of GIBCHCI in 50%
cooperative behavior is manifest primarily in the off-rates dioxane/water occurs with a rate constant of about4 s
of GS’, which does not contribute significantly to the which is comparable to the turnover number of the enzyme.

approach to equilibrium kinetics. Peptide dissociation from the enzyme, in the two instances
Half-the-Sites-Readatity. Several pieces of evidence sug- where it has been measured, is slow, with rate constants
gest that the DM11 enzyme exhibits half-the-sites-reactivity, between 0.0153 (GS") and 0.075-0.14 s (GSEt). From
an extreme example of negative cooperativity. First and this and the above observations, a good case can be made
foremost is the fact that the saturation of the enzyme with that the release of the peptide product is sufficiently slow to
GSH at pH 8 results in one equivalent of thiolate per dimer. permit hydrolysis of the GS-C#X intermediate while still
Second, the amplitude of the burst of product formation bound to the enzyme. The dissociating species and kinetic
observed in the rapid-quench experiments corresponds to haltontributors to turnover in this scenario are GS-OH or
that expected based on the concentration of active sites undeCH,(OH),. In fact, the results with monohaloethane substrates
conditions of [GSH}> Kgg, Finally, as mentioned above, indicate that peptide product release may be as much as an
the substrate inhibition observed at high [GSH] is consistent order of magnitude slower than the turnover numbers
with a nonproductive occupancy of the second GSH site in observed with dihalomethane substrates. Therefore, it seems

the dimer. Taken together, these observations suggest thaprobable that CR{OH), is the principal dissociating species

the two GSH binding sites in the dimer do not behave
independently.

One possible mechanism for the interactions is given in
Scheme 4 where the complex with the highest catalytic
activity is E*GS". The fully loaded complex HS&*-GS~
may be less active, but once the thiolate reacts with a
haloalkane or product departs the second site is free to form
thiolate.

Rate-Limiting Step(s) in Catalysiall of the experimental

evidence presented in this paper suggests that product releas

is a major contributor to the rate-limiting step in catalysis.
The more difficult question to answer, particularly with
dihalomethane substrates, is the identity of the product whos

release is rate limiting. The issue is much easier to address

with the monohaloethane substrate analogues. The observ
burst of GSEt product can be accommodated by mechanism

[S)

so that individual enzyme-bound GSnolecules undergo
multiple turnovers before being released from the active site
(Scheme 2). The small differences in the turnover numbers

with the different dihalomethane substrates may be due to

kinetic contributions of other species in Scheme 2.

Biological Consequences of the Mechani3ime biological
consequences of slow product release from the DM11
enzyme would be a decrease in the genotoxicity of dichlo-
romethane catabolism in microorganisms. The mechanism
may be entirely passive and need not involve additional
catalytic chemistry to decompose the intermediate. Retaining
the peptide product in the active site for sufficient time to
allow the highly reactive GS-Ci€I to hydrolyze decreases
he probability that it will react with cellular macromolecules
uch as DNA. Clearly, this would be a selective advantage

t

e ; . ; .
S?or a microorganism feeding on dihalomethanes.

involving either rate-limiting release of GSEt or halide. The ACKNOWLEDGMENT

latter possibility seems unlikely since there is no difference
in the observed turnover numbers as the identity of the
leaving group (halide) is changed.

We thank Hong Zang for assisting in the rapid quench
experiments and Fred Guengerich for many helpful discus-

The chemistry after the initial displacement reaction sions.

considerably complicates the analysis with dihalomethane
substrates. Again, it is likely that product release is the rate-
limiting step. However, as illustrated in Scheme 2, the
product that is released in the slow step could be one of
several species, GS-GK, GS-CHOH, halide, or even
formaldehyde. The latter possibility (the lower pathway in
Scheme 2) is an interesting one in which the peptide remains
bound to the enzyme during hydrolysis of the intermediates
and release of formaldehyde. This mechanism is difficult to
assess since the rates of hydrolysis of the GS>Chihd GS-
CH,OH on the enzyme surface are not known. This mech-
anism would predict similar turnover numbers for all of the
substrates with the exception of @EF, which forms a
relatively stable intermediate. Alternatively, if halide release
were rate limiting, then there should be some correlation
between the first departing halide and the turnover number.
This does not seem to be the case.
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