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Pre-Steady-State Kinetic Analysis of 2-Hydroxy-6-keto-nona-2,4-diene-1,9-dioic
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ABSTRACT. The reaction catalyzed by 2-hydroxy-6-keto-nona-2,4-diene-1,9-dioic acid 5,6-hydrolase (MhpC)
was analyzed by stopped-flow UWisible kinetics at 317 nm (substrate depletion) and 270 nm (product
formation) at pH 5.0 and 4.0. Comparison of the rates and amplitudes of product formation versus substrate
depletion provided evidence for the formation of a discrete keto-intermediate, as predicted from previous
isotope exchange experiments [Lam, W. W. Y., & Bugg, T. D. H. (19Biochemistry 36, 12242~

12251]. Accurate modeling of the concentration data could only be achieved using a branched kinetic
mechanism in which the intermediate is released at a rate comparable to its catalytic turnover, consistent
with the earlier isotope exchange data. The apparent “leakiness” of the active site and relatively weak
substrate bindingky = 30 M) are consistent with a mechanism in which the enzyme binds the dienol
substrate in a strained, nonplanar conformation which promotes ketonization in the C-5 position to give
a keto-intermediate.

Enzyme-catalyzed hydrolytic cleavage of carb@arbon Scheme 1: Generalized Reaction Scheme feilCC
bonds is an unusual process and requires the presence of Hydrolases

suitable electron sink to assist© bond cleavage. Two o, -G hydrolase o

examples are thg-diketone hydrolase from beef liver, which -C—<|:— ———— —C-OH + H—clz—

utilizes ap-diketone as an electron sink (Hsiang et al., 1972),

and kynureninase fronfPseudomonas fluorescenshich Scheme 2: Proposed Mechanistic Scheme for the

utilizes pyridoxal 5-phosphate to createfaiminium linkage MhpC-Catalyzed Reaction, lllustrating the Keto-Intermediate
during its catalytic cycle (Phillips & Dua, 1991). (RFP)2

The hydrolytic cleavage of dienol ring fission products CO,”

Cco,” CO,” .
CO,
on bacteriametacleavage pathways is catalyzed by a family H
of C—C hydrolase enzymes. We have purified and charac- No keomsaion A X fragmenation Lo
terized 2-hydroxy-6-keto-nona-2,4-diene-1,9-dioic acid 5,6- | - - o |
I
OH ‘0,7 Y0 ‘0,7 o
RFP

hydrolase fronEscherichia coliand we have demonstrated I
that the enzyme-catalyzed reaction proceeds with retention °° "0,C” “OH
of stereochemistry at C-5 (Lam & Bugg, 1997). On the basis
of chemical precedent, we have proposed a mechanistic a X is either OH (from attack of water) or an active site nucleophile.
scheme shown in Scheme 2 involving tautomerization of the ) )
substrate dienol (RFPJo give a keto-intermediate (REP hydrolgse, MhpC has been shown to exist as a stable dlgnol,
This intermediate contains anj-unsaturated ketone which ~ Which is thought to be converted to a keto tautomer during
can function as an electron sink for a stereospecificC ~ the reaction (Lam & Bugg, 1994). Itis therefore of interest
fragmentation reaction, to give the products 2-hydroxypen- to determm_e the type of catalytic processes involved in such
tadienoic acid (HPD) and succinic acid. a tautomerization process.

) iy .
Several other enzymes have been found to catalyze the EVidence from“H isotope exchange presented in the

interconversion of keto and enol tautomers. In cases suchPreévious paper in this issue is consistent with a keto-
as ketosteroid isomerase (Kuliopulos et al., 1991) and intermediate (RFP which is formed rapidly in the catalytic

oxalocrotonate tautomerase (Whitman et al., 1991, 1992),¢ycle but which is partially released by the enzyme (Lam &
the substrate is the keto tautomer, which is isomerized to BU99, 1997). In order to characterize further the catalytic
give an enolic intermediate. In contrast the substrate for CYcle of hydrolase MhpC, we have undertaken an analysis
of the enzymatic reaction using stopped-flow reaction
kinetics. The results reported herein provide further evidence
" This work is supported by BBSRC (Grant B04835) and the Royal for the keto-intermediate and offer a rationalization of the

Society. . . .
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1 Abbreviations: DHP, 2,3-dihydroxyphenylpropionic acid; HPD,
2-hydroxypentadienoic acid; RFP, ring fission product (2-hydroxy-6-  Materials. 2,3-Dihydroxyphenylpropionic acid was pre-
keto-nona-2,4-diene-1,9-dioic acid); RfFketonized ring fission pared by the method of Blakley and Simpson (1963). Other
product (2,6-diketo-non-3-ene 1,9-dioic acid); MhpB, 2,3-dihydroxy- . . - ) .
phenylpropionate 1,2-dioxygenase: MhpC, 2-hydroxy-6-keto-nona-2,4- cher_nlcals and blochemlcals were purchased from Aldrich
diene-1,9-dioic acid 5,6-hydrolase. or Sigma Chemical Co.
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P_L_'riﬁcation and Preparation of MhpC. E cdilhpC was Table 1: Steady-State Kinetic Parameters for MhpC Measured at
purified from the overexpression stréin coli W3110/pTB9 pH 4.0 and 5.0 in 50 mM Citrate Buffer

as described elsewhere (Lam & Bugg, 1997), except that pH Ku (uM) Keat (5°Y)
the purification buffer used throughout was 50 mM potassium 5o 21506 3 ; 02
phosphate (pH 7.0) containing 10 mM 2-mercaptoethanol. 20 70405 10+02

Following phenyl agarose hydrophobic interaction chroma-
gp y'ag ydrop aValues were determined by nonlinear regression fitting to the

tography and Q _sepharose a.mon eXChan.ge Chrorna'[Ograpm/lvlichaelis—Menten equation. Values df, are based on a subunit
the pooled fractions were dialyzed agai@s| of 50 mM molecular mass of 29 000 Da for MhpC.

potassium phosphate (pH 7.0). The resultant pool had a

specific activit_ylof 32.1 units mg at a protein concentration  yaateq by the quasi-equilibrium method of Cha (1969). For
of 0.2 mg mL™. SDS-PAGE showed this preparation 10 g, ample "using Scheme 1, at the beginning of each iteration,
be >90% pure, and assays showed it to be free of MhpB {he concentration of RFP was calculated frofo, RFR,

and MhpD enzyme activities. andKs using the quadratic binding equation (eq 2).
For stopped-flow experiments, 15 mL of MhpC was

dialyzed against 10 mM buffer of the desired pH. The [E-RFP]=
volume was measured and freeze-dried. The resulting solid >
was dissolved inY/s measured volume after dialysis of (B, + RFR,+ K9 — «/(Eo + RFR, + K9” — 4E,RFF,

distilled water. Assay showed that 75% activity was 2
retained, resulting in a 3.75-fold increase in concentration (2)
to 24 units mLY, equal to 9.6%M active site concentration.

RFP Preparation and MhpC Assay2-Hydroxy-6-0x- This was subtracted fronk, and RFR to give the

onona-2,4-diene-1,9-dioic acid (ring fission product, RFP) temporary valuesEmp and RFRy,. The Runge-Kutta
was prepared enzymatically from 2,3-dihydroxyphenylpro- procedure was carried out on all the other species present in
pionate (DHP) using 2,3-dihydroxy-phenylpropionate 1,2- the mechanism, including ES to give new values. The values
dioxygenase (MhpB). The MhpB enzyme activity was Of E, and RFR for the next iteration were calculated
obtained as a byproduct from the phenyl agarose columnaccording to eq 3.
during the purification of MhpC. The procedure was as .
previously described (Lam & Bugg, 1997), except that 400 Eo = Emp + E-RFR,,, + Asuccinate
units (2 mL) of MhpB holoenzyme was used to convert 100 _ .
mg of DHP, by gradual addition of 206L aliquots. RFF, = RFRm, + E-RFR,, 3)
MhpC was assayed routinely in 50 mM potassium RESULTS
phosphate (pH 8.0) with 5@M RFP. The decrease in
absorbance at 394 nm was recorded and activity calculated The pH/rate profile determined previously for MhpC
usinge = 15 600 Mt cm™L. Measurements dfy andkea shows a typical bell-shaped curve witliKpvalues of 6.5
at pH 4.0 and 5.0 were carried out in 50 mM sodium citrate and 9.0 (Lam & Bugg, 1997). It was decided to study the
buffer at the appropriate pH. The reaction was monitored pre-steady-state kinetic behavior of MhpC at acidic pH in
at 317 nm using: values of 16 200 and 15 000 Mcm™* order to slow the reaction down sufficiently to allow it to
for pH 4.0 and 5.0, respectively. be observed and also to stabilize any putative acyl enzyme
Stopped-Flow ExperimentsStopped-flow experiments intermediates, which for the serine proteases are known to
were carried out using a Hi-Tech SFA-20 rapid kinetics be highly stabilized under acidic pH (Balls & Wood, 1956).
accessory attached to a Cary-1 Yuisible spectrophotom-  First of all the steady-state kinetic behavior of MhpC at the
eter. Enzyme concentrations were determined by assay atlesired pH was analyzed. Initial rate vs [RFP] plots at pH
pH 8.0. Substrate concentrations were measured in a4.0 and 5.0 show classical Michaelisenten kinetics, and
standard cuvette at the pH of the experiment using the knownthe deduced kinetic constants are given in Table 1. At pH
¢ value. Disappearance of substrate was monitored at 3175.0, the turnover number is 3.9'sreduced 9-fold from the
nm, and appearance of product was monitored at 270 nm.value of 36 s* at pH 8.0, and at pH 4.Ris further reduced
Single shots were stored as single data files within the at 1.0 s
Cary operating system. These were converted to ASClII files A single stopped-flow experiment was carried out at pH
and exported to an external graph drawing program. Data5.0. The absorbance traces for substrate and product were
files from single shots (at least three) were then averaged.analyzed as described in Materials and Methods, allowing
Data were then fitted to either a double exponential decay for a dead time of 33 ms. Knowledge of the total absorbance
(substrate) or eq 1 (product) to determine the total changechange during the stopped-flow experiment and of the initial

in absorbance allowing for a dead time of 33 ms. substrate concentration determined by measurement of the
absorbance of a sample in a standard cuvette allows the
y=A(l- e—kt) (1) conversion of the stopped-flow absorbance traces to plots

of concentration versus time (see Figure 1).

Knowledge of the total change in absorbance and the initial The kinetic parameters which gave the best fit to the
RFP concentration enabled the conversion of the data toexperimental data are given in Table 2. The disappearance
concentration vs time. Simulations were carried out using of substrate at 317 nm can be described by a double-
a fourth-order RungeKutta algorithm (Press et al., 1986) exponential decay with rate constants of 10.3 and 26 s
written in Visual BASIC and running on a 486-DX2 PC. A The appearance of product at 270 nm is described by a single
time step of 0.5 ms was used. The initial binding of substrate exponential with a rate constant of 3.0's These rate
to the enzyme was assumed to be very fast, and was thereforeonstants are indicative of a two-step kinetic mechanism in
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[MhpC]| = 14.3 M 0.4 MhpC|=10.7 yM RFP
20 [RFP] =19.7 uM (MhpCl Y [O - 2;.}51M
pH 5.0 0-17.1
A-71
15 O - RFP
A _HPD
s O - Intermediate
conc. . | A5
uM b
a
1 o foeye
5 ' Rg 8w,
A a = o a -
A ‘o 0. aa -
5 TR eag
0 T T T —F i 0 1 2 3 4 5
0 0.2 04 0.6 0.8 1

time secs

time secs

Ficure 1: Pre-steady-state kinetic data measured for the MhpC- [MbpC]=10.7 uM T
catalyzed reaction in 50 mM sodium citrate buffer, pH 5.0. Substrate 0.4 REPL M
consumption measured at 317 nm, product appearance measured | 10_232
at 270 nm, intermediate concentration data inferred by subtraction o-17.1
from starting substrate concentration. Substrate consumption and 0.3 e
intermediate data fitted to double exponentials, product data fitted
to single exponential (see Table 2 for rate constants). A
0.2 =
Table 2: Descriptive Parameters of a Stopped-Flow Experiment at
pH 5.0¢ o1 ot
A (nm) ki (Sfl) ko (Sfl) A x 10 A x 10°
317 10.3£ 0.5 26£0.1  141+5  64+4 00 . . [ . :

270 3.02+ 0.05 354+ 1 0 1 2 3 4 5

aThe concentrations of RFP and MhpC were 19.7 and 143 fime secs
respectively. Disappearance of RFP (317 nm) was described by aFIGURE 2: Pre-steady-state kinetic data measured for the MhpC-
double-exponential decay. Appearance of HPD (270 nm) was describedcatalyzed reaction in 50 mM sodium citrate buffer, pH 4.0. Substrate
by eq 1. consumption measured at 317 nm, product appearance measured
at 270 nm. Substrate consumption and intermediate data fitted to
double exponentials, product data fitted to single exponential (see
Table 3 for rate constants).

which substrate is converted rapidly (10)sto an intermedi-
ate, which is converted to product more slowly (3)s

If no intermediates accumulate during a reaction, the sum Table 3: Descriptive Parameters of a Stopped-Flow Experiment at
of the substrate and product should always equal the initial PH 4.C
substrate concentration. This is not the case in this instance,

(a) 317 nm

and Figure 1 shows the plot qf cqncentrat!on vs time for the [RFP] (M) ki (s ) ke (59 AL x 10° Ao x 10°
substrate, product, and putative intermediate (as the sum of 1 31 151002 36102 8409
the substra_te and product subtrac_ted from the initial §ubstrate 171 2314 114001 51408 211+ 009
concentration). The concentration data for the inferred 32.7 2546 0.64+0.1 380+ 5 404+ 0.4
intermediate can also be described by a double exponential: (b) 270 nm
the intermediate accumulates with a rate constant of'10 s —
and decays with a rate constant of 3.s These data are [RFP] M) ki(s™) A x10°
entirely consistent with the existence of a kinetically 7.1 1.33+0.02 104+ 0.3

i i i i 17.1 0.88+ 0.01 249+ 0.5
competent intermediate formed in the MhpC reaction cycle. 37 0,574 0.002 9825 0.3

In an attempt to gain further information concerning this
intermediate, experiments were carried out at pH 4.0, where _* The concentration of MhpC was 9.@84. Disappearance of RFP
the reaction is even slower than at pH 5.0, and conditions 2‘8 bt %iii?i%i% %y a double-exponential decay. Appearance of HPD
. . y eq 1.
ranging from single turnover te3 turnovers. The absor-
bance traces are shown in Figure 2. Once again theenzyme is saturated with substrate only at substrate concen-
disappearance of substrate at 317 nm could be described byrations of>20 uM. The second rate constant and the rate
a double exponential and the appearance of product at 270constant for product appearance decrease with increasing
nm by a single exponential, as shown in Figure 2. The substrate concentration. This can be explained if the HPD
determined rate constants and amplitudes are given in Tablgthe observed product) is released before the slowest step
3. As found for the pH 5.0 dataset, substrate disappearanceon the complete pathway. Thus, at [REP]7.1uM, under
was characterized by a fast stép € 13—25 s1), followed single-turnover conditions (where [S} [E]), the slowest
by a slow step (k= 0.6-1.5 s'%), the latter step matching step has no influence on the observed rates. However, in
the rate constant for product formatiok € 0.6—1.3 s'3), multiple-turnover experiments (where [S][E]), the slowest
consistent with a rapidly formed intermediate. step becomes important as it determines the rate at which
The first rate constant for substrate disappearance increasefee enzyme becomes available. There is no significant burst
with increasing substrate concentration, which can be of HPD production evident, indicating that the final step
rationalized by higher concentrations of the ES complex at (release of succinate) is not greatly slower than the preceding
higher substrate concentrations, therefore implying that the steps.




Pre-Steady-State Kinetics of a-@© Hydrolase Biochemistry, Vol. 36, No. 40, 19972255

Scheme 3: Kinetic Mechanisms Used to Simulate the MhpC 25 - (MBpC] = 10.7 uM
Pre-Steady-State Kinetic Data I pH =40
A. E + RFP E.RFP . ERFP — E L
ko
\HPD
ky k3
B. E + RFP

K
ERFP _—> ERFP X Esucc ——= E +

T REPX + E

a(A) Linear kinetic model; (B) Branched kinetic model, involving
release of intermediate RFP

time secs

Table 4: Rate Constants Used in the Simulation of Stopped-Flow

Experiments at pH 4.0 Using the Linear Kinetic Mctel 30 (MbhpC] =107 uM
pH=4. PN
step symbol value [RFP] =
E + RFP<> E-RFP Ks 10004M ot
E-RFP— E-RFF ko 200 st Al1T1
E-RFP— E-RFP k- 25t 201 - 71 .
E-RFP — E-succ+ HPD ks 11st _— ' e
E-succ— E + succinate Ka 18s? I,;M] ] :

a Concentrations of RFP and MhpC were as in Table 3.

Simulations of the pH 4.0 datasets were carried out using
a linear four-step kinetic model, as shown in Scheme 3A. It
was found that the values given in Table 4 were the only 0 ] A

. . 4 5
ones that could describe all the pH 4.0 datasets simulta- ° ! % mesces

neously. The striking feature of these kinetic data is the very Figure 3: Pre-steady-state kinetic data measured for the MhpC-
high Ks value (1 mM) for substrate binding, which is catalyzed reaction in 50 mM sodium citrate buffer, pH 4.0, modeled
followed by a rapid (200 &) and almost irreversible by linear kinetic model (see Scheme 3A).

conversion to ERFP. The predicted fits for the concentra- .
tion vs time datasets are shown in Figure 3. Good correlation =+ rep
is observed for both substrate disappearance and product
appearance, although slight deviation is observed for the

000 uM 2005 -1 3
B ERFP > prept “i‘ Esuce —25w E +

257
HPD

initial time points (<100 ms) in the substrate disappearance "
data. Ky and kg values can be calculated for the kinetic 6 T
mechanism in Scheme 3A, as shown by eq 4. s . Essuce
Ke KokaKy Tt A
_ [ 5 g
t b %0 n® e 0
T Ky(ky + Kyt Kg) T+ kokg uMe i ’ NG
Kko(K_, + ko) 24l e ereet RN
Ky = sk T K3 4) A S
Ko(k, + Kk, + kg) + kokg 14
The calculated values d¢, andKy of 1.5 st and 9.1 3 1 2 3 — .
uM are in good agreement with the experimental values of time secs

1.0 -gl and 7.0/1M. Hovyever, the predicted C-onc-entration FIGURE 4: Intermediate (ERFFX) concentrations observed and
profile for .the mtermedla_tte RFF, as shown in Flgure 4, calculated from the linear kinetic model for the [RFPR27.5uM
does not fit at all well with the observed data points. The gataset. Inferred intermediate concentration (circles) calculated by
apparent rate constants for the formatikn=€ 200 s') and substraction of [RFP] and [HPD] from initial substrate concentra-
decay ks = 11 s) of the intermediate RFP predict a tion. Calculated values of FRFF] (dotted line) and [Esucc]
much sharper decay in the concentration of the intermediate(dashed line) are shown.
than is observed by experiment. This suggests that some ofexchange results presented in the previous paper is this issue,
the intermediate escapes into solution, where it decaysand would intuitively give rise to higher levels of intermedi-
slowly, either to substrate or to product. ate in solution. It is assumed in this model that the release
In view of the surprisingly high value foKs and the of RFP from the enzyme active site is irreversible. If the
relatively poor fit for the intermediate concentration data, enzyme were able to bind RFRfom solution, then in the
the kinetic mechanism was modified to allow for release of presence ofH,O the enzyme would bind stereorandéi
the keto-intermediate RERNd its subsequent recycling via RFP, and hence would not be entirely stereospecific in the
nonenzymatic enolization to RFP. This branched kinetic H-5¢ position (Lam & Bugg, 1997). It is also assumed in
model is shown in Scheme 3B. Release of the intermediatethis model that the enolization of RFR RFP is irrevers-
RFP from the MhpC active site was predicted from it ible: in practice, this step is reversible, but the rate of this
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25 30 uM 205"
i E + RFP E.RFP

018"

T ORFP 4 B
RFP}=17.1 uM
10- [RFP1=17.1 ERFP*
...... RFP" .
— E.RFP*+RFP
8- o
. RFP¥
[1]
uM
4-
2 _ERFP*
0 T T ! T
0 1 2 3 4 s
time secs

Ficure 6: Concentration of freet enzyme-bound intermediate
observed and calculated from the branched kinetic model for the
[RFP] = 17.1 uM dataset. Inferred intermediate concentration
(triangles) calculated by substraction of [RFP] and [HPD] from
initial substrate concentration. Calculated values of [RFdbtted
line), [E-RFP] (dashed line) and [RAP + [E-RFP] are shown.

Table 5: Rate Constants Used in the Simulation of Stopped-Flow
Experiments at pH 4.0 Using the Branched Kinetic Médel

time secs
ste symbol value
FIGURE 5: Pre-steady-state kinetic data measured for the MhpC- P Y
catalyzed reaction in 50 mM sodium citrate buffer, pH 4.0, modeled E+ RFP~ E-RFP Ks 30uM
by branched kinetic model (see Scheme 3B). E-RFP— E-RFF ks 20s
E-RFP— E-RFP ko 2st
. . . . E-RFP— E-Succ+ HPD ks 15st
step is so slow that it has only a very minor impact on the E-Succ— E + Succ Ke 10s?
MhpC kinetic simulations. E‘RFP‘— E + RFF ks 15s1
RFP— RFP Ks 0.1s?

The branched kinetic model was fitted to the concentration
vs time datasets, giving the fits shown in Figure 5. Good
correlation is observed for substrate disappearance, and there
is a notably improved fit for the initial{100 ms) timepoints, The calculated value fdf,, from the values in Table 5 is
which are highly significant for data analysis. The observed 2.8 uM, which is in fair agreement with the experimental
fit to the product concentration data is reasonable, althoughvalue of 7.0uM. The steady-state rate equation has two
there is some discrepancy at high substrate concentrationyglues fork.,, one for substrate disappearank@i'{) and

We ascribe this to a certain amount of decay of the unstablegpe for productk™®). The expressions for these are given
dienol product HPD, which occurs on a time scale of minutes iy egqs 6 and 7.

in solution, but which is accelerated by MhpC (Pollard et
al., 1997). However, significantly, there is a much better
agreement for the branched kinetic model between the
predicted intermediate concentration data and the observed

a Concentrations of RFP and MhpC were as in Table 3.

RFP _ k2k4(k3 + k5)
A Ky(ky + Ky + Ky + ko) + kokg

data, even after several turnovers (see Figure 6). Thus, the

branched kinetic model gives a significantly better description
of the overall kinetic mechanism than the linear kinetic
model.

The deduced kinetic constants are shown in Table 5.
Compared with the values derived from the linear kinetic
model, the initialKs value is considerably smaller (30M),
although still significantly larger thaKy. The predicted
rate of release of REAs 1.5 s, the same as the rate of
enzymatic processing of-RFF, thus the enzyme is pre-

RFP
at

HPD
at

..k
=14y

(7)

The calculated value d€Fis 1.1 s, in agreement with
the experimental value. It may be seen from Table 5khat
= ks and that, thereforek!"® is predicted to be half of

KXFP. Previous work (Lam & Bugg, 1997) has shown that,
under steady state at pH 8.0, the maximum observed rate of

dicted to release 50% of the intermediate keto tautomer. TheSuccinate production (which is equal to the rate of HPD

value ofKy can be calculated using eq 5.

Ko — Kaky(kp + ks + k)
M kg, + Ky kg + ko) + Koks

(5)

production) is 15 8!, half that of RFP consumptiorkd: =
36 s'Y), consistent with these predictions. Thus, application
of the branched kinetic model provides a better fit for both

the pre-steady-state and steady-state kinetic behavior of

hydrolase MhpC.
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DISCUSSION Scheme 4. Proposed Mechanistic Scheme for the

) ) MhpC-Catalyzed Reaction, Illustrating a Possible Nonplanar
We have preVlOUSly shown that the reaction CataIyZEd by Conformation for the Enzyme_Bound Substfate

hydrolase MhpC is stereospecific for insertion of the ¢H-5
proton, and that the enzyme catalyZelsexchange into the =

H-5; position (Lam & Bugg, 1997). In order to seek >S5 e A ooy WS
evidence for the proposed keto-intermediate, we have < ., K, - >
,C 0,C \’\H o o)
b ? H
\

analyzed the MhpC-catalyzed reaction using stopped-flow >

kinetics. BEn BEn:
Each of the stopped-flow kinetic measurements is con- ,ﬂ
sistent with a kinetic mechanism involving a discrete o x oy
intermediate in the catalytic cycle. We can conclude that 2\\/\002' - °=§/\cog— S *%/\ooz
this intermediate does not possess any significant new UV~ <~ . i :
absorbances; therefore, its structure should be significantly o 00— 00 \?,H
less conjugated than either substrate or product. The Qeene

S_trucwre, of the proposed _keto-lntermeQ|ate Wolljld be C(_)n' a X is either OH (from attack of water) or an active site nucleophile.
sistent with these observations, and the inferred intermediate
would be kinetically competent for the MhpC catalytic cycle. whereas the&-keto dienol substrate is relatively stable. It
Modeling of the stopped-flow data using a linear kinetic is therefore reasonable to suppose that a twisted conformer
model gave a reasonable fit for substrate disappearance anéh which the C-6 carbonyl group was out of planarity would
product appearance (see Figure 3); however, the predictedde kinetically more reactive toward protonation and that such
concentration data for the keto-intermediate gave a poor fit a ketonization step would be thermodynamically favorable
to the inferred dataset (see Figure 4). Using a branchedat the enzyme active site. Other examples of enzymatic
kinetic model in which the keto-intermediate is released at reactions which are thought to involve binding of substrate
an appreciable rate from the active site, a much better fit to in a strained conformation include the binding of a flattened
the dataset was obtained (see Figures 5 and 6). This providegyranose ring by lysozyme (Ford et al., 1974) and the binding
confirmatory evidence for the release of the keto-intermedi- of a twisted amide conformer by the peptidyl-prolinis/
ate, proposed in the previous paper in this issue to accountirans isomerases cyclophilin (Liu et al., 1990) and FKBP
for the MhpC-catalyzedH exchange in the H-bposition. (Rosen et al., 1990; Albers et al., 1990). After ketonization,
Determination of individual rate constants for the second the intermediate contains an internal electron sink in the form
kinetic model reveals & value of 30uM for the dienol of the a,f-unsaturated ketone, which facilitates-C bond
substrate, compared with a steady stétevalue of 7uM cleavage. The later steps might involve either base-catalyzed
(calculated value= 2.8M) under the same conditions. The attack of water or attack of an active site nucleophile,
disparity between these two values can be rationalized bygenerating in the latter case an acyl enzyme intermediate.
the fast stepl = 20 s'1) following substrate binding, which ~ Sequence similarity has been observed between th€ C
strongly favors the keto-intermediate ¢ = 2 s1). The hydrolases of bacteriahetacleavage pathways and certain
keto-intermediate is then processed & 1.5 s1) and lipases and esterases (Horn et al., 1991), suggesting that the
releasedks = 1.5 s'2) at equal rates. The final step is rate Catalytic mechanism employs a serine catalytic triad (Diaz
limiting (ks = 1.0 s'3), but is not greatly slower than the & Timmis, 1995; Ahmad et al., 1995). However, unlike the
previous step, consistent with the lack of burst of the product serine hydrolases, MhpC is still active at pH 4, and no burst
HPD. The rate of enolization of the released keto-intermedi- Of product release is observed. Hence, it remains to be
ate to regenerate RFP appears to be relatively skaw=( determined whether an active site nucleophile is involved
0.1 s'3), thus significant amounts of the keto-intermediate in this class of reactions.
are predicted to accumulate during turnover. In summary, the pre-steady-state kinetic analysis has
This kinetic mechanism raises a number of mechanistic Provided evidence in support of a keto-intermediate, which
issues. Why is the enzyme active site so “leaky” with respect @Ppears to be formed via rapid ketonization of a strained
to the keto-intermediate, and why does the ketonization step€NZyme-substrate complex. Given the apparent stability of
favor the keto tautomer, when in solution the dienol tautomer the dienol substrate, it may be that destabilization upon
is strongly favored? This apparent shift in equilibrium substrate binding is a major contributing factor in the catalytic
position could be due either to stabilization of the enzyme- cycle of the C-C hydrolases.
bound keto-intermediate {RFF), or destabilization of the
enzyme-bound substrate -@P). The highKs value and ACKNOWLEDGMENT
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