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Methylmalonate-semialdehyde dehydrogenase (MSDH)
belongs to the CoA-dependent aldehyde dehydrogenase sub-
family. It catalyzes theNAD-dependent oxidation ofmethylma-
lonate semialdehyde (MMSA) to propionyl-CoA via the acyla-
tion and deacylation steps. MSDH is the only member of the
aldehyde dehydrogenase superfamily that catalyzes a �-decar-
boxylation process in the deacylation step. Recently, we demon-
strated that the �-decarboxylation is rate-limiting and occurs
before CoA attack on the thiopropionyl enzyme intermediate.
Thus, this prevented determination of the transthioesterifica-
tion kinetic parameters. Here, we have addressed two key
aspects of the mechanism as follows: 1) the molecular basis for
recognition of the carboxylate of MMSA; and 2) how CoA bind-
ingmodulates its reactivity.We substituted two invariant argin-
ines, Arg-124 and Arg-301, by Leu. The second-order rate con-
stant for the acylation step for bothmutants was decreased by at
least 50-fold, indicating that both arginines are essential for effi-
cient MMSA binding through interactions with the carboxylate
group. To gain insight into the transthioesterification, we sub-
stituted MMSA with propionaldehyde, as both substrates lead
to the same thiopropionyl enzyme intermediate. This allowedus
to show the following: 1) the pKapp of CoAdecreases by�3 units
upon binding to MSDH in the deacylation step; and 2) the cata-
lytic efficiency of the transthioesterification is increased by at
least 104-fold relative to a chemical model. Moreover, we
observed binding of CoA to the acylation complex, supporting a
CoA-binding site distinct from that of NAD(H).

Methylmalonate-semialdehyde dehydrogenases (MSDHs)4
belong to the CoA-dependent aldehyde dehydrogenases

(ALDHs), which, together with their hydrolytic counterparts,
make up the ALDH superfamily. ALDHs are known to be
involved inmany essential biological functions such as interme-
diary metabolism, detoxification, osmotic protection, and cel-
lular differentiation. The enzymes catalyze theNAD(P)-depen-
dent oxidation of a wide variety of aldehydes to their
corresponding nonactivated or CoA-activated acids via a com-
mon two-step chemical mechanism. The acylation step leads to
formation of a thioacyl enzyme intermediate, which then under-
goes nucleophilic attack by a water or CoA molecule. Despite
mechanistic similarities, previous studies have highlighted major
differences in the kineticmechanism of ALDHs depending on the
nature of the deacylation step. In hydrolytic ALDHs, kinetic data
supportanorderedsequentialmechanisminwhichNAD(P)Hdis-
sociates last (1–4). By contrast, CoA-dependent ALDHs exhibit a
ping-pongmechanisminwhich thereleaseof thereducedcofactor
occurs before the transthioesterification step (5, 6). Whereas
mechanistic and structural aspects have been studied extensively
for hydrolytic ALDHs (7–14), considerably less is known about
CoA-dependent ALDHs.
MSDHs are present in a wide variety of organisms ranging

from bacteria and archaea to plants and mammals where they
are described to play a diversity of roles. The MSDHs from
Pseudomonas aeruginosa (15, 16) and Streptomyces coelicolor
(17) are involved in valine catabolism, and in Bacillus subtilis
(18) and Rhizobium leguminosarium bv. viciae (19), MSDH is
putatively implicated in myoinositol catabolism. In mammals,
MSDH is amitochondrial enzyme that participates in the distal
portions of the valine and pyrimidine catabolic pathways (20).
Over the last 2 decades, a possible correlation of organic aci-
demia with MSDH deficiency has been explored (21, 22). For
example, Roe et al. (23) proposed that a psychomotor delay
associatedwithmethylmalonyl aciduria is a direct consequence
of a lack ofMSDH activity. More recently, it was suggested that
MSDH may play a role in root development and leaf sheath
elongation in rice (24).
Recently, our group undertook a study of the catalytic mech-

anism of MSDH from B. subtilis (25). The homotetrameric
enzyme catalyzes the NAD�-dependent oxidation of meth-
ylmalonate semialdehyde (MMSA) and malonate semialde-
hyde to propionyl- and acetyl-CoA, respectively. Therefore,
MSDH is the only member of the ALDH superfamily known
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Institut Fédératif de Recherche 111 Bioingénierie, and local funds from the
Région Lorraine.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S4.

1 To whom correspondence may be addressed. E-mail: francois.talfournier@
maem.uhp-nancy.fr.

2 Supported by the French Research Ministry. Present address: Institut de
Biochimie et Génétique Cellulaires Unité Mixte de Recherche CNRS-Université
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to date to catalyze a �-decarboxylation in addition to the
transthioesterification step. From the detailed mechanistic
characterization of the MSDH-catalyzed reaction, our stud-
ies suggested that NAD binding elicits a structural imprint-
ing of the apoenzyme, which may explain the lag phase
observed in the activity assay. Half-site reactivity for MSDH
was also demonstrated, with two subunits being active per
tetramer. Finally, kinetic studies showed the following: (i)
the rate constant associated with the acylation step is high
(kac �1000 s�1); (ii) the rate-limiting �-decarboxylation step
occurs on the thioacyl enzyme intermediate after NADH
release and before transthioesterification; and (iii) bicarbon-
ate is the end product of the thioacyl enzyme decarboxyla-
tion (25). Together, these results have led to a proposal for
the catalytic mechanism (Scheme 1).
Nonetheless, several questions about key aspects of theMSDH-

catalyzed reaction remain. This is the case for the molecular fac-
tors that are responsible for the recognition of a substrate with a
carboxylate group. It is not also knownwhether binding ofCoA to
MSDH activates its thiol group. Indeed, the rate-limiting step of
MSDH occurs before the transthioesterification withMMSA and
thus preventedmeasurement of the pKapp of CoA.
In this study, two invariant Arg residues, expected to stabilize

the binding of MMSA via interactions with its carboxylate group,
were substituted by Leu. The kinetic data for R124L, R301L, and
R124L/R301L MSDHs are described. The results obtained under
pre-steady conditions show that bothArg residues participate not
only in MMSA binding via stabilizing interactions between the
guanidiniumgroups and the carboxylate but also in the formation
of an efficient MSDH�NAD�MMSA ternary complex. When pro-
pionaldehyde (PPA), a decarboxylated analog ofMMSA that leads
to thesamethiopropionyl enzyme intermediate, isusedasanalter-
native substrate, the rate-limiting step of the reaction catalyzed by
R124L MSDH is then associated with the transthioesterification
process. This gave us the opportunity to determine the pKapp of
CoA in the deacylation step, which shifts from�9.6 to 6.8.When
compared with a chemical model, the catalytic efficiency of the
transthioesterification for the wild-type MSDH was increased at
least 104-fold. Therefore, CoA binding to MSDH optimizes its
positioning relative to the thioacyl enzyme intermediate and
favors a significant decrease of the pKapp of its thiol group. More-
over, we observed that for the wild-type MSDH (and in a lesser
extent for R124L and R301L MSDHs), the catalytic efficiency of
the acylation step increased in the presence of CoA, due to an
enhancement in the apparent affinity of the enzyme for PPA.
These data show for the first time that the CoA-binding site is
distinct from that of NAD.

EXPERIMENTAL PROCEDURES

Materials—NAD was purchased from Roche Applied Sci-
ence. CoA, propionaldehyde, pyruvate, and lactate dehydro-
genase (LDH) were from Sigma. Desulfo-CoA was prepared as
described by Chase et al. (26). MMSA was synthesized as
described by Kupiecki and Coon (27). Its concentration was
determined by titration with MSDH.
Site-directed Mutagenesis, Production, and Purification of

Wild-type andMutatedMSDHs from B. subtilis—Site-directed
mutagenesis was performed using the QuikChange site-di-

rected mutagenesis kit (Stratagene). Wild-type, R124L, R301L,
and R124L/R301LMSDHs were produced and purified using a
procedure described previously (25). Enzyme concentrations
were determined spectrophotometrically by using molar
absorption coefficients of 2.04 � 105 M�1�cm�1 at 280 nm for
wild-type andmutatedMSDHs. In the text, enzyme concentra-
tions are expressed per monomer (normality (N)).
Kinetic Parameters for Wild-type and Mutated MSDHs

under Steady-state Conditions—Initial rate measurements
were carried out at 30 °C on an SAFAS UV mc2� spectropho-
tometer, by following the appearance of NADH at 340 nm in 50

SCHEME 1. Schematic representation of MSDH-catalyzed reaction with
MMSA as substrate (adapted from Ref. 25). When PPA is used as substrate,
CoA attacks the same thiopropionyl enzyme intermediate. The acylation step
includes all the events up to the hydride transfer, and the deacylation step
includes release of NADH up to release of thiopropionyl-CoA.
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mM potassium phosphate (pH 8.2). Prior to kinetic measure-
ments in the presence of MMSA, R301L MSDH was preincu-
bated at 30 °C with 2 mM NAD, whereas R124L and R124L/
R301LMSDHs were preincubated with 2mMNAD and 0.5 mM

CoA, respectively. When PPA was used as substrate, wild-type
and all mutated MSDHs were preincubated at 30 °C with 2 mM

NAD. In all the preincubated mixtures, the concentration of
MSDHswas160�N.The initial rate datawere fit to theMichaelis-
Menten equation using nonlinear least squares regression anal-
ysis to determine the kcat and Km values. All Km values were
determined at saturating concentrations of the other substrates
as follows: 1 mMMMSA, 1 mMNAD, and 3 mMCoA for R124L
and R301L MSDHs; 0.05 M PPA, 1 mM NAD, and 0.5 or 2 mM

CoA for wild-type and R124L MSDHs. In the case of R301L
MSDH, the substantial increase in the Km value for CoA pre-
vented accurate determination of the Km values for NAD and
PPA. For the pH dependence studies, data were collected at
30 °C over a pH range of 5.00–8.75 with a reaction buffer con-
sisting of 22 mM succinic acid, 29 mM imidazole, and 29 mM

diethanolamine adjustedwithNaCl to a constant ionic strength
of 0.06 M (buffer A) and analyzed as described byMarchal et al.
(4).
Pre-steady-state Kinetic Measurements—Pre-steady-state

kinetic analyses were carried out on an SX18MV-R stopped-
flow apparatus (Applied PhotoPhysics), and collected datawere
analyzed using the SX18MV-R software package.
Kinetics of the Acylation Step and of NADH Dissociation of

R124L, R301L, and R124L/R301L MSDHs with MMSA as
Substrate—To study the acylation step, progress curves of
NADH production were recorded at 340 nm and at 30 °C in 50
mM potassium phosphate (pH 8.2), in the absence of CoA or at
subsaturating concentrations of CoA (i.e. 50�M) for R124L and
R124L/R301L MSDHs. One syringe was filled with 16 �N

MSDH and 1 mMNAD (after mixing), and the other contained
MMSA at various concentrations. No saturation was observed
irrespective of the mutated MSDH, and therefore k2 values
were estimated from the slope of the linear part of the kobs � f
([MMSA]) profile.
To evaluate the rate of NADH dissociation from the thio-

acyl enzyme�NADHcomplex, the coupled pyruvate/LDH assay
was used as an NADH-trapping system. One syringe was filled
with 16 �NMSDH and 1mMNAD, and the other contained 0.5
mM MMSA (which is a subsaturating concentration), 16 �N

LDH, and 10mM pyruvate. Experiments were carried out in the
absence of CoA (or at a subsaturating concentration of CoA, i.e.
50 �M for R124L and R124L/R301L MSDHs) in 50 mM potas-
sium phosphate (pH 8.2) at 30 °C. Data were fit to a biphasic
expression.
Kinetic Properties of Wild-type, R124L, R301L, and R124L/

R301L MSDHs with PPA as Substrate—Kinetic analyses of the
acylation step were carried out at 30 °C in 50 mM potassium
phosphate (pH 8.2). For this, progress curves ofNADHproduc-
tion were recorded at 340 nm, in the absence of CoA or in the
presence of desulfo-CoA. The k2 values were obtained by non-
linear least square regression of kobs, measured at subsaturating
concentrations of substrate PPA, except for the wild-type
MSDH for which the second-order rate constant k2 was
deduced from the Kapp and the kobs max values. Alternatively,

when CoA was added to the reaction mixture, the burst of
NADH production associated with acylation was selectively
monitored using fluorescence resonance energy transfer
(FRET). Following selective excitation of MSDH Trp residues
at 295 nm, the fluorescence emission of NADH was measured
using a 395-nm cutoff filter. In this experiment, one syringe
contained 16�Nwild-type ormutatedMSDHs and 1mMNAD,
and the other contained PPA at various concentrations. In the
experiments where CoA and desulfo-CoAwere used, they were
added to the syringe containing the enzyme. Data were fit to
Equation 1 to determine kac andKapp values, where S represents
the substrate PPA.

kac � �kac max � �S	
/�Kapp � �S	
 (Eq. 1)

For wild-type and R124LMSDHs, the pH dependence of the
acylation rate constant was studied at 30 °C over a pH range
5.00–8.75 in buffer A. One syringe was filled with 16 �N

MSDH, 1 mM NAD, and 500 �M CoA or 250 �M desulfo-CoA
and the other contained 0.5 M PPA. Formation of NADH was
measured bymonitoring the FRET signal using a 395-nm cutoff
filter. Data were analyzed as described by Marchal et al. (4).
The rate of NADH dissociation from the thioacyl

enzyme�NADH complex was determined as described above
with MMSA as substrate. One syringe was filled with 16 �N

MSDH, 16 �N LDH, and 10 mM pyruvate, and the other con-
tained 1mMNADand 0.5 M PPA. Experiments were carried out
in the absence of CoA for R124L and R301L MSDHs in 50 mM

potassium phosphate (pH 8.2) at 30 °C. For the wild-type
MSDH, desulfo-CoA was added to the syringe containing PPA
and NAD. Data were fit to a biphasic expression.

RESULTS

Rationale for the Mutations—On the basis of sequence com-
parison of MSDHs to those of other ALDHs (including hydro-
lytic and CoA-dependent ALDHs) two invariant Arg residues
in MSDHs, i.e. Arg-124 and Arg-301, appear to be only con-
served in nonphosphorylating glyceraldehyde-3-phosphate
dehydrogenases (GAPNs) (Fig. 1). InGAPN from Streptococcus
mutans, these Arg residues were shown to be critical in the
binding of D-glyceraldehyde 3-phosphate through stabilizing
interactions with the C-3 phosphate (13, 28). Moreover, the

FIGURE 1. Sequence alignment of the regions around the conserved cat-
alytic Cys-302 and Arg residues in MSDHs and comparison with other
ALDHs. The sequence alignment includes some MSDHs whose activity has
been demonstrated. Sequence alignment was performed with the BioEdit
software, and the numbering of amino acid residues is according to Wang
and Weiner (8). The conserved catalytic Cys-302 and the Arg-124 and Arg-301
residues, which are only conserved in MSDH and GAPN sequences, are high-
lighted. Sequences of 19 GAPNs and 40 hydrolytic and CoA-dependent
ALDHs (excluding GAPNs) from the EMBL, Swiss-Prot, GenBankTM, and Pir
databases were aligned to determine the consensus sequences.
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x-ray structure of the MSDH from B. subtilis in complex with
NAD (Protein Data Bank accession number 1t90) superim-
poses well on the GAPN structures (Protein Data Bank acces-
sion numbers 1qi6 and 2qe0). In particular, Arg-124 and Arg-
301 are found on the same secondary structural elements.
Therefore, it was reasonable to postulate for MSDH a major
role for these residues in the binding of a substrate such as
MMSA, which bears a carboxylate group. To validate this
assumption, the roles of Arg-124 and Arg-301 have been
probed by site-directed mutagenesis. Introduction of a residue
such as leucine at positions 124 and 301 would provide experi-
mental support for the role of the electrostatic interactions
between the guanidinium groups of Arg-124 and Arg-301 and
the carboxylate group of MMSA, while keeping the hydropho-
bic properties of the aliphatic part of an arginine side chain.
Kinetic Properties of R124L, R301L, and R124L/R301L

MSDHs with MMSA as Substrate—The lag phase exhibited by
wild-type MSDH during activity assays with MMSA as sub-
strate was eliminated by preincubating the apoenzyme with
NAD, as described previously (25). A similar behavior was
observed for R301L MSDH but not for R124L and R124L/
R301LMSDHs, for which incubation with both NAD and CoA
was required. Therefore, prior to any kinetic studies, R301L
MSDH was preincubated with 2 mM NAD, and R124L and
R124L/R301L MSDHs with 2 mM NAD and 500 �M CoA. For
the wild-type MSDH-catalyzed reaction, the rate-limiting step
was previously shown to be associated with the �-decarboxyla-
tion process within the deacylation step (25). Therefore, before
interpreting the kinetic data of the mutated MSDHs, it was
necessary to determine whether the rate-limiting step was the
same as the wild-type MSDH. Accordingly, fast kinetic experi-
ments were carried out with the three mutated MSDHs at pH
8.2 and 30 °C in the presence of 2 mM NAD and subsaturating
concentrations of MMSA (i.e. 2 mM) and, in the case of R124L
and R124L/R301LMSDHs, CoA (50 �M after dilution). A burst
magnitude of 2 mol of NADH/mol of tetramer was observed,
irrespective of the mutated MSDH. Therefore, these data
clearly indicate that all mutatedMSDHs also exhibited half-site
reactivity, as described for the wild-type MSDH. More impor-
tantly, the kobs values determined at 2mMMMSAwere 82-, 36-,
and 150-fold higher than the kcat values for R124L, R301L, and
R124L/R301L MSDHs, respectively. These data indicate that
the rate-limiting step still takes place after hydride transfer.
Steady-state and Pre-steady-state Kinetic Parameters—The

kinetic parameters determined at pH 8.2 and at 30 °C under
steady-state conditions are summarized in Table 1. Substitut-
ing Leu for Arg-301 or Arg-124 resulted in a 5-fold increase in
Km for CoA. The Km values for NAD and MMSA decreased
from 19- to 38-fold and from 3- to 10-fold for the R301L and
R124L MSDHs, respectively, whereas the kcat values decreased
from 6- to 18-fold. It was not possible to interpret with confi-
dence the significance of the decrease in Km values for MMSA
(and for NAD) observed for the R124L and R301L MSDHs as
the Km value cannot be equated with the dissociation constant
of the enzyme�substrate complex(es). By contrast, comparison
of the apparent affinity constants (Kapp) forMMSAdetermined
under pre-steady-state conditions for the wild-type and the
mutatedMSDHs provides amore accurate picture of the role(s)

of each arginine side chain in MMSA binding (see below).
Indeed, the rate constants associated with all the steps fol-
lowing hydride transfer do not contribute to the expression
for Kapp. Thus, in this case, the Kapp values are expected to be
closer to dissociation constants. For the R124L/R301L
MSDH, because of lack of saturation with substrates and
very low steady-state initial rates (�10�2 s�1), it was not
possible to determine the kcat and Km values.

Under pre-steady-state conditions, saturation kinetics were
not observed with respect to MMSA in the acylation step up to
12 mM, irrespective of the mutated MSDH (Fig. 2). For R124L
and R301L MSDHs, the estimated k2 values of 6000 and 5400
M�1 s�1 are 55- and 62-fold smaller respectively than the k2
value for the wild-type MSDH (Table 2). For R124L/R301L
MSDH, the k2 value is 512-fold smaller than that of the wild-
type MSDH. The kobs value at 12 mM MMSA is at least 37-fold
lower than the kobs (max) of the wild-type MSDH irrespective of
the mutated MSDH. Therefore, the 55–512-fold decrease in k2
likely reflects both a decrease of the kobs (max) value and an
increase in the Kapp value.

The lower kobs (max) of the acylation step for all mutated
MSDHs, which was measured at pH 8.2, could have been the
consequence, in part, of a significant increase in the pKapp of
Cys-302. To evaluate this hypothesis, the acylation rate con-
stant was determined for R124L MSDH, over a pH range of
5–8, at 4 mM MMSA, a subsaturating concentration for this
mutant. The resulting pH-k2 curve exhibited an increasing
monosigmoidal profile with a pKapp value of 6.0, similar to that
observed for the wild-type MSDH, which can be assigned to
Cys-302, and a k2 max value of 5� 103 M�1 s�1 at pH 8.0 (curve
not shown). Therefore, substituting Arg-124 with Leu does not
result in an increase in the pKapp of Cys-302 compared with the
wild-type MSDH. Because R124L and R301L MSDHs exhibit
similar catalytic parameters, it seems reasonable to postulate a
similar pKapp of Cys-302 for R301L MSDH.
NADH Release from the Thioacyl Enzyme�NADH Complex Is

Not Rate-limiting for R124L, R301L, and R124L/R301LMSDHs—
The rate constant of NADH dissociation from the thioacyl

TABLE 1
Kinetic parameters of the reactions catalyzed by wild-type and
mutated MSDHs under steady-state conditions with MMSA as
substrate
Kinetic parameters were deduced from nonlinear least square regression of exper-
imental data sets, according to the Michaelis-Menten equation. All Km values were
determined at saturating concentrations of the other substrates, and kcat values are
expressed per active subunit (i.e. two active subunits per tetramer). The steady-state
initial rates of the reaction of mutated MSDHs were measured at 30 °C in 50 mM
potassium phosphate buffer (pH 8.2), under similar conditions as those for the
wild-type MSDH. Mutated MSDHs were preincubated with 2 mM NAD or with 2
mM NAD and 500 �M CoA at 30 °C, prior to making the kinetic measurements.

Km MMSA Km CoAa Km NADa kcatb

mM �M mM s�1

Wild typec 0.06 � 0.01 120 � 20 2.30 � 0.06 2.2 � 0.2
R124L 0.006 � 0.001 570 � 70 0.06 � 0.01 0.060 � 0.01
R301L 0.023 � 0.005 620 � 80 0.12 � 0.01 0.14 � 0.02
R124L/R301L �10�2d

a After dilution of the preincubated enzymes, the remaining NAD (12 �M) and
CoA (3 �M) concentrations were taken into account for determination of the Km
values.

b For all MSDHs, the rate-limiting step remains associated with the so-called
“deacylation” step (i.e. all the steps occurring after hydride transfer).

c Data are from Ref. 25.
d Due to lack of saturation with substrates and very low steady-state initial rates
(�10�2 s�1), it was not possible to determine the kcat and Km values.
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enzyme�NADH complex was determined using LDH as an
NADH-trapping system andMMSA as substrate. The exper-
iments were performed using R124L, R301L, and R124L/
R301L MSDHs at pH 8.2 and 30 °C under pre-steady-state
conditions in the absence of CoA (R301L) or at subsaturating
concentrations of CoA (50 �M after dilution) for R124L and
R124L/R301L MSDHs. The resulting progress curves were
fit to a biphasic expression. Under the experimental condi-
tions used, the rate of NADH oxidation by LDH (130 s�1)
was higher than the apparent rate constants of 2.4, 1.5, and 1
s�1, which can be assigned to release of NADH from the
thioacyl enzyme�NADH complex for the R124L, R301L, and
R124L/R301L MSDHs, respectively (supplemental Fig. S1).
These rates, which are likely to underestimate the intrinsic
rates of NADH release, are 40-, 11-, and 100-fold higher than

the kcat values. Therefore, the rate-limiting step must occur
after NADH release from the thioacyl enzyme�NADH com-
plex. Because CoA acts on the same thiopropionyl enzyme
intermediate (Scheme 1) regardless of the substrate used (i.e.
MMSA or PPA), and the kcat values for R124L and R301L
MSDHs are at least 20-fold lower with MMSA compared
with those with PPA as substrate (Tables 1 and 3; see also
part “Results,” R124L and R301L MSDHs with PPA as sub-
strate), we can assume that the rate-limiting step for the
mutants is also associated with the �-decarboxylation pro-
cess. However, this hypothesis remains to be demonstrated
directly.
Kinetic Properties of R124L, R301L, and R124L/R301L and

Wild-typeMSDHs with PPA as Substrate—Acylation with PPA
leads to formation of the same thiopropionyl enzyme interme-
diate that arises following �-decarboxylation of the MMSA
substrate (see Scheme 1), and on which CoA attacks. Thus, we
hoped that detailed kinetic studies of a reaction lacking the
�-decarboxylation step would furnish additional insights into
the transthioesterification step, provided that this step became
rate-limiting. Accordingly, it was necessary to determine all the
kinetic parameters for the wild-type, R124L, and R301L
MSDHs.
In contrast to what was observed for R124L and R124L/

R301L MSDHs with MMSA as substrate, it was possible to
eliminate the lag phase in the activity assay with PPA as sub-
strate by preincubation with 2mMNAD in the absence of CoA.
Thus, in the kinetic experiments detailed below, all MSDHs,
including R124L and R124L/R301L mutants, were preincu-
bated with 2 mM NAD only.

FIGURE 2. Determination of the catalytic parameters of the acylation step for R124L, R301L, and R124L/R301L MSDH-catalyzed reactions under
pre-steady-state conditions with MMSA as substrate. The appearance of NADH was monitored at 340 nm on an SX18MV-R stopped-flow apparatus
(Applied PhotoPhysics) at 30 °C. The final concentration of MSDH was 16 �N (expressed in subunit) with the MMSA concentration ranging from 1 to 16 mM. For
each substrate concentration, experimental data were analyzed by nonlinear regression using the SX18MV-R software package to obtain kobs. As saturation
with MMSA was not observed irrespective of the mutated MSDHs, k2 were extracted from the resulting linear equations. Key: R124L MSDH (F, solid line); R301L
MSDH (Œ, dashed line), R124L/R301L MSDH (f, solid line), and wild-type MSDH (�, solid line, from Ref. 25). The inset details the results obtained on the three
mutated MSDHs.

TABLE 2
Determination of the kinetic parameters for the acylation step for
R124L, R301L, and R124L/R301L MSDHs under pre-steady-state con-
ditions with MMSA as substrate
Pre-steady-state measurements were performed at 30 °C in 50mM potassium phos-
phate buffer (pH 8.2). MutatedMSDHs were preincubated with 2mMNAD (R301L
MSDH) or with 2mMNAD and 500 �MCoA (R124L and R124L/R301LMSDHs) at
30 °C prior to making the kinetic measurements. The k2 values of the acylation step
were obtained by linear regression of kobs determined under subsaturating concen-
trations of substrate MMSA (up to 16 mM). For the wild-type MSDH, the second-
order rate constant k2 was obtained by dividing kobs max by Kapp.

KappMMSA kobs max MMSA k2 MMSA

mM s�1 M�1 s�1

Wild typea 3.5 � 1.0 1200 � 180 3.4 � 105
R124L �15 6 � 103
R301L �15 5.4 � 103
R124L/R301L �15 6.5 � 102

a Data are from Ref. 25.
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Wild-type MSDH—The kinetic parameters determined at
pH 8.2 and at 30 °C under steady-state conditions with PPA are
summarized in Table 3. The wild-type enzyme displayed Km
values of 33 and 85�M forNADandCoA, respectively and a kcat
value of 12.6 s�1. Under pre-steady-state conditions, fast
kinetic experiments were carried out at pH 8.2 and 30 °C in the
presence of 1 mM NAD and 0.05–1.40 M PPA. First, the burst
magnitude of NADH production showed that only 2 mol of
NADH were formed per mol of tetramer irrespective of the
PPA concentration used. Therefore, MSDH also exhibits half-
site reactivity in the presence of PPA. Second, no saturating
kinetic effect with respect to PPAwas observed up to 0.6 M PPA
(inset of Fig. 3 and Table 4). A second-order rate constant k2 of

36 M�1 s�1 can be deduced from the slope of the linear part
of the curve, although only an estimation of the Kapp of PPA
(2.6 M) and the kobs (max) (120 s�1) values can be obtained.

More importantly, we determined a kobs value of 5 s�1 at
0.05 M PPA (i.e. a saturating concentration under steady-state
conditions), which was 2.5-fold lower than the kcat value of 12.6
s�1. This value showed that the kinetics of the acylation step
under steady-state conditions are CoA-dependent in contrast
to what was observed withMMSA. To determine the contribu-
tion of the CoA binding to the acylation kinetics, NADH pro-
duction was monitored by following change in absorbance or
fluorescence. Unfortunately, addition of 500 �M CoA did not
allow an accurate determination of the rate constant associated
with acylation because the acylation and deacylation steps
could not be kinetically resolved due to their relative magni-
tudes (i.e. a higher rate constant for the acylation step but a
much smaller signal amplitude compared with that observed
under steady-state conditions). Therefore, we took advantage
of the fact that one (or several) of the five tryptophan residues of
wild-type MSDH could participate as donors in FRET with
NADH acceptor, to selectively monitor the burst of NADH
production associated with acylation. The advantage of this
experimental approach is that it eliminates a contribution of
the steady-state phase to the fluorescence signal, as NADH is
released before the transesterification step.
Following selective excitation of Trp residues at 295 nm, the

fluorescence emission of NADHwasmeasured using a 395-nm
cutoff filter. Fast kinetic experiments were then carried out at
pH 8.2 and 30 °C in the presence of 500 �M CoA, 1 mM NAD,
and 0.05–0.5 M PPA. At 0.05 M PPA, the kobs value is already

FIGURE 3. Determination of the catalytic parameters for the acylation step of wild-type MSDH in the presence of PPA, under pre-steady-state
conditions. The appearance of NADH was selectively monitored using FRET on an SX18MV-R stopped-flow apparatus (Applied PhotoPhysics) at 30 °C. One
syringe is filled with 16 �N wild-type MSDH (expressed in subunit), 1 mM NAD, and 500 �M CoA (final concentrations), and the other one contained PPA at
various concentrations. Following selective excitation of Trp residues at 295 nm, the fluorescence emission of NADH was measured using a 395-nm cutoff filter.
Rate constants kobs were fit to Equation 1, which gave a kobs (max) of 340 � 20 s�1 and a Kapp for PPA of 0.15 � 0.02 M. The inset shows the results obtained in the
absence of CoA or desulfo-CoA.

TABLE 3
Kinetic parameters for the reactions catalyzed by the wild-type and
mutated MSDHs under steady-state conditions with PPA as substrate
Kinetic parameters were deduced from nonlinear least square regression of exper-
imental data sets, according to the Michaelis-Menten equation. All Km values were
determined at saturating concentrations of the other substrates, and kcat values are
expressed per active subunit (i.e. two active subunits per tetramer). The steady-state
initial rates of the reaction of wild-type and mutated MSDHs were measured at
30 °C in 50 mM potassium phosphate buffer (pH 8.2). Wild-type and mutated
MSDHs were preincubated with 2 mM NAD at 30 °C before kinetic measurements.
ND, not determined.

Km PPA Km CoA Km NADa kcatb kcat/Km CoA

mM �M �M s�1 M �1 s�1

Wild type 9.8 � 0.3 85 � 10 33 � 13 12.6 � 0.2 1.5 � 105
R124L 9.3 � 1.1 330 � 35 38 � 1 2.8 � 0.4 8.5 � 103
R301L ND �1000 ND �3 3.0 � 103c

a After dilution of the preincubated enzyme, the remaining NAD concentration
(2 �M) was taken into account for determination of the Km values.

b For all MSDHs, the rate-limiting step remains associated with the so-called
deacylation step (i.e. all the steps occurring after hydride transfer).

c This value is only an estimate, since the kinetic parameters cannot be determined
with accuracy due to lack of saturation with CoA.
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8-fold higher than the kcat value (i.e. 103 versus 12.6 s�1). A
substrate-saturating effect was observed, allowing determina-
tion of kobs (max) and Kapp values of 340 s�1 and 0.15 M, respec-
tively (Fig. 3 and Table 4). Thus, addition of saturating concen-
trations of CoA led to a 2.8-fold increase in kobs (max) and a
17-fold decrease in Kapp for PPA. Similar experiments were
performed in the presence of 1 mM NAD and 0.5 M PPA, with
CoA concentrations ranging from 0 to 500 �M, resulting in
determination of aKapp of 35 �M for CoA and a kobs (max) of 330
s�1 (supplemental Fig. S2). The CoA dependence of the acyla-
tion step was further supported by single turnover experiments
carried out in the presence of 1mMNAD, 0.05 M PPA, and 50 or
250 �M desulfo-CoA, which is a nonactive CoA analog. Under
these experimental conditions, accumulation of the thioacyl
enzyme was observed due to the very low steady-state rate,
which is now associated with the hydrolysis of the thioacyl
enzyme intermediate (i.e. 10�3 s�1). The kobs values of 45 and
96 s�1 are �9 and 19-fold higher than the kobs determined in
the absence of CoA, and 3.5- and 7.6 higher than the kcat value.
Clearly, a desulfo-CoA dependence of the acylation step was
also observed. Moreover, all the results showed that the rate-
limiting step takes place after hydride transfer and could be
associated with NADH dissociation, transthioesterification,
product release, or any potential isomerization steps.
As described earlier, the rate constant for NADH dissocia-

tion from the thioacyl enzyme�NADHcomplexwas determined
using LDH as an NADH-trapping system. The experiment was
performed at pH 8.2 and 30 °C under pre-steady-state condi-
tions in the presence of 1mMNAD, 0.5MPPA, and 50 or 100�M

desulfo-CoA. This yielded an apparent rate constant of 13 s�1
,

which is similar to the kcat value, irrespective of the desulfo-
CoA concentration used (supplemental Fig. S3). This result,
together with the kinetic data obtained under steady-state con-
ditions, showed the following: (i) NADH dissociation occurs
prior to transthioesterification, as already demonstrated for the
MSDH-catalyzed reaction in the presence of MMSA; (ii)
NADH dissociation is likely rate-limiting for the overall reac-
tion; and (iii) the catalytic efficiency (kcat/Km) of the thioester
exchange with CoA is high, i.e. at least 1.5 � 105 M�1 s�1.

The pH dependence of the acylation rate constant was deter-
mined in the presence of 1 mMNAD and saturating concentra-
tions of 500 �M CoA. To avoid any kac/K contribution in the
kac-pH profile, experiments were carried out at 0.5 M PPA,
whichwas shown to bemostly saturating (3-fold theKapp value)
over the full pH range (5.00–8.75). Formation of NADH was
measured bymonitoring the FRET signal using a 395-nm cutoff
filter. The pH-kac curve exhibited an increasing bisigmoidal
profile that can be related to the contribution of two ionizable
groups, one with a pKapp of 6.5 that must be deprotonated for
acylation and one with a pKapp of 7.9 whose deprotonation
increased the acylation rate by 1.9-foldwith rate constants kac (i)
of 176 s�1 and kac (max) of 330 s�1, respectively (Fig. 4). When
desulfo-CoA was used instead of CoA, the pH-kac curve exhib-
ited an increasing monosigmoidal profile that can be related to
the contribution of one ionizable group with a pKapp of 6.5 and
a rate constant kac of 160 s�1 (Fig. 4, inset).

Additionally, the pH dependence of the steady-state rate
constantwas determined at 30 °C in the presence of 1mMNAD,
50 mM PPA (5-fold the Km value), and 500 �M CoA. Analysis of
the pH-kss curve provided similar pKapp values to those
extracted from the pH-kac curve (i.e. 6.5 and 7.8), as well as a
kss (i) of 6 s�1 and kss (max) of 18 s�1 (Fig. 5). Differences in buffer
composition and ionic strength (0.15 M versus 0.06 M) likely
explain the slightly higher value of kss (max) (18 s�1) relative to
kcat (12.6 s�1).
R124L and R301L MSDHs—The kinetic parameters deter-

mined at pH 8.2 and at 30 °C under steady-state conditions are
summarized in Table 3. For R124L MSDH, the Km values for
NAD and PPA are similar to those of the wild-type enzyme,
whereas theKm forCoA is 3.9-fold higher and the kcat is 4.5-fold
smaller. Substituting Leu for Arg-301 led to a significant
increase in Km for CoA (at least 12-fold) that prevented accu-
rate determination of Km values for NAD and PPA. However,
the likely underestimated kcat value of 3 s�1 is in the same range
as that determined for R124LMSDH, and smaller by only 4-fold
relative to the wild-type MSDH.
Under pre-steady-state conditions, fast kinetic experiments

were carried out at pH 8.2 and 30 °C in the presence of 1 mM

NADand 0.05–1.4 M PPA. A linear dependence of the acylation
rate versus PPA concentration was observed up to 1.4 M, irre-
spective of themutatedMSDH. For R124L and R301LMSDHs,
k2 values of 110 and 114 M�1 s�1 were estimated that are �2.5-
fold higher than the k2 value of the wild-type MSDH (Table 4).
Moreover, the kobs value determined at 0.05 M PPA for R124L
MSDH is 2-fold higher than the kcat value (i.e. 5.5 versus 2.8
s�1). The kobs value for R124L MSDH supports a rate-limiting
step that occurs after the hydride transfer, although no defini-
tive conclusion can be made for R301L MSDH due to the fact
that the kcat value of 3 s�1 is likely to be an underestimate.

The fact that in the absence of CoA, the kobs was higher than
the kcat (at least for R124LMSDH) did not excludeCoAbinding
to the mutated MSDHs and therefore a kinetic effect of CoA
on the acylation step. To evaluate this assumption, fast kinetic
experiments were carried out on R124LMSDH in the presence
of 1mMNAD and 250 �MCoA, with PPA concentrations rang-
ing from 0 to 0.54 M. Under these experimental conditions, a
Kapp of 0.18 M for PPA and a kobs (max) of 110 s�1 were deter-

TABLE 4
Determination of the kinetic parameters of the acylation step for the
reactions catalyzed by wild-type, R124L, and R301L MSDHs with PPA
as substrate
Pre-steady-state measurements were performed at 30 °C in 50mM potassium phos-
phate buffer (pH 8.2) in the absence or the presence of CoA.Wild-type andmutated
MSDHs were preincubated with 2 mM NAD at 30 °C prior to making the kinetic
measurements. In the absence of CoA, the appearance of NADHwas monitored by
following the change in absorbance at 340 nm. The k2 values were obtained by linear
regression of kobs measured at subsaturating concentrations of PPA up to 1.4 M. For
the wild-type MSDH, the second-order rate constant k2 was obtained from
estimations of the Kapp and the kobs (max) values. In the presence of 500 �M CoA
(wild-type) or 250 �M CoA (R124L and R301L MSDHs), formation of NADH
was measured by monitoring the FRET signal using a 395-nm cutoff filter, upon
selective excitation of Trp residues at 295 nm. The concentration of PPA was
varied from 0 to 0.54 and 0 to 0.35 M for R124L and R301L mutants, respectively
(see supplemental Fig. S4).

�CoA �CoA
Kapp PPA kobs (max) k2 Kapp PPA kobs (max)

M s�1 M �1 s�1 M s�1

Wild type 2.6 � 0.6 120 � 20 36 0.15 � 0.02 340 � 20
R124L �3 110 0.18 � 0.03 110 � 7
R301L �3 114 0.16 � 0.05 117 � 16
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mined (supplemental Fig. S4). Therefore, binding of CoA leads
to a 5.5-fold increase of the second-order rate constant
kobs (max)/Kapp when compared with the k2 value determined in
the absence ofCoA. Similar experimentswere carried out in the
presence of 1 mM NAD and 0.54 M PPA with CoA concentra-
tions ranging from 0 to 400 �M. A Kapp of 90 �M for CoA was

determined, which is in the range of that found for the wild-
type MSDH (35 �M).

The kobs value determined at 0.05 M of PPA is�5-fold higher
than the kobs determined in the absence of CoA and 10-fold
higher than the kcat value (i.e. 29 versus �3 s�1). This latter
result confirmed that the rate-limiting step takes place after
hydride transfer as already shown for the wild-typeMSDH. For
the R301L MSDH, similar experimental conditions were used
except the concentration range of PPAwas 0–0.35M, yielding a
Kapp of 0.16 M for PPA and a kobs max of 117 s�1 (supplemental
Fig. S4). As observed for R124LMSDH, binding of CoA led to a
6.5-fold increase in the second-order rate constant kobs (max)/
Kapp relative to the k2 value determined in the absence of CoA.

Additionally, the rate constants for NADHdissociation from
the thioacyl enzyme�NADH complex were determined for
R124L andR301LMSDHs. The experimentswere performed at
pH 8.2 and 30 °C under pre-steady-state conditions and in the
presence of 1 mM NAD and 0.5 M PPA but in the absence of
CoA.Apparent rate constants of 12 and 8.4 s�1were assigned to
NADH release for R124L and R301L MSDHs, respectively
(curves not shown), in the range of that determined for the
wild-type MSDH. These rates are higher than the kcat values at
least for R124LMSDH (Table 3). Thus, it can be concluded that
the rate-limiting step for R124L MSDH and probably also for
R301L MSDH is associated with the transthioesterification
process. This finding is in accord with the fact that the kcat
values for R124L and R301L MSDHs with MMSA as substrate,
for which the rate-limiting step is likely associated with the
�-decarboxylation process, are at least 20-fold lower compared

FIGURE 4. pH dependence of the acylation rate kac for the wild-type MSDH-catalyzed reaction with PPA as substrate. Pre-steady-state data were
collected at 30 °C on an SX18MV-R stopped-flow apparatus (Applied PhotoPhysics) using the 20-�l cell, by rapidly mixing 16 �N wild-type MSDH, 1 mM NAD,
0.5 M PPA, and 500 �M CoA (final concentrations) over a pH range of 5.00 – 8.75 in buffer A. At pH values lower than 5, MSDH was not stable. Following selective
excitation of Trp residues at 295 nm, formation of NADH was measured by monitoring the FRET signal using a 395-nm cutoff filter. Each individual point is the
average of at least six measurements with an error of �5%. Experimental data (F) were fit by nonlinear least square regression analysis against a two-pKa model
which gave pKapp values of 6.5 � 0.1 and 7.9 � 0.3 with rate constants kac (i) of 176 � 28 and kac (max) of 330 � 16 s�1, respectively (solid line). The data do not
fit to a one-pKa model (dotted line). The inset shows the results obtained in the presence of 250 �M desulfo-CoA. Experimental data were fit by nonlinear least
square regression analysis against a one-pKa model, which gave a pKapp of 6.5 � 0.1 with rate constant kac of 162 � 2 s�1 (solid line).

FIGURE 5. pH dependence of the steady-state rate constant kss for wild-
type MSDH with PPA as substrate. The pH dependence of kss was studied at
30 °C over the pH range 5.0 –9.0 in buffer A. The remaining experimental
conditions were as follows: 1 mM NAD, 0.05 M PPA, and 500 �M CoA. Experi-
ments were done twice with experimental errors on the individual points �
5%. Data (F) were fit by nonlinear least square regression analysis against a
two-pKapp model that yielded pKapp values of 6.5 � 0.1 and 7.8 � 0.1, and rate
constants kss(i) of 6.0 � 0.7 s�1 and kss (max) of 18 � 0.2 s�1, respectively (solid
line). The data do not fit to a one-pKa model (dotted line).
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with those determinedwith PPA. The fact that the rate-limiting
step for wild-type MSDH with PPA is associated with NADH
release (12.6 s�1) supports an intrinsic rate of transthioesterifi-
cation that is at least 4-fold higher than that of R124L MSDH.
Finally, for the R124LMSDH, the pH dependence of the acy-

lation rate constant was determined in the presence of 1 mM

NAD, 0.5 M PPA, and 500�MCoA. As already described for the
wild-type MSDH, the formation of NADH was measured by
monitoring the FRET signal using a 395-nm cutoff filter. The
pH-kac curve exhibited an increasing bisigmoidal profile that
can be related to the contribution of two ionizable groups, one
of pKapp 5.7 that must be deprotonated for acylation and one of
pKapp 7.5 whose deprotonation increased the acylation rate by
1.5-fold with rate constants kac (i) of 67 s�1 and kac (max) of 92
s�1, respectively (Fig. 6). The pH dependence of the steady-
state rate constant was determined at 30 °C in the presence of 1
mM NAD, 0.05 M PPA, and 500 �M CoA. The pH- kss curve
exhibited a monosigmoidal profile showing dependence on the
contribution of one ionizable group of pKapp 6.8, and a kss (max)
of 1.3 s�1 (Fig. 7). Differences in buffer composition and ionic
strength likely explain why the kss (max) is half of the kcat value,
i.e. 2.8 s�1.

DISCUSSION

The kinetic mechanism of the CoA-dependent ALDH family
to which MSDHs belong was shown to be of ping-pong type
with NADH release preceding transthioesterification (5, 6).
However, theMSDH-catalyzed reaction also includes a supple-
mentary �-decarboxylation step that occurs before transthio-
esterification. Our recent mechanistic characterization of the
wild-type MSDH from B. subtilis showed that the �-decarbox-
ylation process is rate-limiting and occurs with formation of
bicarbonate. As discussed earlier, sequence alignments and

three-dimensional structure comparisons suggested that the
two invariant residues Arg-124 and Arg-301 in MSDHs, con-
tributed to the binding of MMSA through electrostatic inter-
action between the carboxylate and the guanidiniumgroups.This
assumption is supported by the kinetic parameters of the acy-
lation step for R301L, R124L, and R124L/R301L MSDHs.
Indeed, no saturating kinetic effect with respect to MMSA was
observed up to 12–16 mM, in contrast to the wild-type MSDH.
The second-order rate constant k2 is decreased by a factor of 55,
62, and at least 512 for R124L, R301L, and R124L/R301L
MSDHs, respectively. The magnitude of these decreases is
3–30-fold higher than that described for R124L GAPN (28). In
the case of MSDH, the decrease of k2 likely includes contribu-
tions from both Kapp and kobs (max). Therefore, Arg-124 and
Arg-301 participate not only inMMSA binding via a stabilizing
electrostatic interaction with the carboxylate but also likely in
positioning MMSA efficiently relative to Cys-302 within the
MSDH�NAD�MMSA ternary complex. From an evolutionary
point of view, it is interesting to note that such a stabilization
mode is not unique within the ALDH superfamily. Indeed, in
the succinate semialdehyde dehydrogenase, a member of the
hydrolytic ALDH family, the stabilization of the carboxylate
group of the substrate is mainly achieved through hydrogen
bonds with two arginine (Arg-213 and Arg-334) residues (29).
Although differing in position in primary structures, superim-
position of the GAPN, MSDH, and succinate semialdehyde
dehydrogenase active sites shows that Arg-213 andArg-334 are
structurally and functionally equivalents to Arg-124 and Arg-
301, respectively (not shown).
With the PPA substrate, no kinetic role of Arg-124 and Arg-

301 in the acylation process was expected due to the absence of
the carboxylate group. This assumption is supported by the
values of the second-order rate constant k2 of the acylation step
determined in the absence of CoA, which are similar for the
wild-type and the mutated MSDHs (i.e. 36, 110, and 114 M�1

s�1, respectively) and which are �104-fold lower compared
with that determined for the wild-type MSDH with MMSA as

FIGURE 6. pH dependence of the acylation rate constant kac for the R124L
MSDH-catalyzed reaction with PPA as substrate. Pre-steady-state data
were collected at 30 °C on an SX18MV-R stopped-flow apparatus (Applied
PhotoPhysics) using the 20-�l cell, by rapidly mixing 16 �N R124L MSDH
(expressed in subunits), 1 mM NAD, 0.5 M PPA, and 500 �M CoA (final concen-
trations) over a pH-range of 5.50 – 8.75 in buffer A. Following excitation at 295
nm, formation of NADH was measured by monitoring the fluorescence emis-
sion using a 395-nm cutoff filter. Each individual point is the average of at
least six measurements with an error of �5%. Experimental data (F) were fit
by nonlinear least square regression analysis against a two-pKa model, which
gave pKapp values of 5.7 � 0.1 and 7.5 � 0.2 and rate constants kac (i) of 67 � 4
and kac (max) of 92 � 2 s�1, respectively (solid line). The data do not fit to a
one-pKa model (dotted line).

FIGURE 7. pH dependence of the steady-state rate constant kss for the
R124L MSDH-catalyzed reaction with PPA as substrate. The pH depen-
dence of kss was studied at 30 °C over the pH range 5.00 – 8.75 in buffer A. The
remaining experimental conditions were as follows: 1 mM NAD, 0.05 M PPA,
and 500 �M CoA. Experiments were done twice with experimental errors on
the individual points �5%. Data (F) were fit by nonlinear least square regres-
sion analysis against a single pKapp model that yielded a pKapp of 6.8 � 0.1 and
a kss of 1.3 � 0.1 s�1 (solid line).
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substrate.Muchmore importantly, the kobs value determined at
50 mM PPA (i.e. a saturating concentration under steady-state
conditions) was 2.5-fold lower than the kcat value. This result
suggested that CoA binds to the wild-type MSDH prior to the
hydride transfer. Favoring this assumption is the fact that the k2
value for the acylation step determined in the presence of sat-
urating concentration of CoA is 72-fold higher than in the
absence of CoA. The increase of the k2 value is mainly due to a
Kapp effect for PPA, as it is decreased by a factor of at least 25.
This result suggests a higher affinity of the wild-typeMSDH for
PPA because of CoA binding. When CoA is bound, the Kapp of
PPA is only 40-fold higher than that forMMSA in the acylation
step. The stronger affinity with MMSA is likely due to stabiliz-
ing interactions between the carboxylate of MMSA and both
Arg-124 and Arg-301.
The R124L and R301L MSDHs also exhibited an increase in

k2 by factors of 5.5- and 6.5-fold, respectively, in the presence of
250 �MCoA. Again, as for the wild-typeMSDH, the increase of
the k2 value is mainly due to a Kapp effect for PPA, which
suggests a higher affinity of the mutated MSDHs for PPA.
These results, taken together, raise interesting questions as
to the nature of the molecular/structural factors that favor
the increased affinity of the wild-type, R124L, and R301L
MSDHs�NAD complexes for PPA in the presence of CoA. The
only information currently available on this issue is that
the thiol group of CoA plays no role because the kinetics of the
acylation step are similar when desulfo-CoA is used instead of
CoA. Substituting Leu for Arg-124 led to an increase of theKapp
and Km values for CoA by factors of 3 and 4, respectively. Con-
sidering the 4.5-fold decrease of the kcat value, the catalytic
efficiency of the thioester exchange with CoA (�8.5 � 103 M�1

s�1) is at least 17-fold decreased (�1.5 � 105 M�1 s�1 for the
wild-type MSDH). The Arg-124 probably favors an efficient
binding of CoAwithin the deacylation complex. This is likely to
also be the case for Arg-301 whose substitution by Leu leads to
an even more significant increase of the Km value for CoA.
In contrast to PPA, when MMSA was used as substrate, no

kinetic effect on the acylation step was observed for the wild-
type and R301L MSDHs when CoA was added. Therefore, two
alternatives are possible, either CoA binds but has no kinetic
effect on the rate of the acylation step or CoA does not bind.
Further information onCoAbinding to theMSDH�NADbinary
complex comes fromour earlier studies of the lag phase in enzy-
matic turnover (25). Indeed, we have shown that formation of
the MSDH�NAD binary complex elicits a slow conformational
reorganization within the active site of the wild-type MSDH.
The lag phase, which is eliminated when the wild-type and
R301LMSDHs are preincubated with NAD, also disappears for
R124L and R124L/R301L MSDHs but only when CoA is also
added. This supports CoA binding at a minimum to the R124L
and R124L/R301L MSDH�NAD complexes. Thus, for mutants
whereArg-124 is substituted by Leu, the lag phase is also a good
probe of the CoA binding to the enzyme�NAD complex. The
reasonswhyR124Lmutants behave differently fromR301L and
wild-type MSDHs remain to be explained.
Together, the kinetic data obtained in this study favor the

existence of two distinct binding sites for CoA and NAD in
contrast to the suggestion made in our previous paper that was

based on the hypothesis that the early release of NADH (i.e.
before transthioesterification) occurs because the NADH-
binding site partially overlaps the CoA-binding site.
The fact that with PPA as substrate CoA binds to wild-type

MSDH in the acylation step gave us the opportunity tomeasure
the pKapp of the thiol group of CoA in the acylation step. In the
absence of CoA, the obtained kac versus pH curve with PPA fits
to amonosigmoidal profile, yielding a pKapp of�6. This value is
similar to that previously found for the wild-type MSDH and
the quintuple Cys3 Ala mutant, in which Ala was substituted
for all the Cys residues, except for Cys-302, with MMSA as
substrate (25). Therefore, as already interpreted, the pKapp of
�6 corresponds to the pKapp of Cys-302. In the presence of
saturating concentrations of CoA, the pH-kac curve exhibits an
increasing double sigmoidal profile with two pKapp values of 6.5
and 7.9 (Fig. 4). The double sigmoidal profile is therefore rep-
resentative of two species of Cys-302 that participate in the
acylation process, i.e.Cys-302-S�/CoA-SHwith a kac of 100 s�1

and Cys-302-S�/CoA-S� with a kac of 330 s�1. Consequently,
the pKapp of 6.5 corresponds to Cys-302 and that of 7.9 can be
assigned to the thiol group of CoA. Indeed, when desulfo-CoA
was used instead of CoA (i.e. noCoA-SH species was present), a
monosigmoidal profile is observed with a pKapp of 6.5 (Fig. 4).

As NADH dissociation from the acylation complex was
shown to be rate-limiting, it was not possible to determine the
pKapp of the CoA within the deacylation complex. The picture
is clearly different for at least R124LMSDH for which the rate-
limiting step is now associated with transthioesterification.
From the pH-kac curve obtained for R124L MSDH in the pres-
ence of CoA (Fig. 6), two pKapp values of 5.7 and 7.5 were
extracted, which can be assigned to Cys-302 and CoA, as
already proposed for the wild-type MSDH. The fact that a
monosigmoidal profile was obtained for the pH-kss curve (Fig.
7) with a pKapp of 6.8 suggests a similar pKapp for both Cys-302
and CoA. Alternatively, the pKapp of 6.8 corresponds only to
that of CoA. In any case, the pKapp values show that the CoA is
more activated in the deacylation than in the acylation com-
plex, consistent with the requirement for it to efficiently attack
the thioacyl enzyme intermediate. Presumably, the change in
pKapp between the two complexes arises fromdifferences in the
local environment or precise positioning of the thiol of CoA. In
addition, the k2 (kcat/Km) values for the MSDH thioester
exchange with CoA are �104- and 103-fold higher for the
wild-type and R124L MSDHs, respectively, when compared
with the second-order rate constant k2 for the attack of the
mercaptoethanol anion (which has a pKapp value of 9.6 (30)
similar to that of CoA), on a nonactivated thiol ester, i.e. 12 M�1

s�1 (31). Among the different factors that can explain such
differences, a major one should be CoA binding to MSDH that
likely optimizes the positioning of CoA relative to the thioacyl
enzyme intermediate and thus favors a significant decrease of
its pKapp.
In conclusion, Arg-301 andArg-124 are essential in the bind-

ing of MMSA via stabilizing interactions with the carboxylate
group. The use of PPA has permitted us to show that the CoA
also binds to the acylation complex and therefore to a site dis-
tinct from that of NAD. The catalytic efficiency of the MSDH
thioester exchange with CoA is at least 104-fold increased com-
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pared with the second order-rate constant k2 for the attack of
the mercaptoethanol anion on a nonactivated thiol ester. This
difference in reactivity is the consequence of the binding of
CoA to MSDH, which likely optimizes the positioning of CoA
relative to the thioacyl enzyme intermediate and consequently
favors a significant decrease of�3 units of the pKapp of the thiol
of CoA. The results obtained in this study leave some questions
opened. For example, as the NAD- and CoA-binding sites do not
overlap, the CoA-binding site remains to be characterized. In this
context, the resolution of the three-dimensional structure of a ter-
naryMSDH�NAD�CoA complex would be informative.
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