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ABSTRACT. Nonphosphorylating nicotinamide adenine dinucleotide (phosphate)- [NAD(P)-] dependent
aldehyde dehydrogenases share a number of conserved amino acid residues, several of which are directly
implicated in catalysis. In the present study, the role of Glu-268 from nonphosphorylating glyceraldehyde-
3-phosphate dehydrogenase (GAPN) frBtreptococcus mutangas investigated. Its substitution by Ala
resulted in &k., decrease by 3 orders of magnitude. Pre-steady-state analysis showed that, for both the
wild-type and E268A GAPNSs, the rate-limiting step of the reaction is associated with deacylation. The
pH dependence of the rate of acylation of wild-type GAPN is characterized by the contributions of distinct
enzyme protonic species with twdKgs of 6.2 and 7.5. Substitution of Glu-268 by Ala resulted in a
monosigmoidal pH dependence of the rate constant of acylation wiky, afi6.2, which suggested the
assignment of I, 7.5 to Glu-268. Moreover, the E268A substitution did not significantly affect the
efficiency of acylation of GAPN, showing that Glu-268 is not critically involved in the acylation, which
includes Cys-302 nucleophilic activation and hydride transfer. On the contrary, the drastic decrease of
the steady-state rate constant for the E268A GAPN demonstrated the essential role of Glu-268 in the
deacylation. At basic pH, the solvent isotope effect of 2.3, characterized by a urqué p.7, and the
linearity of the proton inventory showed that the rate-limiting process for deacylation is associated with
the hydrolysis step and suggested that the glutamate form of Glu-268 acts as a base catalyst in this process.
Surprisingly, the double-sigmoidal form of the pidteady-state rate constant profile, characterized by
pKa values of 6.1 and 7.4, revealed the high efficiency of the deacylation even at pH lower than 7.4.
Therefore, we propose that the major role of Glu-268 is to promote deacylation through activation and
orientation of the attacking water molecule, and in addition to act as a base catalyst at basic pH. From
these results in relation to those recently described [Marchal, S., and Branlant, G. BIS&I®mistry

38, 12950-12958], a scenario for the chemical catalysis of GAPN is proposed.

NAD(P)!-dependent aldehyde dehydrogenases (ALDH) potential isomerization step. The fact that most ALDHSs
catalyze the oxidation of a wide variety of aldehydes into studied so far show high catalytic efficiency implies pre-
acidic compounds via a two-step chemical mechanism. First, requisites with respect to the chemical catalysis. First, the
the acylation step involves the formation of a covalent essential Cys should be both accessible and in the thiolate
thiohemiacetal intermediate, which precedes the oxidoreduc-form to efficiently attack the aldehyde group at a physio-
tion process that leads to a thioacyl intermediate and logical pH. Given the K, of a free thiolate residue, i.e., 8.9,
NAD(P)H. Second, the deacylation step includes the attack this implies that the protein environment of the catalytic site
of a water molecule on the thioacyl intermediate, release of is designed so that the essential Cifs is decreased, thereby
the acid product and of the reduced cofactor, and any increasing the nucleophilicity of this group at a neutral pH.
Second, the hydride transfer from the hemithioacetal inter-
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Scleggfr'ﬁe‘é% fﬁcﬂﬁgiﬁﬂﬁr?%?&?szg'Bﬁgg‘%y, fléwss agzor  the cofactor should also be activated. Third, the nucleophilic
20 93, e-mail guy.branlant@maem.uhp-nancy.fr. character of the water molecule involved in the deacylation

1Abbreviatiogs: IALDHl,da:fi%hyde gehyﬁrogenase; D,L;jGSP and step must be strongly enhanced. Additionally, the different
D-G3P,p,L- and p-glyceraldehyde 3-phosphate; E268A and E268Q: ; ; il

GIu-268 - Ala and Glu-268 - Gln mutants of GAPN: GAPDH, ~ termediates should be stabilized. N
phosphorylating glyceraldehyde-3-phosphate dehydrogenase; GAPN, Several invariant residues have been shown to be critical
nonphosphorylating glyceraldehyde-3-phosphate dehydrogéagesed for the chemical mechanism of ALDHSs. In particular, Cys-

kss measured acylation and steady-state rate constagtand k™, : :
intermediate and maximum pH-independent acylation rate constants;302 has been shown to act as the essential nucleophile by

ksd andks™ intermediate and maximum pH-independent steady-state Site-directed mutagenesis, ). Substitution of Glu-268 by

rate constants; NAD(P) and NAD(P)H, nicotinamide adenine dinucle- either Ala (for Vibrio harveyi ALDH) or Asp or Lys (for
otide (phosphate), oxidized and reduced forms; pL, pH or pD; SIE, ¢|5355 2 human ALDH) results in a decrease ofihevalue
solvent isotope effect; TEN-[tris(hydroxymethyl)methyl]-2-amino- .

ethanesulfonic acid; MES, N¢morpholino)ethanesulfonic acid; Tris, for the ALDH-catalyzed reaction by at least 2 orders of

tris(hydroxymethyl)aminomethane. magnitude without any change in the apparkgt values
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for substrates and cofactor8, (4). These mutations also For each enzyme, the multiple data sets were analyzed by
suppressed the pre-steady-state burst of NAD(P)H observeddouble-reciprocal plots of initial velocitiesagainst NADP

on the wild-type enzymes. This result was interpreted as Glu- concentrations. Data were then fitted from replots of slopes
268 playing a role in promoting the nucleophilicity of Cys- from the initial plots vs reciprocal D-G3P concentration (low
302 rather than being only involved in the deacylation and range [D-G3P]) or D-G3P concentration (high range [D-G3P])
hydride transfer step$8). More recently, evidence was put and of 1/ axis intercepts vs reciprocal D-G3P concentration,
forward for the chemical activation of essential Cys-302 upon according to the appropriate rate equation described by Segel
cofactor binding to nonphosphorylating glyceraldehyde-3- for a general sequential mechanism with competitive sub-
phosphate dehydrogenase (GAPN) fr8tneptococcus mu-  strate inhibition 6). In this mechanism, NADP acts as the
tans(5), a member of the ALDH family close to the class 2 first-binding substrate and D-G3P acts both as the second-
mammalian enzymes. Specifically, it has been shown thatbinding substrate and as a competitive inhibitor:

cofactor binding causes a strong increase of the reactivity

of Cys-302, associated with &p shift from 8.5 to 6.1. v _
Moreover, deprotonation of the side chain of an amino acid V4,
with apparent g, 7.6 appears to increase the reactivity of [A][B]

Cys-302 by a factor of 3 at a high pH. B] B]

In the present study, the kinetic properties and the rate- KoK (1 + _)+ Ky [B] (1+_) + Ky [A] +[A][B]
limiting steps of both the wild-type and E268A mutant 8 Ki A Ki 8
GAPNs are described. The pH dependencies of the steady- (1)
state rate constant and of the rate of the acylation step and
the solvent isotopic effect on steady-state rate constant arévherev is the initial velocity Vmaxis the maximum velocity,
also reported. Interpretation of this set of results participatesA and B represent NADP and D-G3P, respectivély, and
in the assignment of the apparerp7.6 to the Glu-268 Kwmg stand for the Michaelis constants for NADP and D-G3P,
side chain both in the binary and in the ternary complexes. respectivelyKp is the NADP dissociation constant, aKd
We also propose that in GAPN the major role of Glu-268 is is the D-G3P substrate inhibition constant. The catalytic
to orient and activate the water molecule involved in the constant per enzyme sitk., for each species is deduced
deacylation. In addition, we conclude that Glu-268 has no by dividing Vmax by the enzyme normality.
essential role in the catalysis of the acylation step. From these PH StudiesThe pH dependence of the observed steady-
results and interpretations in relation with other published State rate constahts was studied over the pH range-8.5
kinetic data on class 2 ALDH, we propose a scenario for With @ mixed reaction buffer consisting of 120 mM Tris, 30

the chemical catalysis of GAPN. mM imidazole, and 30 mM acetic acid (pH set with NaOH
or HCI), adjusted wh 3 M NaCl to a constant ionic strength
MATERIALS AND METHODS of 0.15 M, corresponding to the optimum value for the wild-
Materials. Wild-type and E268A mutant GAPN were type enzyme. The data were expressed as initial rate constant
produced and purified as already describ&). GAPN kssper enzyme site. The appareiitparameters governing

concentration was determined spectrophotometrically as thethe PH dependence of steady-state (subscript ss) and pre-
apo form by using a molar extinction coefficient of 2.64  Steady-state (subscript ac, see below) rate constants were
as tetramer (molarity, M) or monomer (normality, N) €guations:
concentration. All other materials were reagent-grade or

better and were used without further purification. NAD(P) k= kmaX; (2)

(Boehringer, Mannheim) was dissolved in@{and the stock 1+ 10PKaPH)

concentration was determined spectrophotometrically by

using a molar extinction coefficient of 18 000 fcm™. for one-fK; profiles, where&k™ represents the maximum pH-

D,L-G3P or D-G3P (Sigma, St. Louis, MO) was hydrolyzed independent rate constant, and

from D,L-G3P diethyl acetal or from D-G3P diethyl acetal, _

respectively, according to the manufacturer and enzymatically K= K- 10(”'(17"'(2’) n Kmax

titrate_d with GAPN. B 1+ 10(pK17pH))(1 + lO(prpKz)) 1 + 10fPK2—PH)
lonic strengths were deduced from conductance measure- (3)

ments on a Meterlab CDM 210 conductivity meter calibrated

by NaCl solutions in the ©0.3 M concentration range. for two-pK, profiles, wherek and k™ represent the

Steady-State Kinetic Analysdsl assays were carried out  characteristic pH-independent rate constants for two distinct
on a Kontron 933 spectrophotometer, following the appear- enzyme forms: one “intermediate” species characterized by
ance of NADPH at 340 nm. The reaction was performed in a deprotonated group wittKg and a protonated group with
a 1 mL, 1 cm light path OS cuvette maintained at a pK; and one “maximum” with both groups deprotonated,
temperature of 25C by use of a circulating water bath. respectively, with the assumption that the acidic form does
Initial velocity patterns for the wild-type and mutant enzymes not display any activity. In this analysis, the additive
were obtained over the appropriate range of NADP concen- contributions of the intermediate and maximum species to
trations (16-500 uM) at a series of fixed levels of D-G3P  the observed rate are given by the first and second terms of
under the following conditions: 50 mM TES/NaOH buffer, eq 3, respectively. In the present work an error structure of
pH 8.5, and 5 mM3-mercaptoethanol (ionic strength 0.05 constant relative error was assumed and weighting factors
M). were inversely proportional tk? (7).



Chemical Mechanism of GAPN

Deuterium Isotope Effect3.o determine solvent isotope
effects (SIE), the trisimidazole-acetic acid/NaCl buffer
(see above) was lyophilized and redissolved WODThe
pD of the reconstituted f© buffer was checked with a
common glass electrode after correction of the observed pH
meter reading according to the following relation to account
for the isotope effect: pB= observed pH-meter reading
0.4 ®). A shift of 0.5 pH unit was observed for the same
buffer composition dissolved in @ and HO. All reactant
solutions were freshly prepared in,@. No difference in
GAPN UV spectra were detected betweepODand HO
solutions. No change in activity was observed after incuba-
tion in D,O buffer up to 12 h. Initial rate measurements were
performed at 25°C over a pD range of 59.5 under the
following optimum conditions: 1 mM NADP and 0.2 mM
D-G3P. Control experiments were repeated in the same
conditions, all reactants and buffer being reconstituted in
H,O. The similarity of the apparenq shifts of the pl—Kss
profile (L = H or D) in D,O vs K0 (i.e., 0.5 pH unit) and
of the pL shift for the same buffer composition ensured that
equivalent pL conditions were met for GAPN. The SIE on
kss Ksd2C/ks P20, was plotted as a function of the pH value.
The apparentlg, parameter that governs the pH dependence
of ksd'29/ksL22° was then deduced from fitting experimental
data to:

kSHZO)max
S
T
ke?® 1+ 10PH P

HO
S

(4)

where kd20/ksL20)m3x s the maximum observed SIE.
Proton inventories were performed at 256 and pD=

8.5 for the wild-type and E268A mutant GAPN, by measur-

ing the isotope effect in ED/H,O mixtures. With the

assumption that the fractionation factors of protons in the

ground state were close to 1, plots of the measured kinetic

SIE ke/ksP2° vs D,O mole fraction X) were fitted according

to the simplified GrossButler equation 9):

Kse
DO
S

H,0
S

D,0
S

(1= X+ %) x .. x (1= X+ P1"%)
(5)

thereby allowing the extraction of the numbay ¢f protons
participating in the observed process with fractionation
factors ofgt" in the transition state.

Pre-Steady-State Kinetic Measuremee-steady-state
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Ficure 1: Initial velocity patterns for the wild-type GAPN-
catalyzed reaction. The appearance of NADPH was followed at
340 nm under steady-state conditions at°’@5and pH 8.5 in 50
mM TES buffer and 5 mM3-mercaptoethanol. Enzyme concentra-
tion was 12 nN. Double-reciprocal plots of initial rates vs NADP
concentrations (symbols) and best linear fits (lines) were obtained
over a low [D-G3P] range (solid symbols and line®) R0 uM,

() 40 uM, (A) 60 uM, (¥) 80 uM, (®) 100 uM, (®) 120 uM,

and (solid hexagon with open plus) 140/; and over a high
[D-G3P] range (open symbols, dotted lines), (open hexagon with
solid plus) 16QuM, (O) 180 uM, (<) 200uM, (V) 400uM, (A)
600uM, (O) 800uM, and ©) 1 mM. The solid arrow shows the
decreasing behavior of linear regression slopes vs low [D-G3P].
Note the solid lines intersecting at the left of the &xis. The dotted
arrow shows the increasing behavior of linear regression slopes vs
high [D-G3P]. Note the dotted lines intersecting on the &xis.

75 100 125

was set up with one syringe filled with wild-type or E268A
enzyme (16uN final concentration after mixing) and the
other one containing NADP (saturating concentration of 1
mM after mixing) and a range of D-G3P concentrations. The
continuously measured absorbance was digitized and directly
analyzed as the sum of exponential and linear components
with the biokine program employing nonlinear regression
analysis. Analyses were carried out with the minimum
number of phases necessary to fit the experimental time
courses without systematic deviation. An average of five runs
was recorded to perform kinetic analysis at each pH. The
pH dependencies of exponential rate constants were analyzed
as described in steady-state methodskigrs pH profiles.

RESULTS

Kinetic Mechanism of GAPN under Steady-State Condi-
tions. Since NADP and G3P are both substrates of GAPN
and an inhibitory effect had been observed at high G3P
concentrations, determination of true kinetic constants and
of optimum conditions for the GAPN-catalyzed reaction

kinetic analyses of wild-type and mutant GAPN were carried required full analysis of the kinetic mechanism. Therefore,
out on a SFM 3 Biologic Instruments stopped-flow apparatus the steady-state bisubstrate mechanism of wild-type and
(Biologic, Grenoble, France) with a tungsten lamp and slit mutant GAPNs was studied at pH 8.5 and temperature 25
of 5 nm as light source, equipped tvia 1 cmlight path TC °C according to the method of Segé).(As a preliminary,
100-10 observation cuvette. As for steady-state kinetics, timeenzyme activity measurements with either D,L-G3P or
courses for the reaction of each enzyme with D-G3P and D-G3P showed that both enantiomeric forms behaved as
NADP were followed by the appearance of NADPH moni- equally efficient substrates for wild-type GAPN. The natural
tored at 340 nm, at a constant temperature ofCpQover form, D-G3P, was used in subsequent mechanistic studies.
the pH range of 59.5. The pH was set by a series of low A representative data set for wild-type GAPN is presented
ionic strength (0.08 M, adjusted with NaCl) single buffers in Figure 1 as double-reciprocal plots of initial rates vs
over the low-pH range (50 mM MES/NaOH buffer, 50 NADP concentration. According to Seged){( linearity of

pH < 6.5), intermediate-pH range (50 mM TES/NaOH the plots at each D-G3P concentration, the reverse depen-
buffer, 6.7 < pH < 8.0), and high-pH range (50 mM Tris-  dence of the slopes on D-G3P concentration in the low range
HCI buffer, 8.2< pH < 9.5) (see Results). The experiment (0.04-0.20 mM, solid lines), and convergence of the lines
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Table 1: Kinetic Parameters of the Wild-Type and E268A mutation results in a 1000-fold decrease of the catalytic
GAPN-Catalyzed Reactions constantka from 60 to 0.06 s*.
NADP D-G3P Evidence That the Rate-Limiting Step of the Wild-Type
Keat(SD) K (iM) Ko (uM) Ku (uM)  K; (M) and Mutant GAPN-Catalyzed Reaction is Associated with
Deacylation.Following the appearance of NADPH at 340
GAPNwt 60+ 1 2542 21+01 46+1 540+20 e o
E268A  0.06+001 252 24+01 51+1 540+ 20 nm under pre-steady-state conditions by fast kinetic methods
mutant allows one to easily identify the major rate-limiting segment

aKinetic parameters were deduced from nonlinear regression of of the_reactlo_n: if the rate 9f NADPH production, which is
experimental data sets equivalent to Figure 1, according to eq 1 (seeaSSOC|at_ed with the acylation, is faster than the subsequent
Materials and Methods). The steady-state initial rates of the reaction deacylation phase, then a burst of reduced cofactor produc-
of 12 nN wild-type and 3N E268A GAPNs were measured at 25 tion could be monitored kinetically. Consequently, the rate-
in 50 mM TES buffer, pH 8.5, and 5 mig-mercaptoethanol atalow  |imiting process can be associated with deacylation.

ionic strength of 0.08 M.

Preliminary experiments conducted at pH 6.0,°25 and
ionic strength of 0.15 M already suggested such behavior
for both enzyme species. For the wild-type enzyme at a basic
pH, however, both phases appeared to be too fast to be
clearly resolved. To achieve adequate resolution for kinetic
analyses through the full pH range (59.5), the temperature
and ionic strength conditions were lowered to D and

.08 M, respectively. This combination resulted in a suf-
icient decrease of the rate of both phases to allow observa-
{i’on and kinetic resolution. For example, at basic pH, wild-
ype GAPN showed a fast process with rate constant of 210
s 1, followed by a 10-fold slower phase of 22'Table 2).
'Under these conditions at all pH values tested, the pre-steady-
state kinetics of the reaction catalyzed by wild-type and
E268A mutant GAPN consisted of a single-exponential burst
of NADPH production, the amplitude of which corresponds
to 4 mol/mol of tetrameric enzyme, followed by a slower
Yinear phase. These observations supported that the global

ester substrate-nitrophenylacetate on apo-GAPN, while deacylation step was rate-limiting for the catalyzed reaction

D-G3P did not significantly affect this rate (data not shown), at 10°C and 0.08 M ionic strength.
which constitutes another piece of data in support of the PH Dependence of the Acylation Step Rate Constaune.
ordered mechanism with NADP binding first. to D-G3P competitive inhibition, optimal activity conditions
Table 1 summarizes the kinetic parameters deduced from(0-2 MM D-G3P) do not correspond to strictly saturating
the analysis of such data sets according to eq 1 for the wild- concentrations. In these conditions, iaevs pH curve could
type and E268A mutant enzymes. This method not only thus include &./Ky contribution. Furthermore, the apparent
allows the determination dfy, values for NADP and D-G3P, ~ Km for D-G3P in the steady-state and pre-steady-state
25 uM and 46uM, respectively, for wild-type GAPN, but ~ €xperiments might differ from each other. Therefore, the
also of the NADP dissociation constant, M, and of the ~ dependence of the pre-steady-state rate constant on D-G3P
D-G3P inhibition constant, 540M, for wild-type GAPN. concentrations (0.075, 0.1, 0.2, and 0.4 mM) was measured
Very similar values were obtained for the mutant. Optimum Over the pH range of 5:09.0. Indeed, double-reciprocal
activity conditions were observed at 1 mM NADP and 0.2 Velocity plots yield an apparerky value of ca. 50Q:M,
mM D-G3P. distinct from the steady-state value, although independent
While the substitution of Glu-268 by Ala has nearly no Of the pH within experimental error. A strong substrate
effect on the substrate and cofactor parameters, this mutatiorinhibition is observed for [D-G3P} 0.2 mM.
strongly affects the rate of the GAPN-catalyzed reaction. At As far as [, titration is concerned, although differing in
pH 8.5, 25°C, and ionic strength of 0.08 M, the E268A amplitude, all pH-k, profiles are similar within experimental

through a common point to the left of thevlaxis are
consistent with an ordered sequential or rapid equilibrium
random mechanism. As the fixed D-G3P concentration
increases to the higher range (8832 mM), the family of
reciprocal plots remains linear (dotted lines), although they
intersect on the 1/axis, with slopes increasing with the
substrate concentration. These data rather support an ordere,
sequential mechanism, with NADP acting as the first-binding
substrate and D-G3P as the second-binding substrate, an
D-G3P behaving as a competitive substrate inhibitor. Such
a conclusion was further supported by previous experiments
which used protein fluorescence quenching to probe the
conformational change leading to the catalytically competent
form of GAPN (). They showed that GAPN was able to
bind NADP with high affinity in the absence of D-G3P. In
addition, one can also take advantage of the esterase activit
of GAPN: only NADP activated the acylation rate of the

Table 2: Parameters for the pH Dependencies of GAPN Pre-Steady-&tat&teady-State Kinetits

acylatiort steady state
pK1 pK2 kacI (S_l) Kadmax (5_1) pK1 pK2 kssi (5_1) Kednax (5_1)
wild-type GAPN 6.2+ 0.1 7.5+ 0.1 52+ 7 210+5 2242¢
6.1+ 0.1 7.4+0.2 23+ 3 68+ 3
E268A mutant 6.2£ 0.1 49+ 1 NDd ND ND ND

a pK, andka™* values were deduced from nonlinear regression of Figure 2 experimental data collecté€ad1B M ionic strength, and 0.2
mM D-G3P, according to eq 2 or 3 (see Materials and Methods). Other experimental details are given in the legend of Ftfuran?lke"*
values were deduced from nonlinear regression of Figure 3 experimental data collecté€adrbionic strength of 0.15 M according to eq 2 or
3 (see Materials and Methods). Other experimental details are given in the legend of Figure 3. At least two independent determinations were
performed to determine each constdrteady-state rate constant of the wild-type reaction measured®& 40d ionic strength 0.15 M.ND, not
determined.
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Ficure 2: Representative pH dependence of the acylation rate )

constantk,. for the GAPN-catalyzed reaction. Pre-steady-state FIGURE 3: Representative pH dependence of the steady-state rate
exponential burst of NADPH production was followed at 340 nm constant for wild-type and E268A GAPN-catalyzed reactions. The
at 10°C on a stopped-flow apparatus, by rapidly mixing A8 oxidation of 0.2 mM D-G3P in the presence of 1 mM NADP was
enzyme, 1 mM NADP, and 0.2 mM D-G3P (final concentrations). Mmonitored by the appearance of NADPH at 340 nm at@5The

pH was set by a series of buffers at a constant ionic strength of PH was set by a series of mixed buffers, 120 mM Tris-HCI, 30
0.08 M. Wild-type experimental data®] were analyzed by =~ MM imidazole, and 30 mM acetic acid at constant ionic strength

nonlinear regression against eq 3, identified by a best fit theoretical 0f 0.15 M. Experimental data for the wild typ®) were analyzed
curve (solid line). The contribution of each of the protonic states by nonlinear regression according to eq 3, identified by best-fit
to kao provided by the individual terms of eq 3, is represented by the_oretlcal curves (s_olld Ilne)._ The contrlb_utlpr_l of each individual
the dashed curves. The inset shows the corresponding profileactive protonic species, provided by the individual terms of eq 3,
obtained by extrapolation of the rate at saturating D-G3P concentra-iS represented by the dashed curves. The inset shows the corre-
tion at each pH value. E268A experimental dadWere analyzed sponding profile obtained by extrapolation of the rate at saturating

by nonlinear regression against eq 2, identified by best-fit theoretical D-G3P concentration at each pH value. Open cirg@srépresent
curves (solid line). experimental data for the E268A mutant, for which no fitting was

possible (see text).
error, including the one resulting from the extrapolation of
the rates at saturating D-G3P concentration. Therefore, thethe rates at saturating D-G3P concentration. Therefore, the
curve obtained at 0.2 mM D-G3P was kept as a representativecurve obtained at 0.2 mM D-G3P was kept as a representative
of the experiment. Figure 2 and its inset show the pH of the experiment. For wild-type GAPN, the overall pK;s
dependence of the burst rate constapat 0.2 mM D-G3P profile obtained at 0.2 mM and extrapolated to saturating
and of the extrapolated rate constant at saturating D-G3P[D-G3P] (Figure 3 and inset, respectively) appear very
concentration for wild-type GAPN, respectively. Both curves similar to theksc vs pH curve (Figure 2). This similarity is
exhibit an increasing double-sigmoidal profile that is ad- confirmed by the analysis of the experimental data according
equately described by the contribution of two ionizable to eq 3, which provides similar apparer{gvalues of 6.1
groups, one of apparentKp 6.2 + 0.1 that must be =+ 0.1 for a group that must be deprotonated for activity and
deprotonated for acylation and one of apparefs p.5 + pKa 7.4+ 0.2 for a group whose deprotonation leads to the
0.1 whose deprotonation activates acylation by 4-fold (sum- replacement of a species with characterikticof 23 s by
marized in Table 2). Consequently, aside from a nonreactivea basic species characterized by & of 68 st at 0.2 mM
acidic form, two species must be considered to participate D-G3P (see decomposition of the curve Figure 3). Differ-
in the acylation step, an intermediate form with characteristic ences in buffer composition and ionic strength (0.15 M vs
acylation rate constart{ of 52 st and a basic form with ~ 0.08 M) explain the shift betwedgd"® (68 s1) andkga (60
optimum acylation rate constakt"® of 210 s* at 0.2 mM s 1) values. Much lower relative variations were obtained
D-G3P (see decomposition of the curve in Figure 2 and Table for the E268A mutant, for which thkss constant fluctuates
2). In contrast, as apparent in Figure 2, analysis of the between 0.03% at pH 6.2 and 0.0873 at basic pH (Figure
corresponding profiles for the E268A mutant enzyme reveals 3). Given the magnitude of thes changes for this mutant,
that only the deprotonation of one group with an apparent no pK, parameters could be determined precisely.
pKaof 6.2+ 0.1 is required to accurately fit the experimental ~ Sobent Deuterium Isotope EffectSeveral individual
data. In this case, the reactive basic species acylates with @rocesses could be considered to be associated with deacy-
rate constant value of 495(Table 2). lation, which has been assigned as the rate-limiting step of
pH Dependence of the Steady-State Rate Congtarfor the GAPN-catalyzed reaction: hydrolysis of the thioacyl
the pre-steady-state experiments, to circumvent possibleintermediate, possibly including the formation and the
misinterpretations due to D-G3P competitive inhibition, the breakdown of the tetrahedral intermediate, release of the
dependence of the steady-state rate constant on D-G3Rproduct, release of the reduced cofactor, and any potential
concentrations (4.5, 20, 45, 100, and 200) was measured  isomerization step. To establish whether the rate-limiting step
over the pH range of 5:09.5. No change in the apparent was associated with a proton-transfer process, we studied
Kwu value (65uM) was observed as a function of pH. Again, the SIE of DO on the steady-state rate constant of the
as far as [, titration is concerned, although differing in  GAPN-catalyzed reaction as a function of pH (Figure 4).
amplitude, all pH-kssprofiles are similar within experimental ~ Substituting DO for H,O results in a (2.3t 0.1)-fold
error, including the one resulting from the extrapolation of decrease in wild-type GAPK;srate constant measured at a
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protons were considered to be transferred in the rate-limiting
process, the best fit was obtained for equivalent protons with
¢t of 0.5. Forn = 3, fitting our experimental data could not
lead to a definitive distinction between equivalent or non-
1.8 + 1 equivalent protons.

Q
=6 ] DISCUSSION
12

? Investigation of the chemical mechanism of aldehyde
' dehydrogenases relies on the possibility of resolving at least
12 T ] both main steps of the reaction, the acylation and the
deacylation. In that regard, the GAPN enzyme appears as a

1.0 7 1 fine mechanistic model: we show that, for both the wild-
‘ ‘ ‘ ‘ type and the mutant enzymes studied, conditions can be

6 7 8 ? found such that acylation and deacylation are kinetically
pH resolved, and that under all steady-state conditions, the

Ficure 4: pH dependence of the solvent kinetic isotope effect on deacylation is the rate-limiting step for the whole reaction.

the steady-state rate constant. Experiments were conducted undefhis gllowed us to study the effect of pH and of active-site

conditions as in Figure 3, after reconstitution of the lyophilized . Y .
buffer either in DO or in H,O, in conditions of equivalent pL (see residue Glu-268 substitution on both phases of the reaction,

text). Apparent f. value of 7.7+ 0.1 and pH-independent including solvent isotope effect on the deacylation step.
maximum isotope effect at basic pH of 2430.1 were deduced GAPN Glu-268 Is Not Critically Inolved in Acylation.
from the best fit against eq 4 (solid line). Study of the rate of acylatioky. as a function of pH is used
to reveal ionizations that control the rate-limiting step leading
to the formation of NADPH. As illustrated by the curve
decomposition in Figure 2, two wild-type enzyme species
acylate efficiently from pH 5 to 9, with two apparenkKyp
values of 6.2 and 7.5. TheseKp could correspond to
ionizations of enzyme residues, of D-G3P thiohemiacetal
intermediate groups (C-1 hydroxyl or phosphate), or of the
NADP within the ternary complex. Substitution of Glu-268
by Ala results in simplification of the pHk, curve to a
2 monosigmoidal profile characterized by 4of 6.2 (Figure
© 2). This supports the assignment of the 7i& o the Glu-
" \@\\g 268 side chain, as already postulat&)l However, other
' 1 hypotheses could be raised regarding the assignment of the
00 02 04 06 08 1.0 7.6 K, It could represent the ionization of the Glu-268 via
X the relay of the side chain of another amino acid with no
FIGURE 5: Proton inventories for deacylation of GAPN-catalyzed detectable K, It could also correspond to theKp of the
reaction at pH 8.5. Wild-type @) and E268A mutant @)  side chain of another amino acid whos&apwould be
experimental data were analyzed from nonlinear regression of initial controlled by Glu-268. However, the recent determination
velocity data to eq 5. Standard error on each experimental point S "
was less than 2%. The solid lines represent the best-fit theoreticalOf a crystal structure of GAPN that mlmlcked a transition
curves.x is the DO mole fraction. state (Cobessi et al., submitted for publication) supports the
assignment of the 7.5q3 to Glu-268. Most importantly, the
basic pH (at 0.2 mM D-G3P and 1 mM NADP), which high efficiency of acylation of E268A mutant GAPN, which
decreases to 1.1 at an acidic pH in a sigmoidal manner.is not rate-limiting over the full pH range, demonstrates that,
Analysis of these data according to eq 4 reveals the in GAPN, Glu-268 is not critically involved in the catalysis
involvement of a single ionization ofiy 7.7 &+ 0.1. of the acylation step. In fact, deprotonation of the Glu-268
To establish how many protons contribute to the SIE on side chain yields a new protonic species with an acylation
kss proton inventory was performed at p£ 8.5 for the wild- rate increased by only 4-fold, compared to the already effi-
type and E268A mutant GAPNSs. For wild-type GAPN, an cient intermediate speciek{"® of 210 § vsk,d of 52 s'3).
apparently linear dependence op™mole fraction ) was Regarding assignment of the 6.Xg Marchal and
observed withks& decreasing with increasing mole fraction Branlant §) recently reported very similar behavior for the
of D,O. The best fit of the data against eq 5 was obtained pH dependence of the rate of alkylation of holo-GAPN by
for n = 1 and confirmed the apparent linearity of the plot iodoacetamide, which is based on activity measurements and
(Figure 5). only reflects the rate of alkylation of essential Cys-302. Since
For the E268A mutant, kinetic SIE could not be followed only the thiolate form of Cys-302 is reactive toward
over the full pH range due to less accurate, very slow steady-iodoacetamide, the alkylation method allows direct deter-
state rate constants at acidic pH values (Figure 3). At mination of the Cys-302 k.. In addition, no reactivity is
optimum pL= 8.5, however, the SIE was 4.1 0.05 and observed at pH lower than 5.5, indicating that no thiolate
the proton inventory experiment revealed a nonlinear de- species exists in this pH range. Thus, this experiment showed
pendence of the isotope effect on,dD mole fraction. the titration of Cys-302 with KK, 6.2, and of a residue with
Nonlinear regression analysis against eq 5 did not allow pK, 7.6, whose deprotonation resulted in a 3-fold increase
distinction between two- or three-proton mechanisms. If two of the rate of alkylation. From the comparison of the
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alkylation and acylation curves, it is tempting to assign the diate species with Glu-268 under the acidic form, the deuter-
ionization of the 6.2 K, observed in the acylation to Cys- ium solvent isotope effect of 1.1 indicates that the rate-
302. However, as listed above, other hypotheses can beimiting process is no longer associated with proton transfer.
proposed. Regarding ionizations of thephosphate group  Therefore, we propose that, at this pH, Glu-268 catalyzes
of NADP, binding into a site including Thr-195 and Lys- deacylation through activation and orientation of the attacking
199 (10) probably shifts this K, from 6.1 in solution {1) water molecule in the active site. Study of the E268A mutant
to a lower value close to the acid limit of the pH range, shows a SIE of 4.1 at optimum pH, and a proton inventory
such that it is not observable, this group being bound curve that bulges downward. This effect could arise from a
primarily as the dianionl2, 13). Similar arguments are also  very large number of protons (the medium effect), in which
relevant for the phosphate group of the substrate, which wascase the ratids/ksL2° follows an equation of the forr#*,
postulated to bind in an anionic site comprising Arg-124 and Z being a constan®j. Given the nonlinearity of the lod{/
Arg-301 (10). Furthermore, since the rate-determining step ks2°) vs x plot, this hypothesis was not retained (plot not
within acylation has been associated with hydride transfer shown). In contrast, this behavior is consistent with two or
from the isotopic effect of deuterated D-G3P (data not three protons being transferred in the rate-limiting process.
shown), the B, of 6.2 might be associated with the ionization As mentioned in the Results section, analysis of our proton
of a group of the thiohemiacetal ternary complex, namely, inventory data did not allow further mechanistic deductions.
the C-1 hydroxyl group. In such an hypothesis, the positive Nevertheless, replacement of Glu-268 by a smaller residue
effect of Glu-268 deprotonation on the measured rate of Ala would permit occupation of the site by two or three water
acylation would originate from the activation of the hydride molecules. The observed proton transfers between these
transfer process. This interpretation is in agreement with datamolecules would not provide efficient catalysis of the hydrol-
suggesting the presence of an oxyanion site in GAPN (seeysis process, due to poor activation and/or orientation of these
last section of the Discussion). water molecules [compare the rate constants of nonactivated
Role of Glu-268 in Deacylatiorf.o begin with, the drastic ~ deacylation oBacillus stearothermophilushosphorylating
decrease okss over the pH range tested for the reaction GAPDH at 25°C, (15), 0.014 s?, with the optimum rate
catalyzed by the E268A mutant demonstrated the essentialconstant of E268A mutant deacylation, 0.08]sOn the
role of Glu-268 in the deacylation step. To get further insight contrary, the presence of a polar side chain such as the one
into the catalytic role of Glu-268, we analyzed the solvent of glutamic acid or glutamine residues would restrict the site
isotope effect of QO onkssas a function of pH for the wild-  to one water molecule and would potentially provide H-bond
type enzyme. The SIE of 2:8 0.1 at basic pH and the pH acceptors to activate and orient this molecule. Indedd; a
SIE profile characterized by a uniqu&kpof 7.7 + 0.1 constant of 0.8°¢ is observed for the E268Q mutant, attes-
confirm that the rate-limiting step is associated with deacyl- ting to significant activation of the rate-limiting deacylation
ation. Moreover, the similarity between thigpand the K, step (unpublished results). Comparison of the difference in
value of 7.6 obtained in the acylation profile strongly the characteristic rate of deacylation between the basic and
suggests the assignment of this ionization to the same residuethe intermediate species, which would correspond to Glu-
namely, Glu-268. The SIE of 2.& 0.1 observed at basic 268 protonation in our interpretation (factor of 3 at 0.2 mM
pH would indicate that the glutamate form of Glu-268 acts D-G3P), and of the effect of substitution of Glu-268 by Ala
as a base catalyst at high pH. Use of the proton inventory at basic pH (factor of 850), suggests that, in the GAPN
method for wild-type GAPN at pH 8.5 showed that the proteic context of the active site, activation and orientation
dependence dé;s upon the QO mole fraction is essentially ~ of the attacking water molecule is the major role of Glu-
linear. Providing that we can exclude such cases when two268. In the deacylation, deprotonation of Glu-268 would
successive processes within deacylation contribute to the rateyesult in substitution of an already efficient intermediate form
and when the rate is limited by an isotopically sensitive con- with ks{ = 23 s (with Glu-268 as carboxylic acid) by a
formational step, both of which can give rise to linear depen- basic form (carboxylate) whose base catalyst capacity only
dencies 9), the above result supports that the SIE originates results in a~3-fold activation of the deacylation ratks{"®
from the transfer of one proton in the rate-limiting transition = 68 s%, see Figure 3) under our experimental conditions.
state. Therefore, at a basic pH, deacylation would be cata- Various hypotheses can be raised regarding the assignment
lyzed by the chemical activation of the water molecule attack- of the 6.1 Ky it could correspond to the side chain of an
ing the thioacyl intermediate, via abstraction of one proton amino acid residue, to enzyme intermediate groups (C-1
by Glu-268. This process would thus be associated with the hydroxyl or phosphate), or to NADP phosphate ionizations.
rate-limiting step within deacylation. For the GAPN-cata- Similar arguments as those developed in the preceding
lyzed reaction, the proton inventory result suggests that cat-section suggest that this<pdoes not reflect the ionization
alysis by a coupled multiproton-transfer mechanism, which of the phosphate groups of the substrate or cofactor.
would involve another residue from the active site, is not Moreover, the rate-determining step within deacylation has
likely. been associated with the hydrolysis from the solvent isotopic
Another essential, although surprising, observation was theeffect. If the observed deacylation rate does not include any
relatively high activity of wild-type GAPN in the acidic side  contribution from preceding steps of the acylation, and as
of the pH range tested. Indeed, the pH-dependence profilesalready suggested for Cys proteas®d,(assuming that the
of kssandk,c are characterized by twd{@values of 6.1 and  mechanistic path of deacylation includes a tetrahedral
7.4, indicating the existence of an active “intermediate” intermediate whose breakdown is not rate-limiting, then the
species with characteristic rate constankgbf 23 s, aside pK, of 6.1 would not originate from Cys-302 free thiolate
from the basic species characterized g8 of 68 s1. At but would rather reflect the ionization of the hydroxyl group
pH 6.5, where GAPN likely exists primarily as the interme- of this intermediate.
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Catalytic Mechanism of GAPN in Relation to Other Glu-268
ALDHs.These results and their interpretations leave several - T"z
questions unanswered. First, in contrast to published data @) CNH ““““(((((',Ssth' o
(3, 4), we show that mutation of Glu-268 does not modify 303 S RY o umm Stabilization
the nature of the limiting step, which remains deacylation. NAD(P)* ?
Itis a priori not obvious how to reconcile these contradictory H
results. First, we have demonstrated that the binding of D-G3P L
to the apo-like binary complex E268A GAPNNADP
induces the formation of a competent ternary comp®x ( E
On the other hand, for human liver mitochondrial ALDH, H,N_o |
the rate-limiting step of two other mutants was shown to 6“ 73‘;\

c_
|
R

nz

2 Oxyanion hole
depend on the chemical structure of the substrbe This ® RN X __H776=0 mum Stabilization
leads us to speculate that the formation of a ternary complex  ;cotinamidium ring
competent for acylation can depend on the nature of the sub- of NAD(P)
strate. Second, the nature of the molecular and structural fac- ”
tors involved in decreasing the Cys-30Rpin facilitating
the hydride transfer, and in stabilizing the thioacyl intermedi- Enz
ate remains to be determined. Inspection of the modeled NAD(P)H |
ternary complex of mitochondrial ALDH14), although it © H X
might not represent exactly the active structure, suggests that 00 oUT0 wmam Stabilization
the invariant Asn-169 could be involved. The combined Glu-268 e H
observations of a substrate isotopic effect on the acylation
rate and of the very low efficiency of the acylation step for
the N169A or N169T mutants have already confirmed the Enz
critical role of this residue in the GAPN-catalyzed acylation é
reaction in forming an oxyanion hole and in facilitating the @ NAD(PH  +
hydride transfer (unpublished results). ,OH e

The minimal scenario of the catalytic mechanism of RN, RG
i o o)
GAPN, @ member of the ALDH family close to the class 2 Ficure 6: Minimal scenario for GAPN catalysis. (a) In holo-

mammalian enzymes, could be hypothesized as follows GAPN, amide peptide nitrogens of residues 302 and 34dg the
(Figure 6). First, the binding of NADP to GAPN induces a pogsitive chargg gf the nicgtinamidium ring of NADFS??agnd
local conformational rearrangement of the nicotinamide possibly other structural elements stabilize the thiolate form of Cys-
subsite with at least reorientation of both lateral chains of gOZé (_lg) St%bili%?tic?g glf 'tr?e Ahfq%rgia%ﬂaéhigﬁﬁfrggdgf :tsoan
Cys-302 and Glu-268 and repositioning of the nicotinamide ;(yh“' n, p ISS: r}" v ;"29 Sn; o Slhr hl i i'Vn 'n”
ring of NADP,' This local reorggnlzatlon renders Cys-302 grién?aggﬁcgfﬁlg wg}{e?#]olgijle,aang éer?;rgl bs;gg caatlglc;/sisa a? a
more accessible, leads t&pshifts of Cys-302 and Glu-  pasic pH. (d) Release of product and reduced cofactor.

268 from 8.5 to 6.2 and from 4.6 to 7.5, respectively, and

brings the side chains of Cys-302 and Glu-268 to an bacteria or eucarya, a His residue was shown to participate
interacting distance less tha A (5). In this holo complex,  in decreasing the appareripof essential Cys-149 via an
amide peptide nitrogens of residues 302 and 308, the  jon-pair interaction, to act as a base catalyst in the activation
positive charge of the nicotinamide ring of NADB)(and  of the hydride transfer, and presumably to be involved in
possibly other structural elements would stabilize the thiolate the stabilization of the covalent intermediat&%)( As shown

form of Cys-302 {4). Binding of D-G3P then leads to the in this work, the picture is totally different in GAPN, where
formation of a thiohemiacetal intermediate in which the ng His residue is involved.

hydroxyl group might be stabilized in an oxyanion hole,
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