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ABSTRACT:. Tetrameric phosphorylating glyceraldehyde-3-phosphate dehydrogenase (GAPDBpiritios
stearothermophilubas been described as a “dimer of dimers” with three nonequivalent interRreass
(between subunits O and P and between subunits Q an@{Xis (between subunits O and Q and
between subunits P and R), aRehxis interface (between subunits O and R and between subunits P and
Q). O—P dimers, the most stable and the easiest to generate, have been created by selective disruption of
hydrogen bonds across tiie and Q-axis interfaces by site-directed mutagenesis. Asp-186 and Ser-48,
and Glu-276 and Tyr-46, which are hydrogen bond partners acroBs émelQ-axis interfaces, respectively,

have been replaced with glycine residues. All mutated residues are highly conserved among GAPDHs
from different species and are located in loops. Both double mutants D186G/E276G and Y46G/S48G
were dimeric, while all single mutants remained tetrameric. As previously described [Clermont, S., Corbier,
C., Mely, Y., Gerard, D., Wonacott, A., and Branlant, G. (19B8)chemistry 3210178-10184], NAD

binding to wild type GAPDH (WwtGAPDH) was interpreted according to the induced-fit model and exhibited
negative cooperativity. However, NAD binding to wtGAPDH can be adequately described in terms of
two independent dimers with two interacting binding sites in each dimer. Single mutants D186G, E276G,
and Y46G exhibited behavior in NAD binding similar to that of the wild type, while both dimeric mutants
D186G/E276G and Y46G/S48G exhibited positive cooperativity in binding the coenzyme NAD. The fact
thatO—P dimer mutants retained cooperative behavior shows that (13-teas interface is important in
transmitting the information induced upon NAD binding inside @eP dimer from one subunit to the

other and (2) the S-loop of the-axis-related subunit is not directly involved in cooperative binding of
NAD in the O—P dimer. In bothO—P dimer mutants, the absorption band of the binary enzyi&D
complex had a highly decreased intensity compared to that of the wild type and, in addition, totally
disappeared in the presence of G3P or 1,3-dPG. However, no enzymatic activity was detected, indicating
that the formed ternary enzym& AD —G3P or—1,3-dPG complex was not catalytically efficient. In the

O—P dimers, the interaction with the S-loop of tReaxis-related subunit is disrupted, and therefore, the
S-loop should be less structured. This resulted in increased accessibility of the active site to the solvent,
particularly for the adenosine-binding site of NAD. Thus, together, this is likely to explain both the lowered
affinity of the dimeric enzyme for NAD and the absence of activity.

Many enzymes exist as oligomers of identical subunits. dissociated oligomeric enzymes have been studied. Two
Among these oligomeric enzymes, dimers and tetramers aredifferent approaches are utilized to dissociate oligomeric
the most common specie$)( While each subunit has only  enzymes. The first approach consists of varying different
a single recognition site for a like subunit within a dimer, physicochemical parameters such as pressure, temperature,
the existence of a second set of bonding sites leads to thepH, ionic strength, or concentration of effectors. The second
formation of a tetramer. The main advantages of the approach, which was utilized in this study, is based on the
oligomeric state have usually been described as improvedinown three-dimensional structure and molecular modeling
stability of the enzyme and regulation of the enzymatic for jdentifying and site-directed mutagenesis for character-

activity through interaction between subunitg @). To izing the residues implied in intersubunit stabilizing interac-
determine the role of the quaternary structure, properties of ;j;ns.
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GAPDH binds NAD with positive cooperativity at 40C 0
and pH 8.5 4), while GAPDHs isolated from rabbib( 6),
sturgeon T, 8), and lobster §) muscles,Escherichia coli
(10), and Bacillus stearothermophilugll, 12) exhibited
negative cooperativity in binding the coenzyme NAD.
Several models have been proposed to explain cooperative
ligand binding to an oligomeric protein. The concerted model
of Monod, Wyman, and Changeus3) is only consistent
with positive cooperativity. Two other models have been
proposed to describe both negative and positive cooperativity.
In the preexisting asymmetry modél 15), symmetric and
asymmetric quaternary conformations of the protein are in
equilibrium. The character of cooperativity is explained as
a result of the relative presence and affinities of the states.
Alternatively, in the induced-fit modell@), enzymes both
unligated and fully ligated with NAD are symmetric. NAD
binding to the first subunit induces conformational changes
that extend to subunit interfaces and affect the affinity of
the neighboring subunit for NAD. Several studies on sturgeon
GAPDH in solution ¢, 8) have been satisfactorily interpreted
according to the preexisting asymmetry model asssumptions,

whereas those on GAPDH froB. stearothermophilugll, , L )
Ficure 1: Spatial organization of the four subunits of the holo

17) supported the md_uced_f't model. . form of the GAPDH fromB. stearothermophilugl9). SubunitsO,

B. stearothermophilu§APDH reversibly catalyzes the p, Q, andR are represented by letters and colors red, blue, yellow,
oxidative phosphorylation af-glyceraldehyde 3-phosphate and green, respectively. Each colored line represents the main chain
(G3P) to 1,3-diphosphoglycerate (1,3-dPG) in the presencebackbone of the subunit. Dashed lines represent the symmetry axes.
of NAD and inorganic phosphate J(18). As all other .Thng'?(xl'.s IS pe.rrﬁe”d'w'agto the ptlanfhc’ftshel paper. NAD is drawn
GAPDHSs with known crystallographic structurés, stearo- " ac. mes.' e arrow es.lgna es e 5-00p. .
thermophilusGAPDH is a homotetramer with 222 symmetry. Were investigated. Two different double mutations led to
In other words, the tetramer could be described as a dimer©O—P dimers. Both dimeric GAPDHs were enzymatically

of dimers (Figure 1) with three nonequivalent interfaceg; ( nactive yet able to bind NAD and G3P or 1,3-dPG. In
20). The P-axis interface (between subunits O and P and 2ddition, both dimeric GAPDH mutants exhibited cooper-
between subunits Q and R) is the most extended interface?tVity in binding the coenzyme NAD. All these results are
(2400 ) (20). The R-axis interface (between subunits O dllscussed in relation with the high-resolution threg—dlmen—
and R and between subunits P and Q) is smaller (1720 A sional structure of GAPDH fronB. stearothermophilus
(20). Finally, theQ-axis interface (between subunits O and
Q and between subunits P and R) extends only through 6OOM'A‘-I—ERI'L\LS AND METHODS
A2 (20). The most extensive intersubunit interactions are  Molecular ModelingMolecular modeling was carried out
formed by theP-axis-related monomers, with 48 residues on an INDIGC Extreme Silicon Graphics workstation with
per subunit containing atoms lessith& A from an atom in the Brugel molecular modeling package version 1@3).(
the adjoining subunitl9). There are 26 such residues per The crystallographic structure of the holo form &f
subunit in theR-axis-related subunits and only nine in the stearothermophiluSAPDH was taken from the Brookhaven
Q-axis interface. Molecular modeling of the three possible Protein Data Bank23), access code 1gd1.
dimers showed that a total number of 222, 245, 286, and Site-Directed MutagenesiSite-directed mutagenesis was
300 hydrophobic residue&?) are exposed to the solvent in  performed using the method of Kunkedj on a pBluescript
the wild type tetramer®—P dimer, O—R dimer, andO—Q Il SK containing thegapgene ofB. stearothermophilusnder
dimer, respectively. Therefore, because of the strength ofthe control of thdac promoter. The mutated genes were then
the P-axis interface and of the lowest number of hydrophobic sequenced to verify that no other mutation had arisen.
residues in contact with the solvent, t®e-P dimer should Production and Purification of the Mutant GAPDHs of
be the most stable and the easiest to generate by proteirB. stearothermophilusExpression of GAPDH fromB.
engineering. stearothermophilusvas carried out irE. coli strain HB101

In the work presented here, several mutants acrosRthe as previously described$). After sonication of the cell
and Q-axis interfaces of the GAPDH frorB. stearother-  Pellet, GAPDH was purified by ammonium sulfate fraction-
mophiluswere generated, and their biochemical properties ation (66-92%) and size-exclusion chromatography on ACA

34 resin equilibrated in 50 mM Tris/HCI (pH 8.0) containing

R o . .. 2mM EDTA (buffer A). The resulting mixture of endog-
rorbrevatons:  CARDI, Blospnonating alyceraldenyde. - enous GADPH fronE. Coli and expressed GAPDH .
phosphate dehydrogenaseG3P,b-glyceraldehyde 3-phosphate; 1,3-  Stearothermophilusvas separated on a Q-Sepharose FPLC

dPG, 1,3-diphosphoglycerate; NAD, nicotinamide adenine dinucleotide column (Pharmacia), using a linear gradient from 0 to 200
(oxidized form); NADH, nicotinamide adenine dinucleotide (reduced mM KCI in buffer A

form); B, inorganic phosphate; SDFAGE, polyacrylamide gel . .
electrophoresis with sodium dodecyl sulfate; Téris(hydroxy- B. stearothermophilu§SAPDH was further purified on

methyl)aminomethane. Phenyl-Sepharose (Pharmacia) equilibrated with buffer A,

R 0
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containing 1.7 M (NH),SO,. GAPDH was eluted with a  intensities were corrected for the screening effect due to the
linear gradient from 1.7t 0 M (NH,).SO, in buffer A, absorption of NAD, for Raman emission by subtracting the
resulting in the homogeneous enzyme as verified by 10% buffer emission spectrum, and for additionnal quenching of
SDS-PAGE @6). The molecular masses of all proteins were fluorescence due to nonspecific binding of NAD to the
confirmed by mass spectrometry. The enzyme concentrationenzyme at high concentrations of NAD. Assuming that
was determined spectrophotometrically using absorption changes in fluorescence follow closely the fraction of

coefficients at 280 nm of 1.1% 10° and 1.31x 10° M1 monomers saturated with NAD, we recalculated the data to
cm! for tetrameric apo and holo enzymes, respectively, to give fractional saturation and free ligand concentration with
give the molar concentration of the oligomerQ( 27). In the following equations:
the case of the dimeric apoenzyme, the value of %8B
M~ cm™t was used. ¥ = Fo—F

Enzyme Assays and Kinetidsitial rate measurements Ry F

were carried out at 25C on a Kontron Uvikon 933
spectrophotometer by following the absorbance of NADH and
at 340 nm, as previously describe2b). Data were fitted to _
the Michaelis-Menten equation using least-squares regres- N =N(1-Y)
sion analysis to determing,andKy. The turnover number _. i ) o
(kea) Was expressed per active sitd)(All Ky values were whereY is fractional saturatiorf, Fi, andF_f are the initial,
determined at saturating concentrations of all other substratesCUITent, and corrected (for the screening effect, Raman
Native Molecular Mass Determinatiomative molecular ~ €Mission, and nonspecific binding of NAD) values of
mass determination for mutant proteins was performed by fluorescence, respectively, and and N are the total and
gel filtration using a Superose 12 FPLC column (Pharmacia) €& concentration of NAD, respectively. The fractional
equilibrated with buffer A containing 150 mM KCl, ata flow ~ Saturation was directly fitted to the following equation to
rate of 0.2 mL/min. For calibration, the following molecular ©OPtain values of microscopic dissociation constants for
mass standards (Bio-Rad) were used: (1) vitamin(B.35 dimeric enzymes34):
kDa), (2) myoglobin (horse, 17.5 kDa), (3) ovalbumin

2
(chicken, 44 kDa), (4)-globulin (beef, 158 kDa), and (5) AN 2N
tyroglobulin (670 kDa). The void and total volumes of the _ Ki KK,
column, 6.9 and 18.2 mL, respectively, were determined with Y= ﬂ
potassium bichromate and blue dextran dyes to enable 14— f
calculation of the distribution coefficien€,,. Ki  KiK;

Sucrose Density Gradient CentrifugatidBradients of 5 . ) . o
to 20% sucrose in buffer A with final volumes of 12 mL The fractional saturation was also fitted to the logarithmic

were set up in polyallomer tubes. Protein samples in buffer form of the Hill equation to obtain values for the Hill

A were gently layered on top of the gradient. Centrifugation coefficient ) and free NAD concentration at half-saturation

was performed with a Beckman L8-70M ultracentrifuge (Nro.s):

using a Beckman SW41 swing-bucket rotor (39 000 rpm for _
Iog( )

24 h at 20°C). Following centrifugation, 50@L aliquots
were withdrawn and the protein concentration was deter-
mined according to the Bradford procedus)( Svedberg _ _ ) ] )
coefficients were calculated as previously descriteg).(  The plot of log[y/(1 — Y)] versus logN is a straight line
Absorption Band of the Binary EnzymBAD Complex ~ With a slope on. When loglY/(1 — V)] = 0, the correspond-
(Racker Band)Measurements of the intensity of the absorp- N Position on the log: axis gives log\w s. Both the Hill
tion band, centered at 360 nr8Q), were carried out as coefficient f1) and the ratio of the dlssoc.|at|o_n const_arh(g/(
previously described3(). The temperature of the samples K1) measured the degree of cooperative interaction of the
was maintained at 25C. The apoenzyme form of the wild binding sﬂgs of the mutalmlt in the study. There is negative,
type and Y46G, S48G, and E276G mutants was prepared0, Or positive cooperativity iKo/Ky > 1, Ko/Ky = 1, or
by passage through an Affi-blue gel column (Bio-R&ag)( KoKy < _1,_re_spect|vely. There is negative, no, or positive
Absorbance ratios (ORy/OD»sg) equal to 2 were obtained ~Cooperativity ifn < 1,n =1, orn > 1, respectively. At the
for wild type and mutant apoenzymes. The extinction of the UPPer limit,n is equal to 2.
absorption band by G3P (1 mM final concentration) or 1,3- RESULTS
dPG (0.5 mM final concentration) has been monitored as
previously described3g). Molecular Modeling A total of 26, 10, and 6 intersubunit
Spectrofluorometric MeasuremeriBetermination of NAD hydrogen bonds are present in fraxis, R-axis, andQ-axis
binding affinities at 25°C was performed as previously interface, respectivel\10). After careful examination of the
described for thé&. coli (10) andB. stearothermophilugll) three-dimensional structur&d, 20), four interfacial hydrogen
enzymes. In short, quenching of tryptophan fluorescence bybond forming residues were selected among these 42
NAD was used to monitor the binding of NAD to both wild residues: Asp-186 and Ser-48, which are hydrogen bond
type and mutant enzymes. Fluorescence measurements wengartners across the-axis interface, and Glu-276 and Tyr-
performed with a SAFAS flx spectrofluorometer equipped 46, which are hydrogen bond partners across @Ghaxis
with a mixing propeller. Excitation and emission wavelengths interface (Table 1). These four residues share common
were set at 297 and 330 nm, respectively. Fluorescenceproperties. First, they are highly conserved among the

=n x logN; — log Ny "

1-Y,
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Table 1: Intersubunit Hydrogen Bonds Formed by Residues
Asp-186 and Glu-276 of GAPDH frorB. stearothermophilugs
Described in refl9

Table 2: Steady State Kinetic Parameters for Each Substrate of
Mutant GAPDHSs fromB. stearothermophilds

NAD G3P R Keat
R-axis interface Q-axis interface Km (MM) Kum (MM) Km (MM) (s
Arg-13  NH2 Asp-186 O Glu-276 OE2 Lys-45 NZ wild type 0.05 1.1 37 65
Ser-48 N Asp-186 OD2 Glu-276 OE2 Tyr-46 OH D186G 0.33 1 18 2
Ser-48 OG Asp-186 OD1 Lys-45 NZ Glu-276 OE2 E276G 0.07 0.9 7 72
Asp-186 OD2 Ser-48 N Tyr-46 OH Glu-276 OE2 D186G/E276G no detectable actiVity
Asp-186 OD1 Ser-48 OG Y46G 0.23 0.8 8 87
Asp-186 O Arg-13  NH2 S48G 0.04 1 7 20
Y46G/S48G no detectable activity
T 2 Thek.a:andKy values were determined at saturating concentrations
1.0 of all other substrates (see Materials and Methods) and expressed in
terms of each subunit. The standard deviatiorn20%. ® No detectable
activity means activity of<1073 s,
0.8
value of 144 kDa. Double mutants D186G/E276G and Y46G/
. 0.6 S48G were dimeric for a dimer protein concentration of up
N to 350uM, with a Ky, of 0.45 corresponding to a molecular
mass of 72+ 4 kDa (Figure 2). Centrifugation in sucrose
04 . . : . .
density gradients confirmed the results of gel filtration
experiments; Svedberg coefficients of 7.96 and 4.25 S were
0.2 obtained for tetrameric and dimeric GAPDHSs, respectively.
- 4 Apo and holo forms of wtGAPDH were used as standards.
0.0 . 1 . L Addition of coenzyme or one of the substrates did not change

log (MW)

FIGURE 2: Molecular mass determination of mutant GAPDHSs from
B. stearothermophiluby gel filtration on Superose 12. Chroma-

the oligomerization state of the enzymes: both double
mutants D186G/E276G and Y46G/S48G remained dimeric
even in the presence of a 50-fold excess of NAD or inorganic
phosphate.

tography was performed at 0.2 mL/min in a Superose 12 FPLC  Kinetic Properties of the GAPDH Mutant8oth single

column (Pharmacia) equilibrated with buffer A containing 150 mM

mutants D186G and E276G were enzymatically active with

KCI (see Materials and Methods). Molecular mass standards vitamin k,, values for NAD of 0.33 and 0.07 mM, respectively.

B1,, myoglobin, ovalbumin,y-globulin, and tyroglobulin are
represented®) by a number from 1 to 5, respectively. Data for
dimeric double mutants D186G/E276G and Y46G/S48G dnd
tetrameric single mutants and wild type GAPDHg) (are also
indicated.

Activity of E276G was similar to that of the wild type,
whereas Asp-186 substitution with a glycine resulted in a
32-fold decrease in thHex (Table 2). Double mutant D186G/
E276G was inactive under all the conditions that were
employed, even at as high a dimer concentration gsM0

GAPDHs from different species. Second, they all are located To investigate the result of mutations themselves on kinetic

in loops. Tyr-46 and Ser-48 are located in the loop following
helix a., in the cofactor domain. Asp-186 is located in a
loop called S-loopX9, 20), which extends from residue 179
to 201, and Glu-276 is located in the loop following strand
Bs, in the catalytic domain. All of the mentioned residues
were replaced with glycine, which was expected to minimize
conformational alterations of the loops.

Purification and Characterization of the GAPDH Mutants.
All single and double mutants were expressecEincoli,
purified, and characterized. During the purification, the
behavior of GAPDH mutants was similar to that of
WtGAPDH except for the hydrophobic chromatography step.

properties, we obtained and characterized variants of the
hydrogen bond-partnered residues acr&ssand Q-axis
interfaces. Single mutants Y46G and S48G led to active
tetramers withKy values for NAD of 0.23 and 0.04 mM,
respectively. Thé,of Y46G was similar to that of the wild
type, while thek.y of S48G was only 3 times lower than
that of the wild type enzyme. Double mutant Y46G/S48G
led to an inactive dimer, like double mutant D186G/E276G.
The fact thatKy values for NAD of both single mutants
D186G and Y46G are 6- and 5-fold greater than that for
WtGAPDH, respectively, whereas values of microscopic
dissociation constants,; andK; (see below) are lower than

Dimeric and tetrameric enzymes were eluted with 200 and that of wtGAPDH, remains to be explained.

600 mM ammonium sulfate, respectively. All mutant GAP-

NAD Binding to Wild Type and GAPDH Mutani&he B.

DHs preserved secondary structure characteristics present irstearothermophilu§APDH contains two tryptophan resi-

the wtGAPDH, judging by far-UV circular dichroism spectra
(data not shown).

As expected, WtGAPDH was tetrameric. Under the
experimental conditions, all GAPDH single mutants D186G,

dues at positions 84 and 3185j. Due to its positioning in

the active site of the enzyme and on the basis of phospho-
rescence studie8€), Trp-310 is believed to be the higher
emitting fluorescence probe. As reported previoudl§)(

E276G, Y46G, and S48G were also tetrameric at as low anNAD binding resulted in quenching of the tryptophan

oligomer concentration as 04M. Molecular mass deter-

fluorescence. UVvisible absorption and emission fluores-

mination by size-exclusion chromatography using a Superosecence spectra of native and mutant GAPDH apoenzymes

12 column gave a similaK,, of 0.38 for mutants and
WtGAPDH (Figure 2) corresponding to a molecular mass of
1294 11 kDa, values in good agreement with the theoretical

were similar (curves not shown), and the maximum of the
emission spectra corresponded to 330 nm. First, we studied
NAD binding to dimeric mutants D186G/E276G and Y46G/
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Table 3: NAD Microscopic Dissociation Constants of Wild Type Table 4: Hill Coefficients and Free NAD Concentrations at

and Mutant GAPDH% Half-Saturation of Wild Type and Mutant GAPDHMs
Ky (uM) Kz (uM) Ko/Ky free NAD concentration

wild type 0.060% 0.014 0.25% 0.02 4 Hill coefficient (n) at half-saturationNjo 5)
D186G/E276G 5.2& 0.43 151+ 0.16 0.29 wild type 0.66+ 0.07 0.124+ 0.02
Y46G/S48G 5.54t 0.60 1.43+0.14 0.26 D186G/E276G 1.280.13 2.80+ 0.30
D186G 0.040+ 0.008 0.090t 0.001 2.25 Y46G/S48G 1.3%0.15 2.80+ 0.30
E276G 0.052+ 0.010 0.40+ 0.08 8 D186G 0.82+ 0.08 0.06+ 0.01
Y46G 0.015+ 0.002 0.12£ 0.01 8 E276G 0.54+ 0.07 0.144+ 0.02
S48G 0.10t 0.01 0.13+ 0.01 1.27 Y46G 0.53+ 0.03 0.04+ 0.01

S48G 0.94+ 0.20 0.11+0.01

aBinding experiments and data analysis were performed as indicated
in Materials and Methods. Microscopic dissociation constants were 2 Binding experiment data are the same as those used in Table 3.
expressed as meassstandard deviations. The enzyme concentration Data analysis was performed as indicated in Materials and Methods.
was 2.70, 1.35, and 04M for wtGAPDH, dimeric double mutants, Hill coefficients and free NAD concentrations were expressed as means
and tetrameric single mutants, respectively. The buffer was 50 mM =+ standard deviations.
Tris/HCI (pH 8.0).

I
20t r
5] - 1+ _
£ 16} g
el =
— =] —_~ o
2 2 'S
>~ 12+ & = |
E = N
° Nt
2 5 g |
9 08¢ s
z e L 4
2 2 )
g 04t [}
0.0 0.0 2 1
0.001 0.01 0.1 1 10 100 2
free NAD (M)
T T T T 2
20 -
s r -
E 16 >
5 16 & Lr 7
= 12 e L |
= ~_
5 £ =
2 g =0 -
S 0sr g 'S
Z g g -
= o
E 04 g b i
0.0 - ]
0.001 0.01 0.1 1
2 . 1 . | , | .
free NAD (uM) 3 2 1 0 1

Ficure 3: NAD binding curves of wild type and mutant GAPDHSs. log(free NAD)
The molar ratio of NAD bound per mole of dimer was plotted &

against free NAD concentration, for the wild type and mutant Ficure 4: Hill plot of the NAD binding to wild type and mutant
enzymes. The corresponding value of fractional saturation of dimers GAPDHSs. The logarithmic form of the Hill equation, log[1 —

(Y) is indicated on the secongtaxis. Experimental values were Y)] was plotted vs the logarithm of free NAD concentration.
calculated from corresponding values of corrected fluorescence asExperimental values were calculated from_the corresponding

indicated in Materials and Methods. Solid lines represent theoretical available values of fractional saturation of dimeYs&nd free NAD
curves plotted with the dissociation constants listed in Table 3: (A) concentration. Solid lines represent theoretical curves plotted with
wild type enzyme @) and dimeric double mutant D186G/E276G  Hill coefficients and free NAD concentrations at half-saturation
(O) and (B) tetrameric single mutants S48@)(and Y46G Q). listed in Table 4: (A) wild type enzyme®) and dimeric double
mutant D186G/E276GX) and (B) tetrameric single mutants S48G

S48G. For both dimers, NAD binding isotherms required at (® and Y46G ©).

least two interacting binding sites for the best fit. Both  ynder the same experimental conditions, negative coop-
dimeric mutants D186G/E276G and Y46G/S48G exhibited erativity was found for NAD bmdmg to the tetrameric
positive cooperativity for NAD binding with approximately wtGAPDH, as previously reportedl]). However, NAD

the sameK,/K; of around 0.3(Table 3 and Figure )3and binding to wtGAPDH could be adequatly described in terms
Hill coefficient of around 1.3 (Table 4 and Figure 4). of independent dimers with only two interacting binding sites
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Table 5: Intensity of the Absorption Band, Centered at 360 nm, of binding of the ligand to these conformations. The induced-

the Binary Enzyme NAD Complex fit model requires symmetric conformations for enzymes both

css0monmef the binary unliganded and fuIIy saturatgd with NAD_ enzymes, but

enzyme-NAD complex (M- cm-) allows asymmetric conformations for partially ligated en-

wild type 1000+ 75 zyme. Ligand binding sequennally |r_lo_luces_a conformational
D186G 892+ 52 change of the bound subunit, giving rise to structural
E276G 900+ 45 rearrangements of intersubunit contacts with the unliganded
Y46G 840+ 37 monomers and resulting in the observed cooperative effect.
gigg’e E276G 87%& 32 The interpretation of the crystallographic data obtained with

Y46G/S48G 90+ 11 lobster muscle GAPDH3{7) showed potential asymmetry

a Differential spectroscopic measurements were carried out ¥£25 of the subunits, thus supporting the model with preexisting

with two matched double-compartment cells. Enzyme concentrations 2ymmetry. More recently, studies carried out with the insulin
were 80uM in subunits for both tetrameric and dimeric GAPDH:s. hexamer have demonstrated the applicability of this model

(38). On the other hand, both crystallographic ddtd, (L9,

20) and studies in solutionl(, 12) supported the induced-

fit model in the case of GAPDH frorB. stearothermophilus
Indeed, no asymmetry was detected either in the apoenzyme
or in the holoenzyme in high-resolution three-dimensional
structures of the GAPDH fromB. stearothermophilu$l,

20). In addition, the tetramer with NAD ligated in a single
subunit preserved a conformation very similar to that of the
apoenzyme in the unliganded subunits, while the structure
of the NAD-bound subunit was almost identical to that of

(Table 3). This was also the case for all tetrameric single
mutants. Tetrameric single mutants D186G, E276G, and
Y46G exhibited negative cooperativity in binding the
coenzyme NAD, while no significant cooperativity was
detected for tetrameric single mutant S4@gures 3 and

4). Moreover, on the basis of the comparison of KK,
ratios, negative cooperativity of Y46G and E276G mutants
was more pronounced while that of the D186G mutant was
less pronounced compared to that of the wild type enzyme. .
Hill coefficient values of GAPDH mutants were consistent the Iho_loe?éyngjg sgbumftl?). Therel;ore, we baﬁed our
with the degree of negative cooperativity deduced from the analysis of binding data for GAPDH from. stearothermo-
KJ/K; ratio (Table 4) The fact that the S48G mutant did not philus on an induced-fit model. _ . .
exhibit significant cooperativity in binding the coenzyme Inthe stu.dy preseqted here, we e>.<am|nedlthe _b|ochem|ca|
NAD remained to be explained. The free NAD concentration and catalytic properties of tetrameric and dlmerlc_ GAPDH
at half-saturationNjo 5) deduced from a Hill plot is indicative mutants fromB. stearothermophiluto shed more light on

of NAD affinity. The Ny values of D186G and Y46G the nature of the intersubunit interactions involved in
mutants were 2- and 3-fold higher than that of the wild type, cooperativity and activity. Detailed analysis of NAD binding

respectively, while those of the S48G and E276G mutants to WtGAPDH revealed that this enzyme could be described

were similar to that of the wild type enzyme. The free NAD by a minimum of two dissociation constants. This led us to
concentration at half-saturation for both dimeric mutants ponclude that the tetramer WGAPDH consists of two

D186G/E276G and Y46G/S48G was 23-fold lower than for independent NAD binding dimers, as if they were separated
WIGAPDH. in space. This conclusion, combined with the induced-fit

. . model, means that in the free enzyme, all subunits exist in
Absorption Band of the Binary EnzymBAD Complex. the same conformation. Binding of NAD to one subunit

The absorption band, centered at 360 nm, has been inter-

preted as a charge transfer between the positive charge OFhanges the conformation of the ngighbor?ng subunit in the
the pyridinium ring of NAD and the negative charge of the same dimer, yet leaves another dimer with an unchanged

thiolate ion of essential Cvs-14%B@. Its intensity is conformation. All other tetrameric variant GAPDHSs, except

intljicativeI of the reIativeI ositi{)nin (d(ios.tanceland/olr)c/)ri:anta— S48G that did not exhibit significant cooperativity, possessed
. allve p 9 ) varied degrees of negative cooperativity in NAD binding and

tion) of the two moieties. Tetrameric mutants and wild type

GAPDHs gave similar intensities of the absorption band also r_equwed a minimum of two dissociation constants to
> . . o describe the data.

under full saturation with NAD, whereas dimers exhibited a This is not necessarilv in contradiction with the previous
10—12-fold lower intensity (Table 5). Addition of 1,3-dPG . Y . e P

) . ; study @1), which determined four dissociation constants for
to all of the variant or wild type enzymes saturated with NAD . .

. ) .. WtGAPDH. It is well accepted that if the data can be
led to a total disappearance of the absorption band. Addition described with an equation. then anv equation with qreater
of G3P to the binary enzymeNAD complex resulted in q ' y €d 9

. . o complexity will also describe the data with the same
disappearance of the absorption band for all dimeric GAP- d ffit b ith hat hiaher deviati .
DHs. The latter could not be carried out with tetrameric 3000 1c>° O It, but with somewhat higher deviations in

: . 1,oarameter values. Three out of four constants in the previ-
enzymes because of the interference due to the formation o | blished stud h ized with hiah dard
the NADH. ously published study were characterized with high standar

deviations. Moreover, all three of them gave the same
DISCUSSION microscopic dissociation constant value of 02833 uM.

This led us to the conclusion that three out of four dis-

Two models were used to describe both negative and sociation constants are redundant, and tetrameric wtGAPDH

positive cooperativity in GAPDHs. The preexisting asym- can be described as two independent dimers with two
metry model is based on the asymmetry of the oligomeric interacting binding sites in each of the dimers. This is not in
enzyme and nonequivalent interactions between subunits.contradiction with the three-dimensional structure of the
Cooperativity rises as a result of the preferential presence GAPDH from B. stearothermophilugrhich is described as
of both asymmetric and symmetric conformations and a dimer of dimers19, 20).
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Both dimeric double mutants D186G/E276G and Y46G/ in NAD binding (10). In the case ofO—P dimers of B.
S48G exhibited positive cooperativity in NAD binding. The stearothermophilusGADPH, the absorption band of the
fact that dimeric double mutants retain cooperative behavior binary enzyme-NAD complex disappeared after addition
indicated that theéD—P dimer is most probably the dimer of 1,3-dPG or G3P, indicating that a covalent complex
that is responsible for the NAD binding cooperativity in between the holoenzyme and G3P or 1,3-dPG was likely
tetrameric enzymes. As a consequence, we concluded thatformed. However, the absence of catalytic activity demon-
first, the P-axis interface is essential to transmission of the strated that these ternary complexes were not catalytically
structural information induced by NAD binding from one efficient.
subunit to another and, second, the S-loop of Raaxis- Both double mutants D186G/E276G and Y46G/S48G were
related subunit is not directly involved in NAD binding inactive, whereas all single mutants retained activity. This
cooperativity. These conclusions confirm previous observa- suggests that the absence of activity is due to the suboptimal
tions, which indicate that the S-loop is rigidly maintained position of the S-loop and not due to any single mutation.
within the tetramer core having the same conformation in This has been recently supported by the fact that mutation
the apo- and holoenzym@1). These results also support a of Arg-197, which is an intrasubunit hydrogen bond partner
previous assumption that the conformational changes inducedof Asp-186 (L9), to glycine has also led to a mutant GAPDH
upon NAD binding to the first subunit are transmitted through with very low activity (O. Roitel, unpublished results).
the P-axis interface from the external strands of theheet Moreover, the suboptimal position of the S-loop should also
of one subunit to the external strands of the catalytic domain perturb the efficient positioning of at least three key residues,
pB-sheet of theP-axis-related subunit2(l). However, the namely, Thr-179 and Arg-195, which are part of the G3P
nature of the mutations could modulate the NAD binding and PR binding sites, respectively, and Asn-180, which is
cooperativity of the dimer, as confirmed by anoti@rP involved in NAD binding @0). Also, we cannot exclude the
dimer recently generated by double mutation (N180G/ possibility of a feasible interaction of the S-loop with the
E276G) which exhibited negative cooperativity for NAD exposed hydrophobic core of the dimer, thus resulting in an
binding (O. Roitel, unpublished results). The reasons for the unnatural conformation of a corresponding dimer in the
different cooperative behaviors of the wild type enzyme and tetramer. To discount these explanations, it would be
tetrameric and dimeric mutants remained to be elucidated necessary to generate @r-P dimer with a stabilized S-loop
on the structural level. having the same conformation as it has in the tetramer and

Comparison oK,/K; ratios for single mutants showed that with an adenosine subsite having the same solvent acces-
residues Ser-48 and Asp-186 are more important for reveal-sibility as in the tetramer.
ing negative cooperativity than residues Tyr-46 and Glu-

276. Both pairs are the natural hydrogen bond partners in ACKNOWLEDGMENT
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optimal conformation and thus participate in revealing
cooperativity.
In tetrameric wtGAPDH, NAD is embedded in a cavity
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