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ABSTRACT. Tetrameric phosphorylating glyceraldehyde-3-phosphate dehydrogenase (GAPDIBgiritions
stearothermophilusan be described as a dimer of dimers with three nonequivalent interfaces. To investigate
the contribution of intra- and intersubunit interactions to GAPDH thermostability, 10 residues located
either at the cofactor domain (amino acids148 and 313-333) or at the catalytic domain (amino acids
149-312) were mutated and the thermal unfolding of the mutants was studied by differential scanning
calorimetry in the absence and presence of saturating concentrations of NAD. Disruptions of intrasubunit
interactions lead to a drastic decrease in thermostability of the N313T, Y283V, and W310F mutants.
Moreover, for the N313T mutant, a weakening of cooperative interactions between the catalytic and the
cofactor domains and an inefficient binding of NAD are observed. This is likely the consequences of
modification or loss of the hydrogen bonding network associating N313 and residue228&and N313

and the nicotinamide carboxyamide of NAD, respectively. For the residues Y283 and W310, which are
involved in stacking hydrophobic interactions, mutating both positions does not affect the efficiency of
NAD binding. This shows that the factors involved in the thermostability of the tetrameric apo GAPDH
are then different from those induced by NAD binding. Disruption of intersubunit hydrogen bonds between
the catalytic domain and the NAD-binding domain of a neighboring subunit also leads to a significant
destabilization of the apo tetrameric form as observed for the D282G mutant. Moreover, no efficient
binding of NAD is observed. Both results are likely the consequence of a loss of hydrogen bonds across
the P-axis and theQ-axis between D282 and R197 and between D282 and R52, respectively. Similar
results, i.e., a destabilizing effect and inefficient NAD binding, are observed with the T34Q/T39S/L43Q
mutant in which steric hindrance is introduced at the S-loop ofRfaxis-related subunit via mutations

at the adenosine subsite. The dimeric form of the D282G mutant exhibits a single partial heat absorption
peak, whereas the Y46G/R52G mutant which exists only as a dimer shows two peaks. Taking into account
the recent small-angle X-ray scattering studies which suggested that the dimeric form of the D282G mutant
and of the dimeric Y46G/R52G mutant are of the RandO—P types, respectively (Vachette, unpublished
results), we propose that the presence of one or two peaks in thermal unfolding of dimers is a signature
of the dimer type.

Bacillus stearothermophilu@. stearothermophilygphos- nonequivalent interfaces, tifeaxis (between subunits O and
phorylating p-glyceraldehyde-3-phosphate dehydrogenase P and between subunits Q and R), tQeaxis (between
(GAPDHY is a well-known tetrameric enzyme whose subunits O and Q and between subunits P and R) and the
functional and structural properties have been extensively R-axis interface (between subunits O and R and between
studied (—11). High-resolution crystallographic structural subunits P and Q). The most extensive intersubunit interac-
studies of both apo and holo forms are availaldle, (L1). tions that are formed across tReaxis interface have been
Tetrameric phosphorylating GAPDH froB: stearothermo- ~ suggested to be essential in revealing cooperativity upon
philushas been described as a “dimer of dimers” with three NAD binding (12).

The polypeptide chain of each subunit is folded into two
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The present study was done to investigate the contribution
to GAPDH thermostability of different sets of hydrogen
bonding, of hydrophobic interactions, or of steric hindrance
between the catalytic and NAD-binding domains taking place
either within a single subunit or between neighboring
subunits, in the presence or absence of NAD. With this aim,
different mutants, some of which are shown to exist as dimers
or in dimer-tetramer equilibrium, were generated, bearing
amino acid substitutions at positions involved in intra- or
intersubunit stabilizing interactions. Their thermal stabilities
were determined using differential scanning calorimetry
(DSC). The results are presented in relation with the three-
dimensional structure and the biochemical properties of
GAPDH.

Catalytic domain

NAD binding domain

MATERIALS AND METHODS

Production and Purification of the Mutant GAPDHs from
B. stearothermophilusthe GAPDH mutants were obtained
using the site-directed mutagenesis method of Kunkel
performed on a pBluescript Il SK containing thap gene
of B. stearothermophilusunder the control of thdac
FIGURE 1: Schematic representation of the mono®ef the holo promoter (8). Wild-type and mutant GAPDHs were over-
form of the GAPDH from B. stearothermophilug10). The expressed and purified to homogeneity as previously de-
crystallographic structure was taken from the Brookhaven Protein scribed (2). The dimeric and tetrameric forms of mutants

Data Bank, access code 1gdil3). The Molscript program was e . -
used (4). The black circles, squares, and triangles represent the existing under both oligomeric states were further separated

mutated residues, the hydrogen bond partners of N313 and the@n @ phenyl-Sepharose column (Pharmacia), with 200 and
catalytic residues (i.e., C149 and H176), respectively. The NAD 600 mM ammonium sulfate, respectively. The N313T mutant
binding domain (residues-1148 and 313-333), the catalytic ~ and the tetrameric form of D282G and T34Q/T39S/L43Q
domain (residues 149812) and the NAD are also indicated. mutants, as well as the dimeric Y46G/R48G and Y46G/R52G
. o . mutants were obtained in apo form. In contrast, the wild-
NAD-binding domain is formed by the N-terminal half of 1,6 and the tetrameric form of Y283V and W310F mutants
the polypeptide chain (residues-148) and also includes  \yere jsolated in a holo form. Their apo forms were prepared
the C-t.ermmal?u he|IX (rgS|dues 31-3?.)30) (Figure 1). The by passage through an Affi-blue gel column (Bio-Ratd)(
catalytic domain is constituted by residues #842. Onthe  The molecular masses of all proteins were confirmed by mass
basis of the differences observed between the apo and holgspectrometry. Enzyme concentrations were determined spec-
GAPDH structures fronB. stearothermophilys mechanism  rophotometrically using absorption coefficients at 280 nm
has been proposed which accounts for conformational of 1,17 x 10° and 1.31x 10° M~t cm for tetrameric apo

changes associated with NAD binding. According to this and holo enzymes, respectivel§, §). In the case of the
mechanism, the ADP moiety of NAD binds to GAPDH in  dimeric apo enzymes, the value of 5.8510* M~ cm*

the apo conformation. Then, domain closure within each was used.

subunit occurs, which leads to a productive binding of the g7y me Assays and Kinetidsitial rate measurements
nicotinamide moiety, notably, by forming a hydrogen bond ere carried out at 23C with a Kontron Uvikon 933
between the side chain of N313 and the carboxyamide partgjecirophotometer by following the absorbance of NADH
of the pyridinium ring. In return, the rotation of the 4; 340 nm, as previously describei?), Data were fitted to
coenzyme-binding domain relative to the catalytic domain {he Michaelis-Menten equation using least-squares regres-
also. improves mteracthns at the adenosine su.bsne.llnsion analysis to determirie.andKy. The turnover number
par_'ucular, a con_forma‘uonal chang_e of th_e maln—cha_ln (kea) Was expressed per active sitd)(Ky values for NAD
residues 3336 adjacent to D32, a residue which is essential ere determined at saturating concentrations of all other
for the adenosine positioning, is observad, (19). substrates. The acylation rate was determined using a SFM3
Inspection of the 3D structure shows that there exist 10 Biologic Stopped-flow apparatus by following the absorbance
hydrogen bonds between the NAD-binding and the catalytic of NADH at 340 nm, as previously describe@).(Briefly,
domains within each subunitL). Moreover, a stacking the first syringe contained the enzyme (418) in the buffer
hydrophobic interaction was recently characterized betweencontaining 50 mM Tris/HCI, pH 8.0, 2 mM EDTA and the
Y283 located in the loop 276289, connecting th@s and second syringe contained 2 mM NAD and 2 miv-
B strands of the catalytic domain and W310 located at the glyceraldehyde-3-phosphate (G3P) in the same buffer. Data
end of the 8; strand (6, 17). All these intrasubunit  Wwere fitted with the Biokine program using nonlinear
interactions exist both in the apo and holo structures. In regression analysis. An average of five runs was performed
addition to these intrasubunit hydrogen bonds, there also existto determine each rate constant.
intersubunit hydrogen bond4@). A total of 26, 10, and 6 Absorption Band of the Binary EnzymBAD Complex
intersubunit hydrogen bonds are present alongR¥exis, (Racker Band)Measurements of the intensity of the absorp-
R-axis, andQ-axis interface, respectivelyL (). tion band centered at 360 nraQ) were carried out at 25C
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as previously describeQ_X. The extinctior_l of the absorptiqn Table 1: Hydrogen Bonds between Residues of the NAD-binding
band by 1,3-dPG (1,3-diphosphoglyceric acid; 0.5 mM final and the Catalytic Domains of GAPDH froB. Stearothermophilus
concentration for dimeric and tetrameric forms) was moni- (15)

tored as previously describe@l). NAD binding domain catalytic domain
Analytical Ultracentrifugation.Sedimentation of differ- V49 fo) N284 ND2
ent GAPDH forms was studied using a model E Spinco N146 (o) N152 ND2
analytical ultracentrifuge (Beckman), equipped with a photo- D312 OoD1 N236 ND2
electric scanner, a multiplexer and a monochromator. A D312 ob2 G285 N
e ’ . N313 oD1 V237 N
titanium rotor An-F-Ti and double-sector cells were used. N313 oD1 5238 0G
The rotor speed was 2616§005canning was carried out at N313 ND2 N236 oD1
the wavelength 280 nm. The sedimentation velocity studies 3332153 “Z gggg 8
were performed at 20C in a buffer containing 100 mM R320 NZ T287 o

KH,PO/KOH, pH 7.5, 1 mM EDTA. The sedimentation
coefficient was normalized to the standard conditions, i.e.,
a solvent with the density and viscosity of water at°ZD

Differential Scanning CalorimetryDifferential scanning
calorimetry measurements were made using a DASM-4
adiabatic microcalorimeter (Biopribor, Poushchino, Russia)
with a 0.47-mL cell volume at scan rates of 1.0, 0.5, and
0.125 °C/min, as previously described®2). All thermal
transitions observed were irreversible and scan-rate depend-
ent. Both for the wild type and different mutants, decreasing
scanning rate from 1 to 0.12%/min resulted in a shift of
Tmax (Maximum of the thermal transition peak) by 25
°C toward lower temperatures, with no changes in the shape
of the curves. Therefore, all experiments throughout this
study were performed at a constant scan-rate &€/min.
Instrumental baselines recorded when both cells were filled £ pe o: Intersubunit hydrogen bonds formed between residues
with buffer were subtracted from experimental traces to R52-D282 and Y46-E276 across th&Q-axis interface of the
obtain the heat capacity curves. The valuesTgfx and GAPDH fromB. stearothermophilushe crystallographic structure
calorimetric enthalpies\H.) were determined using origi- ?g;hgrggli%g/éﬁ%Tot[a?r%af;egg)rttegggggguc%ii\z tfgg){‘ {fﬁéﬂ
na.‘l software. Due to .the Irre.verSIblllty of the heat denatur- WebLabViewerPro program version 3.7 (Molecular Simulations,
ation process, it was impossible to calculate the value of the nc y was used. The monomerandQ are represented in red and
van't Hoff enthalpy, and this precluded its comparison with blue, respectively. Dashed lines represent the hydrogen bonds
the calorimetrically determined enthalpy and the determi- formed between the side chains of Y46 and E276 and between the
nation of the raticAHc,/AHYa"t Hoft the parameter widely side chain of R52 and the=€D qf the rr]airj chain of D282. The
used to estimate the degree of cooperativity of unfolding '€"9th of éach hydrogen bond is also indicated.
transitions 23). Therefore, the unfolding transition curves
were only compared in terms of the width of the correspond-
ing peaks (measured at half-height).

Y283 and W310 are located in the loop following the
strandfs (residues 276289) and in the stran@; in the
catalytic domain, respectively (Figure 1). Y283 and W310

RESULTS form an intramonomeric stacking interaction and were
replaced by valine and phenylalanine, respectivé).(
Justification of the MutationsA total of 10 residues T39 and L43 are located in the helix, whereas T34 is

involved in the interactions between the cofactor domain located in the preceding loop within the cofactor domain
(residues +148 and 313-333) and the catalytic domain  (Figure 1). T34, T39, and L43 were replaced with glutamine,
(residues 149312) or within the catalytic domain were serine, and glutamine, respectively. The triple mutation was
mutated. Residues N313, Y283, and W310 are involved in introduced in the region where the adenosine phosphate
intrasubunit interactions, whereas residues Y46, S48, R52,portion of NAD binds, namely, close to D32, which is
and D282 are involved in intersubunit interactions. Residues essential for the efficient binding of the coenzyme. The
T34, T39, and L43 are located close to the sites of selected residues, which are not involved in hydrogen bonds,
intersubunit interactions. neither with NAD nor with any amino acid residue, border
N313, which is located in the, helix of the NAD-binding & cavity filled by the S-loop of th&-axis-related subunit.
domain (Figure 1), forms a network of hydrogen bonds, The mutations were designed to form a hydrogen bond
including: (i) three hydrogen bonds with residues 2288 network which should fill this cavity.
positioned in theS, strand (residues 23846), and the Y46, S48, and R52 are located in the loop following the
nearby loop (residues 234€37) of the catalytic domain from  helix o in the cofactor domain (Figure 1) and form hydrogen
the same subunit (Table 1); (ii) one hydrogen bond through bonds with residues of the catalytic domain of another
water with neighboring E314; (iii) one hydrogen bond with subunit. Y46-E276 and R52D282 are the hydrogen bond
the oxygen atom of the carboxyamide group of NAD; and partners across th@-axis interface (Figure 2), whereas S48
(iv) one hydrogen bond with NAD atom 07N(, 15). N313 and both D186 and R197 are hydrogen bond partners across
was replaced by threonine. the R-axis interface (Figure 3). D282, which is located in
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Table 2: Biochemical Properties of GAPDH Mutants

€360 nm, monomeOf the binary

kinetic parametefs enzyme NAD complek
mutation Keat (573 Kw NAD (mM) acylation rate (%) (M~tcm™) Sw.20 (S)

wild type (T) 65+ 7 0.05+ 0.01 320+ 60 1000+ 75 6.49+ 0.39
Y283V (T) 73+ 9 0.06+ 0.01 300+ 45 890+ 35 6.53+ 0.30
W310F (T) 51+ 6 0.10+ 0.02 310+ 62 920+ 50 6.284+ 0.45
N313T (T) 1.0+ 0.2 2.54+0.3 0.8+ 0.1 180+ 40 6.30+ 0.35
T34Q/T39S/L43Q (T) 0.1a& 0.02 0.29+ 0.03 305+ 60 250+ 30 7.07+£0.12
D282G (T) 0.104+ 0.02 0.20+ 0.03 290+ 44 200+ 42 6.57+0.12
Y283V (D) nda 87+ 22 4,294 0.32
D282G (D) nda 75k 15 ND®

T34Q/T39S/L43Q (D) nda 122 20 4.30+ 0.22
Y46G/S48G (D) nda 9a 11 3.99+0.21
Y46G/R52G (D) nda 11& 17 ND

a2 The kearand Ky values were determined at saturating concentrations of all other substrates and expressed in terms of monomer. No detectable
activity (nda) means activity: 10-2 s~%. b Differential spectroscopic measurements were carried out & 2fith two matched double-compartment
cells. Enzyme concentrations were 801 in subunits for both tetrameric and dimeric GAPDH&D: not determined, (T) and (D) designate the
tetramer and dimer, respectively.

272A S48

Ficure 3: Intersubunit hydrogen bonds formed between residues
S48 and both D186 and R197 across Biaxis interface of the
GAPDH fromB. stearothermophilusThe monomer®© andR are
represented in red and green, respectively. Dashed lines represent
the hydrogen bonds formed between the side chains of S48 and ) . :

- . FIGURE 4: Intersubunit hydrogen bonds formed between residues
both D186 and R197 and between the side chain of D186 and theD282 and both R52 and R197 across tRexis and Q-axis

Blgngrguglsog ?Egi(t;r;?ier:jchain of S48. The length of each hydrogen interfaces of the GAPDH frorB. stearothermophilysespectively.
: The monomer®, P, andQ are represented in red, blue and yellow,

. . . respectively. Dashed lines represent the hydrogen bonds formed
the loop following the strands (residues 276289) inthe  popyeen the side chain of R52 and the@ of the main chain of

catalytic domain, forms hydrogen bonds with R197 and R52 p282 and between the side chains of R197 and D282. The length
across thé® and Q-axis interfaces, respectively (Figure 4). of each hydrogen bond is also indicated.

Y46, S48, R52, and D282 were replaced with glycine, which
was expected to minimize conformational alterations of the whereas all dimeric mutants exhibited & B3-fold lower
loops. intensity (Table 2). As already showB)( the Racker band
Biochemical Properties of GAPDH Mutanihe W310F is a consequence of the formation of a charge-transfer
and N313T mutants only existed as tetramers, whereas thdransition between the thiolate of C149 and the pyridinium
T34Q/T39S/L43Q, D282G, and Y283V mutants were shown ring, acting as an electron donor and electron acceptor,
to exist as both tetramers and dimers. Both oligomeric forms respectively. The fact that addition of 1,3-dPG to all
were easily separated on phenyl-Sepharose. The fact that théetrameric and dimeric mutants and the wild-type enzyme
rate of the dimer-tetramer equilibrium was shown to be very led to a total disappearance of the absorption band reinforces
slow (Roitel, unpublished results) excluded any significant this interpretation (curves not shown).
interconversion of the two forms during the duration of the  All tetrameric forms were enzymatically active. However,
various experiments. The double Y46G/R52G mutant only whereas thé., values of the tetrameric Y283V and W310F
existed as dimers, a result similar to that already obtained mutants were similar to those of the wild-type enzyme, the
for the double Y46G/S48G mutani?). In all cases, the  N313 substitution with a threonine resulted in a 65-fold
dimeric and tetrameric states were confirmed by the deter- decrease in thé., with a 50-fold increase in th&y for
mination of the Svedberg coefficients (Table 2). NAD. The Kp value determined for NAD is 50M that is
Under full saturation with NAD, the tetrameric forms of 50-fold lower than th&y value @4). Thek.values of both
the Y283V and W310F mutants exhibited an absorption bandthe tetrameric forms of T34Q/T39S/L43Q and D282G
centered at 360 nm called the Racker band whose intensitymutants were more drastically decreased by a factor of 650,
was similar to that of the wild-type enzyme. The tetrameric while Ky values for NAD were only increased by a factor
N313T mutant and the tetrameric forms of T34Q/T39S/L43Q of 4. For all mutants except N313T, the acylation rate was
and D282G mutants exhibited a-8-fold lower intensity similar to that of the wild type (Table 2).
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Ficure 5: The temperature dependence of the partial heat capacity of the apo tetrameric forms of the N313T mutant and of the wild-type
enzyme in the absence (curves 1 and 3, respectively) and the presence of 2.5 mM NAD (curves 2 and 4, respectively). The protein concentration

is 1 mg/mL. Buffer: 100 mM KHPOYKOH, pH 7.5, 1 mM EDTA.

Table 3: Thermal Unfolding of the Tetrameric and Dimeric Mutant
GAPDHs

apo enzyme +2.5 mM NAD

mutation Tmax (°C) Tmax (°C)
wild type (TP 785+ 0.4 94.5+ 0.3
N313T (T) 62.0+ 0.5/65.5+ 0.5 62.3+ 0.5
W310F (T) 70.7+ 0.4 88.5+ 0.4
Y283V (T) 68.4+ 0.5 88.2+ 0.4
D282G (T) 70.3: 0.5 714+ 0.5
T34Q/T39S/L43Q (T) 64.&0.3 66.8+ 0.3
Y283V (D) 735+ 0.5 745+ 0.5
D282G (D) 71+ 04 71.6+0.4
T34Q/T39S/L43Q (D) 64.8 0.5/70.2+ 0.5 ND?

Y46G/S48G (D) 65.4F 0.5/70.2+ 0.5 66.24+0.5/71.2+0.5
Y46G/R52G (D) 65.5- 0.5/70.2+ 0.5 66.2+ 0.5/70.9+ 0.5

a(T) and (D) designate the tetramer and dimer, respectiVeélyD:
not determined.

All dimeric mutants were shown to be inactive similarly
to that previously described for double Y46G/S48G mutant
(Table 2) @2). The free NAD concentrations at half-
saturation which is indicative of NAD affinity were also
determined for all dimeric mutants and were shown to be
similar or lower than the value of 2.@M previously
determined for the Y46G/S48G mutant (Roitel, unpublished
results,12).

Thermal Unfolding Properties of GAPDHs Mutated at
Sites Inolved in Intrasubunit Interactiondrigure 5 shows
the partial heat capacity curves obtained with the N313T

°C, respectively, as compared to that of the wild-type apo
enzyme. The effect of NAD binding was highly pronounced
with an increase offna by 17.8, 19.8, and 18C for the
W310F, Y283V mutants and wild type, respectively (Table
3). As for the wild type, the thermal transitions of both
W310F and Y283V mutants appeared to be symmetrical.

Thermal Unfolding Properties of GAPDHs Mutated at
Sites Inolved in Intersubunit InteractiondMutating D282
into glycine resulted in a destabilization of the apo tetrameric
form of the mutant with & .« decrease of 8.2C and in an
asymmetry of the thermal transition. The addition of saturat-
ing concentrations of NAD did not significantly affect the
thermal unfolding characteristics (Figure 8, Table 3).

The tetrameric apo form of the T34Q/T39S/L43Q mutant
showed a strongly reduced thermostability with a shift of
the Tmax by 14 °C and an asymmetric thermal transition
compared to the wild-type apo enzyme. Again, as observed
for the D282G mutant, only a slight effect upon addition of
a saturating concentration of NAD was observed (Figure 9,
Table 3).

Both apo dimeric forms of the D282G and Y283V mutants
exhibited a single sharpened asymmetric heat absorption peak
with Thax Values at 71 and 73.%5C, respectively, whereas
the apo dimeric form of the T34Q/T39S/L43Q mutant (Table
3), and the dimeric Y46G/S48G and Y46G/R52G mutants
showed two well-separated peak maxima at around 65 and
70 °C, respectively (Figure 10). In all cases, the binding of

mutant in the absence and the presence of saturatingNAD did not significantly change the thermal characteristics

concentrations of NAD, in comparison with the wild-type

of the dimeric forms (Table 3, Figures-710).

enzyme. The partial heat capacity profile of the N313T DISCUSSION
mutant broadened and two maxima appeared at 62.0 and 65.5

°C. NAD binding was unable to increase significantly the
thermostability of the mutant (Table 3).

The aim of the present study was to determine: (i) the

contribution of intrasubunit and intersubunit interactions

Figures 6 and 7 show the thermograms obtained with the between the cofactor domain and the catalytic domain or
apo tetrameric W310F and Y283V mutants in the absenceinteractions within the catalytic domain itself, to the thermo-
and in the presence of NAD. The replacement of W310 and stability of apo GAPDH fromB. stearothermophilysand
Y283 with phenylalanine and valine, respectively, markedly (ii) whether the efficiency of NAD binding depends on these
reduced theln,, values of the apo mutants by 7.8 and 10 stabilizing interactions. To investigate these points, different
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Ficure 6: The temperature dependence of the partial heat capacity of the apo tetrameric form of the W310F mutant in the absence (curve
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1) and the presence of 3 mM NAD (curve 2). Other conditions are the same as in Figure 5.
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Ficure 7: The temperature dependence of the partial heat capacity of the apo tetrameric and dimeric forms of Y283V mutant in the
absence (curves 1 and 3, respectively) and the presence of 2.5 mM NAD (curves 2 and 4, respectively). The protein concentrations are 0.1
and 0.5 mg/mL for tetrameric and dimeric forms, respectively. Other conditions are the same as in Figure 5.

mutations were introduced either at the catalytic or cofactor domain. The mutation of asparagine into threonine likely
domains, and also at the subunit interfaces in order to disrupts the hydrogen bonding network formed between the
compare in the latter case the stability of dimers relative to side chains of N313 and (i) of residues 236 to 238 as shown
their tetrameric counterparts. in the case of th&scherichia coliN313T mutant {5); and

The Role of Intrasubunit Interactions in the Stabilization (i) of the neighboring residue E314 (through a water
of apo and holo GAPDH Structur&ubstituting threonine ~ molecule) (0). Taken together, this would lead to a
for N313 resulted in a drastic decrease of the stability and significant weakening of the interdomain interactions within
in the broadening of the partial heat capacity curve of the €ach subunit and can therefore explain the strong decrease
N313T mutant. The appearance of two peaks on the melting ©f the Tmax
curve indicates that the thermal unfolding transition is  Binding of NAD had no significant effect on the thermal
becoming less cooperative. Thigax Of the less stable peak, unfolding properties of the apo form of the N313T mutant.
i.e., 62°C, coincides with thélh.« Of the separated NAD-  This suggests that the mutation precluded an efficient binding
binding domain oB. stearothermophilu§APDH (22). This of NAD. Such a conclusion is supported by the intensity of
suggests that the first peak corresponds to the NAD-binding the absorption band at 360 nm, which is a probe of the
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Ficure 8: The temperature dependence of the partial heat capacity of the apo tetrameric form of the D282G mutant in the absence (curve
1) and the presence of 2.5 mM NAD (curve 2). Inset: the thermograms of the apo dimeric form of the D282G mutant in the absence (curve
3) and the presence of 2.5 mM NAD (curve 4). The protein concentration is 1 mg/mL. Other conditions are the same as in Figure 5.
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Ficure 9: The temperature dependence of the partial heat capacity of the apo tetrameric form of the T34Q/T39S/L43Q mutant in the
absence (curve 1) and the presence of 2.5 mM NAD (curve 2) and of the its apo dimeric form in the absence of NAD (curve 3). The protein
concentration is 0.6 mg/mL. Other conditions are the same as in Figure 5.

relative positioning of C149 and of the pyridinium ring of were observed. Therefore, this suggests that the catalytic and
NAD, which is 5-fold less than that exhibited by the wild cofactor domains interact more strongly in the presence of
type. This is also supported by the 400-fold decrease in NAD.

acylation rate and the 50-fold increase<gf value for NAD Mutating Y283 into valine and W310 into phenylalanine
(24). All these results are in agreement with the high- markedly decreased the thermostability of both mutants by
resolution structural study carried out on the N313T mutant at least 6°C for the apo and the holo forms as well. Both
GAPDH fromEscherichia colwhich showed a structure of mutants exhibited a symmetrical nondissociating thermal
the E. coli N313T mutant saturated with NAD rather more transition for the apo and the holo forms as well (Table 3,
similar to the apo than to the holo conformatioh5) Figures 6 and 7). However, neither mutation significantly
Although no significant effect was observed upon NAD affected the efficiency of NAD binding as evidenced by the
binding, the thermogram seems to be composed of only oneisolation of both mutants as holo enzymes and by the Racker
transition in contrast to the apo form for which two transitions band intensity and specific activities which are similar to
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Ficure 10: The temperature dependence of the partial heat capacity of the dimers of the Y46G/S48G and Y46G/R52G mutants in the
absence (curves 1 and 3, respectively) and the presence of 2.5 mM NAD (curves 2 and 4, respectively). The protein concentration is 1
mg/mL. Other conditions are the same as in Figure 5.

those of the wild-type enzyme. Therefore, efficient binding moiety. This improper binding is probably the consequence
of NAD and subsequent conformational changes necessaryof an inefficient binding of the adenosine moiety due to the
for formation of a competent active center are operative. mutation of T34 located in the adenosine subsite and which
Moreover, in the presence of a saturating NAD concentration, in return should perturb the nicotinamide binding.

the Trax values of both mutants were increased by 1710 20 prgperties of Mutant DimersThe dimeric forms of the

?C similar to what is Observed_with the Wl|d type Therefore, D282G and Y46G/R52G mutants showed Significant differ-
it can be concluded that (i) the stacking hydrophobic gnces in their thermal unfolding characteristics. Whereas the

interaction between Y283 and W310 is essential for stabiliz- p5g>G mytant exhibited a single partial heat absorption peak
ing both the apo and the holo tetrameric forms; and (i) the i, a Ty at 71 °C, the dimeric Y46G/R52G mutant

effect of NAD binding on the thermostability of GAPDH displayed two peaks Wit values at around 65 and 70

does not dppend on the Y288/310 interaction.. Conse- . °C, respectively. Recently, the results obtained in small-angle
quently, this strongly suggests that the factors involved in X-ray scattering studies have suggested that the dimeric
the thermostability of the tetrameric apo GAPDH are D282G and Y46G/R52G mutants are of #9e-R and the
dlf;ehren;{frlo m tfh(laste mdgcef:: tg the.NAIDt bmdtl_ng. in th O—P type, respectively (Vachette, unpublished data). There-
St b'?' tQE Of ntersu (;mr'] | OanAa'FTDl_rr‘l_ﬁraC |ort1s n f € fore, it is tempting to hypothesize that the presence of one
apriization ol apo and Nolo € rupture o or two peaks in thermal unfolding of dimers is a signature
hydrogen bonding interactions between the catalytic and of the O—R and O—P dimers, respectively. Then, on the

NAD-binding domains belonging to neighboring subunits basis of their thermal unfolding profiles, we propose that

also led to a strong destabilization of the tetrameric GAPDH he di ic f f the Y2 7 f i

and to a weaker interaction between the cofactor and thet € dimeric form o .t € Y283V mutant is of t —Rtyp_e .
whereas the dimeric Y46G/S48G mutant and the dimeric

catalytic domains. This is well illustrated by the results
obtained on the D282G and the T34Q/T39S/L43Q mutants. form of the T34Q/ T39.S/ L43Q _mutant are of tﬁb—'.: type.
X-ray scattering studies are in progress to validate these

In the case of the apo tetrameric form of the D282G mutant, hvboth In thi text. it ins to elucidate at th
a 8 °C decrease in Jax and an increase in the peak width ypotheses. In this context, it remains to elucidate at the
were observed. This is likely due to the disruption of structu_ral level the reasons be_hlnd the different thermal
hydrogen bonds between position 282 and (i) R197 acrossbeha\’IorS of theD—P and O—R dimers.
the P-axis interface; and (ii) R52 across tQeaxis interface. The Y283V and T34Q/T39S/L43Q mutants were shown
Rupture of these interactions is expected to prevent anto exist in a slow dimertetramer equilibrium (Roitel,
efficient NAD binding. This is confirmed by the fact that unpublished data). In the case of the Y283V mutant, the
(i) the tetrameric form of the D282G mutant was isolated as mutation is located next to D282. Thus, the dissociation of
an apo form; (ii) the intensity of the Racker band was 5-fold the tetrameric form of the Y283V mutant is likely due to
lower than that for the wild-type enzyme; and (iii) no the disruption of stabilizing interactions formed by neighbor-
significant increase in the thermostability was observed in ing residues in the 276289 loop, i.e., R281 and D282,
the presence of a saturating concentration of NAD. In the across thé>-axis interface as for the D282G mutant and not
case of the triple T34Q/T39S/L43Q mutant, the destabilizing to loss of the hydrophobic interaction with W310. Indeed,
effect was even more pronounced with a°Cldecrease in  the W310F mutant remained tetrameric. For the triple T34Q/
Tmax NO significant stabilizing effect of NAD binding was  T39S/L43Q mutant, the dissociation of the tetramers into
observed. Again, the intensity of the Racker band was 5-fold dimers is likely due to the steric hindrance at tReaxis
smaller suggesting an inefficient binding of the nicotinamide interface, because these mutations formed a hydrogen bond
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network which fills the cavity occupied by the S-loop of the

R-axis-related subunit.

The binding of NAD produced no significant thermal
stabilization of any dimers, as also illustrated by the low
intensities of the Racker band in all dimers. The fact that
even in the presence of the substrate neither the acylation
step nor the phosphorylation is catalytically efficient shows

that introducing mutations at both thE- and Q-axis

interfaces provokes significant conformational rearrange-
ments which prevent the formation of not only a holo dimeric
form but also a competent ternary complex. Knowledge of
the X-ray structure for both types of dimers would be

informative.

Finally, our study shows that the dimeric apo forms of
mutants, which exist in both tetrameric and dimeric forms,
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