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Faculté des Sciences et Techniques, Vandoeuvre-lès-Nancy, France

The glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
in the chloroplast of Chlamydomonas reinhardtii is part of a
complex that also includes phosphoribulokinase (PRK) and
CP12. We identified two residues of GAPDH involved in
protein–protein interactions in this complex, by changing
residuesK128 andR197 intoAorE.K128A/Emutants had
a Km for NADH that was twice that of the wild type and a
lower catalytic constant, whatever the cofactor. The kinetics
of the mutant R197A were similar to those of the wild type,
while the R197Emutant had a lower catalytic constant with
NADPH. Only small structural changes near the mutation
may have caused these differences, since circular dichroism
and fluorescence spectra were similar to those of wild-type
GAPDH. Molecular modelling of the mutants led to the
same conclusion. All mutants, except R197E, reconstituted
the GAPDH–CP12 subcomplex. Although the dissociation

constants measured by surface plasmon resonance were
10–70-fold higher with the mutants than with wild-type
GAPDH and CP12, they remained low. For the R197E
mutation, we calculated a 4 kcal/mol destabilizing effect,
whichmay correspond to the loss of the stabilizing effect of a
salt bridge for the interaction between GAPDH and CP12.
All the mutant GAPDH–CP12 subcomplexes failed to
interact with PRK and to form the native complex. The
absence of kinetic changes of all the mutant GAPDH–CP12
subcomplexes, compared to wild-type GAPDH–CP12,
suggests that mutants do not undergo the conformation
change essential for PRK binding.

Keywords: phosphoribulokinase; glyceraldehyde-3-phos-
phate dehydrogenase; CP12; site-directed mutagenesis;
protein–protein interactions.

Several lines of evidence point to the involvement of
supramolecular complexes in the Benson–Calvin cycle,
responsible for CO2 assimilation in photosynthetic organ-
isms [1–5]. Even though interactions between proteins are
involved in nearly all biological functions, the physico-
chemical principles governing the interaction of proteins
are not fully understood.

In the literature, two types of complexes are defined [6,7]:
obligatory or permanent ones, whose constituents only exist
as part of complexes, and transitory complexes, whose
components are found either under an associated or an
individual state. Transitory interactions are dynamic pro-
cesses characterized by equilibrium constants and therefore

depend on the in vivo relative concentration of the different
components. This dynamics may explain why a given
protein is described in the literature as part of protein
complexes having different compositions. Different iso-
lation procedures could also explain the discrepancies in the
published compositions of some protein complexes [8,9].
The physico-chemical properties of the interface of obliga-
tory and transitory complexes have been characterized by
studying the structure of complexes deposited in the Protein
Data Bank (PDB) [10]. The interface of obligatory
complexes is rich in hydrophobic residues and greatly
resembles the buried parts of the protein [11,12]. On the
contrary, the interface of transitory complexes bears many
charged residues, and its composition is closer to that of
solvent-exposed regions of the protein. The arginine residue
seems to be more frequent at the interface of proteins in
transitory complexes [13].

We have isolated from the green alga Chlamydomonas
reinhardtii a bi-enzyme complex (460 kDa) which is made
up of two molecules of tetrameric glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (EC 1.2.1.13), two mole-
cules of dimeric phosphoribulokinase (PRK) (EC 2.7.1.19)
and of a small flexible protein involved in the assembly of
this complex, CP12 [5,14,15]. When this GAPDH–CP12–
PRK complex is dissociated by dilution or strong reducing
conditions, GAPDH is released as a tetrameric A4 form
associated with CP12 (native GAPDH), while PRK is
released under an isolated homodimeric form. We have
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previously shown that protein–protein interactions can
result in information transfer, imprinting effects and can
modify the regulatory properties of the enzymes involved in
this complex [16–20].

GAPDH and PRK are known to be involved in
transitory interactions [1,3,14,21–23], but the residues
essential for these interactions remain unknown. In the past
[24], we have shown that the conserved residue arginine 64
of C. reinhardtii PRK is involved in the interaction of this
enzyme with the GAPDH–CP12 subcomplex. This report
describes the behaviour of fourGAPDHmutants to explore
the specific interactions between GAPDH and CP12, and
then between this subcomplex and PRK.

Lastly, few data are available for the thermodynamics of
the association reactions in higher order structures. They are
based on mutagenesis and binding studies of relatively few
complexes [25,26]. As the affinities of the mutant GAPDHs
for CP12 can be accurately measured under equilibrium
binding conditions using surface plasmon resonance [27], we
used this method to assess the apparent contribution of the
mutated residues to the formation of the complex.

Experimental procedures

Materials

Most chemicals [ATP, NAD(P)H] and enzymes (phospho-
glycerate kinase) were supplied by Sigma. Blue SepharoseTM

6 Fast flow was from Amersham Pharmacia Biotech AB,
Uppsala, Sweden.

Enzyme purification

Recombinant wild-typeGAPDHandCP12were purified to
apparent homogeneity, as previously described [28,29].
Mutant GAPDHs were purified using a Blue SepharoseTM

6 Fast flow step [28] with 30 mMTris, 4 mMEDTA, 0.1 mM

NAD, 2.5 mM dithiothreitol, pH 7.5 as equilibration buffer
(buffer A). Purified active mutant GAPDHs were eluted
with buffer A supplemented with 0.5 M NaCl. All purified
GAPDHs were stored at )80 �C in 10% aqueous glycerol.

Site-directed mutagenesis

In vitro mutagenesis was performed using QuickChangeTM

site-directed mutagenesis kit (Stratagene). All the mutations
were confirmed by sequencing.

Enzyme assays and protein measurements

The NADH- or NADPH-dependent activities of GAPDH
were determined [30] using 1,3-biphosphoglyceric acid
(BPGA) formed in a mixture containing 35 mM ATP,
70 mM phosphoglyceric acid and 30 U phosphoglycerate
kinase, incubated at 30 �C for 30 min. The BPGA concen-
tration was spectrophotometrically determined and found
to be 15 ± 3 mM.Activities were recorded using aUV2Pye
Unicam spectrophotometer. Experimental data were fitted
to theoretical curves using SIGMA PLOT 5.0, V5. GAPDH
activities measured at constant cofactor [NAD(P)H] con-
centration and varied concentrations of the substrate
(BPGA) were fitted to a sigmoid curve:

v

½E�0
¼ kcat � ½BPGA�nh

Knh
0:5 þ ½BPGA�nh

� �
ð1Þ

where, kcat is the catalytic constant, nh the Hill coefficient
and K0.5 the BPGA concentration for which half the
maximal velocity is obtained. GAPDH activities measured
at constant BPGA concentration and varied concentrations
of NAD(P)H were fitted to a hyperbola according to
Michaelis–Menten kinetics.

Protein concentration was assayed with the Bio-Rad
protein dye assay reagent, using bovine serum albumin as a
standard [31].

Molecular modelling

Modeller 6v2 [32]wasused tomakeamodel of the tetrameric
GAPDH from C. reinhardtii based on the structure of the
GAPDH from Bacillus stearothermophilus (PDB code
1 GD1). The resulting structure was minimized and a
molecular dynamics was made with AMBER 6.0 [33]. The
four mutants (K128A, K128E, R197A and R197E) were
constructed in silico from the average structure of molecular
dynamics and were minimized with AMBER 6.0. To model
the position of NADH and of NADPH, these substrates
were initially docked in the same position as the NAD of
1 GD1. Parameters for both cofactors were taken from the
AMBER web site. The 10 structures were minimized in a
20 Å radius from the substrate in only one monomer.

Aggregation states of the enzymes

The formation of the GAPDH–CP12 or GAPDH–CP12–
PRK complex was checked by native PAGE performed on
4–15% minigels using a Pharmacia Phastsystem apparatus.
Proteins were transferred to nitrocellulose filters (0.45 lm,
Schleicher and Schüll) by passive diffusion for 16 h. The
filters were then immunoblotted with a rabbit antiserum
directed against recombinant C. reinhardtii CP12 (1 : 2000)
or a rabbit antiserum directed against recombinant
C. reinhardtii GAPDH (1 : 5000). Antibody binding was
revealed using alkaline phosphatase [34]. For GAPDH–
CP12–PRK reconstitution assays [29], a rabbit antiserum
directed against recombinant spinach PRK (1 : 1000) was
used.

Biosensor assays

Purified CP12 (50 lgÆmL)1) was coupled to carboxymethyl
dextran (CMD)-coated biosensor chip (CM5, BiaCore)
following the manufacturer’s instructions. We studied the
interaction of wild-type or mutant recombinant GAPDHs
to immobilized oxidized CP12 using HBS running buffer
(BiaCore) supplemented with 0.1 mM NAD, 5 mM Cys,
pH 7.5 at 20 lLÆmin)1. Different concentrations of
GAPDH were injected (analyte). The analyte interacts with
the ligand (CP12) to give the association phase, then the
analyte begins to dissociate as soon as injection is stopped
and replaced by buffer. The observed curves were fitted
assuming single phase kinetics (single phase dissociation/
association). The kinetic parameters were calculated
from these fits using the BIAEVALUATION software (v2.1,
BiaCore).
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Results

Rationale for the mutation of residues Lys128 and
Arg197

Like all GAPDHs (chloroplast and glycolytic), the A4

chloroplast GAPDH ismade up of two functional domains,
one corresponding to the cofactor-binding domain, or

Rossman fold (residues 1–147 and 313–334 in spinach
GAPDH (accession code in PDB:1JN0), the other being the
catalytic domain (residues 148–313). The latter comprises
the S loop (residues 177–203) that is close to the NADP
nicotinamide moiety [35].

The structure of wild-type C. reinhardtii GAPDH
obtained by molecular modelling (Fig. 1A), and that
of chloroplast spinach GAPDH [35] were examined to
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Fig. 1. Modelled structure of C. reinhardtii GAPDH and amino acid comparison with other GAPDHs. (A) Localization and orientation of residues

K128 andR197 ofC. reinhardtiiGAPDH.Ribbonmodel of the photosynthetic A4GAPDH tetramer in which residues corresponding toK128 and

R197 inC. reinhardtiiGAPDHare situated in a groove between twomonomers. The Omonomer is represented in cyan, the P in red, the Q in green

and the Rmonomer in orange. (B) Partial amino acid sequence alignment of chloroplast GAPDHs. Alignment was performedwith CLUSTALW. The

residues K128 and R197 (C. reinhardtii numbering) are indicated by arrows. The S loop is underlined.
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determine which residues were accessible to the solvent and
could thus be potentially involved in the interaction with the
other partners of the GAPDH–CP12–PRK complex. The
model of wild-type GAPDH from C. reinhardtii, like the
structure of spinach GAPDH, shows the presence of a
groove containing two positively charged residues, Lys128
and Arg197 (C. reinhardtii numbering, corresponding to
Lys122 and Arg191 in spinach) that seem to protrude and
could hence play a role in protein–protein interactions
(Fig. 1A). Hydrophobicity distribution patterns were also
analyzed using a simple method to identify residues
potentially involved in protein–protein interactions [13].
This method indicates that among other candidates,
residues Lys128 and Arg197 may be involved in protein–
protein interactions. These residues being also conserved
among other chloroplast GAPDHs (Fig. 1B), we mutated
them in either alanine or glutamic acid.

Kinetic parameters of the R197A and R197E mutant
GAPDHs

The R197A mutant was not significantly different from the
wild-type recombinant enzyme. Like the wild-type enzyme,
theR197Emutant followedMichaelis–Menten kinetics with
NADH and NADPH, but the catalytic rate constant using
NADPH was only half that of the wild type. The catalytic
efficiency, expressed as kcat/Km, of the R197E mutant using
NADPH was then about one-half (6.3 s)1Ælmol)1) that of
the wild-type recombinant GAPDH (15.3 s)1Ælmol)1). The
catalytic efficiency using NADH was not affected. Like the
wild type, the mutant showed allosteric behaviour toward
BPGA and its K0.5 was twofold higher, whatever the
cofactor. The kinetic parameters of the purified R197
mutant enzymes and those of the recombinant wild-type
enzyme are shown in Tables 1 and 2.

Circular dichroism and fluorescence spectra of the
R197A and R197E mutants indicate that the mutations
do not change significantly the global structure of the
enzyme, compared to the wild-type GAPDH. Molecular
modelling also suggests that the interactions between the
enzyme and the NADHorNADPHmoiety were conserved
with both R197 mutants, indicating that both cofactors,
either NADH or NADPH, have a correct position in the
active site. The overall conformation of each mutant
monomer remains essentially similar to that of wild-type
GAPDH; root square mean distance values for the
superimposition of the Ca atoms of the latter with those

of R197A and R197E were 0.39 and 0.43 Å, respectively
(data not shown).

Kinetic parameters of the K128A and K128E mutant
GAPDHs

The two GAPDHmutants behaved in aMichaelis–Menten
fashion toward the cofactors as does the wild-type enzyme.
The Km for NADH was significantly higher (at least two-
fold), even though it was not possible to have an accurate
estimation of its value due to limitations of the spectropho-
tometer (standard errors of 20%). The catalytic rate
constants of these mutants with both cofactors were
one-half those of the wild-type recombinant enzyme
(� 7 s)1Ælmol)1) using NADPH and about one quarter
(� 0.2 s)1Ælmol)1) in the presence of NADH. For the
reason mentioned above, only the K0.5 toward BPGA at
constant NADPH concentration was further characterized.
Fitting the curves with a multifit function using a common
value of K0.5 for the wild-type and the mutants, and
different values of kcat showed that the small difference in
the K0.5 values obtained for the mutant GAPDHs was not
significant. Specific values for these parameters are given in
Tables 3 and 4.

Again, circular dichroism and fluorescence experiments
indicate that the overall structure of these mutants is not
different from that of the wild type. The rsmd values
obtained for the superimposition of the Ca atoms of the
wild-type GAPDH with those of K128A and K128E also

Table 1. Kinetic parameters of mutant GAPDH R197A and R197E,

compared to those of the wild-type recombinant enzyme. BPGA con-

centration was kept constant at 1 mM and NAD(P)H concentration

varied from 0 to 0.25 mM. The concentration of enzyme in the cuvette

was 3 nM with NADPH and 10 nM with NADH. Kinetic parameters

were obtained by fitting the experimental points to a hyperbola,

according to Michaelis–Menten kinetics.

[NADPH] [NADH]

Km (lM) kcat (s
)1) Km (lM) kcat (s

)1)

Wild-type GAPDH 28 ± 3 430 ± 17 120 ± 11 104 ± 3

R197E GAPDH 35 ± 5 220 ± 10 110 ± 10 137 ± 5

R197A GAPDH 28 ± 5 392 ± 21 99 ± 26 108 ± 13

Table 2. Kinetic parameters of mutant GAPDH R197A and R197E,

compared to those of the wild-type recombinant enzyme. NAD(P)H

concentration maintained equal to 0.25 mM, while BPGA concentra-

tion in the reaction mixture varied from 0 to 2 mM. The concentration

of enzyme in the cuvette was as in Table 1. The experimental points

were fitted to the equation of a sigmoid (1).

Cofactor

K0.5 (lM)

BPGA nHill kcat (s
)1)

Wild-type GAPDH NADPH 250 ± 17 1.5 ± 0.1 430 ± 17

NADH 95 ± 10 1.3 ± 0.1 88 ± 4

R197E GAPDH NADPH 438 ± 8 1.4 ± 0.2 216 ± 22

NADH 208 ± 32 1.4 ± 0.2 96 ± 7

R197A GAPDH NADPH 254 ± 25 1.3 ± 0.1 367 ± 20

NADH 109 ± 7 1.9 ± 0.2 80 ± 3

Table 3. Kinetic parameters obtained for the mutants K128A and

K128E. BPGA concentration was kept constant at 1 mM and

NAD(P)H concentration varied from 0 to 0.25 mM. The concentration

of enzyme in the cuvette was 5 nM with NADPH and 14 nM with

NADH. Kinetic parameters were obtained by fitting the experimental

points to a hyperbola, according to Michaelis–Menten kinetics.

[NADPH] [NADH]

Km (lM) kcat (s
)1) Km (lM) kcat (s

)1)

Wild-type GAPDH 28 ± 3 430 ± 17 120 ± 11 104 ± 3

K128E GAPDH 23 ± 2 161 ± 5 272 ± 32 56 ± 4

K128A GAPDH 27 ± 1 220 ± 20 250 ± 50 40 ± 4
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suggest no strong differences between the monomers (rsmd
values were 0.4 and 0.45 Å, respectively).

GAPDH–CP12 and GAPDH–CP12–PRK reconstitution
experiments

Reconstitution experiments were performed using equi-
molar proportions of GAPDH and CP12 to see whether the
mutant GAPDHs were able to reconstitute the GAPDH–
CP12 complex as did the wild-type enzyme. After incuba-
tion during 16 h at 4 �C, the formation of the GAPDH–
CP12 complex was assessed by native PAGE followed by
incubation with the anti-CP12 and anti-GAPDHantibodies
(Fig. 2). The GAPDH–CP12 complex was reconstituted
in vitro with all mutants except R197E.

Those mutants that formed the GAPDH–CP12 subcom-
plex were further checked for their ability to reconstitute the
GAPDH–CP12–PRK complex under conditions favour-
able for the wild-type recombinant GAPDH. The
GAPDH–CP12–PRK complex was not reconstituted (data
not shown), showing that none of the mutants tested acted
normally regarding the interaction between the GAPDH–
CP12 subcomplexes and PRK.

We have previously shown that the kcat of the GAPDH–
CP12 complex formed when wild-type GAPDH associates
with CP12, decreased after 45 min at 30 �C, to become
equal to that of the native GAPDH. After 16 h at 4 �C, the
K0.5 for the substrate also became equal to that of the native
enzyme. These kinetic changes were assumed to be linked to
conformation changes upon association of GAPDH with
CP12 [28], which would be essential for the binding of PRK
and assembly of the complex [29]. The same kinetic
experiments were performed with the GAPDH–CP12
complexes obtained with the mutant GAPDHs to see
whether the lack of complex reconstitution could be linked
to the absence of conformation changes whenGAPDH and
CP12 associated. The mutant GAPDH–CP12 complexes
showed allosteric behaviour with respect to BPGAwhatever
the cofactor used, as did the wild-type GAPDH–CP12
complex. However, no change, either in theK0.5-values or in
the catalytic rate constants, was observed (data not shown).

Biacore experiments

The interactions between mutant GAPDHs and CP12 were
further characterized by surface plasmon resonance (Bia-
Core). The sensorgrams are reported in Fig. 3. The
calculated dissociation constants (Kd) values are summar-
ized in Table 5.

TheKd forR197A,K128E andK128AmutantGAPDHs
was found to be in the range of 6–38 nM, compared with
0.44 nM for the wild-type recombinant GAPDH. The Kd

for the R197E mutant dramatically increased (� 275 nM).
These values allow us to calculate the free energy of the
binding of GAPDH to CP12:

DGb ¼ �RT lnKd ð2Þ
The dissociation constants of mutants and wild-type

GAPDHs with CP12 allow the calculation of the difference
DDGb (Eqn 3) and thus quantify the destabilization of the
interaction between GAPDH and CP12 that could be
directly linked to the point mutations introduced in
GAPDH (Table 5).

DDGb ¼ DGWT
b � DGmut

b ¼ �RT ln
KWT

d

Kmut
d

ð3Þ

The higher effect was observed with the R197E mutant
that was previously shown to be incapable of forming the
GAPDH–CP12 subcomplex.

Discussion

Analysis of the structure of C. reinhardtii chloroplast
GAPDH obtained by molecular modelling and that of
spinach A4 GAPDH has led us to mutate the conserved
residues Lys128 and Arg197 of C. reinhardtii chloroplast

Table 4. Kinetic parameters obtained for the mutants K128A and

K128E. NAD(P)H concentration maintained equal to 0.25 mM, while

BPGA concentration in the reaction mixture varied from 0 to 2 mM.

The concentration of enzyme in the cuvette was as in Table 3. The

experimental points were fitted to the equation of a sigmoid (Eqn 1).

Cofactor

K0.5 (lM)

BPGA nHill kcat (s
)1)

Wild-type GAPDH NADPH 250 ± 17 1.5 ± 0.1 430 ± 17

NADH 95 ± 10 1.3 ± 0.1 88 ± 4

K128E GAPDH NADPH 322 ± 38 1.7 ± 0.2 159 ± 11

NADH n. d. n. d. n. d.

K128A GAPDH NADPH 370 ± 80 1.4 ± 0.3 225 ± 25

NADH n. d. n. d. n. d.

n.d., not done.

Fig. 2. Western blot analysis of the in vitro reconstitution of the

recombinant GAPDH–CP12 complex. Aliquots from the reconstitu-

tion mixture were separated on a 4–15% gradient native gel. The

proteins were transferred on a nitrocellulose membrane and probed

with anti-C. reinhardtii CP12 (lanes 1, 2, 3, 4- reconstitution mixtures

with mutants K128E, K128A, R197A and wild-type recombinant

GAPDH, respectively, lane 5–80 ng of CP12 alone). We checked that

CP12 antibodies did not cross-react with recombinant GAPDH. For

all reconstitution experiments, equimolar proportions of GAPDH and

CP12 were used. In lanes 1, 3 and 4, 1 lg of GAPDH (� 0.08 nmol)

and 0.08 lg of CP12 (� 0.08 nmol) were mixed and 1 lg of the mix-

ture was analyzed. In lane 2, 38 lg of the K128A mutant and 3 lg of

CP12 were mixed and about 10 lg of the mixture was analyzed. The

same conditions as in lane 2 were used for the reconstitution experi-

ment using the R197E mutant, but the band corresponding to the

GAPDH–CP12 subcomplex was absent (lane 6).
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GAPDH into alanine or glutamic acid. Comparison of the
kinetics of these mutants with those of the wild-type
recombinant GAPDH shows that the behaviour of R197A
mutant is not affected by the mutation, suggesting that the
active site and the cofactor-binding site of the mutant
R197A are not modified by the mutation. We thus assume
that the conformation of the R197A mutant is close to that
of the wild-type enzyme. In contrast, the introduction of a
glutamic acid residue affects the kinetic parameters of the
R197Emutant. TheK0.5 for BPGA is twice that of the wild-
type recombinant GAPDH and the catalytic constant is one
half with NADPH as cofactor. Residue Arg197 being
located near the substrate-binding site, it is possible that the

negative charge introduced with the glutamic acid could
interfere with the binding of the substrate, BPGA. Replace-
ment of the residue Lys128 results in a modification of the
kinetic parameters of both the K128E and K128Amutants.
They have lower catalytic rate constant and higher Km for
NADH than the wild-type GAPDH. The introduction of a
negative charge does not explain the discrepancies, as the
presence of anAla residue results in the same effects, but it is
possible that a slight destabilization of the region occurs,
due to the absence of the positive charge on Lys128. The
affinity of NADPHmay be slightly altered only, because its
binding depends on two hydrogen bonds between the
2¢ phosphate group and two hydroxylated residues, Ser195
of the adjacent monomer and Ser38 (Ser188 and Thr33,
respectively, on spinach GAPDH [36]).

All the different kinetic properties are probably linked to
very small structural changes, as circular dichroism, fluor-
escence spectra and molecular modelling of all mutant
GAPDHs indicate no changes of the global structure of the
mutants.

To test whether the interactions of these mutants with the
other partners of the GAPDH–CP12–PRK complex were
impaired, we have tried to reconstitute in vitro the
GAPDH–CP12 subcomplex and the GAPDH–CP12–
PRK complex. The K128A/E and R197A GAPDH
mutants reconstitute the GAPDH–CP12 complex.
Although the dissociation constants measured by surface
plasmon resonance are about 10–70-fold higher than that of
wild-type recombinant GAPDH and CP12, they remain
low. The R197E GAPDH mutant do not reconstitute the
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Fig. 3. Study of the interaction between GAPDH mutants and CP12 by surface plasmon resonance. Net sensorgrams (after subtracting the bulk

refractive index) were obtained with immobilized CP12 using different concentrations indicated on each curve of K128Amutant GAPDH, K128E

mutant GAPDH, R197A mutant GAPDH, and R197E mutant GAPDH. In all plots, the arrow on the left indicates the beginning of the
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fitting assuming a 1 : 1 interaction with BIAEVALUATION 3.1.

Table 5. Dissociation constants and quantification of the destabilizing

effect of the mutations on the interaction between mutant GAPDHs and

CP12. The dissociation constants were measured by surface plasmon

resonance with GAPDH as analyte and CP12 as ligand (immobilized

protein). The free energies of the association of GAPDH and CP12

were calculated according to equations 2 and 3 in the main text.

Analyte Kd (nM) DGb (kcalÆmol)1)

DGWT
b � DGmut

b

(kcalÆmol)1)

Wild-type GAPDH 0.4 ) 13.04

R197A GAPDH 5.7 ) 11.41 ) 1.67

R197E GAPDH 275 ) 9.09 ) 3.95

K128A GAPDH 38 ) 10.29 ) 2.75

K128E GAPDH 14 ) 10.89 ) 2.14
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subcomplex, as shown by native PAGE electrophoresis and
its dissociation constant is much higher than that of the
wild-type recombinant enzyme (about 600–fold). Thus, the
mutation that most destabilizes the interaction with CP12 is
the introduction of a negative charge at position 197.
Because the introduction of an Ala residue instead of the
Arg197 does not significantly impair the interaction of the
R197A mutant with CP12, it seems that the mutated Arg
residue is not directly involved in the interaction with the
small protein. It is likely that the introduction of the
negative charge destabilizes the S loop, thus indicating that
this loop, in addition to its role in the catalyticmechanism of
GAPDH could be essential for the binding of CP12. The
presence of this region at the interface of GAPDH and
CP12 could also explain the kinetic changes observed for the
binding of the substrate when the wild-type recombinant
GAPDH interacts with CP12 [28]. The differences (DDG)
between the binding free energy (DGb) of the interaction
between the wild-type GAPDH and CP12 and that of
the R197E GAPDH mutant and CP12 is close to
)4 kcalÆmol)1. The arginine residue has the ability to form
a hydrogen bond network with up to five hydrogen bonds
and besides, has the ability to form a salt bridge [37] with its
positively charged guanidinium group. The difference of
4 kcalÆmol)1 may correspond to the loss of the stabilizing
effect of a salt bridge [38,39] between an arginine residue of
the S loop and CP12. This result is in good agreement with
the hypothesis proposed by Sparla et al. [36], based on the
kinetic and structural data obtainedwith a S188Amutant of
A4 spinach GAPDH. This result also corroborates the idea
that salt bridges in protein–protein interfaces contribute
significantly to complex stabilization [26]. The possibility of
a major role of salt bridges in the interaction between
GAPDH and CP12 is further supported by the fact that
CP12 is very rich in acidic residues, and thus has the
possibility to form salt bridges with positive charges of
GAPDH [14,29].

Significant effects, though smaller, are also observed with
the other mutations (K128A/E and R197A) for the
association of the mutant GAPDHs and CP12. Most
interestingly, although these mutants reconstitute the
GAPDH–CP12 subcomplex, they fail to reconstitute the
GAPDH–CP12–PRK complex. Two hypotheses could
explain the lack of complex reconstitution. First, the
mutated residues could be directly involved in the associ-
ation of theGAPDH–CP12 subcomplex with PRK, but not
with CP12. This would prevent the formation of half-a-
complex or one unit (one tetramer of GAPDH, one dimer
of PRK and one molecule of CP12) essential to the
formation of the native complex by dimerization of this unit
[29]. Second, we have previously shown that the association
of wild-type GAPDH with CP12 resulted in a modification
of the kinetic parameters of GAPDH probably through
conformation changes of the enzyme upon binding of CP12
[28]. The latter were assumed to be essential for the binding
of PRK by the GAPDH–CP12 subcomplex and assembly
of the GAPDH–CP12–PRK complex [29]. In this case, the
mutations would still enable the association of GAPDH
and CP12, but would prevent or limit the conformation
changes necessary to the binding of PRK. In agreement
with this last hypothesis, our analysis of the kinetic
properties of the GAPDH–CP12 subcomplexes obtained

with the K128A/E and R197A mutants showed that the
kinetic parameters were not altered upon association with
CP12, unlike recombinant wild-type GAPDH [28]. They
suggest that the mutations affect GAPDH conformation
changes upon association with CP12, and yield a GAPDH–
CP12 subcomplex with considerable lower affinity for PRK,
but they do not completely rule out the possibility of a direct
involvement of residues K128 and R197 in the formation of
the complex.

To conclude, the characterization of four GAPDH
mutants (K128A/E and R197A/E) shows that the positive
charges of these residues are important for the association
of GAPDH and CP12, in particular, R197E mutant, and
essential for the assembly of the GAPDH–CP12–PRK
complex. Our results also seem to point out that the S
loop, known to be involved in the cofactor-binding site,
may also be essential for the interaction between GAPDH
and CP12. Previous attempts to reconstitute the topology
of the complex by cryo-electron microscopy [40] could not
be achieved, partly because of the lack of information
regarding the solvent-exposed regions or the interfaces
between the different partners of this complex. These
mutageneses are a first step toward the understanding of
protein–protein interactions in the GAPDH–CP12–PRK
complex and the nature of the physico-chemical forces
involved in the assembly process of this higher order
structure.
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