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CP12 is a small, nuclear-encoded chloroplast protein

that, in a green alga, Chlamydomonas reinhardtii, a

cyanobacterium, Synechocystis PCC6803 and higher

plant chloroplasts, forms part of a core complex con-

sisting of phosphoribulokinase (PRK), glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) and CP12

[1–6]. When embedded within the complex, the two

light-regulated enzymes, which belong to the Calvin

cycle, are less active than when dissociated [4,7–10]. It

has also been shown that Calvin cycle activity depends

on complex dissociation, controlled by the NADPH to

NADP ratio, which is directly linked to electron flux
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The 8.5 kDa chloroplast protein CP12 is essential for assembly of the

phosphoribulokinase ⁄ glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

complex from Chlamydomonas reinhardtii. After reduction of this complex

with thioredoxin, phosphoribulokinase is released but CP12 remains tightly

associated with GAPDH and downregulates its NADPH-dependent activity.

We show that only incubation with reduced thioredoxin and the GAPDH

substrate 1,3-bisphosphoglycerate leads to dissociation of the GAPDH ⁄
CP12 complex. Consequently, a significant twofold increase in the NADPH-

dependent activity of GAPDH was observed. 1,3-Bisphosphoglycerate or

reduced thioredoxin alone weaken the association, causing a smaller

increase in GAPDH activity. CP12 thus behaves as a negative regulator of

GAPDH activity. A mutant lacking the C-terminal disulfide bridge is unable

to interact with GAPDH, whereas absence of the N-terminal disulfide

bridge does not prevent the association with GAPDH. Trypsin-protection

experiments indicated that GAPDH may be also bound to the central

a-helix of CP12 which includes residues at position 36 (D) and 39 (E).

Mutants of CP12 (D36A, E39A and E39K) but not D36K, reconstituted the

GAPDH ⁄CP12 complex. Although the dissociation constants measured by

surface plasmon resonance were 2.5–75-fold higher with these mutants than

with wild-type CP12 and GAPDH, they remained low. For the D36K muta-

tion, we calculated a 7 kcalÆmol)1 destabilizing effect, which may correspond

to loss of the stabilizing effect of an ionic bond for the interaction between

GAPDH and CP12. It thus suggests that electrostatic forces are responsible

for the interaction between GAPDH and CP12.

Abbreviations

BPGA, 1,3-bisphosphoglycerate; CTE, C-terminal extension; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IAA, iodoacetamide; IUP,

intrinsically unstructured proteins; PRK, phosphoribulokinase; SPR, surface plasmon resonance.
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in the thylakoid membranes. This NADPH-mediated

reversible dissociation of the supramolecular complexes

seems to be conserved in all photosynthetic organisms

[1,11]. Dissociation upon thioredoxin reduction,

another important signal [12] involved in the regula-

tion of the Calvin cycle activity [13], has also been

studied in some organisms. With the algal complex,

partial dissociation is observed in vitro upon reduction

by thioredoxin [8,14]. This partial dissociation results

in the release of PRK as a dimer, whereas GAPDH

remains strongly associated with CP12 and forms a

subcomplex of one tetramer of GAPDH with one

monomer of CP12 [2,10]. However, in Arabidopsis

thaliana, full dissociation of the complex into the three

components has been observed under several condi-

tions in vitro, and in no case, did dissociation of the

ternary complex lead to a binary complex [15]. In this

organism, the effect of CP12 on GAPDH activity was

negligible [15], in contrast to the inhibition observed in

C. reinhardtii [10]. Analysis in each organism of these

association–dissociation processes linked to changes in

activities of the enzymes is thus of crucial importance

to find a general mode of light regulation of the Calvin

cycle in all photosynthetic organisms.

GAPDH is composed of four identical GapA sub-

units in C. reinhardtii, whereas in higher plants there

are two forms of chloroplast GAPDH which give

rise to an AxBx quaternary structure formed by

GapA and GapB subunits in equal stoichiometric

ratios [16–18]. The GapB subunit presents a C-ter-

minal extension (CTE) compared with the GapA

subunit (30 amino acid residues longer). This CTE is

involved in kinetic regulation of the enzyme and, in

particular, inhibition of GAPDH in the dark has

been linked to the presence of a disulfide bridge in

this CTE. It can also induce the aggregation of A2B2

GAPDH into higher molecular mass polymers such

as A8B8 [19–21]. It has previously been shown that

reduced thioredoxin and 1,3-bisphosphoglycerate

(BPGA) positively regulate the NADPH-dependent

activity of the A2B2 isoform [20,22,23] via the CTE

of the GapB subunit. This CTE seems to play a role

as a kind of latch that hinders NADP(H) getting

into its binding site. BPGA and thioredoxin move

this CTE and thereby, NADPH-dependent activity

increases [24]. CP12 shares sequence similarities with

the CTE of GapB subunit [25] and thus may behave

as the C-terminus extension of GapB subunits. It

may also act similarly for the regulation of the A4

GAPDH of C. reinhardtii. It has also been shown

that a gene-fusion event between an ancestral

GAPDH and CP12 may have led to evolution of the

GapB subunit [26].

In addition, we have previously shown that CP12 is

essential for PRK ⁄GAPDH ⁄CP12 complex assembly

and shares some physicochemical properties with

intrinsically unstructured proteins (IUP) [2]. These pro-

teins are more ‘adaptative’, leading to advantages in

the regulation of various physiological processes and

in binding diverse ligands. IUP play roles in cell-cycle

control, signal transduction, transcriptional and trans-

lational regulation, as well as in macromolecular com-

plexes [27–31]. They may be classified, depending on

their functional role, as effectors that modulate the

activity of a partner molecule, assemblers that act as a

linker, or scavengers that store small ligands [32]. As a

consequence, this novel class of proteins has ‘come of

age’ and their recognition site, characterization and

classification are one of the most challenging undertak-

ings of structural biology in the years ahead. The first

major stumbling block encountered by the researcher

interested in characterizing protein–protein interactions

is, nonetheless, that of having access to enough

purified stable proteins. In that respect, the algal

GAPDH ⁄CP12 model is a useful tool.

In order to gain further insights into algal CP12

when associated with GAPDH, we have, for the first

time, mapped its interaction site with GAPDH. For

that purpose, we used proteolysis experiments coupled

to MS analysis of the generated fragments to detect

which regions of CP12 were protected upon its associ-

ation with GAPDH, in combination with site-directed

mutagenesis. Furthermore, to better grasp the role of

CP12 as a possible effector that modulates C. rein-

hardtii GAPDH (A4) activity, we measured its influ-

ence on the NADPH-dependent activity of GAPDH in

the presence of BPGA and ⁄or thioredoxin. Conditions

leading to dissociation of the GAPDH ⁄CP12 complex

in the alga C. reinhardtii, are for deciphered.

Results

Effect of CP12 on GAPDH activity

In higher plants, BPGA and thioredoxin act on the

NADPH-dependent activity of GAPDH via the CTE

of the GapB subunit. In order to better understand the

role of algal CP12 on the activity of GAPDH com-

posed only of GapA subunits, GAPDH ⁄CP12 (native

GAPDH purified from C. reinhardtii cells) [10], was

incubated with BPGA and ⁄or thioredoxin for 1 h at

30 �C and its NADPH-dependent activity was meas-

ured (Table 1). Some changes in the catalytic rate con-

stant were seen when native GAPDH was incubated

with 10 lm reduced thioredoxin or 160 lm BPGA

alone, as the activity increased by 39 and 33%,
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respectively. However, when GAPDH was simulta-

neously incubated with reduced thioredoxin and

160 lm BPGA, the catalytic rate constant was twice

that of untreated GAPDH. When the BPGA concen-

tration added to thioredoxin was decreased from 160

to 3 lm, activation remained but to a lesser extent. By

contrast, the catalytic rate constant of recombinant

GAPDH (i.e. GAPDH without CP12) remained con-

stant when this enzyme was incubated with reduced

thioredoxin and BPGA. The value of this rate constant

(430 s)1), is equal to that obtained with fully dissoci-

ated GAPDH ⁄CP12 complex.

In order to link these effects on the activity of

GAPDH to the integrity of the native GAPDH, native

electrophoreses followed by immunoblot analysis were

performed. GAPDH was always found to be associ-

ated with CP12, except upon incubation with both

reduced thioredoxin and BPGA (Fig. 1). As a result of

the incubation with BPGA or reduced thioredoxin

alone, the interaction between GAPDH and CP12 was

only weakened as the proportion of GAPDH ⁄CP12
complex decreased, but was still detected (Fig. 1).

Because CP12 is a redox-sensitive protein that pos-

sesses two disulfide bridges required for the assembly

pathway of supramolecular complexes made up of

GAPDH, CP12 and PRK [2,33], we analysed the

redox states of CP12 (no, 2 or 4 sulfhydryl groups) in

the presence of BPGA and ⁄or thioredoxin within the

GAPDH ⁄CP12 complex. Iodoacetamide (IAA) was

added to each incubation mixture described above.

The degree of alkylation was monitored using MS; for

each IAA molecule bound to a sulfhydryl group,

a mass increment of 57.2 Da was expected. When

IAA was added to the control mixture, i.e. native

GAPDH ⁄CP12 complex, no mass increment of CP12

molecular mass was observed, indicating that no IAA

molecule was bound, and that CP12 bound to

GAPDH was fully oxidized. It has been shown that in

the oxidized state, algal CP12 has its four cysteine resi-

dues involved into two disulfide bridges, one between

cysteine residues 23 and 31, and the other between

cysteine residues 66 and 75 [34]. When native

GAPDH ⁄CP12 was incubated with BPGA, again no

mass increment was observed. After incubation with

reduced thioredoxin, only one disulfide bridge was

broken as shown by a mass increment of � 114 Da.

Finally, when the GAPDH ⁄CP12 complex was incuba-

ted simultaneously with reduced thioredoxin and

BPGA, four molecules of IAA were bound to CP12

(mass increment of 229 Da) indicating that CP12 was

completely reduced. The redox states were thus linked

to the integrity of the GAPDH ⁄CP12 complex

(Table 1).

In order to determine which disulfide bridge was

first broken, trypsin was added to each incubation

mixture previously treated with IAA. After 30 min

at 37 �C, the proteolytic fragments were analysed

by MS. A peak corresponding to the C-terminus of

CP12 (2999 Da, residues 54–80, numbering from

CP12 sequence without the His-tag) including residues

Table 1. NADPH-dependent activity of GAPDH and redox state of CP12 in the GAPDH ⁄CP12 complex. After incubation with BPGA and ⁄ or
thioredoxin (Td) the GAPDH activity was measured and the redox states of CP12 determined by IAA alkylation and MS analysis as described

in Experimental procedures. ND, not determined.

Incubation mixture Control

BPGA

(3 lM)

BPGA

(160 lM)

Td

(10 lM)

Td (10 lM),

BPGA (3 lM)

Td (10 lM),

BPGA (160 lM)

Catalytic rate constant

of GAPDH (s)1)

238 ± 12 289 ± 21 316 ± 38 330 ± 24 390 ± 19 426 ± 28

Mass increment of CP12

after IAA treatment (Da)

0 0 0 114 ND 229

Free sulfhydryl group on CP12 0 0 0 2 ND 4

Fig. 1. Immunoblots of GAPDH ⁄CP12 complex. The integrity of

the GAPDH ⁄CP12 complex in different incubation mixtures was

checked by immunoblot. Purified native GAPDH ⁄CP12 complex

was loaded after no treatment or after incubation for 1 h at 30 �C
with either reduced thioredoxin (red Td) or BPGA or both as indica-

ted. Proteins (0.76 lg total corresponding to � 0.04 lg of CP12)

were separated on a native 4–15% gradient gel, transferred to a

nitrocellulose membrane and revealed with antibodies raised

against CP12.

Interaction site between GAPDH and CP12 S. Lebreton et al.

3360 FEBS Journal 273 (2006) 3358–3369 ª 2006 The Authors Journal compilation ª 2006 FEBS



C66 and C75 was found (Table 2). This peptide with

no IAA molecule bound was detected indicating the

presence of a disulfide bridge between these residues

whether CP12 ⁄GAPDH complex was incubated with

BPGA or with reduced thioredoxin alone, suggesting

that this bridge was inaccessible to thioredoxin. After

simultaneous incubation of the complex with BPGA

and reduced thioredoxin, this peak at 2999 Da dis-

appeared, indicating full reduction followed by com-

plete digestion of the C-terminus of CP12 (data not

shown).

As a control, we checked that thioredoxin alone was

sufficient to fully reduce the recombinant CP12 in the

absence of GAPDH, as evidenced by the presence of

four bound IAA molecules on this form (data not

shown). This indicates that the inaccessibility of

the C-terminus of CP12 to thioredoxin in the

GAPDH ⁄CP12 complex is specifically due to the inter-

action of CP12 with GAPDH.

Impact of cysteine residues of CP12 on the

reconstitution of the subcomplex GAPDH/CP12

As disulfide bridges on CP12 are required in

PRK ⁄GAPDH complex formation, reconstitution

experiments were performed in vitro to check whether

different cysteine mutants of CP12 were able to inter-

act with GAPDH, as did the wild-type CP12. The

mutants were designed in order to replace the cysteine

residue at either position 23 or position 66 by a serine

residue. The rationale behind the choice of these muta-

tions was to independently disrupt either the N- or the

C-terminal disulfide bridge. Reconstitution experiments

were performed using equimolar proportions of each

mutant of CP12 and recombinant GAPDH, as des-

cribed previously [10]. After incubation for 1 h at

30 �C, native PAGE was performed followed by

immunoblot. A band recognized by both anti-CP12

and anti-GAPDH IgG appeared with the wild-type

CP12 (as expected) and with the C23S mutant (Fig. 2),

but not with the C66S mutant, indicating that the

latter was unable to reconstitute the GAPDH ⁄CP12
complex in vitro.

The interaction was further characterized by surface

plasmon resonance (SPR; BiaCore, Uppsala, Sweden)

as previously carried out with wild-type CP12 [2].

Again, no binding of C66S mutant on GAPDH was

detected, while the calculated dissociation constants

(Kd) between C23S mutant and GAPDH, and between

wild-type CP12 and GAPDH were 0.33 and 0.4 nm,

respectively (data not shown). Wild-type CP12 and the

C23S mutant thus seem to interact in the same way

with recombinant GAPDH, whereas mutation of the

cysteine residue at position 66 prevents interaction of

CP12 with GAPDH.

Identification of the interaction site between

CP12 and GAPDH

In order to identify the interaction site between CP12

and GAPDH, CP12, alone or in the presence of

GAPDH, was digested by trypsin as a function of

Table 2. Main fragments of CP12, purified with its His-tag, obtained after trypsin digestion. The numbers of the first and last residue of each

fragment are indicated in brackets. The correspondence with the sequence deleted of its Hig-tag is indicated in italics. The monoisotopic

masses giving peptide masses as [M + H]+ that are reported are calculated from CP12 sequence. The asterisk represents mass obtained

when the Cys residues are involved in a disulfide bridge. Residues given in bold correspond to those belonging to the His-Tag.

Mass (Da) (Residue number)

Not digested CP12

HHHHHHHHHHSSGHIEGRHMSGQPAVDLNKKVQDAVKEAEDACAKGTSADCAV 10927 (1–100)

AWDTVEELSAAVSHKKDAVK ADVTLTDPLEAFCKDAPDADECRVYED

Fragments obtained without missed cleavages

HHHHHHHHHHSSGHIEGR (His-tag) 2270 (1–18)

GTSADCAVAWDTVEELSAAVSHK 2347 (46–68) (26–48)

ADVTLTDPLEAFCK 1522 (74–87) (54–67)

DAPDADECR 991 (88–96) (68–76)

VYED 525 (97–100) (77–80)

Fragments with one or more missed cleavages

HMSGQPAVDLNKKVQDAVKEAEDACAKGTSADCAVAWDTVEELSAAVSHKK 5338 (19–69)

KVQDAVKEAEDACAKGTSADCAVAWDTVEELSAAVSHKK 4060 (31–69) (11–49)

VQDAVKEAEDACAKGTSADCAVAWDTVEELSAAVSHKK 3932 (32–69) (12–49)

ADVTLTDPLEAFCKDAPDADECRVYED 2999*, 3001 (74–100) (54–80)

ADVTLTDPLEAFCKDAPDADECR 2493*, 2495 (74–96) (54–76)

GTSADCAVAWDTVEELSAAVSHKK 2475 (49–69) (26–49)

S. Lebreton et al. Interaction site between GAPDH and CP12
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time. The resulting proteolytic fragments were then

identified using MALDI-TOF MS.

After 5 min incubation with trypsin, proteolysis of

recombinant wild-type CP12, purified with its histidine

tag, generated three major fragments (Fig. 3A,

Table 2), a first peak (�2270 Da) corresponding to the

His-tag with one nickel bound, and two other peaks

(�2493 and �2999 Da) matching fragments of the C-

terminus of CP12 (residues 54–76 and 54–80, respect-

ively). The numbering is always given from the CP12

sequence without the His-tag.). These two fragments

contain two cysteine residues that are involved in a di-

sulfide bridge. Indeed, when CP12 previously digested

by trypsin for 5 min was reduced with 30 mm dithio-

threitol for 1 h, the same spectrum as in Fig. 3A was

obtained, except that the mass of the peaks at 2999

and 2493 Da increased by 2 Da (3001 and 2495 Da,

respectively). The two cysteine residues (C66 and C75)

were thus reduced after dithiothreitol treatment. By

contrast, if reduction was performed prior to digestion,

the two peaks at 3001 and 2495 Da were no longer

present and were replaced, instead, by three peaks at

1522 (residues 54–67), 991 (residues 68–76) and

525 Da (residues 77–80), corresponding to full diges-

tion of the C-terminus of CP12, compared with partial

digestion of this region with oxidized CP12 (peaks at

�2493 and �2999 Da) (Table 2). Thus, when CP12 is

oxidized, cysteine residues 66 and 75 form a disulfide
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Fig. 3. Proteolytic profile of wild-type CP12. CP12 purified with its

histidine tag (2 lg) was incubated with trypsin (1 : 200 (tryp-

sin ⁄CP12 w ⁄w) at 37 �C for 5 min (A, B) or 30 min (C). Fragments

of low (<3000 Da) or high (>3000 Da) mass are shown, respec-

tively, in (A) and (B). Samples were desalted on C18 zip-tip and ana-

lysed by MS. The sequences of the fragments corresponding to

the masses are shown in brackets. Fragments corresponding to

cross-link via Cys31 are found after 30 min (C). Numbering of the

fragments includes the His-tag.

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

GAPDH ⁄CP12 complex. GAPDH and CP12 were mixed in a molar

ratio of 1 : 1. After 1 h at 30 �C, proteins were separated on a

native 4–15% gradient gel, transferred to a nitrocellulose mem-

brane and revealed with antibodies raised against CP12. Wild-type

or mutants of CP12 (0.03 nmol) were mixed with 0.03 nmol of

GAPDH. In each lane, same amount (0.033 lg) of CP12 either

alone or mixed with GAPDH was loaded. No band was revealed

with recombinant GAPDH alone.

Interaction site between GAPDH and CP12 S. Lebreton et al.
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bridge that hinders cleavage of two potential sites for

trypsin.

Moreover, after 5 min, trypsin digestion was not

completely achieved because fragments of higher

molecular mass remained (Fig. 3B): peaks at 5338 Da

(residues 1–49 plus the residues HM from the His-tag),

4060 Da (residues 11–49) and 3932 Da (residues 12–

49) corresponding to 5, 4 and 3 missed cleavages

(potential sites of trypsin, arginine or lysine residues

that are not cleaved) in the central and N-terminal

part of CP12 were detected.

Longer incubations of oxidized CP12 with trypsin

were then carried out, and the proteolytic pattern was

not dramatically altered for the small fragments

(Mr < 3000 Da). Nonetheless, fragments of high

molecular mass (5338, 4060 and 3932 Da) correspond-

ing to missed cleavages decreased after 10 min diges-

tion (data not shown) and disappeared after 30 min

(Fig. 3C). Instead, three fragments (�4948, � 4820 and

� 4692 Da) corresponding to cross-links between frag-

ments of the central part (2347 or 2475 Da) were

obtained (Table 2). These three fragments disappeared

after reduction as a consequence of the intermolecular

disulfide rupture involving cysteine residue 31 of each

monomer (data not shown). These results indicate that

the disulfide bridge in the N-terminal part of CP12 is

more labile than that in the C-terminal part. Indeed, in

CP12 preparations that have not been treated with an

oxidant agent, cysteines 23 and 31 may bear free sul-

fhydryl groups.

Recombinant CP12 and GAPDH were mixed in dif-

ferent molar ratios (1 : 1, 1 : 0.5, 1 : 0.1, 1 : 0.01).

Two control ratios were used (1 : 0 and 0 : 1). The dif-

ferent mixtures were incubated with trypsin for 30 min

at 37 �C and the proteolytic profiles were analysed by

MS.

Whatever the ratio used, the fragment at 2999 Da

(residues 54–80) was always detected, indicating that

the lysine at position 53 was accessible to trypsin. The

same result was obtained when native GAPDH ⁄CP12
complex, purified from C. reinhardtii cells, was diges-

ted (data not shown).

Remarkably, in contrast to the digestion of CP12

alone, no peaks were seen at 4948, 4820 or 4692 Da

when digestion was performed on the mixtures of

CP12 and GAPDH at ratios of 1 : 1 or 1 : 0.5 (Fig. 4).

These values corresponded to the central part of CP12

(2347 and 2475 Da) covalently linked by intermolecu-

lar disulfide bridges via Cys31. A possible explanation

is that digested CP12 alone formed intermolecular

disulfide bridges via Cys31, whereas when CP12 inter-

acts with GAPDH, the central part is inaccessible and

no cross-link occurs.

The interaction site might thus be present at the

level of this fragment of molecular mass of 2347 Da

(residues 26–48), corresponding to the central part of

CP12. Moreover, fragments of high molecular mass

corresponding to missed cleavages [5337.5 Da (residues

1–49 plus residues HM from the His-tag) and

4060.4 Da (residues 11–49)] remained, indicating an

actual protection of CP12 by GAPDH from trypsin

digestion because these peaks were not present when

CP12 alone was digested for 30 min. The same experi-

ment was performed with cytochrome c, a noninteract-

ing CP12 protein, and no protection was observed.

The same experiment was performed with the C66S

mutant. No protection by GAPDH occurred. This

result corroborates the data that this mutant failed to

reconstitute in vitro the GAPDH ⁄CP12 complex.

Involvement of the negative charge of the

residue D36 of CP12 in the interaction between

CP12 and GAPDH

In order to confirm that residues from the central part

of CP12 are involved in the interaction with GAPDH,

two amino acids of this region were mutated. The

choice of residues Asp36 and Glu39 was based on the

fact that positively charged residues of GAPDH have

been shown to interact with CP12 [35]. In vitro recon-

stitution experiments were performed with these

mutants and GAPDH. Replacing glutamate 39 with

alanine or lysine did not seem to affect the formation

Fig. 4. Proteolytic profile of the reconstitution assay with wild-type

CP12 and GAPDH in a molar ratio of 1 : 1. CP12 (0.3 nmol) and

GAPDH (0.3 nmol) were mixed for 1 h at 30 �C, and then incubated

with trypsin (1 : 200 w ⁄w) for 30 min at 37 �C. The sample was

desalted on C18 zip-tip and analysed by MS. The belonging of each

fragment either to GAPDH or to CP12 is indicated in brackets.

S. Lebreton et al. Interaction site between GAPDH and CP12
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of the complex, using in vitro reconstitution experi-

ments. Interestingly, whereas replacing aspartate 36

with alanine allowed formation of the complex, substi-

tution of the negative charge of aspartate 36 into lysine

prevented the reconstitution (Fig. 5).

The interactions between each mutant of CP12 and

GAPDH were further characterized using SPR (Bia-

Core). The sensorgrams are reported in Fig. 6. The

calculated dissociation constants (Kd) values are sum-

marized in Table 3.

The Kd value for D36A, E39A and E39K mutants

was found to be in the range 1–30 nm, compared with

0.44 nm for wild-type recombinant CP12. The Kd value

for the D36K mutant increased dramatically (�45 lm).
These values allow us to calculate the free energy of

binding of GAPDH to CP12:

DGb ¼ �RT lnKd ð1Þ
The dissociation constants of mutants CP12 with

wild-type GAPDH allow calculation of the difference

DDGb (Eq. 2) and thus quantify the destabilization of

Fig. 5. In vitro reconstitution experiments of the CP12 ⁄GAPDH
complex with D36 and E39 mutants of CP12. CP12 (0.03 nmol)

and GAPDH (0.03 nmol) were mixed for 1 h at 30 �C. Proteins

were then separated on a native 4–15% gradient gel, transferred to

a nitrocellulose membrane and revealed with antibodies raised

against CP12. Lane 1, reconstitution mixture of wild-type CP12 and

GAPDH; lane 2, wild-type CP12 alone; lane 3, reconstitution mix-

ture of E39A mutant and GAPDH; lane 4, E39A mutant alone; lane

5, reconstitution mixture of E39K mutant with GAPDH; lane 6,

reconstitution mixture of D36A mutant and GAPDH; lane 7, D36A

mutant alone; and lane 8, reconstitution mixture of D36K mutant

with GAPDH. The same quantity of CP12 (0.033 lg) was loaded in

each lane. No band was revealed with recombinant GAPDH alone.
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Fig. 6. Study of the interaction between CP12 mutants and GAPDH using SPR. Net sensorgrams (after subtracting the bulk refractive index)

were obtained with immobilized CP12 mutants – E39A mutant (A); E39K mutant (B); D36A mutant (C) and D36K mutant (D) – using increas-

ing concentrations of wild type recombinant GAPDH as indicated on each plot. The concentrations of wild type GAPDH were: 2.6, 5.2, 26,

52, and 260 nM (A); 6, 30, 60, 120, 300, and 900 nM (B); 5.6, 28, 56, 112, and 280 nM (C); 0.15, 0.3, 0.6, 1 and 1.5 lM (D). The experimental

data were analysed using global fitting assuming a 1 : 1 interaction. In all plots, the arrow on the left indicates the beginning of the associ-

ation phase; the beginning of the dissociation phase is marked by the arrow on the right.
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the interaction between GAPDH and CP12 that could

be directly linked to the point mutations introduced in

CP12 (Table 3).

DDGb ¼ DGWT
b � DGmut

b ¼ �RT ln
KWT
d

Kmut
d

ð2Þ

A greater effect (destabilization of 7 kcalÆmol)1) was

observed with the D36K mutant that had previously

been shown to be incapable of forming the GAPDH ⁄
CP12 complex.

In order to screen if the interactions between CP12

and GAPDH are electrostatic in nature, SPR was per-

formed with increasing amount of salt. The responses

at equilibrium (Req) as a function of GAPDH concen-

tration are reported in Fig. 7. Experimental data were

fitted to the following hyperbola function:

Req ¼ Rmax½GAPDH�
Kd þ ½GAPDH� ð3Þ

where Rmax is the maximum analyte binding capacity

in response units (RU).

At 0.65 m NaCl, no binding was observed, whereas

at 0.32 m NaCl, a dissociation constant of 3.55 nm

was obtained, that is ninefold higher than that

(0.44 nm) obtained previously with 0.15 m NaCl,

10 mm HEPES, 150 mm NaCl (HBS).

Discussion

In cyanobacteria, it has previously been shown that

the disulfide bridge on the N-terminal part of CP12

is involved in binding PRK, whereas the C-terminal

disulfide bridge is important for binding GAPDH

[1,6,11]. GAPDH ⁄CP12 complex reconstitution experi-

ments with wild-type CP12, and two Cys mutants con-

firm some of these data with respect to algal GAPDH.

The dissociation constants obtained by SPR between

wild-type CP12 or the C23S mutant and GAPDH are

almost the same (� 0.3–0.4 nm). These associations are

very tight, whereas no association has been detected

between the C66S mutant and GAPDH. We thus pro-

pose that the C66–C75 disulfide bridge is effectively

essential to the formation of the CP12–GAPDH com-

plex. Trypsin-digestion experiments further suggest

that GAPDH has to be recognized by this C-terminus

but also interacts with the central part of CP12 as

shown by site-directed mutagenesis and MS analysis of

trypsin digestion. Indeed, a segment of 2347 Da (resi-

dues 26–48) is protected from trypsin digestion by

GAPDH. This fragment is enriched in negatively

charged residues and corresponds to the central part

of CP12 which has been predicted to be a a-helix in

the modelling of CP12 [36]. Remarkably, we have pre-

viously shown that substitution of residue Arg197 of

C. reinhardtii GAPDH, which is located in the S-loop,

with glutamate prevents formation of the GAPDH ⁄
CP12 complex [35], and similar electrostatic interac-

tions have been described between the CTE of the

GapB subunit of GAPDH and its S-loop [15,37].

These observations together strongly suggest that the

negatively charged central region of CP12 may be

involved in electrostatic interactions with the positively

charged residues of GAPDH S-loop [35,37,38]. We

therefore mutated Asp36 and Glu39 of CP12 into Ala

or Lys. To test whether the interactions of these

mutants with the other partner, GAPDH were im-

paired, we tried to reconstitute in vitro the GAPDH ⁄
CP12 complex. The E39A ⁄K and D36A CP12 mutants

reconstitute the GAPDH ⁄CP12 complex. Although the

Table 3. Dissociation constants and quantification of the destabil-

izing effect of the mutations on the interaction between mutants of

CP12 and GAPDH. The dissociation constants were measured

using SPR with GAPDH as the analyte and mutants or wild-type

CP12 as ligands (immobilized proteins). The free energies of the

association of GAPDH and CP12 were calculated according to

Eqns (1) and (2).

Ligand

Kd

(nM)

DGb

(kcalÆmol)1)

DGWT
b � DGmut

b

(kcalÆmol)1)

Wild-type CP12 0.4 )13.04
E39A CP12 1 )12.48 )0.56
E39K CP12 13.6 )10.91 )2.13
D36A CP12 30 )10.43 )2.61
D36K CP12 45 000 )6.04 )7

Fig. 7. Effect of salt concentration on the interaction between

CP12 and GAPDH. The interaction between wild-type CP12 and

GAPDH was studied using SPR with different salt concentrations.

The amplitude of the plateau SPR signal (Req) was plotted against

the concentration of GAPDH in the presence of 0.15 M NaCl (1) or

0.32 M NaCl (2). The experimental data were fitted to Eqn (3).
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dissociation constants measured by SPR are � 3–75-

fold higher than that of wild-type recombinant

GAPDH and CP12, they remain low. The D36K

mutant does not reconstitute the complex, as shown

by native PAGE and its dissociation constant is much

higher than that of the wild-type recombinant CP12

(�105-fold). Thus, among the D36 and E39 mutants,

the mutation that most destabilizes the interaction with

GAPDH is the introduction of a positive charge at

position 36. The negative charge borne by the residue

D36, which is located in the central part of CP12, thus

seems to be required for the interaction with GAPDH.

This result also suggests that Asp36 is probably

exposed to the solvent whereas Glu39 may rather bur-

ied because its mutation does not strongly affect the

interaction with GAPDH. It thus confirms the position

of these residues within the CP12 structure obtained

by modelling [36]. For the D36K mutation, we calcula-

ted a 7 kcalÆmol)1 destabilizing effect, which may cor-

respond to the loss of the stabilizing effect of an ionic

bond for the interaction between GAPDH and CP12.

In a previous report, we mentioned the possibility of a

major role of salt bridges in the interaction between

GAPDH and CP12 [35]. The results presented here

further support this hypothesis as we show using SPR

that the interaction between CP12 and GAPDH is

strongly affected by the presence of salt.

Our results also clearly show that two parts of CP12

are involved in the interaction with GAPDH (Fig. 8).

The C-terminal disulfide bridge contributes to the

interaction with GAPDH and probably to the correct

folding of the central part as well. The negatively

charged central region of CP12 is also involved in

stabilizing the interaction with GAPDH. The C-termi-

nus of CP12 lacks ordered structure but is essential for

the interaction with GAPDH. It is likely that some

folding of this fragment occurs upon GAPDH binding.

This point is a common feature of IUP [30].

In a previous report, we showed that the algal

GAPDH activity was redox regulated via its interac-

tion with PRK in the PRK ⁄GAPDH ⁄CP12 complex,

but not when the GAPDH was free [9]. Here, we show

that GAPDH activity is also modulated through its

interaction with CP12, as incubation with reduced thi-

oredoxin and BPGA together leads to dissociation of

the GAPDH ⁄CP12 subcomplex and to an increase in

NADPH-dependent GAPDH activity of � 80%. Incu-

bation of GAPDH ⁄CP12 complex with either reduced

thioredoxin or BPGA alone leads to partial destabil-

ization of the complex, and to a smaller increase in

GAPDH activity. Alkylation experiments show that, in

the case of thioredoxin, this destabilization is gener-

ated by a partial reduction of CP12 (disruption of the

N-terminal disulfide bridge). This result corroborates

our hypothesis that the C-terminus of CP12 is prob-

ably buried within the CP12 ⁄GAPDH complex. In

addition, because incubation with BPGA also slightly

destabilizes the GAPDH ⁄CP12 complex, it is likely

that BPGA, which is negatively charged, may interfere

with electrostatic forces between the S-loop of

GAPDH and CP12. Thioredoxin and BPGA thus have

a synergistic effect that promotes release of CP12 from

the GAPDH ⁄CP12 complex. Once CP12 is released,

the two disulfide bridges become accessible and may

consequently be reduced by thioredoxin, as shown by

the alkylation experiment. Interestingly, upon BPGA

and reduced thioredoxin treatment, similar dissociation

was observed with the A8B8 isoform of GAPDH lead-

ing to the A2B2 isoform with a higher NADPH-

dependent activity [39].

By analogy with the CTE of the isoform of GAPDH

[15,37], we hypothesize that the disulfide bridge at the

C-terminus of CP12 might confer a conformation to

CP12 that hinders the fine sensing of NADPH by

Chlamydomonas GAPDH, when the latter is associated

with CP12. In the model proposed by Sparla et al. on

the A2B2 isoform of GAPDH [24,37], formation of a

disulfide bridge in the oxidized CTE prevents the inter-

action between the 2¢-phosphate of NADPH and the

side chain of Arg77 (spinach numbering, corresponds

to Arg82 in C. reinhardtii GAPDH). After reduction

of the CTE, Arg77 becomes free to interact with

NADPH, and consequently, NADPH-dependent

activity of GAPDH increases. In the C. reinhardtii

GAPDH ⁄CP12 complex, the interaction of GAPDH

Arg82 with the 2¢-phosphate of NADPH could also be

C23
C31

C66

C75

D36

E39
- GAPDH

+
+

Fig. 8. Modelled structure of CP12 [36] and interaction site with

GAPDH. Cysteine residues and mutated negatively charged resi-

dues are given in green and red, respectively. They are labelled.

The electrostatic nature between positively charged residues

located in the S-loop on GAPDH [35] and negatively charged resi-

dues on CP12 is represented by circles.
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impaired. As soon as interactions between CP12 and

GAPDH are broken by the simultaneous use of

reduced thioredoxin and BPGA, this residue arginine

might become accessible to NADPH, resulting in an

increase of the NADPH-dependent activity.

To conclude, we have shown that CP12 is a multi-

functional protein, because it acts as a linker during

the assembly of the PRK ⁄GAPDH ⁄CP12 complex,

and as a modulator of GAPDH activity by enabling

fine regulation of its NADPH-dependent activity by

thioredoxin and the GAPDH substrate, BPGA.

To date, mapping of the interaction site of CP12

had not studied but our results give some clues with

regard to the binding of CP12 to GAPDH. The impact

of CP12 binding on the activity of GAPDH is also fur-

ther characterized.

Experimental procedures

Site-directed mutagenesis

In vitro mutagenesis was performed using QuickChangeTM

site-directed mutagenesis kit (Stratagene). Primers were as

follows: C23s, 5¢-GCTGAGGACGCTTCCGCCAAGGG

TACCTCC-3¢; C66s, 5¢-CCCTGGAAGCTTTCTCCAAG

GATGCCCCCG-3¢; D36a, 5¢-GCGCCGTGGCCTGGGC

CACCGTTGAGGAGCTCAGCGC-3¢; D36k, 5¢-GCG

CCGTGGCCTGGAAGACCGTTGAGGAGCTCAGC

GC-3¢; E39a, 5¢-GCCTGGGACACCGTTGCGGAGCTC

AGCGCTGC-3¢; E39k, 5¢-GCCTGGGACACCGTTAA

GGAGCTCAGCGCTGC-3.¢
All the mutations were confirmed by sequencing.

Protein purification

Recombinant wild-type CP12 with its His-tag was purified

from Escherichia coli cells to apparent homogeneity, as des-

cribed previously [2]. The same protocol was followed for

all mutants. All the CP12 proteins were dialysed against

30 mm Tris ⁄HCl, 0.1 m NaCl, pH 7.9 and stored at )20 �C.
Recombinant and native GAPDH were purified to

apparent homogeneity from E. coli cells and C. reinhardtii

cells, respectively, as described previously [10]. Both were

dialysed against 30 mm Tris ⁄HCl, 0.1 m NaCl, 1 mm

EDTA, 0.1 mm NAD, 5 mm Cys pH 7.9 and stored at

)80 �C in 10% aqueous glycerol.

Protein concentration was assayed with the Bio-Rad

(Hercules, CA, USA) protein dye reagent, using BSA as a

standard [40].

Activity measurements

GAPDH was incubated in 30 mm Tris ⁄HCl, 4 mm

EDTA, 0.1 mm NAD pH 7.9 at 30 �C, with 160 lm or

3 lm BPGA alone, or with 0.5 mm dithiothreitol and

10 lm thioredoxin supplemented or not with 160 or 3 lm
BPGA. The BPGA concentration was calculated

according to [39]. Aliquots were withdrawn at intervals

and the activity of GAPDH was measured with NADPH

as cofactor using a Pye Unicam UV2 spectrophotometer

(Cambridge, UK) [10].

In vitro GAPDH/CP12 complex reconstitution

Wild-type or mutants of CP12 (0.03 nmol) were mixed with

GAPDH (0.03 nmol) in 30 mm Tris ⁄HCl, 0.1 m NaCl,

1 mm EDTA, 0.1 mm NAD, 5 mm Cys pH 7.9 for 1 h at

30 �C. The formation of the GAPDH ⁄CP12 complex with

wild-type and different mutants of CP12 were checked

using native PAGE performed on 4–15% minigels using a

Pharmacia Phastsystem apparatus (Pharmacia, Little Chal-

font, Bucks, UK). Proteins were transferred to nitrocellu-

lose filters (0.45 lm, Schleicher and Schüll, Dassel,

Germany) by passive diffusion for 16 h. The filter was then

immunoblotted with a rabbit antiserum directed against

recombinant C. reinhardtii CP12 (1 : 10 000) or a rabbit

antiserum directed against recombinant C. reinhardtii

GAPDH (1 : 100 000). Antibody binding was revealed

using enhanced chemiluminescence detection system (Amer-

sham, Little Chalfont, Bucks, UK) as described by the

manufacturer.

Biosensor assays

Purified mutants of recombinant CP12 (30 lgÆmL)1) were

coupled to carboxymethyl dextran-coated biosensor chip

(CM5, BiaCore) following the manufacturer’s instructions.

We studied the interaction of wild-type recombinant

GAPDH to each immobilized mutant of CP12 using

HBS running buffer (BiaCore) supplemented with 0.1 mm

NAD, 5 mm Cys, pH 7.9 at 20 lLÆmin)1. Different con-

centrations of GAPDH were injected (analyte). The NaCl

concentration was increased from 0.15 m (HBS buffer) to

0.65 m as indicated in the text. 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 cal-

culated from these fits using biaevaluation software

(v2.1, BiaCore).

Titration of sulfhydryl groups

Sulfhydryl groups were quantified by alkylation of the cys-

teine residues with IAA prepared as described previously

[41]. Recombinant CP12 or GAPDH ⁄CP12 complex from

C. reinhardtii was incubated with 100 mm iodoacetamide
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for 1 h at room temperature in the dark and analysed by

MALDI-TOF MS as described previously [9].

Trypsin digestions

Oxidized recombinant CP12 and reconstituted GAPDH ⁄
CP12 complex were incubated with trypsin (Sigma, St

Louis, MI, USA) in 25 mm NH4HCO3, 5 mm CaCl2 buffer

at 37 �C for fixed times as specified in the main text. The

ratio (protein ⁄ trypsin) used was 200 : 1 (w ⁄w). The diges-

tion was stopped by adding 1% trifluoroacetic acid. The

samples were then desalted on zip-tip C18 and analysed by

MALDI-TOF MS [10].

To digest reduced CP12, the protein was incubated with

30 mm dithiothreitol or 10 lm reduced thioredoxin for 1 h

at 30 �C. The sulfhydryl groups were then blocked by

100 mm IAA and the reduced CP12 was incubated with

trypsin as described above.

MS analysis

Proteolytic fragments after trypsin digestion and alkylation

of CP12 were analysed by MALDI-TOF MS (Voyager DE

Pro mass spectrometer from Applied Biosystems, Foster

City, CA, USA). All samples were prepared as described

previously [10]. Residues numbering were from the

sequence of CP12 plus the His-tag except when referring to

cysteine residues that were numbered from the sequence of

CP12 without the tag.
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