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Plants, algae, and cyanobacteria fix carbon dioxide to organic
carbon with the Calvin–Benson (CB) cycle. Phosphoribulokinase
(PRK) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
are essential CB-cycle enzymes that control substrate availability
for the carboxylation enzyme Rubisco. PRK consumes ATP to pro-
duce the Rubisco substrate ribulose bisphosphate (RuBP). GAPDH
catalyzes the reduction step of the CB cycle with NADPH to pro-
duce the sugar glyceraldehyde 3-phosphate (GAP), which is used
for regeneration of RuBP and is the main exit point of the cycle.
GAPDH and PRK are coregulated by the redox state of a condition-
ally disordered protein CP12, which forms a ternary complex with
both enzymes. However, the structural basis of CB-cycle regulation
by CP12 is unknown. Here, we show how CP12 modulates the
activity of both GAPDH and PRK. Using thermophilic cyanobacte-
rial homologs, we solve crystal structures of GAPDH with different
cofactors and CP12 bound, and the ternary GAPDH-CP12-PRK com-
plex by electron cryo-microscopy, we reveal that formation of the
N-terminal disulfide preorders CP12 prior to binding the PRK active
site, which is resolved in complex with CP12. We find that CP12
binding to GAPDH influences substrate accessibility of all GAPDH
active sites in the binary and ternary inhibited complexes. Our
structural and biochemical data explain how CP12 integrates re-
sponses from both redox state and nicotinamide dinucleotide
availability to regulate carbon fixation.
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Plants regulate their carbon fixation and other reactions by
redox state using it as a proxy for light (1). The product of the

photosynthetic electron transport chain is reduced ferredoxin,
which is used to produce NADPH in the cyanobacterial cyto-
plasm or chloroplast stroma. In the light, the chloroplast stroma
is reducing, and in the dark, or when the light reactions are
otherwise inactive, the stroma becomes oxidizing. Thioredoxin
(2) proteins are reduced by ferredoxin and can then exchange a
disulfide with a target. Example targets are the sedoheptulose (3)
and fructose bisphosphatases (4), which have pairs of cysteines
that oxidize to form disulfide bonds that inactivate the enzyme.
The carbon-fixation reaction is catalyzed by Rubisco, which

carboxylates ribulose bisphosphate (RuBP). RuBP is produced
by phosphoribulokinase (PRK) in the final regeneration reaction,
in which a phosphate group is transferred from ATP to ribulose 5-
phosphate (5). Plant-type PRK is dimeric and has 2 conserved
disulfide bonds, one at the N terminus and the other near the C
terminus close to the dimer interface (6, 7). The N-terminal disulfide
bond inactivates most of the activity when formed (8–10), but may
be reduced in plants by thioredoxin f (11).
The reduction step of the Calvin–Benson (CB) cycle is cata-

lyzed by glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
which uses NADPH to reduce bisphosphoglycerate (BPG) to
glyceraldehyde 3-phosphate (GAP), the main product exit point
of the cycle (12). In cyanobacteria, GAPDH has no disulfide
bonds, instead redox regulation of GAPDH is driven by 2 disulfide
bonds in the small (∼8 kDa) regulatory inhibitor protein CP12
(13, 14), which is disordered under reducing conditions (15).
Under oxidizing conditions, 2 disulfide bonds form in CP12,

ordering the C-terminal domain (16), enabling it to bind GAPDH,
which is then inhibited.
The GAPDH-CP12 complex can then bind PRK, in an obli-

gate sequential reaction (17). Previous structural studies of the
GAPDH-CP12 complex resolved only a C-terminal fragment of
CP12, so it remained unclear how CP12 regulated both GAPDH
and PRK. A recent structure of a cyanobacterial CP12-CBS 2
domain protein resolved an N-terminal CP12-like region; how-
ever, the protein does not form a ternary complex with GAPDH
and PRK (8). Calvin cycle GAPDH uses NADPH physiologically
to reduce BPG, although NADH may also be a substrate.
CP12 is conserved in oxygenic phototrophs from cyanobacteria

to plants (18). Plants often have more than 1 CP12 isoform, with
tissue-specific patterns of expression (19). Plants also have
2 photosynthetic GAPDH isoforms GAP-A and GAP-B. GAP-A
is similar to the cyanobacterial enzyme while GAP-B has a
C-terminal extension homologous to the C-terminal GAPDH
binding domain of CP12 (20). GAP-A and GAP-B form an A2B2
tetramer, which further aggregates to A8B8 on oxidation of the
GAP-B CP12-like region (20). Information from cyanobacteria is
still applicable to plants, as the cyanobacterial CP12 system is
a subset of the plant regulatory system. The lack of structural
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information for full-length CP12 and CP12-bound regulatory
complexes has prevented understanding of a key mechanism of
CB-cycle redox regulation. To understand, at a molecular level,
how the CB cycle is redox regulated in response to light, we solved
crystal structures of a thermophilic cyanobacterial GAPDH with
full-length CP12 and built an atomic model of the entire cyano-
bacterial GAPDH-CP12-PRK ternary complex using electron
cryo-microscopy (cryoEM).

Results and Discussion
Structures of GAPDH with Different Nucleotides Bound and CP12
C-Terminal Regions. A previous structure of cyanobacterial
GAPDH bound to CP12 had 4 CP12 per GAPDH tetramer (21),
but the stoichiometry for eukaryotic complexes suggested by
structure (22) and biochemistry (23) was 2. Working with recombinant
proteins from the thermophilic cyanobacterium Thermosynechococcus
elongatus, we found the cyanobacterial GAPDH4-CP122 complex was
stable to gel-filtration and crystallized with this stoichiometry. We
call the 2 CP12-occupied active sites proximal and the 2 un-
occupied sites distal. In all our structures, and those published, the
2 proximal sites are in equivalent positions in the GAPDH tet-
ramer. We obtained a GAPDH4-CP124 structure when GAPDH
was incubated with 10-fold excess CP12 (SI Appendix, Fig. S1), so
the physiological GAPDH-CP12 complex was unclear (21, 22).
Only the C terminus of CP12 was visible in these structures. Our
GAPDH had NAD+ bound from the Escherichia coli expression
system, but this could be exchanged for NADP+ by turning over
the enzyme. NADP(H) is apparently incompatible with CP12
binding, as the conserved CP12-Glu69 (SI Appendix, Figs. S2 and
S3) (21, 22) clashes with the position of the 2′ phosphate group in
the distal GAPDH active site (Fig. 1A), rendering NADP(H) and

CP12 binding to GAPDH mutually exclusive. CP12-Glu69 is not
only important for dinucleotide selection, but is also essential for
ternary complex formation in Chlamydomonas (24).

Structure of Full-Length CP12 Bound to GAPDH. In 3 conditions,
GAPDH-CP12 crystallized with one or more full-length CP12
visible in the electron density, at a best resolution of 2.1 Å. We
obtained 4 crystallographically independent full-length oxidized
CP12 molecules bound to GAPDH. CP12 comprises an N-terminal
PRK binding domain (residues 1–52) and a C-terminal GAPDH
binding domain (residues 55–75) connected by a fully flexible
linker (Fig. 2). If the C terminus of CP12 is bound to GAPDH,
the N-terminal domain can adopt any relative angle. Although
the relative orientations of the N- and C-terminal domains of
CP12 vary in our structures, the structures of both domains are
conserved across 4 crystallographically independent CP12 mol-
ecules (Fig. 2 C and D).
The CP12 N-terminal PRK binding domain is a 2-helix bundle,

stabilized by a disulfide bridge between Cys-19 and 29 near the
helical turn. The 2 helices bury a small hydrophobic core, including
a short leucine zipper. Helix-2 (27-52) contains the conserved
CP12 characteristic motif, AWDA(V/L)EEL (Figs. 2B and 3E)
(25), which forms an acidic patch on the surface.

Structure of GAPDH-CP12-PRK Complex. We solved the structure of
the full ternary GAPDH-CP12-PRK complex by cryoEM. The
ternary complex was assembled by reconstituting recombinant
GAPDH-CP12 with native PRK, partially purified from T. elongatus.
PRK was purified from cell lysate and incubated with recombinant
GAPDH-CP12 to form the ternary complex, which was isolated by
size exclusion chromatography (SI Appendix, Figs. S4–S6). Frozen-
hydrated samples were imaged in the electron microscope and

Fig. 1. Kinetics and coenzyme binding of GAPDH complexes. (A) View of GAPDH (NAD+)-CP12 with adjacent active sites. The CP12-bound (proximal) site makes
extensive contacts with both NAD+ and GAPDH. CP12-Glu69 prevents clashes with NADPH binding to the distal site, as it would clash with the 2′-phosphate. (B) PRK
activity for the ternary complex treated with either oxidized (GAPDH-CP12-PRKox; ■) or reduced DTT (GAPDH-CP12-PRKred; □). All reactions were measured in
triplicate and fitted usingMichaelis-Menten kinetics. Rate of NADP+ reduction (C) and NAD+ reduction (D) were measured for 275 μMGAPDH (■), 275 μMGAPDH-
CP12 (○), and 63 μMGAPDH-CP12-PRK (△) complexes at increasing concentrations of nucleotide substrate. The maximal velocity (Vmax) with NADP+ is not inhibited
in GAPDH-CP12, but is fully inhibited in GAPDH-CP12-PRK. In contrast, the Vmax with NAD+ is equally inhibited by GAPDH-CP12 and GAPDH-CP12-PRK.
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used to generate a single-particle asymmetric C1 reconstruction
with pseudo-D2 symmetry to 4.0 Å (FSC), with local resolution
ranging from 3.6 Å to 6.2 Å (Fig. 3A and SI Appendix, Fig. S7). We
used 3D classification to enrich for fully occupied CP12-PRK in-
terfaces, then expanded the data according to the D2 symmetry
and subjected these particles to 3D refinement with local search
parameters to obtain our optimally featured density map (SI
Appendix, Fig. S8). Our GAPDH-CP12 crystal structure together
with models of PRK from an archaean (26) and cyanobacterium
(7) were used as a basis for model building of the entire complex in
Coot (27), and model refinement with Phenix (28) real space refine
(Fig. 3B and SI Appendix, Table S2).
The inhibited GAPDH-CP12-PRK ternary complex has a hol-

low diamond-shaped architecture. GAPDH tetramers comprise 2
vertices separated by 200 Å, while the other 2 opposite vertices are
formed by PRK dimers. Similar to our crystal structures of the
binary complex, each GAPDH tetramer binds 2 copies of CP12.
CP12 bridges the active sites of GAPDH and PRK, locking the
complex in an inhibited conformation. The 4 CP12-PRK inter-
action interfaces were the least well-resolved regions of the re-
construction, having a worst resolution of 6.2 Å (SI Appendix, Fig.
S7). Nevertheless, an atomic model of the entire complex could be
fitted to the density. The GAPDH in the complex was similar to
the crystal structure with NAD and 2 CP12 bound (RMSD 0.8 Å).
The CP12 N-terminal helical hairpin forms the interface with

PRK. It has an RMSD of 0.9 Å (Fig. 2D) to the conformation
present in the GAPDH-CP12 crystal structures and is in a

conformation relative to GAPDH that we do not observe crys-
tallographically (Fig. 2C). CP12 N-terminal domain is similar to
that observed in the cyanobacterial CP12-CBS domain protein
structure (8). Our full-length CP12 structures show that the ox-
idized N-terminal region of cyanobacterial CP12 is ordered as a
helical pair prior to binding PRK, and oxidation via disulfide
bridge formation primes this interaction. Given the similarities of
all observed CP12 conformations together with high sequence
conservation (SI Appendix, Fig. S2), we propose that this regu-
latory mechanism is evolutionarily conserved across cyanobac-
teria, algae, and plants.

Phosphoribulokinase Structure. In the GAPDH-CP12-PRK com-
plex, T. elongatus PRK is dimeric, as in solution (SI Appendix,
Fig. S5E), and like other plant-type PRKs (6, 7). PRK has an
alpha-beta-alpha sandwich fold where the central 9-strand beta-
sheet is continuous across the dimer interface (Fig. 3C). The
active site cleft lies between 3 loops (residues 137–164, 43–63,
and 87–98). The N-terminal helical bundle of CP12 plugs this
cleft and sterically blocks the active site (Fig. 3D). The charged
patch created by the CP12 motif binds to complementary posi-
tively charged regions in the PRK active site (Fig. 3E), which
have also been proposed to be important for negatively charged
sugar phosphate substrate binding (6). Variants in the CP12 of
Chlamydomonas reinhardtii, equivalent to Trp33, Glu37, and
Glu38 in the conserved CP12 motif resulted in loss of complex
formation (24). The conserved CP12-Trp33 is on the surface and
packs against PRK, contradicting a prediction that it is buried
(29). CP12-Glu33 makes a salt bridge with PRK-Arg164. In the
PRK of C. reinhardtii, Arg64 is required for both ternary complex
formation and full activity (30, 31). In our structure the equiv-
alent residue, PRK-Arg50, is adjacent to the active site and
contacts the outer face of the CP12 helical hairpin via the CP12
motif (Fig. 3D). Other interactions are hydrogen bonds between
CP12-Asp34 to PRK-Ala60 backbone N, CP12-Glu14 to PRK-
Lys54, and CP12-Gln40 to PRK-Asp146. The long flexible loop
between residues 137–164 contains several active site residues,
including Lys142, Asp146, Arg164. In a recent cyanobacterial
PRK structure, it is only visible in one of the noncrystallographic
dimers (7), and in our CP12-bound conformation, the loop is
displaced outward relative to the crystal structure to accommo-
date the CP12 N-terminal domain.
Plant-type PRK has 2 conserved pairs of cysteine residues that

form another tier of redox regulation to CP12 (32). Cys19 is in
the middle of the ATP-binding Walker A motif (P-loop, residues
15–24, SI Appendix, Fig. S9) and forms a disulfide with Cys41.
The loop containing Cys19 is flipped to bind Cys41 in our
structure and the oxidized cyanobacterial PRK structure (7), but
not in the reduced PRK structures from eukaryotes (6), or the
equivalent loop in the nonredox regulated archaeal PRK (26)
or homologous uridine kinases (33). When this disulfide bond is
oxidized in free PRK, most activity is lost (8–10). When Cys19 is
mutated to serine, although activity is retained, redox regula-
tion is lost (32). We found no measurable PRK activity in the
intact complex (Fig. 1B). Apart from the active site disulfide,
PRK-Cys230 and Cys236 form a disulfide bond in the loop at
the end of the sheet at the PRK dimer interface (Fig. 3C). This
cysteine pair is nearly absolutely conserved in plant-type PRKs
but is far from the active site and is not required for activity
(34). Instead this disulfide is required for ternary complex
formation in C. reinhardtii PRK (32). We predict that the for-
mation of the PRK C-terminal disulfide locks the PRK dimer in
a conformation that is competent to form the ternary complex.
The dimer is flexible, as it is only linked by a strand–strand
interaction. In our structure, the second monomer is rotated 8°
relative to the cyanobacterial crystal structure. The final 10 C-
terminal residues of PRK are not visible in the cryoEM model
but form an extension that folds over the protein in the crystal

Fig. 2. Crystal structures of GAPDH-CP12 complex with full-length CP12.
(A) GAPDH tetramer (blue) with 2 active sites bound by CP12 (pink). Res-
idues 55–75 of CP12 are inserted in the active site of GAPDH, while 1–55
form a 2-helix PRK binding domain. (B) CP12 is formed of 2 domains
connected by a flexible linker. The N-terminal PRK binding domain is
formed of 2 anti-parallel helices connected by a disulfide bridge at the
apex of the helices. Residues of the conserved CP12 AWDA(V/L)EEL motif
are shown as sticks; disulfide bonds are indicated by yellow spheres. The C-
terminal GAPDH binding domain is formed of a 2-turn helical region
followed by the remaining C-terminal residues that insert into the GAPDH
active site. This fold is also stabilized by a disulfide bridge. (C ) The dif-
ferent conformations of CP12 observed in crystals (C1–C4) and cryoEM
(EM) superposed on the C-terminal region, bound to a GAPDH tetramer
(gray surface). (D) CP12 conformations superposed on the N-terminal PRK
binding domain.
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structure. The displacement in the complex is presumably
caused by the binding of GAPDH, which would otherwise clash
with this region.

The sequential assembly of the inhibited ternary complex is
driven by the relative strengths of interaction interfaces within
the complex. In the ternary complex, PRK and GAPDH share a

Fig. 3. CryoEM reconstruction of GAPDH-CP12-PRK complex. (A) CryoEM maps of the complex with GAPDH (blue), PRK (orange), and CP12 (pink), (Scale bar,
30 Å.) (B) Cartoon view of the complex with 2 GAPDH tetramers and 2 PRK dimers forming an elongated diamond-shaped complex tethered by 4 CP12 chains.
(C) Cartoon view of PRK dimer, with CP12 bound in the 2 active sites; disulfides in both proteins labeled. (D) CP12 (pink) sterically blocks PRK (orange) by binding in
the active site (blue). The PRK active site cleft is formed of regions 147–164, 43–63, and 87–98. The PRK ATP-binding P-loop region (green) and Arg50 are indicated.
(E) Electrostatic surface potential of CP12 and PRK interface regions, showing charge complementary. The CP12 conserved AWDA(V/L)EEL motif is highlighted.
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relatively small, nonconserved interface of only 330 Å2 buried
surface area per GAPDH-PRK pair, with a predicted binding
energy of −7 kcal/mol as calculated using the EBI-PISA server
(35). We conclude that the ternary complex formation is domi-
nated by the extensive contacts of GAPDH and CP12 (predicted
binding energy −9.4 kcal/mol), and then between CP12 and PRK
(predicted binding energy −7.4 kcal/mol). The GAPDH-PRK
interactions may contribute to the stability of the complex, but
are not sufficient for complex formation by themselves as PRK
and CP12 also do not form a stable binary complex (17, 23, 36).
We propose the sum of these relatively weak interactions has an
avidity effect that makes the complex as a whole stable.

Enzyme Kinetics. We used Michaelis–Menten kinetics to model
the activities of GAPDH and PRK in their active and inhibited
states (Fig. 1). PRK activity was assessed by measuring ADP
production from ATP and ribulose 5-phosphate (Ru5P) in a
coupled assay with ADP-hexokinase. PRK was completely inhibited
in the ternary complex, where all of the active sites are blocked by
CP12, and activity was restored after reduction with dithiothreitol
(DTT) (Fig. 1B and SI Appendix, Table S3).
Although it remains possible that the difference in PRK ac-

tivity observed between reduced and oxidized complexes may be
due to the reduction of disulfide bonds present in CP12, PRK, or
both, previous studies have shown that oxidized PRK alone re-
tains ∼10% activity (8, 32)
GAPDH is a reversible enzyme, catalyzing the reduction of

NAD(P)+ or oxidation of NAD(P)H. The physiological CB-cycle
reaction is reduction of bisphosphoglycerate (BPG) by NADPH;
however, the short-lived nature of BPG made it challenging to
measure this activity accurately. Therefore, we measured GAPDH
kinetics by an in situ reaction following NAD+ or NADP+ re-
duction by glyceraldehyde 3-phosphate GAP at 340 nm in a re-
verse of the physiological reaction.
We found that GAPDH activity with NADP+ was uninhibited

in the GAPDH-CP12 complex, but was undetectable in the
GAPDH-CP12-PRK complex. These data imply that NADPH can
displace CP12 from the binary complex, but not the ternary
complex, and that there is an important avidity stabilizing the
GAPDH-CP12-PRK complex over GAPDH—CP12 effect from
the complex formation. We found the apparent Km of GAPDH for
NAD+ and NADP+ were similar, as were the apparent kcat values
(Fig. 1 C and D and SI Appendix, Table S4). There is a small
structural shift, mainly of Arg81 (Fig. 1A and SI Appendix, Fig.
S10), in GAPDH depending on whether NAD+ or NADP+ is
bound; however, this did not affect activity with either substrate.
When CP12 was bound to GAPDH, activity decreased, and the
enzyme was more specific for NAD+. The GAPDH-CP12 complex
showed a much higher apparent Km for NADP+ than NAD+,
which we attribute to CP12 being a competitive inhibitor for
NADP+. The GAPDH-CP12 complex retained a high affinity for
NAD+, although the rate of turnover was slower. These data can
be explained by CP12 blocking the proximal GAPDH active sites
and the steric hindrance of CP12 slowing NAD(H) binding to the
remaining distal active sites. In the ternary complex, GAPDH
activity with NAD+ was similar to the binary complex, implying
that NAD+ can still access the open CP12 distal sites as in the
GAPDH-CP12 binary complex.
These data suggest that cooperative avidity effects of ternary

complex formation prevent NADP+ from dissociating CP12, which
is bound more tightly in the ternary complex than the GAPDH-
CP12 binary complex. For complex formation, NADP(H) must be
replaced with NAD(H) (9, 10), suggesting that the formation of
the GAPDH-CP12-PRK complex is integrating both redox and
dinucleotide availability signals. The differential behavior of
the complex to NADPH and NADH, where activity with the
physiological substrate NADPH is more inhibited, shows that

the complex function integrates responses from both redox
state and nicotinamide dinucleotide availability.

GAPDH-CP12-PRK Complex Dissociation. We tested the stability of
the ternary complex using native gel electrophoresis and mass
spectrometry after overnight incubation with combinations of
NAD+, NADPH, ATP, and ADP (SI Appendix, Fig. S11). NADPH
did not dissociate the cyanobacterial complex, which was consistent
with our GAPDH kinetics data, where NADP+ reduction was
inhibited in the ternary complex, and in contrast to reports on
other species (9, 37, 38). In vitro, only reduction of disulfide bonds
of CP12 and PRK with DTT reduced the disulfide bonds of CP12
and PRK, and dissociated the ternary complex (SI Appendix, Fig.
S11). ATP and ADP did not apparently dissociate CP12 from
PRK. In the homologous plant system, the complex is dissociated
by a reduced thioredoxin, generated from ferredoxin by the light
reactions (37).

Concluding Remarks. We investigated how structural changes in
CP12 regulate substrate availability for carbon fixation in the CB
cycle. We combined X-ray crystallography and single-particle cryoEM
to determine the structures of GAPDH-CP12 and GAPDH-
CP12-PRK. Our data provide a mechanism for how GAPDH
and PRK activities are redox-regulated in response to light (Fig.
4). We show the structural basis for the conditional disorder of
CP12 (16), where a redox-induced change causes a functional
and structural switch. When bound to GAPDH, CP12 forms a
disulfide-locked helical hairpin, which is ordered before inter-
action with PRK. GAPDH-CP12 has exchanged NADPH for
NADH, and then captures PRK dimers to form a ternary com-
plex that restricts production of RuBP, the substrate for Rubisco.
The ternary complex prevents reduction of carboxylic acids to
sugar by GAPDH with NADPH. Disulfide bonds within PRK
and CP12 remain oxidized in the dark and maintain the inhibited
complex. In the light, the complex is reactivated by reduction
of CP12 and PRK by electrons from the photosynthetic elec-
tron transport chain. Our observations provide a redox-sensitive
molecular mechanism, which also integrates signals of dinucleotide

Fig. 4. Model for how structural changes in redox-dependent complexes
regulate carbon fixation. GAPDH and PRK are energy consuming enzymes of
the Calvin–Benson cycle. The PRK catalyzed step directly precedes Rubisco
carbon fixation. GAPDH (blue) activity is at the branch point between re-
generation of RuBP or central metabolism. In the dark, the oxidizing envi-
ronment causes intramolecular disulfide bridges to form within CP12 (pink)
and PRK (orange). In parallel, NADP+ bound to GAPDH is exchanged for
NAD+. CP12 binds to GAPDH, reducing its activity. Preordered CP12s sub-
sequently recruit PRK, blocking PRK active sites to substrate and GAPDH
active sites to NADP(H). When returning to the light, disulfide reduction
dissociates the complex, releasing GAPDH and PRK.
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availability, that controls the “off switch” for how plants make
biomass.
Plants have evolved for effective reproduction under natural

conditions, which is different to the maximum yield optimum
desired in crops. Yield is closely correlated with photosynthetic
carbon assimilation. A typical approach to augment yield is to
improve partition into the harvested part of the plant. So far,
photosynthetic efficiency has not been significantly improved in
crop production, although reports have shown better growth with
for example, CB-cycle enzyme overexpression (39), improved
photorespiration (40) or improved photoprotection (41). In cya-
nobacteria, a CP12 knockout mutation improved flux through the
CB cycle and productivity (42) but Arabidopsis and tobacco with
anti-sense knockdown of CP12 were substantially impaired.
CP12 overexpression was associated with chilling tolerance in a
legume (43).
Driven by structural knowledge, it is possible that modulation

of the GAPDH-CP12-PRK complex, and associated regulation
in plants, will enable more subtle modifications that will increase
carbon fixation in crops.

Materials and Methods
GAPDH and CP12 Expression and Purification. GAPDH and CP12 were produced
recombinantly in E. coli and purified by chromatography, then crystallized by
vapor diffusion. Crystal structures were solved for GAPDH in different combi-
nations with CP12, NAD+, and NADP+ (SI Appendix, Table S1). GAPDH activity
was measured by following the reduction of NAD(P)+ in a linked enzyme assay.

Purification and Structure Solution of GAPDH-CP12-PRK Complex. PRK was
purified from T. elongatus cells by following the activity through chro-
matographic steps. PRK activity was measured using a coupled enzyme as-
say. The partially purified PRK was mixed with GAPDH-CP12 complex to yield
the GAPDH-CP12-PRK complex, which was further purified by size-exclusion
chromatography. The complex was adsorbed onto a holey-carbon grid,
overlaid with a thin layer of amorphous carbon, then plunge-frozen in liquid
ethane with a Vitrobot III robot. Final cryoEM data were collected at 300 keV
on a Titan Krios microscope. The complex was reconstructed at 4.0 Å overall
resolution in RELION (SI Appendix, Table S2), and an atomic model was built
into the map and refined in real space.

Data Availability. The atomic coordinates and structure factors for GAPDH-
NAD+, GAPDH-NADP+, GAPDH-CP12-conf1-conf2, GAPDH-CP12-conf3,
GAPDH-CP12-conf4, GAPDH-CP122 and GAPDH-CP124 have been deposited
in the Protein Data Bank (PDB) under accession codes 6GFR, 6GFP, 6GFO,
6GHR, 6GHL, 6GFQ, and 6GG7, respectively. The GAPDH-CP12-PRK cryoEM
map has been deposited in the Electron Microscopy Databank under EMDB-
0071, and the atomic model has been deposited in the PDB, accession
code 6GVE.
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