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Oxygenic photosynthetic organisms produce sugars through the Calvin-Benson
cycle, a metabolism that is tightly linked to the light reactions of photosynthesis
and is regulated by different mechanisms, including the formation of protein
complexes. Two enzymes of the cycle, glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) and phosphoribulokinase (PRK), form a supramolecular
complex with the regulatory protein CP12 with the formula (GAPDH-CP12,-

supporting information at journals.iucr.org/d PRK),, in which both enzyme activities are transiently inhibited during the
night. Small-angle X-ray scattering analysis performed on both the GAPDH-
CP12-PRK complex and its components, GAPDH-CP12 and PRK, from
Arabidopsis thaliana showed that (i) PRK has an elongated, bent and screwed
shape, (ii) the oxidized N-terminal region of CP12 that is not embedded in
the GAPDH-CP12 complex prefers a compact conformation and (iii) the
interaction of PRK with the N-terminal region of CP12 favours the approach of
two GAPDH tetramers. The interaction between the GAPDH tetramers may
contribute to the overall stabilization of the GAPDH-CP12-PRK complex, the
structure of which is presented here for the first time.

1. Introduction

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
phosphoribulokinase (PRK) are two enzymes involved in the
photosynthetic carbon fixation of oxygenic phototrophs (land
plants, algae and cyanobacteria), a metabolism also known as
the Calvin—Benson cycle. GAPDH is responsible for the single
reducing step of the cycle, while PRK allows the regeneration
of ribulose-1,5-bisphosphate, the acceptor of CO,. Together,
GAPDH and PRK consume most of the NADPH and ATP
produced by the light phase of photosynthesis to fuel the
Calvin—Benson cycle.

Besides converting light into ATP and NADPH, the
photosynthetic electron-transport chain of oxygen photo-
trophs keeps reduced a pool of thioredoxins that regulate
several enzymes of the Calvin—-Benson cycle through dithiol/
disulfide exchange reactions, including GAPDH and PRK,
and other metabolisms (Michelet et al., 2013). By connecting
the photosynthetic electron flow to the Calvin—-Benson cycle,
dithiol/disulfide redox cascades are believed to represent an
important adaptation of oxygen phototrophs to fluctuating
light conditions (Balsera et al, 2014). In addition, other
monothiol-based redox modifications (e.g. glutathionylation
and nitrosylation) that are induced by reactive oxygen
and nitrogen species may also contribute to the dynamic
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regulation of photosynthetic metabolism under stress
(Michelet et al., 2013; Zaffagnini et al., 2012).

Even though GAPDH and PRK catalyze two non-conse-
cutive reactions of the Calvin-Benson cycle, they can form a
supramolecular complex in which two GAPDH tetramers and
two PRK dimers interact together by means of four CP12
molecules (Marri et al.,, 2008). CP12 is an intrinsically dis-
ordered protein (IDP) of about 80 amino acids, including four
cysteines that can form two disulfide bridges under thio-
redoxin control (Graciet ef al., 2003; Marri et al., 2008). When
both disulfide bridges are formed, CP12 may assemble the
ternary complex with GAPDH and PRK, with both enzymes
consequently being inactivated (Wedel & Soll, 1998; Marri et
al., 2005). Through modulation of its redox state, CP12
controls the assembly and disassembly of the ternary complex
and consequently the regulation of the GAPDH and PRK
activities (Marri et al., 2009). CP12 is universally distributed
in oxygenic phototrophs from cyanobacteria to higher plants
(Marri et al., 2010; Stanley et al, 2013; Gontero & Maberly,
2012; Lopez-Calcagno et al., 2014), where CP12-assembled
complexes tend to accumulate in the dark (Scheibe et al., 2002;
Tamoi et al., 2005; Howard et al., 2008; Howard, Lloyd et al.,
2011). In tobacco, CP12 was shown to be essential for normal
growth and development (Howard, Fryer et al., 2011), and in
the cyanobacterium Synecococcus PCC7942 genetic disrup-
tion of CP12 gene caused delayed growth in a normal light/
dark cycle (Tamoi et al., 2005).

Beside a homotetrameric GAPDH isoform (A;-GAPDH),
higher plants possess a second isoform made up of A and B
subunits (AB-GAPDH) (Scagliarini et al., 1998; Scheibe et al.,
2002; Trost et al., 2006; Howard, Lloyd et al., 2011). The main
difference between the A and B subunits is the presence in
subunit B of a C-terminal extension (CTE) of 30 amino acids
that is homologous to the C-terminal end of CP12 (Baalmann
et al., 1996; Sparla et al., 2002; Trost et al., 2006; Thieulin-Pardo
et al., 2015). Like CP12, the CTE is unstructured and contains
a pair of redox-regulated cysteines (Fermani et al., 2007). The
CTE is essential for the autonomous (CP12-independent)
regulation of the AB-GAPDH isoform, including the
capability of A;B,-GAPDH to associate into inactive oligo-
mers (AgBg) in the dark (Baalmann et al., 1996; Sparla et al.,
2005).

Oxygen phototrophs contain a unique form of dimeric PRK
made of 40 kDa subunits. This form is only distantly related
to the octameric PRK with 32 kDa subunits from aerobic
photosynthetic bacteria such as Rhodobacter sphaeroides, the
crystal structure of which has been solved (Harrison et al.,
1998). PRK of green algae and land plants is directly regulated
by thioredoxins affecting the redox state of two cysteines
located in the active site of the enzyme (Brandes et al., 1996),
and it may be further regulated through the formation of the
ternary complex with GAPDH and CP12 (Wedel & Soll, 1998;
Scheibe et al., 2002; Graciet et al., 2003; Marri et al., 2005;
Tamoi et al., 2005; Howard et al., 2008; Howard, Lloyd et al.,
2011).

In Arabidopsis thaliana, the pathway of complex assembly
has been elucidated. Firstly, oxidized CP12 and A,-GAPDH

interact together, forming a binary complex (Graciet et al.,
2003). This interaction is only possible if GAPDH binds
NAD(H) in its coenzyme-binding sites (Marri et al., 2005;
Matsumura et al., 2011). Although CP12 populates different
conformations in solution, only a subset of CP12 conformers
may initially bind to GAPDH and successively fold their
C-terminal regions within the active site of the enzyme
(Fermani et al, 2012; Reichmann & Jakob, 2013; Uversky,
2013). After the formation of the binary complex, in which two
CP12 molecules bind to one GAPDH tetramer, oxidized PRK
promotes the assembly of the ternary complex in which two
binary complexes are held together by two PRK dimers
(Graciet et al., 2003; Marri et al., 2005, 2008).

In the last decade, small-angle X-ray scattering (SAXS) has
become a powerful technique to structurally characterize
biological macromolecules in solution (Koch et al., 2003;
Lipfert & Doniach, 2007; Rambo & Tainer, 2013a). In this
manuscript, we exploited the potential of SAXS to describe a
low-resolution model of the GAPDH-CP12-PRK complex
from A. thaliana and of its components the GAPDH-CP12
complex and PRK alone. We demonstrate that PRK has an
elongated shape that is suitable to connect two GAPDH-
CP12 complexes and form a compact ternary complex in
which the GAPDH tetramers are much closer than previously
suspected, suggesting a role of GAPDH-GAPDH interactions
in ternary-complex stabilization. Besides depicting the shape
and organization of the GAPDH-CP12-PRK complex for the
first time, the results confirm the renowned capability of
photosynthetic GAPDH tetramers to associate into supra-
molecular complexes with regulatory functions (GAPDH-
CP12-PRK; AgBs-GAPDH).

2. Materials and methods
2.1. Protein expression and purification

Recombinant and mature forms of GAPDH (EC 1.2.1.13),
PRK (EC 2.7.1.19) and CP12 (isoform 2) of A. thaliana were
expressed and purified as described in Marri et al. (2008).
Different aliquots of pure PRK were treated with 5 mM
reduced or oxidized DTT to ensure the presence of a unique
redox form. After overnight incubation at 4°C, samples were
desalted in 25 mM potassium phosphate buffer solution pH
7.5 and concentrated to 10 mg ml~" using a Centricon (Milli-
pore) device with a 10 kDa cutoff.

The GAPDH-CP12 complex was obtained after overnight
incubation at 4°C of pure GAPDH and CP12 in a 1:1 ratio (on
a subunit basis) in the presence of 5mM NAD and 5 mM
oxidized DTT. To remove excess CP12, the sample was
concentrated to 200 pl using a Centricon (Millipore) device
with a 3 kDa cutoff and loaded onto a gel-filtration column
(Superdex 200 10/300 GL; GE Healthcare) pre-equilibrated
with 25 mM potassium phosphate buffer solution pH 7.5. The
eluted GAPDH-CP12 binary complex was collected, 1 mM
NAD was immediately added and it was brought to a final
concentration of 10 mg ml™".

The GAPDH-CP12-PRK complex was obtained after
overnight incubation at 4°C of the purified protein
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Table 1

SAXS data-acquisition parameters and analysis.

n.p., not performed.

PRK
Oxidized Reduced GAPDH-CP12 GAPDH-CP12-PRK

Data-collection parameters

Detector PILATUS 1M (67 x 420 mm)

Beam geometry 0.7 x 0.7 mm

Wavelength (A) 0.99

Sample-to-detector distance (mm) 2430

Capillary diameter (mm) 1.8

q ranget (A7) 0.005-0.45

Exposure time (s) 10 x 1

Temperature (K) 278.15

Concentration range (mg ml™") 2.0-5.5 1.1-3.9 0.5-5.0 1.0-5.0
Structural parameters$

1(0) BSA 66.5 66.8 66.8 682

q interval for Fourier inversion (A") 0.029-0.35 0.03-0.35 0.01-0.35 0.008-0.35

1(0) [from p(r)] 749 £ 0.5 814 £ 05 146.0 = 0.1 281.6 £0.1

R, [from p(r)] (A) ) 387 +0.1 40.1 £ 05 34.0 + 0.1 572+ 0.1

g interval for Guinier linear fit (A™") 0.020-0.033 0.025-0.032 0.013-0.037 0.010-0.023

1(0) (from Guinier approximation) 772 £0.5 845+ 05 146.0 £ 0.1 280.0 £ 0.5

R, (from Guinier approximation) A) 394 £ 05 409 £ 0.5 340 £ 0.1 56.7 £ 0.1

Dinax (A) 126 + 5 130 £ 5 115 +2 175+ 5

Porod volume estimate (nm®) 162 £5 165 £5 207 + 10 732 £ 10

DAMMIN excluded volume (nm?) 199 £2 201 £5 240 £ 2 675 2

Dry volume calculated from sequence (nm?) 95 95 197 584

(v=0733cm*>g™")

Molecular mass (kDa)

From Porod volume (x0.625) 81 103 129 458

From excluded volume (x0.5) 99 100 120 338

From 1(0) 772 84.5 146 280

From volume of correlation 96.4 95.6 120 355

From sequence 78.4 78.4 161.6 480
Software employed

Primary data reduction PIPELINE PIPELINE PIPELINE PIPELINE

Data processing PRIMUS PRIMUS PRIMUS PRIMUS

Ab initio modelling GASBOR n.p. DAMMIN DAMMIN

Validation and averaging DAMAVER/IDAMCLUST n.p. DAMAVER/IDAMCLUST DAMAVER/IDAMCLUST

Rigid-body modelling n.p. n.p. CORAL, EOM SASREFMX

Computation of model intensities n.p. n.p. CRYSOL CRYSOL

Three-dimensional representations PyMOL n.p. PyMOL PyMOL

t g = 4msin(0)/A, where 26 is the scattering angle and A = 0.99 Ais the wavelength. # Calculated merging data for concentrations of 2.0 and 5.53 mg ml™" for oxidized PRK and 0.50
and 5.0 mg ml~' for GAPDH-CP12. Calculated averaging data for concentrations of 2.0 and 2.86 mg ml~! for GAPDH-CP12-PRK.

components in the presence of SmM NAD and 5mM
oxidized DTT. GAPDH, PRK and CP12 were present in a
2:1:2 ratio (on a subunit basis) and excess CP12 was removed
by gel filtration as described above for the binary complex.
1 mM NAD was immediately added to the eluted GAPDH-
CP12-PRK ternary complex and it was brought to a final
concentration of 10 mg ml ™.

The purity of all samples was verified by SDS-PAGE
followed by Coomassie staining.

2.2. SAXS data acquisition and analysis

SAXS data were collected on the BioSAXS beamline BM29
at ESRF, Grenoble, France (Pernot et al., 2013). The data-
collection parameters are reported in Table 1. Flushed
volumes of 60 pl were used for each protein sample. In order
to optimize data acquisition, various protein concentrations
below 10 mg ml™' were measured (Table 1). A set of ten
consecutive 1 s exposures were made on each sample and were
compared to assess radiation damage.

The scattering contribution of the capillary filled with buffer
was subtracted and the data were placed on a relative scale
using bovine serum albumin (BSA) as a standard (molecular
weight 66.5 kDa).

The /(0) and radius of gyration (R,) were calculated using
the Guinier approximation 1(g) = I(0)exp[—(qRy)*/3]
(Guinier, 1939) as implemented in PRIMUS (Konarev et al.,
2003; Petoukhov et al.,, 2012). The p(r) function, from which
1(0), the maximum particle dimension (Dy.x) and R, were
estimated, and the reciprocal-space fit (model-independent)
of the experimental data were computed using GNOM
(Svergun, 1992). This fit was used as a good reference in the
selected angular range for the model-dependent fitting
attempts.

The molecular weight (MW; Table 1) was estimated from (i)
the Porod invariant (Porod, 1982) as 0.625 times the Porod
volume (V},) for roughly globular particles (Petoukhov et al,
2012), (ii) the excluded volume of averaged hydrated particles
(V4) computed using DAMMIN (Svergun, 1999) as 0.5 x Vj,
(iii) comparison of the /(0) with that of native BSA at pH 7.4
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(Mylonas & Svergun, 2007) and (iv) the SAS invariant
volume-of-correlation length (V) through a power-law
relationship between V., R, and MW that has been para-
metrized for proteins, mixed nucleic acid—protein complexes
and RNA structures (Rambo & Tainer, 2013b) using the
program ScAtter.

Among the various methods of mass estimation, the MW
obtained from V,, and V, are affected by an error of 20%,
while the estimated error is 10% when the forward scattering
1(0) is used (Graewert et al., 2015). For native BSA, largely
used for calibrating the intensities, /(0) can be affected by the
presence of oligomers, with a deviation of 17% from the
expected value (Mylonas & Svergun, 2007; Petoukhov et al.,
2013).

For a MW determined using a native monomeric protein as
a molecular-weight standard (Kozak, 2005) or the absolute
calibrated 1(0) expressed in cm ™', the major source of errors is
generally owing to the calculation of the electron-density
contrast, which depends on the number of electrons per mass
of dry protein, the electron density of the solvent and the
partial specific volume of the protein (monomeric or hetero-
meric).

2.3. Ab initio analysis and rigid-body modelling

The calculation of model intensities from atomic structures
was performed by CRYSOL (Svergun et al., 1995) using
default parameters.

For the GAPDH-CP12 and the GAPDH-CP12-PRK
complexes, the ab initio low-resolution envelopes were
reconstructed by DAMMIN (Svergun, 1999); 12 and ten
structures were generated, respectively. The ab initio model of
the ternary complex was computed using a starting model
obtained applying DAMAVER (Volkov & Svergun, 2003) to a
number of similar rigid-body structures with a cutoff volume
equal to 500 nm®.

For PRK, the ab initio program GASBOR (Svergun et al.,
2001) was used. This software uses the average scattering
factor of amino acids and allows the particle to be modelled as
a protein chain-like assembly of dummy residues, the number
of which is constrained according to the known sequence of
the protein. The reliability of the model calculated from
GASBOR is considered to be good up to a higher resolution
than the DAMMIN dummy-atom method.

The sequence and the homodimeric state of PRK (349
amino acids x two monomers = 698 amino acids) were given
as inputs in GASBOR. The calculations were performed with
both P1 and P2 symmetry. A series of 20 models was gener-
ated. We complemented the ab initio analysis of PRK using
the dummy-atom method implemented in DAMMIF (Franke
& Svergun, 2009) for fitting the data collected from both the
oxidized and the reduced form. 20 calculations with both P1
and P2 symmetry were performed.

Rigid-body modelling of the GAPDH-CP12 complex was
performed by the program CORAL (Petoukhov et al., 2012).
For the GAPDH-CP12-PRK complex, the software SASREF
(Petoukhov & Svergun, 2005) and the implemented version

SASREFMX (Petoukhov et al., 2013) that takes into account
partial complex dissociation were used.

For the binary complex, a twofold symmetry was applied to
a pair of GAPDH subunits, one binding CP12 and one free. In
order to build the complete complex, the missing CP12 amino
acids were generated as dummy residues. Crystallographic
contacts highlighted by the Contact Map Analysis software
(Sobolev et al., 2005) were used as constraints in the calcula-
tion.

Since the system of the ternary complex presented
numerous degrees of freedom, some constraints were imposed
in the calculations. The stoichiometry suggested a twofold
symmetry of the system and mild contacts were imposed in
order to keep every CP12 bound to GAPDH not further than
10 A from a PRK model moiety. This condition is based on the
knowledge that PRK has no significant affinity for GAPDH
alone, but only for the GAPDH-CP12 complex (Marri et al.,
2005, 2008).

In all cases, repeated runs of three-dimensional recon-
struction algorithms were performed. The similarity of the
obtained structures was checked by DAMAVER (Volkov &
Svergun, 2003) and DAMCLUST (Petoukhov et al., 2012), in
which the superposition was performed by the SUPCOMB
code (Kozin & Svergun, 2001). A normalized spatial discre-
pancy (NSD) value was calculated and used as a parameter
to determine the difference between two three-dimensional
models.

EOM (Bernad¢ et al., 2007) was used to assess the flexibility
of the CP12 N-terminal region (residues 1-57) and to model
the binary complex. A pool of conformers for the missing
CP12 amino acids were randomly generated as a chain of
dummy residues. The structures with unacceptable super-
impositions between dummy atoms and the rigid-body struc-
ture were discarded. From a starting random pool consisting of
about 10 000 conformers, an ensemble was selected in order to
best fit the experimental SAXS curve.

All programs used for SAXS data analysis and recon-
struction listed in Table 1 belong to the ATSAS package v.2.5
(Konarev et al., 2006; Petoukhov et al., 2012). The graphical
representations of the three-dimensional models were gener-
ated with PyMOL (v.1.4.1; Schrédinger; DeLano, 2002).

2.4. Hydrodynamic calculations

The program HYDROPRO (Garcia de la Torre et al., 2000)
was used to estimate the hydrodynamic radius (R;) of the
proposed models.

The calculation was performed on the ab initio model of
oxidized PRK and on hybrid all-atom/dummy-residue models
for the binary and ternary complexes. The values of the radii
were optimized as suggested by the authors (Ortega et al.,
2011), and radii of 4.5, 3.3 and 3.7 A for PRK and the binary
and ternary complexes, respectively, were chosen. Room
temperature and viscosity of water were considered in the
calculations.
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3. Results

PRK, CP12 and GAPDH (isoform A,) from A. thaliana were
all produced as recombinant proteins in E. coli and analyzed
in different conditions and combinations. The PRK samples
were either fully reduced or oxidized. The binary complex
between GAPDH and oxidized CP12 (GAPDH-CP12,;
Fermani et al., 2012) and the ternary complex also involving
oxidized PRK (Marri et al., 2008) were both stabilized by
NAD. Information on SAXS data collection and analysis is
summarized in Table 1. The final scattering curves are
reported as normalized Kratky plots (Fig. 1) that allow a
comparison between proteins with different dimensions and
masses (Durand et al., 2010). The symmetrical plots of the
binary and ternary complexes suggest that they behave as
globular proteins, while the nonzero (positive) skewness of
the PRK plot (either reduced or oxidized) indicates a more
elongated structure (Durand et al., 2010).

3.1. Oxidized and reduced phosphoribulokinase

The low g-range behaviour of the experimental scattering
pattern of oxidized PRK (Fig. 2a) showed a slight increase
in the slope of the Guinier plot on increasing the protein
concentration from 2.0 to 5.5mgml™" (Supplementary Fig.
Sla), suggesting partial protein aggregation. In order to
minimize this effect, only samples at lower concentrations
were further analyzed and experimental points before the
linear Guinier region were excluded. The data provided a
reliable Guinier linear fit with little or no dependence of the
slope on the first angular points when considered in the g
interval 0.02-0.03 A" (Supplementary Fig. S1b), from which
an R, of 39.4 A was estimated. From the forward scattering
[Z(0)] a molecular weight (MW) of 77.2 kDa was estimated
using BSA as a standard (Table 1). This mass is compatible
with the presence of dimeric PRK in solution (the MW

1.25

1.00

0.75

0.50

Kg)/10) * (4R,)’

0.25

000 : 1 1 1 1 1
0 2 4 6 8 10 12

Figure 1
Dimensionless Kratky plots of the ternary complex and its single
components. Dimensionless Kratky plots calculated from the experi-
mental data for oxidized PRK (cyan; R, = 39.4 A), reduced PRK (blue;
R, =409 A), the GAPDH-CP12 complex (magenta; R, = 34.0 A) and the
GAPDH-CP12-PRK complex (green; R, = 56.7 A).

calculated from the sequence is 78.4 kDa; Table 1). The curve
derived by merging data obtained at the lowest (g < 0.08 A_l)
and the highest concentration was used for further analysis of
oxidized PRK.

The SAXS data from reduced PRK samples were less
reliable since no correlation was found between the low-g
behaviour (expressed as R,) of the scattering pattern and the
sample concentration (Supplementary Fig. S1a). In addition,
the linear region of the Guinier plot was slightly shifted
towards higher g values (Fig. 2b, inset). In order to detect
possible differences between reduced and oxidized PRK, the
corresponding experimental curves (from g = 0.03 A_l) were
superimposed and found to be virtually identical (Supple-
mentary Fig. S2). For this comparison, the experimental curves
were chosen among the concentration series that least
deviated from ideal behaviour at low angles.

The pair-distance distributions [p(r)] computed from
oxidized and reduced PRK data (Fig. 2b and Supplementary
Fig. S3) showed an asymmetric bell-shaped profile, suggesting
dimers with an elongated shape. The maximum particle
dimension (Dy,.x) and the R, calculated from the p(r) for the
two PRK forms are reported in Table 1. By comparing the two
p(r) functions and the normalized Kratky plots (Figs. 1 and 2b
and Supplementary Fig. S3), a slightly more compact confor-
mation for oxidized PRK compared with the reduced form
could be envisaged. However, an accurate assessment of the
conformational changes caused by disulfide-bridge formation/
reduction could not be achieved because of the partial
aggregation of the reduced PRK sample that probably
affected the scattering curve.

Since no high-resolution structure of Arabidopsis PRK is
available, and its sequence identity with Rhodobacter PRK
(Harrison et al., 1998) is less than 19%, together with the
consideration that Arabidopsis PRK is about 60 residues
longer than the bacterial enzyme (349 versus 290 amino acids),
only an ab initio modelling approach could be attempted. The
modelling using GASBOR was performed only for oxidized
PRK since the quality of the experimental data of reduced
PRK was too low for a similar approach. Repeated calcula-
tions converged to a satisfactory agreement between the
intensity computed from the model and the experimental data.
The goodness of fit provided by the most representative low-
resolution structure was comparable to that of the model-
independent analysis (Fig. 2a) reported as a reference for a
good fit. The residuals were similar in both cases (Fig. 2a,
insets). The most representative model of oxidized PRK
obtained applying P2 symmetry is shown in Fig. 2(c), while the
P1 model is reported in Supplementary Fig. S4 together with
the P2 model for better comparison. Substantial agreement
between the P1 and P2 models can be observed. The
normalized spatial discrepancy (NSD) values for the P1 and
P2 models are reported in Supplementary Table S1. PRK, with
dimensions of about 50 A in width and 125 A in length, is bent
and screwed in shape, with two well defined lobes possibly
corresponding to the two monomers. This overall shape
proposed for PRK is confirmed by a complementary ab initio
analysis of PRK using a dummy-atom method (DAMMIF)
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applied to both redox forms (Supplementary Figs. S5 and S6).
As expected from the close similarity between the scattering
data of PRK in the two redox forms, the ab initio calculations
gave comparable results. The NSD values for the models
are reported in Supplementary Table S2. Even if a more
pronounced bent shape for reduced PRK compared with the
oxidized form could be envisaged from inspection of Supple-
mentary Figs. S5 and S6, the NSD values found by super-
imposing the most representative models of oxidized and
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reduced PRK (0.660 and 0.703 for P1 and P2, respectively)
suggested they are not statistically different.

Since PRK embedded in the ternary complex is oxidized
(Marri et al., 2005, 2009), the ab initio GASBOR model of
oxidized PRK was employed for further modelling of the
GAPDH-CP12-PRK complex.

3.2. GAPDH-CP12 complex

The experimental scattering data of the binary complex
(Fig. 3a) did not show significant concentration effects, except
for a very slight downward deviation observed in the g <
0.02 A range for the most concentrated sample (5 mg ml™"),
possibly owing to weak repulsive interactions. Indeed, the net

A

» ~125A

~50 A

SAXS analysis and proposed ab initio model of oxidized PRK. (a) Oxidized PRK experimental scattering curve (black dots) and fits by model-
independent GNOM (Svergun, 1992) analysis (as a reference for a good fit; black line) and ab initio modelling with GASBOR (Svergun et al., 2001; blue
line). Normalized residuals are shown in insets. (b) Model-independent p(r) function for oxidized PRK (black line) and reduced PRK (red line). Only a
few error bars are shown for the sake of clarity. In the inset the Guinier plot (dots) and the linear fit are shown for oxidized PRK (black line) and reduced
PRK (red line). (¢) The ab initio model of oxidized PRK computed by applying P2 symmetry is represented by three orthogonal orientations. Dummy
waters bound to the surface of the molecule and introduced in the calculations are omitted. One half of the model is coloured darker for clarity. Lengths
are shown for reference.
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charge of the GAPDH-CP12 complex at pH 7.5, as calculated
from the sequence, is highly negative and largely dependent
on the N-terminal regions of the two CP12 proteins.

A scattering pattern obtained by merging low-concentration
(0.5 mgml™") and high-concentration (5 mgml™') data was
used for all further analyses. The R, values obtained from
either the Guinier fit or the p(r) values were in good agree-
ment (Table 1). The mass estimated from [(0) was slightly
lower than the value calculated from the protein sequences
(Table 1).

The GAPDH-CP12 p(r) function derived from the
experimental data looked similar to that of a spherical particle
with a radius of about 43 z&, with the addition of extended
portions that caused the D, to increase to 115 A and made
the curve slightly asymmetric (Fig. 3b).

In the crystal structure of the GAPDH-CP12 complex
(PDB entry 3qvl; Fermani et al., 2012) two CP12 fragments
were bound to the A;-GAPDH tetramer. Each CP12 fragment
included 21 C-terminal amino acids engaged in interactions
with GAPDH, whereas the remaining 56 N-terminal residues
were disordered and were exposed to the solvent. The
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GAPDH sites that bind the CP12 fragments were either on the
same side with respect to the R symmetry axis of the tetramer
or on opposite sides (Fermani et al., 2012). These alternative
conformations of the binary complex are here named ‘same-
side’ and ‘opposite’, respectively (Supplementary Fig. S7). The
computed p(r) functions of the two conformations are indis-
tinguishable (Fig. 3b).

The intensity calculated from the high-resolution models,
either ‘same-side’ or ‘opposite’ (not shown), was roughly in
agreement with the experimental data, even though a
systematic deviation was observed around g = 0.1 At (Fig. 3a,
red line) similarly to that previously reported for cytosolic
GAPDH alone (Torres-Bugeau et al, 2012). This disagree-
ment was probably owing to a different arrangement of the
GAPDH subunits in solution. Indeed, the theoretical intensity
computed for the optimized model of the GAPDH-CP12
complex obtained by a rigid-body procedure confirmed the
above hypothesis, indicating that a subunit rearrangement
(Supplementary Fig. S8) was sufficient to improve the fit
(Fig. 3a, pink line). Repeated runs showed almost
identical subunit arrangements, as indicated by the computed
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SAXS analysis of the GAPDH-CP12 complex. (a) Fits between the experimental (black dots) and the calculated intensities from the high-resolution
model of the binary complex ‘same-side’ conformation (red line; PDB entry 3qv1l), the CORAL (Petoukhov et al., 2012) optimized rigid-body model
without (magenta line) and including (blue line) dummy residues representing missing CP12 amino acids and the EOM (Bernado et al., 2007) optimized
ensemble of coexisting different conformations of CP12 residues (green line) are shown. In the insets normalized residues are reported. (b) p(r)
functions calculated from the experimental data (black solid line), crystal structures (PDB entry 3qv1) of the binary complex ‘same-side’ (blue dashed
line) and ‘opposite’ (red dashed line) conformations, and rigid-body optimized models without dummy residues of the binary complex ‘same-side’ (green
dashed line) and ‘opposite’ (pink dashed line) conformations. Only a few error bars are shown for the sake of clarity. (c) The R, distribution for models
selected after the genetic algorithm procedure (red line) by EOM (Bernadé et al., 2007) are biased towards lower values compared with the randomly
generated pool (black line).
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Figure 4

Proposed model of the GAPDH-CP12 complex in solution. The binary-complex model obtained with a combination of rigid-body, dummy-residue
modelling and the ensemble-optimization method, and its superimposition with the ab initio model (orange envelope), are represented in the left and
right columns, respectively. Three orthogonal orientations are shown. The GAPDH subunits and the C-terminal portion of CP12 are represented as
cartoons and depicted in different colours (GAPDH chain A in cyan, chain B in magenta, chain C in green and chain D in orange; CP12 chain G in red
and chain H in blue), whereas the N-terminal dummy residues are shown as grey spheres. Lengths are shown for reference.

Acta Cryst. (2015). D71, 2372-2385 Del Giudice et al. + SAXS study of the GAPDH—CP12—PRK complex 2379



research papers

normalized spatial discrepancy index ((NSD) = 0.611 % 0.054).
Moreover, the use of an ab initio approach in order to model
the 112 residues of CP12 that the crystallographic model did
not include (more than 10% of the overall mass) resulted in a
further improvement of the overall fit (x = 1.36; Fig. 3a, blue
line). The rearranged models of the two complex conforma-
tions showed identical p(r) functions (Fig. 3b). On this basis,
further analyses were only performed on the ‘same-side’
conformation.

Since the N-terminal region of CP12 bound to GAPDH is
disordered, the best description of the protein complex in
solution should involve the possibility for this flexible portion
to explore different conformations. The pool selected after the
genetic algorithm procedure (Bernado et al., 2007) showed an
R, distribution biased towards lower values compared with
the randomly generated pool (Fig. 3c), indicating that more
compact conformations of CP12 bound to GAPDH were
preferentially populated in the complex. Since the complex
was formed under oxidizing conditions, compact conforma-
tions are possibly favoured by the N-terminal disulfide bridge
of oxidized CP12. The selected ensemble, the calculated
intensity of which fits the experimental data with x = 1.10
(Fig. 3a, green line), was composed of about 70% of confor-
mers with R, < 35 A and Dy 2~ 130 A and about 30% of
more extended structures with R, > 35 A and D, > 150 AL A
particularly recurring conformer (in repeated runs of the
genetic algorithm) with R, = 33.25 A and D, = 13276 A
(Fig. 4) was chosen as the best model for the binary complex to
be used in the modelling of the ternary complex.

The presence of an intrinsically disordered protein such as
CP12 in the binary complex makes this system partially
unsuitable for ab initio modelling. However, the method was
applied and the most representative ab initio envelope, when
superimposed with the model obtained with a rigid-body/ab
initio approach, showed a reasonable agreement (Fig. 4). The
lobes that are not occupied by the GAPDH tetramer may
represent the conformational space sampled by the flexible
N-terminal portions of the CP12 chains.

3.3. GAPDH-CP12—-PRK complex

The scattering data from the ternary complex did not
display any significant concentration effect in the low-q range
(Fig. 5a), but radiation damage and problems in background
subtraction affected the data at the lowest concentrations. A
curve obtained by averaging data at concentrations of 2.0 and
2.86 mg ml~' was used for further analysis.

The p(r) computed from the experimental data (Fig. 5b)
gave an R, of 57 A and a D ax of 175 A, which are in good
agreement with the values obtained from the Guinier
approximation (Table 1). The mass estimated from the I(0)
was lower than the value calculated from the amino-acid
sequences and the experimentally determined stoichiometry
of the complex (Table 1; Marri et al., 2008). However, the
values estimated using other methods (Table 1) were closer to
the expected molecular mass.

Rigid-body modelling of the ternary complex was
performed considering two GAPDH-CP12 complexes and
two oxidized PRK dimers as structural components (Marri
et al., 2008). These models have been described in previous
sections. The introduction of a small volume fraction of free
components (GAPDH-CP12 complex and PRK) in the rigid-
body modelling of the ternary complex improved the fit of the
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SAXS analysis of the GAPDH-CP12-PRK complex. (a) Fits between
the experimental (black dots) and calculated (solid lines) intensities
computed from the optimized rigid-body models 1 (red), 2 (blue) and
3 (green). The normalized residuals are shown in the insets. (b) p(r)
functions calculated from experimental data (black line), proposed
models 1 (red), 2 (blue) and 3 (green) and a volume-fraction-weighted
mixture composed of model 1, the GAPDH-CP12 complex model and
the PRK model (black dashed line). Only a few error bars are shown for
the sake of clarity.
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several times, obtaining an average agreement index of (x) =

experimental data. Given the numerous degrees of freedom
1.28 £ 0.02 and a volume fraction of the associated complex of

of the system, the minimization procedures were repeated

~165 A

Figure 6
Proposed model of the GAPDH-CP12-PRK complex in solution. Three model assemblies indicated as 1,2 and 3 were obtained by rigid-body modelling.

The most representative structure for each assembly is shown. GAPDH tetramers (chain A in cyan, chain B in magenta, chain C in green and chain D in
orange) and PRK dimers (monomers in cyan and deep cyan) are represented as surfaces, CP12s as spheres (chain G in red, chain H in blue and the
N-terminal dummy residues in grey). Three orthogonal orientations are visualized. Lengths are shown for reference.
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Figure 7

Superimposition between the rigid-body and ab initio models of the GAPDH-CP12-PRK complex. The reference structure of assembly 1 is
superimposed on the ab initio model (orange envelope) of the ternary complex. GAPDH tetramers (chain A in cyan, chain B in magenta, chain C in
green and chain D in orange), PRK dimers (monomers in cyan and deep cyan) and CP12s (chain G in red, chain H in blue and the N-terminal dummy
residues in grey) are represented as spheres. Three orthogonal orientations are visualized. Lengths are shown for reference.

0.66 £ 0.01. The large majority of the optimized structures
were compatible with a general assembly in which two PRK
dimers tied together two binary complexes by interacting with
the CP12s according to a previously proposed model based
on biochemical grounds (Marri et al., 2008). Notably, the two
GAPDH tetramers were very close in all optimized structures
and possibly interacted with each other. Three types of
assembly were recognized and are indicated in descending
order of occurrence frequency as models 1, 2 and 3. The most
representative structure of each type of assembly is shown
in Fig. 6. The superimposition and the classification of the
computed ternary-complex models within each assembly type
highlighted a general reproducibility of the GAPDH tetramer
assembly, which probably gave the main contribution to the
computed intensity, while the orientation of the PRK dimers
was more variable (Supplementary Fig. S9).

The dimensions of the ternary complex were about 165 and
180 A along the x and y axes, respectively (whichever type of
assembly was considered), while along the z axis model 1
appeared more compact with respect to models 2 and 3. The
three models diverged substantially in the relative orientation
of the GAPDH tetramers, which hampered the reliable
identification of a region of interaction. The orientation of the
anisometric PRK dimers was also different between models, as
the concave side of PRK faced the centre in models 1 and 2
while it was exposed outwards in model 3 (Fig. 6).

The calculated intensity was almost the same in all cases
and showed a very good agreement with the experimental data
(Fig. 5a and Table 2). Assembly 1 showed a good overall
agreement index ((x)) and a lower discrepancy among models.
Moreover, the computed p(r) functions of the three repre-

sentative models are almost superimposed and the p(r)
function calculated from model 1 (considering complex
dissociation) was in optimal agreement with the experimental
p(r) (Fig. 5b).

An ab initio model was calculated with the aim of validating
the ternary-complex assembly obtained by the rigid-body
approach. The imposition of a starting model in the ab initio
calculations (see §2.3) provided as good a fitting as the default
calculations (Supplementary Fig. S10). The superimposition
between the ab initio and the rigid-body models was highly
satisfying (Fig. 7), thereby confirming the overall validity of
our procedure.

3.4. Hydrodynamic calculations from recovered models

The low-resolution models obtained for oxidized PRK and
for the GAPDH-CP12 and GAPDH-CP12-PRK complexes
were validated by computing the corresponding hydro-
dynamic radii (R,) and comparing the results with the
experimental values reported by Marri et al. (2008).

Although the computed R, value (4.2 nm) of PRK was
almost 30% higher than the previously published value
(3.3 nm; Table 3), the agreement for both the binary and
the ternary complex was very satisfying (Table 3), further
confirming the validity of our models of complex structures.

4. Discussion

The pathway of CO, fixation in oxygenic photosynthetic
organisms, the Calvin-Benson cycle, is the major limiting
factor to photosynthetic efficiency under saturating light
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Table 2
Average parameters for the three types of assembly (1, 2 and 3) obtained
in the rigid-body modelling of the ternary complex.

The normalized spatial discrepancy (NSD) index calculated among the
members of the same group, the x value of the fit and the associated volume
fraction f,io. Of the complex are reported. The NSD calculated among

Table 3

Comparison between the hydrodynamic radii estimated by translational
diffusion coefficients computed with HYDROPRO (Garcia de la Torre et
al., 2000) for the proposed models of oxidized PRK and the binary and
ternary complexes and those previously estimated by SEC-MALS-QELS
in Marri et al. (2008).

representative solutions of the different assemblies (1-2-3) is also reported. Ry, (nm)
Models (NSD) (x) (fassoc) Models HYDROPRO SEC-MALS-QELS
1 1.10 £ 0.09 1.28 £0.02 0.654 £ 0.005 Oxidized PRK 42401 334+03
2 1.45 £ 0.10 1.28 £ 0.01 0.658 £ 0.014 GAPDH-CP12 46 £0.1 43 +05
3 0.88 + 0.24 1.30 £ 0.01 0.661 £ 0.003 GAPDH-CP12-PRK assemblies
1-2-3 1.80 + 0.04 1 75+0.1
2 75+0.1 7.0 +£0.1
3 7.7+0.1

conditions. A deep knowledge of the Calvin—-Benson cycle
is essential for understanding, and possibly improving, the
photosynthetic conversion of light into chemical energy at the
base of the production of food, biofuels and biomass by plants,
algae and cyanobacteria.

The GAPDH-CP12-PRK complex is composed of two
enzymes of the Calvin-Benson cycle (PRK and GAPDH) and
the small intrinsically disordered scaffold protein CP12. The
complex accumulates in chloroplasts during the night, when
the metabolic cycle needs to slow down (Scheibe et al., 2002;
Tamoi et al., 2005; Howard et al., 2008; Howard, Lloyd et al.,
2011). This complex purified from Chlamydomonas reinhardtii
has been studied at low resolution by cryoelectron microscopy
(cryoEM; Mouche et al., 2002). The reported dimensions of
the observed particles (200 x 100 A) were roughly compatible
with the dimensions of the Arabidopsis complex determined in
this work by SAXS (about 180 x 165 x 120 A). Attempts to
localize GAPDH and PRK within the three-dimensional
cryoEM volume of the Chlamydomonas complex failed
for the second enzyme. Fitting GAPDH within the complex
was less problematic and resulted in two well separated
GAPDH tetramers with no direct interactions betwen each
other. The presence of CP12 in the Chlamydomonas
complex was still under debate at the time and its positioning
within the complex was not even performed (Mouche et al.,
2002).

All attempts to crystallize the GAPDH-CP12-PRK
complex have failed so far, preventing high-resolution struc-
tural studies. However, the stoichiometry of the Arabidopsis
complex was ascertained and a speculative model was
proposed based on biochemical data, in which two GAPDH
tetramers were connected to two PRK dimers by four CP12
molecules. In the model, CP12 was envisaged as a flexible
linker with one extreme (C-terminus) interacting with
GAPDH and the other (N-terminus) with PRK (Marri et al.,
2008). Here, we provide for the first time an experimental
model of the GAPDH-CP12-PRK ternary complex that,
while confirming the basic features of the original speculative
model (Marri et al., 2008), reveals structural insights that no
other technique has provided so far. In order to shed light on
the assembly process, the single components of the complex,
i.e. PRK (both in the reduced and oxidized form), and the
binary complex GAPDH-CP12 were also structurally char-
acterized by SAXS.

Owing to the level of automation at advanced synchrotron
beamlines and the progress in computational methods in the
last decade, SAXS has become especially useful for protein
systems that are difficult to crystallize or when the crystallo-
graphic structure alone cannot explain the biological functions
in solution. By using ab initio and rigid-body modelling
(Svergun, 1999; Chacén et al., 2000; Heller et al., 2003), the
shapes of monomeric forms and protein complexes can be
assessed (Putnam er al, 2007, Mertens & Svergun, 2010;
Nogales et al., 2010; Pons et al., 2010).

Analyses of the SAXS data suggested that PRK has an
elongated shape in either redox condition, with a slightly more
compact conformation in the case of the oxidized enzyme
(Figs. 1, 2b and Supplementary Fig. S3). However, an accurate
assessment of the conformational changes derived from the
formation/reduction of the disulfide bond could not be
achieved. The only PRK for which a crystal structure is
available is that from R. sphaeroides (PDB entry 1a7j;
Harrison et al., 1998). Unfortunately, Rhodobacter PRK is less
than 19% identical to Arabidopsis PRK, which is also about 60
amino acids longer. For this reason, only an ab initio model
could be computed from the SAXS data for Arabidopsis PRK.
The elongated, bent and screwed shape of oxidized PRK
(Fig. 2¢, Supplementary Figs. S4 and S6) appeared to be well
adapted to function as a bridge between two GAPDH-CP12
complexes. As a major limitation of ab initio models, single
amino acids could not be localized, preventing any speculation
on which residues may be specifically involved in protein—
protein interactions.

The p(r) function, the Kratky plot and the ab initio model
computed from the scattering data indicate that the GAPDH-
CP12 complex (Figs. 1, 3b and 4) is constituted by a spherical
main moiety with the addition of two opposite unfolded tails
corresponding to the N-terminal regions of the two bound
CP12 molecules. The rigid-body modelling approach using the
high-resolution structure of the binary complex (in which only
the C-terminal ends of CP12 were visible; PDB entry 3qvl;
Fermani et al., 2012) highlighted a clear rearrangement of the
GAPDH subunits in solution (Supplementary Fig. S8). The
CP12 amino acids missing from the high-resolution structure
of the binary complex have been modelled as dummy residues
in the SAXS model. Consistent with the flexible and unfolded
state of unbound CP12 moieties (Matsumura et al., 2011;
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Fermani et al., 2012), an ensemble of possible structures were
generated. EOM analysis (Bernado et al., 2007) indicated that
CP12 opreferentially adopted more compact conformations (R,
< 35 A) than extended conformations randomly oriented into
the solvent (Fig. 3¢). This preference is probably determined
by the N-terminal disulfide of oxidized CP12, but nonspecific
interactions with GAPDH could not be excluded. Complex
formation between GAPDH and CP12 is known to depend on
the C-terminal disulfide of CP12, which stabilizes a circular
structural motif recognized by GAPDH (Fermani et al., 2012).
Similarly, a compact conformation of the N-terminal half of
CP12 bound to GAPDH may be essential for the interaction
with PRK during ternary-complex assembly.

The fit of the experimental data obtained from ternary-
complex samples was greatly improved by assuming a fraction
of dissociated complex in the calculations. This dissociated
fraction was estimated at around 35% (Table 2), in agreement
with the reversible nature of this regulatory complex, but was
possibly also caused by the dilution required for the SAXS
analysis. Consistently, it has previously been shown that the
ternary complex from Chlamydomonas can partially
dissociate upon dilution (Mouche et al., 2002).

The partial dissociation cannot completely explain the
lower mass values estimated from the /(0) and excluded
volume (Table 1) with respect to the theoretical molecular
weight calculated from stoichiometry and sequence (Table 1).
The expected I(0) for the ternary complex, partially disso-
ciated into PRK dimers and GAPDH-CP12 complexes, was
estimated using the formula /(0) = ), v,/,(0) (Petoukhov et
al., 2013), where v, is the volume fraction and I;(0) is the
forward-scattering intensity contribution derived from the
sequence of each of k species in solution. Assuming a volume
fraction for the complex equal to 0.65, 7(0) turned out to be
about 360 kDa, which is higher than the observed /(0) value
but still lower than the MW calculated from the sequence.
Since [;(0) is a function of the particle electron-density
contrast, the observed discrepancy may depend on a lower
mean electron density of the multiprotein complex compared
with a globular protein such as BSA, which was used as a
standard. On the other hand, the consistency of the SAXS fit
results that was achieved by assuming a (GAPDH-CP12,—
PRK), stoichiometry in the calculations was not achieved by
using an alternative heteromeric composition with a lower
mass (data not shown), thus strengthening the conclusion that
the previously reported stoichiometry is the only one
compatible with the scattering data.

Three model assemblies of the ternary complex were
obtained (Fig. 6), all characterized by a good fit to the
experimental data (Table 2). Assembly 1, showing a higher
frequency and a lower discrepancy among models, could be
considered as the most representative. It is possible that three
complex populations with conserved stoichiometry but
different shapes could coexist in solution, implying an intrinsic
flexibility of the ternary complex. However, it should be taken
into account that the low resolution of the ab initio model
of PRK might impede a clear discrimination between the
proposed ternary-complex models.

In all model assemblies each PRK dimer interacts with two
GAPDH-CP12 complexes through their CP12s, although
PRK adopts different orientations in the different assemblies
(Fig. 6). The reciprocal orientation of the two GAPDH
tetramers is relatively conserved within each assembly and the
most surprising result was the interaction between GAPDH
tetramers. Such a compact structure for the ternary complex
was not predicted by the speculative model of Marri et al.
(2008) nor was it suggested by cryoEM studies on the algal
complex (Mouche et al., 2002).

The propensity of plant GAPDH to aggregate has long
been known. The main plant GAPDH isoform (A,B,) forms
stable and inactive hexadecamers (AgBg) when it binds
NAD(H) under oxidizing conditions. The effect is strictly
dependent on both the redox state of the CTE of the B
subunits and on the coenzyme bound to GAPDH (Baalmann
et al., 1996; Sparla et al., 2002, 2005). The CTE is homologous
to, and is evolutionarily derived from, the C-terminal end of
CP12 (Petersen et al., 2006). The crystal structure of oxidized
A,B,-GAPDH bound to NADP shows that the CTE is located
within a cleft close to the coenzyme-binding site and is
delimited by two GAPDH subunits (Fermani et al., 2007). The
oligomerization of oxidized A,B,-GAPDH into its hexa-
decameric form requires the replacement of NADP(H) by
NAD(H). Unfortunately, the crystal structure of AgBg-
GAPDH is unknown and the molecular basis of the GAPDH
auto-assembly process remains elusive. Interestingly, the novel
structural insights provided by the GAPDH-CP12-PRK
complex suggest that the capability to build supramolecular
complexes may be an intrinsic property of any type of
photosynthetic GAPDH, either the A, or A;B, isoforms. In
this hypothesis, the interaction between CP12 (or its evolu-
tionarily derived CTE) and GAPDH bound to NAD(H) is
supposedly responsible for a conformational effect on
GAPDH that favours interaction between tetramers. Since
GAPDH-CP12 complexes do not further associate in the
absence of PRK, we speculate that the interaction between
binary complexes is sterically hindered and electrostatically
unfavoured by the flexible and negatively charged N-terminal
ends of CP12. In this view, the role of PRK in the formation of
the ternary complex would consist of dislocating the CP12
N-terminal ends, clearing the interaction surfaces of GAPDH
tetramers. In contrast, the assembly of A,B,-GAPDH would
be independent of PRK because no dislocation of cumber-
some polypeptides (like the N-terminal region of CP12) is
required.

In conclusion, a polypeptide of about 20 amino acids found
either at the C-terminus of CP12 or as a C-terminal extension
in the B subunits is the reason why GAPDH isoforms
of oxygen phototrophs are so different from their
counterparts in non-photosynthetic  organisms. Not
only does this small polypeptide confer sensitivity to
thioredoxins (Marri et al., 2009) but it also confers auto-
assembly properties controlled by pyridine nucleotides
[NAD(H)/NADP(H)], both functions being involved
in the light/dark regulation of the Calvin—-Benson
cycle.
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