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The CO,-fixing enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco) is inactivated by the formation of dead-end complexes with inhibitory
sugar phosphates. In plants and green algae, the ATP-dependent motor protein
Rubisco activase restores catalytic competence by facilitating conformational
changes in Rubisco that promote the release of the inhibitory compounds from
the active site. Here, the crystal structure of Rubisco activase from Arabidopsis
thaliana is presented at 2.9 A resolution. The structure reveals an AAA+ two-
domain structure. More than 100 residues in the protein were not visible in the
electron-density map owing to conformational disorder, but were verified to be
present in the crystal by mass spectrometry. Two sulfate ions were found in the
structure. One was bound in the loop formed by the Walker A motif at the
interface of the domains. A second sulfate ion was bound at the N-terminal end
of the first helix of the C-terminal domain. The protein packs in a helical fashion
in the crystal, as observed previously for Rubisco activase, but differences in the
helical pitch indicate flexibility in the packing of the protein.

1. Introduction

The activity of the CO,-assimilating enzyme ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) depends on
the stromal redox state and the ATP:ADP ratio in a light-
mediated fashion (reviewed in Andersson, 2008). Light-driven
electron transport leads to increases in the stromal pH and the
stromal concentration of Mg”*. These changes in turn promote
the activation of Rubisco by the carbamylation of a specific
lysine residue in the active site of the enzyme and stabilization
of the carbamate by an Mg”* ion (Lorimer & Miziorko, 1980),
thereby creating a catalytic centre capable of catalysing the
carboxylation of ribulose 1,5-bisphosphate (RuBP). Binding
of inhibitory sugar phosphates to the decarbamylated enzyme
locks the enzyme into a catalytically impaired dead-end
complex. Inhibitors, for example xylulose 1,5-biphosphate or
pentodiulose 1,5-bisphosphate, may be produced by enzymatic
misfire reactions (Pearce & Andrews, 2003). Alternatively, the
substrate itself, RuBP, can act as an inhibitor by binding to the
decarbamylated enzyme. Such catalytically stalled complexes
also accumulate during in vitro assays and lead to a decay in
the measured catalytic activity, historically termed fallover
(Edmondson et al., 1990; Zhu & Jensen, 1991). In some plants,
2-carboxyarabinitol-1-phosphate accumulates in darkness or
low light and binds to the carbamylated enzyme, blocking
access by RuBP (Gutteridge et al., 1986).

The motor protein Rubisco activase restores catalytic
competence by facilitating conformational changes in Rubisco
that promote the release of the inhibitory compounds from the
active site (Portis, 2003; Mueller-Cajar et al., 2014). Rubisco
activase uses energy from ATP hydrolysis to drive inhibitor
release (Wang et al., 1992). The activase function depends on
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the ambient ATP:ADP ratio of the stroma and in some plants
also on the redox status of the chloroplast by co-expression of
two isoforms of the activase (Zhang et al., 2002; Portis et al.,
2008). The longer isoform, named «, is redox-sensitive owing
to the presence of two C-terminal cysteine residues (Werneke
et al., 1989).

Rubisco activase belongs to the family of AAA+ ATPases
(ATPases associated with diverse cellular activities; Neuwald
et al., 1999). AAA+ proteins are two-domain proteins with
a nucleotide-binding site located between the domains that
display considerable conformational flexibility. This confor-
mational instability and the tendency to form large assemblies
or aggregates have impeded attempts to determine the crystal
structure of the protein. A successful strategy to achieve
crystal formation has been to express truncated versions of the
protein. This has resulted in crystal structures of the activase
from Nicotiana tabacum lacking 90 amino acids (Stotz et al.,
2011) and of the C-terminal domain core of the activase from
Larrea tridentata (Henderson et al., 2011).

Here, we describe the crystal structure of Rubisco activase
from Arabidopsis thaliana at 2.9 A resolution. We show that
although the crystals contain an almost complete version of
the protein, a large part of the N-terminus is disordered in the
crystal and is not visible in the electron-density maps. The
refined structure shows a high resemblance to the structure of
the tobacco activase. However, differences in the packing of
the monomers in the crystal demonstrate the flexibility of the
protein that presumably facilitates its function as a motor
protein.

2. Materials and methods
2.1. DNA cloning

An N-terminally and C-terminally truncated version of the
gene (UniProt ID P10896-2) coding for the short isoform of
Rubisco activase (RCA) was amplified from A. thaliana cDNA
(Columbia wild type) using Phusion DNA Polymerase Master
Mix (Thermo Scientific) with the forward primer 5'-AGCG-
GCTCTTCAATGGCTGTGAAAGAAGACAAACAAA-3
and the reverse primer 5-AGCGGCTCTTCTCCCTTTTCC-
GTAGAAAGTTCCGCG-3'. The truncated version lacks the
58-amino-acid N-terminal transit peptide. At the C-terminal
end, nine residues were replaced by an 11-residue long Strep-
tag (GSAWSHPQFEK). In this sense, the truncated version
is similar to a Rubisco activation-proficient deletion mutant
(—35 del; Zhang & Portis, 1999), except that the two last
amino acids, Lys and Gly, were replaced by the Strep-tag. The
RCA gene was cloned into the vector pPENTRY-IBA 51 using
StarGate Entry Combi Cloning (IBA Life Sciences) and was
confirmed by sequencing before it was transferred to the
PASG-IBA3 expression vector using the StarGate Transfer
Reagent Set (IBA Life Sciences).

2.2. Protein expression

The expression plasmid pASG-IBA3 (IBA Life Sciences)
was used to express A. thaliana Rubisco activase (AfRca) in

Escherichia coli Rosetta (DE3) pLys cells (Novagen). In order
to prevent the formation of inclusion bodies, a combined heat-
shock and salt-shock treatment was applied. The E. coli cells
were grown in 81 2xYT medium (1.6% tryptone, 1% yeast
extract, 0.5% NaCl) with 100 pg ml~" ampicillin, 2 mM betaine
(Sigma-Aldrich) and 2% NacCl. After cultivation at 310 K to
an ODgg of 0.4, the cells were heat-shocked in a water bath
(318 K) and further cultivated for 1 h at 318 K. The cells were
cooled to 303 K and protein expression was induced with a
final concentration of 0.1 ugml~' anhydrotetracycline. The
cells were harvested after further incubation for 4 h at 303 K.

2.3. Protein purification

The protein was purified using a three-step protocol
comprising affinity, ion-exchange and size-exclusion chroma-
tography. The cells were resuspended in Strep-binding buffer
[20 mM bis-tris propane pH 8, 200 mM KCl, 10% glycerol,
SmM ATP, 5mM MgCl,, 5mM tris(2-carboxyethyl)phos-
phine (TCEP)] and lysed by sonication. After clearing the
lysate by centrifugation at 40 000g (SS-34, Sorvall), the
supernatant was applied onto a Strep-Tactin Superflow column
(IBA Life Sciences), washed thoroughly with Strep-binding
buffer and eluted with the same buffer containing 2.5 mM
D-desthiobiotin. After lowering the salt concentration by
diluting the eluate in buffer A (20 mM bis-tris propane pH 8,
10% glycerol, 2.5 mM MgCl,, 2 mM TCEP), the sample was
applied onto a Mono Q column (GE Healthcare) and eluted
with a 0-50% gradient of buffer B (20 mM bis-tris propane pH
8, 10% glycerol, 2.5 mM MgCl,, 1 M KCl, 2 mM TCEP). Size-
exclusion chromatography was carried out using a HilLoad
26/60 Superdex 200 column (GE Healthcare) equilibrated
with buffer C (20 mM bis-tris propane pH 8, 50 mM KCl,
10% glycerol, 5 mM TCEP) at a flow rate of 2 ml min~". The
protein corresponding to ArfRca eluted as a broad peak,
indicating that it was a mixture of several oligomeric states.
Care was taken to use only the high-molecular-weight portion
of the peak for further work. An AKTApurifier system (GE
Healthcare) was used for all chromatography steps.

2.4. Crystallization and data collection

AtRca was concentrated to a final concentration of about
8 mgml~' (Vivaspin, Sartorius Stedim Biotech). Equal
volumes of ArRca protein in buffer C and reservoir solution
(100 mM Tris pH 7, 0.15 M ammonium sulfate, 13% PEG
3350, 5mM TCEP) were mixed. Diffracting crystals were
obtained by the hanging-drop vapour-diffusion method after
streak-seeding and incubation for several weeks at 293 K.
Prior to data collection, crystals were soaked in reservoir
solution containing 20% glycerol, transferred into a nylon
loop (Hampton Research) and flash-cooled in liquid nitrogen.
X-ray diffraction data were collected at 100 K with a 225 mm
MAR Mosaic detector on beamline ID23-2 of the European
Synchrotron Radiation Facility (ESRF), Grenoble, France.
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Table 1

Data-collection and refinement statistics for ArRca.

Values in parentheses are for the outer shell.

Data collection

Beamline i 1D23-2, ESRF
Wavelength (A) 0.8726
Space group Pos

Unit-cell parameters (A)
Resolution range (A)
No. of observations

No. of unique reflections
Rmeas-‘—

(1o (1))

Completeness (%)
Multiplicity

Refinement

Resolution range (A)
No. of reflections

a=b=839c=1058
41.93-2.90 (3.08-2.90)
41585 (6765)

9423 (1509)

0.065 (0.579)

95 (3.1)

99.9 (99.9)

44 (45)

41.93-2.90 (3.24-2.90)
9393 (2520)

Ryorct 0.196 (0.231)
Riree$ 0.249 (0.303)
No. of atoms

Protein 2154

Ligand 10

Waters ) 5
Average B values (A?)

Estimated from Wilson plot 61.9

Protein 82.7

Ligands 122.4

Waters 60.0
R.m.s. deviations from ideal values

Bond lengths (A) 0.010

Bond angles (°) 1.19
Ramachandran analysisY

Outliers (%) 2.3

T Rmeas = 2 NUkD)/INGikl) = 1} 32 |1,(ukl) — (I(RKD)|/ Y S, 1i(ikl) (Evans,
2006; Evans & Murshudov, 2013). % Ruork = D it | Fons| = [Feate!|/Dis | Fons|, Where
Fons and F,. are the observed and calculated structure-factor amplitudes, respective-
ly. § Rpee Was calculated in the same way as Ry, but from a randomly chosen 5% of
all unique reflections. 9§ From MolProbity (Chen et al., 2010).

2.5. Structure determination and refinement

The data were processed and scaled using XDS (Kabsch,
2010) and AIMLESS (Evans, 2006). Phases were obtained by
molecular replacement in Phaser (McCoy et al., 2007) using
the X-ray crystal structure of N. tabacum Rubisco activase
(PDB entry 3t15; Stotz et al., 2011) as a search model. Zanuda
(Lebedev & Isupov, 2014) in the CCP4 suite (Winn et al., 2011)
was used to verify the space group and to obtain an improved
model for automated building of the ArRca structure in
Buccaneer (Cowtan, 2006). Initial refinement was performed
in REFMACS (Murshudov et al., 2011). The final structure was
obtained by alternating restrained refinement in BUSTER
(Bricogne et al., 2011) and manual rebuilding in O (Jones et al.,
1991). Waters were added using the water-insertion command
in BUSTER. Attempts to improve the data by taking into
account anisotropy were performed with the UCLA MBI
Diffraction Anisotropy Server (Strong et al., 2006).

2.6. Comparison with other Rubisco activase structures

AtfRca was compared with other Rubisco activases in the
PDB using the DALI server (Holm & Rosenstrom, 2010) and
by using the least-squares alignment function in O (Jones et al.,
1991).

2.7. Mass spectrometry

Crystals were dissolved in water and the protein was
assessed by SDS-PAGE and MALDI-TOF mass spectro-
metry. The protein was alkylated with iodoacetamide and
digested with modified porcine trypsin (Promega). The
extracted peptides were analysed on a Bruker Ultraflex TOF/
TOF and the signals in the spectra corresponding to theore-
tical tryptic peptides from the target protein were identified.

2.8. Other software

The figures were prepared with PyMOL (v.1.6.0.0; Schro-
dinger).

3. Results and discussion
3.1. Data analysis and refinement

The heterologously expressed AfRca consists of a truncated
version in which the nine amino acids at the C-terminus of the
(short) B-isoform were replaced by a Strep-tag. AtfRca crys-
tallized in space group P6s, with unit-cell parameters
a=b=2839,c¢=1058 A and one molecule in the asymmetric
unit. The initial crude model was improved by using the phases
obtained after refinement in Zanuda (Lebedev & Isupov,
2014) for automatic tracing in Buccaneer (Cowtan, 20006).
Initial refinement of the traced model with REFMACS5 was not
successful as judged by a slow gradual increase in Ry, during
the refinement. Refinement using BUSTER (Bricogne et al.,
2011) reduced the Ry as well as the gap between the Ry
and Ry... The improved refinement may be explained by the
capacity of BUSTER to handle the large number of amino
acids present in the construct but missing from the structure
(Blanc et al., 2004).

The reciprocal-space correlation coefficient in BUSTER
showed signs of anisotropy in the data. Based on the criteria
of the correlation coefficient between random half data sets,
CCyp, > 0.5, and the average signal-to-noise ratio of the
merged intensities as a function of resolution, Mn({//o) > 2
(Evans & Murshudov, 2013), the resolution cutoffs for scaling
of the data in AIMLESS may be set to 3.1 A for the hk plane
and2.5 A along the / axis. The spread in the values of the three
principal components that describe the directional depen-
dence of the intensity falloff with resolution was 28.57 A2,
which indicates strong anisotropy in the data according to the
Diffraction Anisotropy Server at UCLA (Strong et al., 20006).
However, attempts to improve the data using this server did
not produce a significant improvement in the map quality.
The lower B factors that were observed after anisotropic
scaling and negative isotropic B-factor correction cannot be
compared with the B factors from the original data. Thus, data
to 2.9 A resolution were used for refinement in BUSTER
without prior correction of the detected anisotropy. The final
model has an Ry and Rge. of 0.196 and 0.249, respectively.
Statistics of data collection and refinement are presented in
Table 1.
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Table 2
Comparison of AfRca with other Rubisco activase structures.

PDB  No. Rms.d. No.
Protein Organism code aat Z-score (A) No.t: id§
Rca Nicotiana tabacum 3t159 293 279 1.587 232 185
p97 Homo sapiens 3hu2tt 452 15.5 2.046 157 24
Rca Larrea tridentata 3thgit 107 12.8 1.031 82 63
CbbX  Rhodobacter sphaeroides 3syl§§ 309 8.5 2.176 88 11

1 Number of amino acids in the structure. I Number of amino acids within the 3.8 A
cutoff. § Number of identical residues in the amino acids within the cutoff. 9 Stotz et
al. (2011). 11 Tanget al (2010). +i Henderson et al. (2011). §§ Mueller-Cajar et al.
(2011).

(b)

Figure 1

The crystal structure of Rubisco activase from A. thaliana (AtRca). (a)
Ribbon representation of ArRca rainbow-coloured from blue at the
N-terminus to red at the C-terminus. (b) Superposition of ArRca in red
with the structure of Rubisco activase from N. tabacum (NtRca) in grey.

3.2. Overall structure

The expressed AfRca protein consisted of 379 amino acids
(excluding the C-terminal Strep-tag), but only 267 amino acids
could be located in the electron density. Dissolved AtRca
crystals were analysed by mass spectrometry and 101 amino
acids of the AfRca protein that were missing in the AfRca
structure were verified to be present in the crystal. The
presence of the N-terminal domain may be of significance
because deletion of the first 50 amino acids almost eliminated
the Rubisco activation activity (van de Loo & Salvucci, 1996).
The refined AtRca structure consists of amino acids 65-362,
with three absent loops within this range comprising residues
134-143, 172-80 and 203-213. The structure contains two
sulfate ions and five water molecules. The numbering of the
AtRca polypeptide starts with the first amino acid of the
mature protein; the 58-amino-acid chloroplast-transit peptide
is not included.

The structure of AfRca presented here has the overall fold
of the AAA+ proteins with a two-domain architecture (Fig. 1).
The N-terminal domain of the AA A+ module has an oS« fold,
with five B-strands forming a central S-sheet surrounded by
helices H1 and H2 on one side and helices H3, H4 and HS on
the opposite side. Helices H1 and H2 face the C-terminal
domain of the AAA+ module, which comprises two helical
hairpins. The C-terminal hairpin contains two extended
a-helices (H8 and H10). The loop region between the
extended a-helices is preceded by a short a-helix (H9) and
forms a paddle-like structure.

A total of six Ramachandran outliers were observed
(2.3%). Four are close to either of the two sulfate ions. Lys113
and Aspl71, which are key residues in the nucleotide-binding
region (Walker A and B motifs, respectively, see below), are in
the vicinity of the sulfate ion bound in the Walker A motif.
Asn317 and Arg319 are located close to the second sulfate ion.
The two remaining outliers may have structural roles: Pro96 is
positioned at the tip of a loop extending toward an adjacent
molecule in the helical spiral and Phe229 points towards the
interior of the N-terminal domain close to the Walker B motif.

3.3. Structural comparison with other Rubisco activases

The major form I Rubisco enzymes belong to two phylo-
genetically distinct subgroups: the green-type enzymes, which
are present in land plants, green algae and cyanobacteria, and
the red-type enzymes, which are found in red algae, proteo-
bacteria and phytoplankton. At present, crystal structures of
two other plant (green-type) Rubisco activases are available
in the Protein Data Bank (PDB). The crystal structure of
Rubisco activase from tobacco (N. tabacum; NtRca) is from a
fragment which lacks the first (N-terminal) 67 residues and the
last (C-terminal) 23 residues of the mature protein (Stotz et al.,
2011). The resulting NtRca structure is highly similar to the
structure of AfRca presented here; NfRca and ArRca have a
sequence identity of 84%, excluding the signal peptide, and a
DALI Z-score of 27.9. The structures superimpose with an
r.m.s.d. of 1.59 ;\, with 79% of the C* atoms of NrRca falling
within the default distance cutoff of 3.8 A (Fig. 1b; Table 2).
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The major structural differences, observed for example in
helices 8 and 10 and in the paddle region, are owing to the
individual movement of structural elements and not to rigid-
body domain movements. The crystal structure of L. tridentata
Rubisco activase (LtRca) is from a fragment containing 107
amino acids of the C-terminal domain (Henderson et al.,
2011). LtRca superimposes on AfRca with an r.m.s.d. of 1.03 A
for 82 C* atoms. The DALI Z-score is 12.8.

No homologue has been found of the green-type Rubisco
activase in organisms containing red-type Rubisco. Structural
and functional studies of the product of the cbbX gene in
Rhodobacter sphaeroides (Mueller-Cajar et al., 2011) have
revealed that the CbbX protein is an AAA+ protein and
functions as a red-type Rubisco activase. The three-dimen-
sional structure of the red-type Rubisco activase CbbX from
R. sphaeroides diverges significantly from the extended AAA
group into which AfRca is classified (Neuwald ez al., 1999),
with only 28% of its C* atoms superimposing with AfRca
within the 3.8 A cutoff and with an r.m.s.d of 2.18 A (Table 2).
Comparison with proteins in the PDB revealed that the CbbX
structure is more similar to those from the helicases and
clamp-loaders group, with the highest Z-score (16.6) to the
Holliday junction DNA helicase RuvB from Thermotoga
maritima (PDB entry 1in5; Putnam et
al., 2001).

3.4. ATP-binding motifs

A common feature of the diverse
AAA+ protein group is the presence of
Walker A and Walker B motifs. The
Walker A motif, or P-loop, is involved in
the binding of ATP and is found in
many nucleotide-binding proteins. In
the structure of AtRca, a sulfate ion is
bound in the loop formed by the Walker
A motif (Figs. 1 and 2). Although no
structural information on nucleotide
binding to Rubisco activase is available
to date, comparison with other AAA+
proteins is revealing. A DALI structural
homology search with the AfRca model
as a query showed the highest score for
the AAA+ protein p97 (Tang et al.,
2010) with ATPyS bound (DALI
Z-score of 15.5; Table 2). The structure
of p97 used for comparison (PDB entry
3hu2; Tang et al., 2010) consists of one of
the two AAA+ ATPase modules
(named D1) and an N-terminal
cofactor-binding domain. ArRca and
p97 superimpose with an r.m.s.d of
2.05 A for 157 amino acids with good
overlap for the AAA+ domains
(Fig. 3a). In particular, the Walker A
motifs are highly similar and the sulfate

C,

Figure 3

apa-domain

Figure 2
Electron-density map (2mF, — DF.) contoured at the 1o level in the
region around the sulfate ion bound in the Walker A motif.

(a)

Nucleotide-binding site. (@) Superposition of AfRca (rainbow-coloured ribbon) with sulfate bound
and p97 (light blue ribbon) in complex with ATPyS and Mg?* (PDB entry 3hu2). () Comparison of
the Walker A motifs of AfRca and p97 in the same orientation as in (a). The sulfate ion and ATPyS
are depicted as sticks, the Mg?* ion as a green sphere and water molecules as red spheres. (c)
Comparison of the Walker B motifs of ArRca (rainbow-coloured) and RsCbbX (beige). The Walker
A and B motifs of the ArRca structure are depicted in blue and green, respectively. Note that
although RsCbbX features the common Walker B hhhhDE motif, VLFIDE, whereas AtRca
displays "”CLFINDL'", the two aspartates occupy similar positions in space.
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ion of AfRca superimposes with the S-phosphate of ATPyS in
p97 (Fig. 3b).

A sulfate ion is also present in the corresponding position in
the structure of the red-type Rubisco activase CbbX. Super-
position of the two structures reveals similarities in the Walker
A region (Fig. 3¢). In contrast, there are significant differences
in the Walker B regions involved in ATP hydrolysis and Mg**
binding. In the red-type Rubisco activase the Walker B motifs
display the normal consensus motif with a hydrophobic stretch
followed by two negatively charged amino acids (hhhhDE;
Hanson & Whiteheart, 2005). However, in the green-type
Rubisco activase the Walker B motif features an asparagine in
one of the positions of the negatively charged amino acids (the
hhhhND stretch). Although the two aspartates in the different
Rubisco activase Walker B motifs do not align in sequence, the
side chains of the two aspartates are directed towards the
sulfate ion and their positions superpose in the structures

Figure 4
Differences in the crystal packing of ArRca and NfRca. Upper panel, view down the z axis; lower panel,
view perpendicular to the z axis. The length of the sixfold screw axis is indicated. The diameter of the inner
pore is narrower in AtRca than in NfRca.

(Fig. 3¢). The Asp171 carboxyl O atom is located at a distance
of 4 A from one of the sulfate O atoms. When the corre-
sponding aspartate, Asp174, in NfRca is mutated to alanine
the protein has a reduced tendency to bind ATP (van de Loo
& Salvucci, 1998).

3.5. Oligomeric states of functionally active Rubisco
activases

AAA+ proteins most often assemble into oligomeric
structures of diverse sizes in the cell, and the functional units
vary according to the function. Proteins involved in unfolding
and degradation typically form closed hexameric rings, in
which substrate processing is achieved by translocation of an
unfolded polypeptide of the target protein through the central
pore of the ring (reviewed in Sauer et al., 2004). Initiator or
clamp-loader proteins, on the other hand, form long helical
fibrils or pentameric spirals
(Bowman et al., 2004; Erzberger
et al., 2006) that are appropriate
for their role in DNA recognition.
High concentration can drive
oligomerization towards higher
molecular-weight complexes, and
changes in the oligomerization
state are nucleotide-dependent
(Monroe et al., 2014; Keown et al.,
2013).

The evidence for a functional
unit of Rubisco activase is more
diverse. The green-type activase
is polydisperse in solution (Wang
et al, 1993; Blayney et al,
2011; Chakraborty et al, 2012;
Henderson et al., 2013), but no
consensus structure has been
found for the native protein.
Studies of NfRca in solution have
shown that oligomers shorter
than hexamers (2-4 Rca units)
are sufficient for full activity,
while a helical packing was
observed at higher NrRca
concentrations (Keown et al.,
2013). The longer a-isoform of

spinach  activase has been
observed to form closed
hexamers upon binding of

Mg-ATPyS, while the spinach
B-isoform assembled in a range
of oligomers, similar to the
behaviour of the tobacco -
isoform (Keown & Pearce, 2014).

This points to a complex
pattern of assembly of Rubisco
activases. In particular, the
oligomeric composition of the
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activase is not known at the high protein concentration in the
chloroplast (Portis, 2003), which is estimated to be ~100 times
the concentration used in the in vitro assays of Keown &
Pearce (2014), and in the presence of high concentrations of
Rubisco. The packing of plant Rubisco activases in the crystal
shows that the proteins are able to form helical structures. The
high protein concentration used during crystallization may
explain the tendency to form helices in the crystal. This helical
arrangement may be further stabilized by the presence of
polyethylene glycol, which has been shown to stabilize the
oligomeric state (Salvucci, 1992). NfRca and AfRca both pack
as hexameric spirals in the crystal but with differences in the
length of the pitch (corresponding to the sixfold z axis). The z
axis of NrRca is 56.7 A, while it is 105.8 A in ArRca (Fig. 4).
The interactions between molecules in the helical packing are
mainly formed between the paddle region in the C-terminal
domain of one molecule and the first o-helix and the following
loop in the N-terminal domain of the adjacent molecule, and
packing is promoted by hydrophobic patches (Stotz et al.,
2011). There are differences in the intermolecular contacts in
the two Rca crystal structures indicating flexibility in the
interface formation.

The presence of the flexible N-terminal domain in the
AfRca crystals could possibly influence packing. Superposition
of ArRca with p97 (Tang et al., 2010) in complex with ATPyS
(Fig. 3a) shows good overlap of the core of the ¢S domain
of the AAA+ modules. The structural homology extends to
the a-helical bundle domain, with the exception of helix 8 and
the paddle, which rotate towards the ¢S domain in AtRca
(Fig. 3a). The linker connecting the AAA+ module to the
N-terminal domain occupies the same space but deviates in
structure. The N-terminal domain in AfRca is disordered in
the crystal, but inspection of the p97 structure may be infor-
mative. The N-terminal domains of p97 radiate from the
hexameric ring formed by the AAA+ modules (Tang et al.,
2010), which may indicate an approximate position for the
(smaller) N-terminal domain of AfRca at the periphery of
the oligomer. Although this position is partly occupied by

Figure 5

Comparison of the paddle regions of ArRca (rainbow-coloured) and
NtRca (grey), with the amino acids that define substrate specificity for
Solanaceae and non-Solanaceae plants presented as sticks.

a symmetry-related molecule in the AfRca crystals, there
appears to be ample space without defined electron density
that may be able to accommodate the flexible N-terminal
domain of AfRca. The activase N-terminal domain may be
intrinsically flexible, awaiting the binding of ATP, its target
Rubisco, or both. Mobility in the N-terminal domain is
common among AAA+ proteins (see, for example, Ishikawa et
al., 2004; Tang et al., 2010). Studies of p97 in solution and in
the crystal have demonstrated large nucleotide-dependent
conformational changes of the N-terminal domain, including a
coil-to-helix transition in the linker region (Tang et al., 2010).
The highly mobile N-terminal domain of p97 interacts with the
cofactor, and if translated to the activase structure one may
speculate that the N-terminal domain of the activase may play
a similar role, i.e. interaction with its target protein, Rubisco.

Another notable difference between the two structures that
could affect the packing is found in the second helical hairpin
motif in the C-terminal domain. The paddle region is shifted
towards the N-terminal domain in the AfRca structure (Fig. 5).
The change in the relative position of the paddle compared
with its position in NfRca may be a result of the sulfate ion
binding in the Walker A motif of ArRca. The carbonyl group
of GIn111 in the Walker A motif of ArRca interacts with the
sulfate ion, and the GInl11 side chain is shifted in position
compared with the corresponding glutamine residue (Gln114)
in NfRca. The shift in position permits I1e284 in AfRca, which
is located at the bottom of the extended helix H8 forming the
paddle, to take up a position that overlaps with the position of
GIn114 of the Walker A motif in NfRca (Fig. 6).

In line with the notion that oligomerization is sensitive to
small structural changes, tobacco activase containing substi-
tutions of Arg294 was shown to form hexamers in solution in
the presence of ATPyS (Blayney et al.,, 2011; Stotz et al., 2011).
Arg294 is located at the subunit interface (Li et al., 2006) and

Figure 6

Superposition of the ATP-binding Walker A motifs of AfRca (rainbow-
coloured) and NtRca (grey). Differences in the position of the glutamine
residue of the Walker A motif may affect the position of the isoleucine
residue in the extended helix H8 in the paddle motif.
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the R294A substitution, which greatly diminishes Rubisco
activation activity, may cause the disruption of a hydrogen
bond between Arg294 and Asn99 in the interface between two
molecules (Stotz et al., 2011). Negative-stain electron micro-
scopy showed that the activase-proficient R294V variant
forms closed hexameric rings in the presence of ATP or
ATPyS (Stotz et al., 2011) in a manner similar to the red-type
Rubisco activase CbbX, which forms hexameric rings in the
presence of Mg-ATP and RuBP (Mueller-Cajar et al., 2011).
Rubisco activase in higher plants displays differences in
specificity between Solanaceae plants and non-Solanaceae
plants (Wang et al., 1992). Two amino acids in the short helix
H9, Asp316 and Leu319 (using the numbering of the tobacco
structure), have been identified to be essential for the speci-
ficity (Fig. 4; Li et al., 2005). The corresponding residues in
AtRca are Lys313 and Val316. In the helical packing of AfRca
in the crystal the paddle region containing helices H8 and H9
interacts with the C-terminal domain of the adjacent molecule.
This interaction results in the burial of Val316, which may
block the proposed interaction with residues in Rubisco
(Larson et al., 1997; Ott et al., 2000; Li et al., 2005). However, if
open-end spirals or a small oligonucleotide of 2—4 units is the
active form of Rubisco activase (Chakraborty et al, 2012;
Keown et al., 2013) interactions may occur between residues
on Rubisco and Val316 of the paddle at the free end not
involved in oligomerization. The details of such a mechanism
for green-type Rubisco activase remain to be investigated.
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