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Background: Rubisco activase optimizes photosynthesis in plants, yet the arrangement of subunits is unclear.
Results: The oligomeric state and biological function of Rubisco activase are dependent on protein concentration.
Conclusion: Rubisco activase does not need to be hexameric for full activity.
Significance:Understanding the functioning of Rubisco activase is an important step in determining how it regulates Rubisco.

Ribulose-bisphosphate carboxylase/oxygenase (Rubisco)
activase uses the energy from ATP hydrolysis to remove tight
binding inhibitors from Rubisco, thus playing a key role in reg-
ulating photosynthesis in plants. Although several structures
have recently added much needed structural information for
different Rubisco activase enzymes, the arrangement of these
subunits in solution remains unclear. In this study, we use a
variety of techniques to show that Rubisco activase forms a
wide range of structures in solution, ranging frommonomers
to much higher order species, and that the distribution of
these species is highly dependent on protein concentration.
The data support a model in which Rubisco activase forms an
open spiraling structure rather than a closed hexameric
structure. At protein concentrations of 1 �M, corresponding
to themaximal activity of the enzyme, Rubisco activase has an
oligomeric state of 2–4 subunits. We propose a model in
which Rubisco activase requires at least 1 neighboring sub-
unit for hydrolysis of ATP.

Rubisco3 activase maintains maximal photosynthetic rates
by using the energy from ATP hydrolysis to release tight bind-
ing inhibitors from the active site of Rubisco. Recent studies
have confirmed that Rubisco activase is amember of theAAA�
family; however, the exact arrangement of subunits is uncer-
tain. Although the crystal structure of tobacco Rubisco activase
has a helical structure, with 6 subunits/turn, it is suggested that
the enzyme forms closed hexamers in solution (1). Othermem-
bers of the AAA� family have been observed to form either

closed hexamers or open spirals in solution (2), and it is unclear
from the crystal structure whichmodel is preferred for Rubisco
activase.
Rubisco catalyzes the incorporation of inorganic carbon into

the biosphere through the carboxylation of the 5-carbon sugar
ribulose 1,5-bisphosphate, yet it is hindered by a tendency for
inhibitory compounds to bind to the active site, forming a dead-
end complex. The substrate, ribulose-P2, itself can act as an
inhibitor by binding to uncarbamylated active sites (3, 4). Some
plant species, such as tobacco and bean, produce a competitive
inhibitor, carboxyarabinitol 1-P, which binds to carbamylated
sites and is used as a means to down-regulate Rubisco activity
(5, 6). This inhibitor is subsequently degraded by a light-depen-
dent phosphatase (7). In a similar pattern, Rubisco can also
accumulate inhibitors during the day through the formation of
inhibitory compounds during catalysis that remain bound to
the active site and hinder catalysis (8, 9). These inhibitors
include pentodiulose-P2 and xylulose-P2, and the in vitro for-
mation of these compounds has been well characterized
(10–18).
To accelerate the process of inhibitor release, plants contain

Rubisco activase, anAAA� enzyme that interacts with Rubisco
and facilitates the release of inhibitors from the active site in a
process that requires energy from ATP hydrolysis (for review,
see Refs. 19–22). AAA� proteins are characterized by a com-
mon conserved ATPase domain and have a wide range of func-
tions, including protein degradation, DNA replication, signal
transduction, and intracellular transport, but with the common
activity of the unfolding ofmacromolecules (for review, see Ref.
2). These AAA� proteins usually assemble into complexes that
form a ring-shaped structure with a central pore and couple the
energy from ATP hydrolysis to changes in conformation.
Whereasmost AAA� proteins formhexamers, othermembers
of the AAA� family have been observed to form spiral assem-
blies in nature, including clamp-loader and initiator proteins
(23, 24). The structure and mechanism of CbbX, a red Rubisco
activase, have recently been elucidated, showing that it exists as
a closed hexamer that can stack to form long filaments (25).
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Despite the presence of high resolution crystal structures, it
is still uncertainwhat structure Rubisco activase adopts in solu-
tion. The structures of the substrate recognition domain of cre-
osote Rubisco activase (26) and an N- and C-terminally trun-
cated tobacco Rubisco activase (1) have recently been
published, showing that the enzyme has a classical AAA� pro-
tein domain architecture. Previous studies have shown that
Rubisco activase has a high degree of polydispersity in its oligo-
meric forms and can form a variety of species ranging from
monomers to large 660-kDa complexes, which would corre-
spond to 16 subunits (1, 27–33). Nanoelectrospray ionization
mass spectrometry studies of tobacco Rubisco activase showed
polydispersity in its oligomeric forms, with the largest species
observed being a hexamer (29). Recent studies using fluores-
cence fluctuation spectroscopy found that in the presence of
ADP, cotton Rubisco activase is predominantly monomeric
below0.5�Mand forms complexes larger than a hexamer above
40 �M (27). Oligomer size is influenced by a range of factors,
including polyethylene glycol, the presence of which increases
the oligomeric state (31), and nucleotide phosphates. ATP has
been observed to increase the molecular mass of spinach and
cotton Rubisco activase (28, 30, 32) but has less of an effect on
the tobacco enzyme (32).
There is a correlation of protein concentration with ATPase

and Rubisco activation activity, showing that the biological
function of Rubisco activase is critically linked to the oligomeric
state (1, 30, 34). Wang et al. (30) observed that the specific
activity of ATP hydrolysis by spinach Rubisco activase
increased with higher concentrations of enzyme, with maxi-
mum activity reached at 1–2 �M. Lilley and Portis (34) showed
that spinach Rubisco activase reached a maximum activity of
ADP release, and activation of ribulose-P2 bound Rubisco
above 1 �M, with lower activities below this concentration.
Activity studies using mixtures of wild-type and Rubisco
activasemutants suggested that aminimumof 3–5 subunits are
required for Rubisco activation activity (1). However, there
have been no studies to date that directly correlate the subunit
assembly in solution with biological activity.
Several studies have concluded that Rubisco activase forms

hexamers in solution and that this may be the active form. The
structure of tobacco Rubisco activase forms a helical arrange-
ment in the crystal structure, with 6 subunits/turn (1), and a
hexameric arrangement would be consistent withmanyAAA�
proteins. Several studies have focused on the effects ofmutating
the Arg-294 residue of tobacco Rubisco activase on quaternary
structure. This residue is located in the sensor 2 region of the
enzyme, which is associated with recognition of the Rubisco
substrate (35) and is involved with interactions at the intersub-
unit interface (1). In the presence of the substrate analog
ATP�S, R294Awas found to form stable complexeswith amass
consistent with a hexamer (29), whereas negative stain EM
showed that the R294V mutant forms ring structures with
6-fold symmetry in the presence of ATP or ATP�S (1).
Binding of ATP or ATP�S to Rubisco activase triggers a

change in protein conformation, as observed by changes in the
intrinsic fluorescence, but the effect of nucleotide binding on
oligomeric state is less defined. It has been proposed that the
increase in intrinsic fluorescence upon binding of ATP or

ATP�S to Rubisco activase reflects a change in conformational
state associated with Trp-109 and Trp-250 (30, 36). Trp-250 is
located adjacent to the hinge region between the large and small
AAA� domains, close to where nucleotides bind, and changes
in conformation are likely to involve movement of the small
domain relative to the large domain, as occurs in the closely
related ClpX and FtsH proteins (37, 38).
It has been suggested that ATP and ADP may increase the

oligomerization state of Rubisco activase. Gel filtration studies
of spinach Rubisco activase show that the presence of ADP did
not affect the molecular size, whereas Rubisco activase incu-
bated in the presence of Mg2� and ATP or ATP�S was signifi-
cantly larger (30). Similar studies of the tobacco Rubisco
enzyme showed little difference in size between enzyme incu-
bated with ADP or ATP (32). Dynamic light scattering studies
of cotton �-activase report that ADP, ATP, or MgCl2 increase
the degree of Rubisco activase self-association (33). It has been
proposed that Rubisco activasemay have functional similarities
to actin (34), in that ATP could promote the formation of
higher order species.
Within the AAA� family, there are several instances in

which the presence ofATP induces hexamer formation, includ-
ing ClpA (39), which forms hexameric rings only in the pres-
ence of ATP. All initiator complexes, such as Aquifex aeolicus
DnaA, require ATP to form a higher order complex from
monomers (24).
The assembly pathway of Rubisco activase is poorly charac-

terized, and formation of a hexameric intermediate could
involve several different mechanisms. First, stepwise addition
of monomers could generate dimeric, trimeric, tetrameric, and
pentameric intermediates, which may be similar to isodesmic
systems in which the dissociation constant for monomer addi-
tion to any species is considered to be the same. This mecha-
nism could lead to the formation of helical units with 6-fold
symmetry, such as those observed for the tobacco Rubisco
activase crystal structure. It has been suggested that Rubisco
activase may also form spiraling arrangements in solution (27,
33). Second, hexamer formation could proceed via a dimeric
and tetrameric intermediate, which has been observed for the
formation of hexamers by ClpA (39). This AAA� protease
assembles into hexamers via a tetrameric intermediate, and
hexamer formation is favored by the presence of ATP. Finally,
hexamers could be formed via a trimeric intermediate. Studies
utilizing fluorescence fluctuation spectroscopy of cotton
Rubisco activase in the presence ofMg�ADPused amodel based
on a monomer-dimer-tetramer-hexamer system (27).
In the current study we describe experiments aiming to

determine the biologically relevant state of Rubisco activase in
an effort to better model the mechanism by which Rubisco
activase regulates Rubisco. A better understanding of this pro-
cess will provide insights into how photosynthesis may be opti-
mized and appreciating how plants will adapt to climate change
(40).

EXPERIMENTAL PROCEDURES

Expression and Purification—Plasmids encoding tobacco
Rubisco activase were a kind gift from Dr. Spencer Whitney
(AustralianNational University). These plasmids contained the
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rca gene amplified from a tobacco cDNA preparation and
cloned into pET28A� incorporating a C-terminal His7 tag.
Protein expression was performed as described previously (41).
Protein concentrationwas determined byA280, and theA280/260
ratio was monitored to ensure that nucleotide was not carried
over.
ATP Hydrolysis Measurements—ATP hydrolysis of Rubisco

activase was assayed by coupling ADP production to NADH
oxidation, as reported previously (36).
Rubisco Reactivation Activity—Rubisco activity was followed

by continuous measurement of glycerate 3-P formation, using
tobacco ER that was formed as has been described previously
(17, 18). Rubisco activase was added to the assay mixture 30 s
prior to addition of Rubisco. Rubisco reactivation rates were
determined by measuring the Rubisco activity after 3 min rela-
tive to the background rate of Rubisco activation.
Analytical Ultracentrifugation—Sedimentation velocity

experiments were performed in a BeckmanCoultermodel XL-I
analytical ultracentrifuge equipped with UV-visible scanning
optics. Reference (380 �l; 20 mM Bistris propane, 20 mM KCl,
0.2 mM EDTA, pH 8.0) and sample (360 �l) solutions were
loaded into 12-mm double-sector cells with quartz windows,
and the cells were thenmounted in anAn-60Ti four-hole rotor.
Proteins were centrifuged at various rotor speeds at 20 °C, and
radial absorbance data were collected at appropriate wave-
lengths in continuous mode every 8 min without averaging.
Data were fitted to a continuous size-distribution (cs) model
using the program SEDFIT (42, 43). The partial specific volume
(�v) of the proteins (0.735ml g�1), buffer density (1.005 g�ml�1),
and buffer viscosity (1.021 cp) were computed using the pro-
gram SEDNTERP (44). Weight average molecular masses were
calculated from weight average sedimentation coefficients and
f/f0 values resulting from the fits using SEDFIT (42, 43).
Size-exclusion Chromatography—Gel filtration was carried

out at 28 °C using a Superdex 200 10/300 GL column (GE
Healthcare). 100 �l of enzyme (18–142 �M) was loaded onto
the column and eluted with 20mM Bistris propane, 20mMKCl,
0.2 mM EDTA, pH 8.0, at 0.5 ml/min. A Viscotek TDA unit was
used to measure the refractive index, low angle and right angle
light scattering, and viscosity. BSA was used as a standard to
calibrate the instrument.
Small Angle X-ray Scattering (SAXS) Measurements—Mea-

surements were performed at the Australian Synchrotron
SAXS/WAXS beamline equipped with a Pilatus 1M detector
(170 mm �170 mm, effective pixel size, 172 � 172 �m). The
wavelength of the x-rays was 1.0332 Å. Two sample-detector
distances were used, 1576 and 7000 mm, which provided a q
range of 0.006–0.400 and 0.0015–0.09 Å�1, respectively
(where q is the magnitude of the scattering vector, which is
related to the scattering angle (2�) and the wavelength (�) as
follows: q � (4�/�)sin�). Data were collected using a 1.5-mm
glass capillary at 10 °C under continuous flow in 2-s intervals
in buffer containing 20 mM Bistris propane, 20 mM KCl, 0.2
mM EDTA, pH 8.0. Two-dimensional intensity plots were
radially averaged, normalized to sample transmission, and
background-subtracted.
SAXSDataAnalysis—Data sets for both camera lengthswere

merged manually, and data reduction was performed using the

ATSAS package (45, 46). Guinier fits were produced using PRI-
MUS (47). Indirect Fourier transform was performed using
GNOM (48) to yield the function Pr, which gives both the rela-
tive probabilities of distances between scattering centers and
the maximum dimension of the scattering particle Dmax. The-
oretical scattering curves were generated from atomic coordi-
nates (Protein Data Bank ID codes 3T15 and 3ZW6) and com-
pared with experimental scattering curves using CRYSOL (49).
Hydrated particle volumes were extracted from the SAXS data
using the program AUTOPOROD (45).
Equilibrium Modeling—Structural models of a putative

monomer-hexamer equilibrium were reconstructed ab initio
from the lowest concentration SAXS data using the program
GASBORMX (45). A Rubisco activasemonomer was defined as
a random gas of 390 dummy residues and the simultaneous
refinement of a monomer-hexamer equilibrium initiated by
applying P6 symmetry. The program OLIGOMER (46) was
used to estimate the volume fractions of the GASBORMX-de-
rived monomer and hexamer at higher concentrations.

RESULTS

To directly correlate the solution structure of Rubisco
activasewith biological function, we have used a variety of tech-
niques to investigate the quaternary structure of Rubisco
activase at different protein concentrations. The results show
that the size of the Rubisco activase oligomer in solution is
strongly dependent on protein concentration and ranges from
dimeric/monomeric at low concentrations (�0.5 �M) up to
complexes larger than a hexamer at higher concentrations
(�10 �M) (Fig. 1).
Biological Activity—ATPase activity and Rubisco reactiva-

tion activity of tobacco Rubisco activase were measured at a

FIGURE 1. Dependence of activity and oligomeric size on protein concen-
tration. Rubisco activation activity (circles, left axis) and specific ATPase activ-
ity (blue squares, right axis) was measured for a range of protein concentra-
tions (top panel). Molecular mass was calculated for a range of protein
concentrations using SAXS (black squares), static light scattering (SLS) (dotted
lines), and AUC (red circles) as described under “Experimental Procedures.”

Small Oligomers of Rubisco Activase Are Required for Activity

JULY 12, 2013 • VOLUME 288 • NUMBER 28 JOURNAL OF BIOLOGICAL CHEMISTRY 20609



range of protein concentrations. The specific activity increased
from 0.1 to 1.5 �M, (Fig. 1), as has been previously observed for
Rubisco activase (30, 34).
Analytical Ultracentrifugation (AUC)—Sedimentation velocity

runs were carried out for a series of Rubisco activase concen-
trations, ranging from 0.6 to 66 �M protomer (Figs. 1 and 2 and
Table 1). Poor signal for the AUC experiments was observed in
this study below 600 nM, precluding analysis of conditions at
low protein concentrations. Work with cotton B-Rubisco
activase has shown that it is monomeric at concentrations
below300nM (27). The data showed that Rubisco activase exists
as a heterogeneous mixture in solution at each concentration,
with an integrated sedimentation coefficient ranging from 4.6 S
at 600 nM to 16.4 S at 67 �M (Table 1). Whereas sedimentation
coefficient distributions (cs) have the advantage of not requiring
any prior knowledge of the type of system, they are based on

equations for noninteracting systems, and the results will be
influenced by reactions on the time scale of sedimentation.
Appearance of peaks in the cs distributions provide an indica-
tion of species in solution; however, for heterogeneous systems
with rapid binding kinetics the peaks may occur at positions
that donot necessarily reflect the sedimentation coefficient, but
are instead governed by the kinetics of interaction (50). It is
likely that the different oligomeric forms of Rubisco activase
interact with each other over the time frame of the experiment,
and integration of cs to provide a weight-average s value is the
most accurate way to compare different protein concentrations
(51).
As the protein concentration is increased, the distribution of

species becomes broader, suggesting increasing heterogeneity
of the oligomeric species. The observation of very large species
is consistentwith previous studies that have observed supramo-
lecular complexes larger than hexamers at concentrations �10
�M (27). Indeed, the weight-average sedimentation coefficient
of the complex at 67�M (16.4 S) indicates an averagemolecular
mass approaching that of the 550-kDa Rubisco holoenzyme
complex (18 S) (52). This corresponds to a Rubisco activase
complex larger than a 12-mer.
At the lowest concentrationmeasured (600 nM), the cs distri-

bution shows lower heterogeneity of oligomers than at the
higher concentrations. The sedimentation coefficient of a glob-
ular protein corresponding to the monomeric molecular mass
of Rubisco activase (42 kDa) is estimated at �3.5–4.0 S. Thus,
the cs distribution suggests that the smallest species present at
600 nM is monomeric and that the distribution comprises
mainly monomeric and dimeric forms of the protein.
Static Light Scattering—Rubisco activase samples (loading

concentration 18–142 �M) were eluted from a size exclusion
chromatography column, and right angle light scattering detec-
tors were used to calculate the molecular mass for each point.
As has previously been observed for Rubisco activase, the pro-
tein has an asymmetrical elution peak with a trailing edge (Fig.
3). Right angle scattering measurement of the eluting protein
showed that themolecularmass was not constant over the peak
and that there was a strong correlation between the molecular
mass and eluted protein concentration (Fig. 1).
At concentrations below 500 nM, the calculated molecular

mass corresponded to that of a monomer/dimer, which is in
good agreement with results seen by others andwith the results
determined by analytical ultracentrifugation. Species larger
than a hexamer were observed at concentrations above 3 �M,
which is also in good agreementwith the analytical ultracentrif-

FIGURE 2. Analytical centrifugation of varying concentrations of tobacco
Rubisco activase. Sedimentation velocity experiments of tobacco Rubisco
activase were carried out at protein concentrations ranging from 600 nM to 67
�M. Radial absorbance data were collected at different wavelengths depend-
ing on the concentration, and cs distributions have been normalized to 1.

TABLE 1
Parameters calculated from AUC data

Concentration

Weight-average
sedimentation
coefficient f/f0

Weight-average
molecular mass

�M S kDa
0.60 4.6 1.43 78
1.2 6.3 1.40 121
2.4 8.2 1.41 182
4.8 9.5 1.40 225
9.5 11.5 1.40 300
19 12.2 1.35 310
38 14.5 1.47 457
67 16.4 1.43 528
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ugation data. There were no distinct phases in the size distribu-
tion, suggesting that the mechanism of assembly is continuous,
rather than involving discreet intermediate steps.
SAXS—To confirm the results seen for light scattering and

analytical ultracentrifugation, SAXS data were collected for a
series of different Rubisco activase concentrations (0.6–76 �M)
(Fig. 4a). For each concentration, molecular mass and particle
volume were calculated and showed that both were strongly
correlated with protein concentration (Fig. 1, Table 2). Similar
to the AUC and light scattering data, SAXS data indicated that
species larger than a hexamer are present at concentrations
higher than 3 �M. The parameters extracted from the SAXS
data describe an average of multiple species in solution, as
shown by AUC, and there is good agreement with the sizes
determined using light scattering techniques.
The real-space distance distributions, pr generated from the

scattering data (Fig. 4c) are positively skewed with a tail at long
distances, indicative of elongated structures in solution. The
proportion of larger distances increased with increasing pro-
tein concentration, consistent with the formation of higher
order species.
In an effort to determine whether the recently solved crystal

structure of tobacco Rubisco activase accurately reflects the
structure in solution, the experimental scattering data were
compared with the scattering expected from a closed hexamer,
open hexamer, or monomeric model (Fig. 4b). There was some
correlation to the hexameric model, but there was insufficient

information to distinguish between an open and closed
hexamer.
In another approach, ab initio models describing a mono-

mer-hexamer equilibrium were reconstructed from the SAXS
data using the program GASBORMX. A concentration was
chosen thatwas consistentwith the presence of these species, as
suggested by theAUCand light scattering experiments (2.4�M)
(Fig. 1). Thesemodels provide a very good fit to the experimen-
tal data at low concentration (Fig. 5a), neatly describing an
equilibriumof 52%monomer and 48%hexamer. Runswere also
conducted for equilibria including dimers and tetramers, but
these models provided a very poor fit to the data (data not
shown).

FIGURE 3. Light scattering analysis of varying concentrations of tobacco
Rubisco activase. Different concentrations of tobacco Rubisco activase (18 –
142 �M) were loaded onto a Superdex 200 10/300 column and eluted at 0.5
ml�min�1. Refractive index (top panel) and right angle scattering were mea-
sured and used to calculate the molecular mass (lower panel) as described
under “Experimental Procedures.”

FIGURE 4. X-ray scattering data of Rubisco activase. a, data were collected
for tobacco Rubisco activase for a range (0.6 –76 �M) of protein concentra-
tions (top panel). b, data for 2.4 �M Rubisco activase overlaid with the scatter-
ing profiles, calculated using CRYSOL, for the open hexamer structure (gen-
erated from 3T15), closed hexamer structure (3ZW6) and monomeric
structure (3T15). c, distance distribution functions, pr were determined using
the indirect Fourier transformation package GNOM (bottom panel).
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The ab initio bead model generated using GASBORMX
shows good agreement with the ring structure proposed by
crystallographic and transmission electron micrograph studies
(1), as shown by the overlay of the twomodels in Fig. 5, but with
a smaller inner pore, and an extended domain and an extended
outer domain. This extended domain may include the 67-resi-
due N-domain that is not present in the crystal structure, fol-
lowing suggestions that it is flexibly attached (1). Although the
ab initiomodel provides information about the location of the
missing domain, there is insufficient resolution to distinguish

between closed and open hexamers or whether other interme-
diates are also present.
Using the program OLIGOMER and the ab initio recon-

structed equilibrium models as input, a non-negative linear
least squares algorithm was employed to generate weighted
combinations of these simplemodels that best fit the SAXSdata
at each of the measured concentrations (Fig. 5b). The mono-
mer-hexamer equilibrium describes the data well up to 9.5 �M

showing an increase in the volume fraction of hexameric spe-
cies, with the fit starting to deviate at q � 0.1 Å�1 with concen-
tration. At concentrations �9.5 �M not only does the fit con-
tinue to deteriorate at high q, but it is clear that larger
oligomeric species begin to contribute to the scattering at low q
(data not shown) and that the simple monomer-hexamer
model can no longer adequately describe the data.

DISCUSSION

RubiscoActivaseMay FormanOpen, Spiraling Structure—In
biology, most proteins form a closed structure with a fixed
number of subunits. There are relatively few instances of open
structures, in which the size of the complex is determined by
the protein concentration. Despite the presence of high resolu-
tion crystal structures for tobacco and creosote activase (1, 26),

FIGURE 5. Ab initio monomer-hexamer equilibrium of Rubisco activase generated using GASBORMX. a, fit of the model equilibrium to the SAXS data at
0.1 mg�ml�1 sample concentration. b, volume fractions of monomer and hexamer calculated from the best weighted combinations of the model components
at each concentration. The corresponding discrepancy in the fits of the models to the data at each concentration are shown above the bars. Error bars, Errors
in the volume fractions shown are those propagated from the solution of linear equations used in OLIGOMER (46). S.D. c, ab initio monomer (red spheres) and
hexamer (green spheres) reconstructed from the SAXS data at 2.4 �M (0.1 mg�ml�1). The hexamer model is shown overlaid with the structure of tobacco Rubisco
activase (Protein Data Bank ID code 3ZW6). d, rotation of the view in a by 90º in the horizontal.

TABLE 2
Parameters calculated from SAXS data

Concentration
Radius of
gyrationa I(0)a Dmax

b
Porod
volumeb

Molecular
massb

�M Å nm Å3 kDa
0.60 47.3 0.0025 15.0 267,000 128
1.2 57.2 0.0060 19.2 437,000 154
2.4 62.3 0.015 20.8 315,000 193
4.8 59.8 0.036 21.3 406,000 231
9.5 72.3 0.095 24.3 544,000 305
19 73.6 0.229 26.0 704,000 368
38 77.9 0.532 27.5 1,001,000 427
57 82.4 0.815 35.0 1,183,000 436
76 84.1 1.283 36.0 1,318,000 515

a Calculated using GNOM.
b Calculated using AUTOPOROD.
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it is still uncertain whether Rubisco activase adopts a structure
in which closed hexamers are formed that then stack to form
larger assemblies or whether an open hexameric spiral is
formed in solution, similar to the packing of the tobacco
Rubisco activase crystal structure. Our current data fit a model
in which Rubisco activase forms an open, helical, spiral in solu-
tion. Over the concentration range measured (0.4–76 �M)
there is a continuum of species, rather than appearing to favor
units of six, as would be expected for a model in which hexam-
ers stack on top of each other. The composition of oligomeric
species is highly dynamic, reequilibrating within a matter of
minutes when diluted, suggesting a rapid dissociation/associa-
tion rate. This may be due to isodesmic polymerization, in
which the dissociation constant for monomer addition to any
protein species is considered to be identical, independent of the
size of the polymer (53).
Other members of the AAA� family have been observed to

form spiral assemblies in nature. The yeast clamp-loader com-
plex adopts an open pentameric spiral structure around the 3�
end of the primer-template junction during DNA replication
(23. Another set of AAA� proteins involved in DNA replica-
tion are the initiators that recognize replication origins and
recruit replication machinery. Bacterial and archaebacterial
initiators aremonomeric in solution, but binding of ATP allows
A. aeolicus DnaA to transition from a monomeric state into a
large oligomeric complex that has an open helix arrangement
(24). It has been proposed that these spiral, open ring AAA�
assemblies form the core element of all initiator complexes, and
the length of the spiral can vary to accommodate differences in
the length of the DNA boxes (24).
Clamp-loader and initiator proteins form distinct clades in

the AAA� family, with the initiator clade being highly diver-
gent in terms of sequence, but having a characteristic �-helix
located after strand 2 (54). It is unclear whether Rubisco
activase contains the additional �-helix located after strand 2,
as the crystal structure of tobacco Rubisco activase is disor-
dered in this region (1); however, there is a short �-helical
region that may be similar to that observed for initiator struc-
tures. The data in the current study suggest that Rubisco
activasemay bemore likely to adopt a spiraling supramolecular,
oligomeric structure similar to the clamp-loader or initiator
clades ofAAA�protein, rather than the closedhexameric rings
observed for proteases.
Rubisco Activase Does Not Need to Be Hexameric for Full

Activity—Formation of higher order structures by Rubisco
activase is associated with increased rates of ATP hydrolysis
and Rubisco reactivation activity, showing the importance of
Rubisco activase oligomeric state in biological function. Our
data show that the activity of tobacco Rubisco activase
increased with the concentration of Rubisco activase, reaching
maximum activity at 1 �M protomer, similar to that seen previ-
ously for spinach Rubisco activase (30, 34).
For each of the methods used in the present study, the data

indicate that tobaccoRubisco activase species larger than a hex-
amer are present at concentrations higher than 3 �M, that spe-
cies smaller than a trimer are observed at concentrations lower
than 1 �M. This is in good agreement with fluorescence fluctu-
ation spectroscopy studies of cotton Rubisco activase (27),

which found that monomer is the dominating species �0.5 �M

and hexamers formed at concentrations�4�M.At 1�M,where
Rubisco activase has full activity, light scattering gives an aver-
age molecular mass of �120 kDa, and analytical ultracentrifu-
gation gives aweight-average sedimentation coefficient of 6.5 S,
corresponding to a molecular mass of 121 kDa, suggesting that
the main species in solution are 2–4 subunits.
Together, these data support the hypothesis that Rubisco

activase needs to form an oligomer with 2–4 subunits to cata-
lyze hydrolysis of ATP and activation of Rubisco. Studies that
involved titrating mixtures of wild-type and Rubisco activase
mutants that blocked oligomerization also suggested that a
minimum of 3–5 subunits are required for Rubisco activation
activity (1). This is in contrast to other AAA� proteins, which
require at least 6 subunits for activity.
The formation of an open, helical oligomer by Rubisco

activase obviates any requirement for the minimum unit for
activity to be a hexamer. Studies of the ClpX protein suggested
that the most likely mechanism for ATP hydrolysis is a proba-
bilistic model, rather than a concertedmodel in which simulta-
neous binding and hydrolysis of ATP occurs in all modules, or a
sequential model in which ATP hydrolysis in one subunit is
followed sequentially by hydrolysis in the neighboring subunit
(55). If this is the case for Rubisco activase, the enzyme could
behave similarly, even as an open ring, as there is no need for
symmetry. Given that the nucleotide binding pocket is located
between 2 subunits, with the arginine finger from 1 subunit
interacting with nucleotide bound in the neighboring subunit
(56), it is reasonable to assume that the probability of ATP
hydrolysis in a specific subunit will depend on the structural
constraints of a neighboring subunit, which may or may not
have nucleotide bound.
Thus, we propose amodel in which ATP hydrolysis occurs at

a faster rate when a subunit has neighboring subunits, with a
dimer having some activity, and larger species having higher
specific activity. The size of the oligomer is determined by pro-
tein concentration and forms open spirals, but may include
closed hexamer structures, such as those observed for mutant
variants of the Arg-294 residue (1, 29).
Mechanism of Rubisco Activation—Activation of Rubisco

must involve some form of conformational change in Rubisco
activase that triggers opening of the Rubisco active site and
release of inhibitors. Nearly all AAA� proteins act through the
central pore region, whether by destabilizing DNA or through
translocation of a polypeptide chain through the central pore.
CbbX, a red-type Rubisco activase, has recently been character-
ized and shown to function by transiently pulling the C-termi-
nal domain of the Rubisco large subunit into the central pore
(25). Despite functional similarities, there are several key differ-
ences between CbbX and higher plant Rubisco activase
enzymes, including regulation by ribulose-P2, and differences
in the central pore region (1, 25).
Our low resolution dummy-residue models generated from

the SAXS data suggest that the central pore of tobacco Rubisco
activase may be smaller than in the crystal structure (Fig. 5),
which is consistent with a role proposed for three loop seg-
ments (residues 141–145, 177–191, and 232–237) that are not
resolved in the crystal structure, but face the inner solvent
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channel (1). Modeling of the solution scattering data also sug-
gests that the N-terminal domain that is missing from the crys-
tal structure may be located on the periphery of the ring
structure.
Specificity of Rubisco activase for Rubisco is mediated

through the sensor 2� domain (35), a region that is located on
the outside of the spiral rather than in the central pore. It has
been speculated that this region interacts with the Rubisco
enzyme via hydrophobic patches on an extended helix of
Rubisco activase (26). As such, the initial association of Rubisco
activase with Rubisco must be via the outside of the assembly.
Residues on the surface of the Rubisco large subunit that are
important for Rubisco activase interactions have also been
identified (57, 58). These residues are located near the loop 6
region that closes over the Rubisco active site during catalysis,
and it has been postulated that an interaction with Rubisco
activase may trigger subtle changes in the N-terminal domain
of Rubisco that are responsible for the release of inhibitors (58).
It is also important to appreciate that the site of initial recogni-
tion may differ from the site at which activation occurs.
One of the implications of our proposedmodel is that species

as small as 2–4 subunits may be able to activate Rubisco.
Indeed, other studies using titrations of mutant enzymes have
suggested that the minimum oligomeric size for Rubisco acti-
vation activity is 3–5 subunits, and Rubisco activase concentra-
tions of as low as 0.5 �M are sufficient to show full Rubisco
activational activity (34). At these concentrations, others have
also shown that the main oligomeric species are no larger than
a trimer (27). The mechanism for this activation, however,
remain elusive, pending more detailed structural information
and a better understanding of the conformational changes asso-
ciated with ATP hydrolysis.
In planta, the holoenzyme concentration of Rubisco is �500

�M, and the concentration of the Rubisco activase protomer is
thought to be 170–500 �M (19, 59). These concentrations
would favor Rubisco activase to form a higher order species;
however, it may be the case that there are many smaller species
associated with the large number of Rubisco enzymes, rather
than a few larger species.
With an increased appreciation that Rubisco activase forms

very dynamic structures in solution, we hope to be able to better
understand how it is that this enzyme can optimize photosyn-
thesis. Remaining questions include the role of nucleotide bind-
ing in formation of higher species, the conformational changes
that are triggered by the binding of ATP, and themechanism by
which Rubisco activase interacts with Rubisco to trigger open-
ing of the Rubisco active site.
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