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The ATPase activity and fluorescence of ribulose-l,5-bisphosphate 
carboxylase oxygenase (Rubisco) activase were determined over a 
range of MgCI,, KCI, and activase concentrations. Both salts pro- 
moted ADP release from ATP and intrinsic fluorescence enhance- 
ment by adenosine 5’-[ythio] triphosphate, but Mg2+ was about 10 
times more effective than K+. ATPase and fluorescence enhancement 
both increased from zero to saturation within the same Mg2+ and K+ 
concentration ranges. At saturating concentrations (5 mM Mg2+ and 
22 mM K+), the specific activity of ATPase (turnover time, about 1 s) 
and specific intrinsic fluorescence enhancement were maximal and 
unaffected by activase concentration above 1 p~ activase; below 1 
p~ activase, both decreased sharply. These responses are remarkably 
similar to the behavior of actin. lntrinsic fluorescence enhancement 
of Rubisco activase reflects the extent of polymerization, showing 
that the smaller oligomer or monomer present in low-salt and acti- 
vase concentrations i s  inactive in ATP hydrolysis. However, quench- 
ing of 1-anilinonapthaline-8-sulfonate fluorescence revealed that 
ADP and adenosine S’-[ythio] triphosphate bind equally well to 
activase at low- and high-salt concentrations. This i s  consistent with 
an actin-like mechanism requiring a dynamic equilibrium between 
monomer and oligomers for ATP hydrolysis. l h e  specific activation 
rate of substrate-bound decarbamylated Rubisco decreased at acti- 
vase concentrations below 1 p ~ .  This suggests that a large oligomeric 
form of activase, rather than a monomer, interacts with Rubisco 
when performing the release of bound ribulose-l,5-bisphosphate 
from the inactive enzyme. 

Rubisco activase is a soluble protein of 41 to 45 kD that 
occurs in the chloroplast stroma of algae and higher plants 
(Salvucci et al., 1987) and, on the basis of gene sequences, 
in cyanobacteria (Li and Tabita, 1994). The tertiary struc- 
ture of the activase monomer protein and the quaternary 
structure of its polymer have not been determined. Rubisco 
activase enhances the rate and extent of activation of the 
carbon-fixing enzyme Rubisco by facilitating the release of 
sugar phosphates from decarbamylated and catalytically 
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inactive Rubisco (for reviews, see Portis [1990, 19921; Sal- 
vucci and Ogren [1996]). Decarbamylated Rubisco binds its 
substrate, RuBP, very tightly (Jordan and Chollet, 1983; 
Portis, 1992) and without activase, the inactive complex 
formed in the chloroplast stroma under some conditions, 
such as following a sudden transition from high to low 
light (Brooks and Portis, 1988), would persist for long 
periods. Additionally, during normal catalysis Rubisco ac- 
cumulates tight-binding inhibitors arising from the occa- 
sional formation of other pentose bisphosphates by epimer- 
ization of the ene-diol form of RuBP on the active site 
(Edmondson et al., 1990; Andrews et al., 1995). The mech- 
anism by which Rubisco activase binds with the Rubisco- 
pentose bisphosphate complex and releases RuBP or inhib- 
itor is not known. In higher plants there are two.closely 
related forms of Rubisco activase, which have molecular 
masses of 42 and 45 kD in spinach and exhibit different 
kinetics toward ATP concentration (Shen et al., 1991), 
whereas in Cklamydomonas reinhardtii activase is present as 
a single polypeptide (Roesler and Ogren, 1990). 

Rubisco activase exhibits an ATPase activity that is ap- 
parently not directly connected to the activation of RuBP- 
bound Rubisco. This activity is highly specific for Mg-ATP, 
exhibits a sigmoidal response to ATP concentration, and is 
inhibited by ADP (Robinson and Portis, 1989). Rubisco 
activase forms oligomers of a size dependent on the con- 
centration of Mg2+ and the adenine nucleotide present. 
Wang et al. (1993) used gel filtration to obtain size esti- 
mates of Rubisco activase and found an apparent molecu- 
lar mass of 340 kD with 100 piv ADP plus 5 miv Mg2+, 
corresponding to an oligomer of about 8 subunits. with 200 
piv ATP plus 5 miv Mg2+, the apparent size of the oligomer 
increased to more than 14 subunits, but substantial size 
polydispersity, indicated by skewed column peaks, was 
always present. With slower separation procedures occu- 
pying many hours and using columns or gradient centrif- 
ugation in the absence of added adenine nucleotides, 
Rubisco activase dissociates into a near-monomeric state, 

Abbreviations: ANS, I-anilinonapthaline-8-sulfonate; ATP-y-S, 
adenosine 5‘-[ y-thio] triphosphate; RuBP, ribulose-1,5-bisphosphate. 
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as indicated by an apparent average molecular mass of 58 
kD (Salvucci, 1992). 

When irradiated at 296 nm, Rubisco activase exhibits 
intrinsic fluorescence, which, in the presence of Mg2+, is 
enhanced by ATP but quenched by the further addition of 
ADP (Wang et al., 1993). This enhancement is stabilized by 
the addition of an ATP-regenerating system or of the ATP 
analog ATP-y-S, which is apparently bound to, but not 
hydrolyzed by, Rubisco activase. The degree of enhance- 
ment reflects a structural change in the protein, affecting 
the hydrophobicity of the environment of one or more of its 
four tryptophane residues, and related to the extent of 
aggregation of the activase monomers (Wang et al., 1993). 

These findings demonstrate that the ATPase activity and 
the extent of oligomerization of Rubisco activase are closely 
linked. They also highlight a problem arising from the fact 
that the activase oligomerization state is influenced by the 
ionic environment and by activase concentration. Any at- 
tempt to determine the polymerization state by procedures 
such as gel-column chromatography, native-gel electro- 
phoresis, or gradient centrifugation must alter these con- 
ditions and perturb the existing degree of polymerization. 
Intrinsic fluorescence is the one noninvasive procedure 
available for monitoring the extent of oligomerization and 
thus was selected for the current study. A second applica- 
tion of fldorescence to the study of Rubisco activase is 
based on ANS, a useful reporter group for monitoring 
ligand binding to proteins. Wang and Portis (1991) utilized 
ANS to study adenine nucleotide binding to activase. ANS 
fluorescence is modulated by nucleotide binding and 
by protein conformational changes associated with that 
binding. 

The ATPase and Rubisco activation activities of Rubisco 
activase are strongly influenced by Mg2+. This protein 
contains two tightly bound MgZt ions per activase mono- 
mer, which are not removed by precipitation with ammo- 
nium sulfate in the presence of EDTA (Frasch et al., 1995). 
The concentration of MgZt in the chloroplast stroma is 
light-dependent and is of regulatory significance for other 
reactions of the Benson-Calvin cycle (Gardemann et al., 
1986). Additionally, K t  is included in assays of the ATPase 
activity of Rubisco activase (see Robinson et al., 1988). 
However, the effect on Rubisco activase activity of K+, a 
major cation of the interna1 cellular environment, has not 
been investigated. 

The aim of this work is to examine the effects of these 
two cations and of activase concentration on the ATPase 
(we use the term "ADP release," since ADP- or Pi-bound 
protein are often intermediates of ATP hydrolysis) and on 
the extent of polymerization as determined by intrinsic 
fluorescence enhancement by ATP- y-S. Since the function 
and stoichiometry of the two forms of Rubisco activase are 
unknown, we have based our study on the 42-kD form, 
which was expressed and purified from the cloned gene. 
We define conditions in which intrinsic fluorescence en- 
hancement by ATP-y-S is close to zero and others in which 
it is maximal. We compare the binding of adenine nucleo- 
tides with Rubisco activase under some of these defined 
conditions, and we determine the rate of activation of 

Rubisco over a range of activase concentrations associated 
with a changing polymerization state. 

MATERIALS A N D  METHODS 

Preparation of Rubisco Activase ' 

Rubisco activase from spinach (Spinacea oleracea) was 
overexpressed in Eschevickia coli harboring pPlex 1.6 and 
purified essentially by the procedures of Shen et al. (1991), 
except that the culture was grown at 37°C. After cell lysis, 
activase was precipitated in 35% ammonium sulfate, de- 
salted by gel filtration, and then subjected to anion- 
exchange chromatography. Rubisco activase was located in 
column fractions that exhibited ATPase activity but not 
glycerate 3-P hydrolysis, and was confirmed by SDS-PAGE 
to be a 42-kD protein. Pooled activase fractions were sub- 
jected to concentrating dialysis in a pressure cell (Amicon, 
Beverly, MA) using a YM-30 membrane. Five cycles of 
concentration by a factor of 5 and dilution with 20 mM 
bis-Tris propane-CI-, 0.2 mM ATP (pH 8.0) reduced the 
NaCl concentration in the sample to less than 1 mM. Ali- 
quots of the final concentrated sample were snap-frozen in 
liquid nitrogen and stored at -80°C. 

Rate of ATP Hydrolysis 

The rate of ADP release was followed using a spectro- 
photometric assay coupled to NADH oxidation via pyru- 
vate kinase and lactate dehydrogenase. Reactions were 
initiated by the addition of Rubisco activase into a reaction 
mixture containing (final concentrations) 2 mM K t  EPPS 
(N-[2 hydroxyethyl] piperazine-Nf-[3-propane sulfonic 
acid]), 10 PM EDTA, 170 PM ATP, 840 p~ phosphoenol 
pyruvate, 300 p~ NADH, 23.4 units of lactate dehydroge- 
nase, and 15.2 units of pyruvate kinase (pH 8.0) in a final 
volume of 700 &L at 25"C, plus MgCl,, KC1, and activase 
concentrations as specified. The reaction was started by 
adding activase, and the extinction over the wavelength 
range of 330 to 350 nm was determined with a diode-array 
spectrophotometer (Hewlett-Packard; integration time, 
0.2 s; cycle time, 1 s). The extinction coefficient for NADH 
over this wavelength range was determined to be 6.01 
mM-'. The concentrations of ATP and Mg2' that are given 
refer to total concentrations with no correction for binding. 

In every experiment the performance of the coupling 
system was verified by the addition of an aliquot contain- 
ing 21 nmol of ADP at the end of the observed time course. 
Following this addition, the initial rate of NADH oxidation 
was at least two orders of magnitude higher than the 
preceding activase-dependent rates, confirming the cou- 
pling system activity. The observed equivalence of the 
amounts of NADH consumed and ADP in the aliquot 
verified the completeness of coupling. 

lntrinsic Fluorescence Enhancement 

The intrinsic fluorescence of Rubisco activase was deter- 
mined using a spectrofluorimeter (model LS-5, Perkin- 
Elmer) with excitation and emission wavelengths of 296 
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and 345 nm, respectively (Wang et al., 1993). Reaction 
mixtures contained 2 mM K t  EPPS, 10 p~ EDTA (pH 8.0) 
in a final volume of 2.5 mL at 25"C, plus MgCl,, KC1, and 
activase concentrations as specified. The fluorescence in- 
tensity was first measured in the absence of ATP-y-S, then, 
after the addition (100 p ~ )  of this adenine nucleotide an- 
alog, the increase in fluorescence intensity (enhancement) 
was determined. The specific fluorescence enhancement 
was calculated as instrument units per micromolar acti- 
vase. 

ANS Fluorescence Quenching as a Measure of Nucleotide 
Binding by Activase 

The ability of Rubisco activase to bind the adenine nu- 
cleotides ADP and AMP and the ATP analog ATP-y-S was 
determined using the fluorescent probe ANS with the spec- 
trofluorimeter, and excitation and emission wavelengths of 
380 and 480 nm, respectively (Wang and Portis, 1991). 
Reaction mixtures contained 2 mM K+ EPPS, 10 PM EDTA, 
1.34 PM Rubisco activase (pH 8.0) in a final volume of 2.5 
mL at 25"C, plus MgCl,, KCl, and activase concentrations 
as specified. Each reaction mixture was titrated in the 
presence and absence of adenine nucleotide or analog by 
the stepwise addition of ANS, and the fluorescence was 
determined over the range of O to 40 p~ ANS. 

Determination of Rubisco Activation 

Rubisco activity was followed by continuous measure- 
ment of glycerate 3-P formation using the spectrophoto- 
metric assay coupled to NADH oxidation via glycerate 
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3-phosphate kinase and glyceraldehyde 3-phosphate dehy- 
drogenase. Spinach Rubisco, prepared by the method of 
Wang et al. (1992), was converted to the decarbamylated 
and RuBP-bound form by gel filtration (Sephadex G50) in 
50 mM Nat Tricine, 0.1 mM EDTA, pH 8.0. RuBP was 
added to the eluted Rubisco fraction to 0.2 mM. The reac- 
tion mixture contained 50 mM K+ Tricine, 0.2 mM EDTA, 10 
mM NaHCO,, 10 mM MgCl,, 2 mM DTT, 2.5 mM phospho- 
creatine, 4 mM RuBP, 2.5 mM ATP, 300 p~ NADH, 100 pg 
mL-l Rubisco (1.43 p~ active sites), 10 units mL-l glycer- 
ate 3-phosphate kinase, 5 units mL-l glyceraldehyde 
3-phosphate dehydrogenase, 10 units mLpl creatine phos- 
phokinase, and activase as specified, pH 8.1, in a final 
volume of 700 pL. In some reactions the concentrations of 
glycerate 3-phosphate kinase, glyceraldehyde 3-phosphate 
dehydrogenase, and creatine phosphokinase were dou- 
bled. The reaction was started by the penultimate addition 
of activase with stirring, a 30-s preincubation, and the 
addition of Rubisco with stirring. The oxidation of NADH 
was followed spectrophotometrically, as described for ATP 
hydrolysis. The performance of the coupling system was 
verified by the addition of aliquots containing 10 nmol of 
glycerate 3-P. 

RESULTS 

The rate of ADP release from ATP was strongly affected 
by the concentration of Mg2+ and K+ in the assay mixture 
(Fig. 1). After the addition of 2.44 p~ activase to a reaction 
mixture containing final concentrations of 5 mM Mg2+ and 
22 mM Kt (high-salt, trace l), ADP release commenced 

Figure 1. a, Spectrophotometric time courses of 
extinction (330-350 nm) during NADH oxida- 
tion coupled to ADP formation (see "Materials 
and Methods"). The traces, shown as continuous 
lines, represent raw data sampled at 1-s inter- 
vals. The brief excursions of the traces resulted 
from momentary stirrer insertion accompanying 
the addition of solutions to the cuvette. Trace 1, 
High-salt (5 mM MgCI,, 22 mM KCI), 2.4 p M  

activase. Trace 2, Low-salt (0.1 mM MgCI,, 5 mM 
KCI), 2.44 p~ activase. At 125 s, the ionic con- 
centrations were increased to high-salt by the 
addition of 20.2 p L  of solution containing 176 
mM MgCI,, 612 mM KCI. Trace 3, Low-salt, 
0.978 p~ activase. At 122 s, the concentrations 
were increased to high-salt as before. At 251 s, 
5 pL  of a solution containing 21 nmol ADP was 
added. Vertical bar 4 represents the expected 
decrease in extinction due to dilution from salt 
addition. Vertical bar 5 represents the expected 
decrease in extinction due to the consumption 
of 21 nmol NADH. b, Time courses of specific 
activity of ADP release (mo1 ADP formed.mol-' 
activase.sC or s- ' )  calculated from the data of 
a. c, Expanded time course of specific activity of 
ADP release (s-') for trace 1. 
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within the 1st s (Fig. lc) .  The rate of ADP release increased 
further over 40 s. The average plateau rate achieved (e.g. 
between 40 and 70 s) under these conditions was normally 
taken as the control (100%) specific activity (Fig. lb)  and 
was in the vicinity of 1 mo1 ADP formed.mo1-' acti- 
vase.s-'. After 80 s the rate fel1 off as NADH approached 
depletion (Fig. la,  trace 1). 

Under low-salt conditions (0.1 mM Mgz+ and 5 mM K+), 
the specific activity of ADP release was less than 5% of that 
at high-salt concentrations (Fig. lb, traces 2 and 3). The 
determination of the rate of ADP-dependent NADH oxi- 
dation by the addition of 21 nmol of ADP (data not shown) 
showed that the activity of the coupling system was atten- 
uated in these low-salt conditions, probably primarily due 
to the K' requirement of pyruvate kinase (Boyer, 1962). 
Nevertheless, the coupling system activity still exceeded, 
by more than 1 order of magnitude, the maximum rate of 
activase-dependent NADH oxidation observed under these 
low-salt conditions. Salt concentrations lower than 0.1 mM 
Mgz+ and 5 mM K+ were not used because at these con- 
centrations attenuation of the coupling system would begin 
to affect the ADP/NADH stoichiometry. 

When the conditions were changed from low- to high- 
salt after 120 s (by increasing the concentrations of Mg2+ 
from 0.1 to 5 mM and of K' from 5 to 22 mM; Fig. 1, trace 
2),  the rate of ADP release increased gradually and reached 
an approximately steady rate after about 50 s (Fig. lb). This 
rate was 80 to 90%' of the rate achieved when these higher 
concentrations of Mg" and K+ were present from the 
start. There was no sign of a step increase in the amount of 
NADH oxidized upon salt addition, which would be ex- 
pected if the reaction mixture contained unconsumed ADP. 
This confirms that the low activase-dependent activity ob- 
served in the low-salt conditions was not an artifact of 
coupling system inactivation. When the experiment of trace 
2 was repeated with a lower activase concentration of 0.98 
p~ (trace 3), a similar result with a slightly lower rate of 
ADP release was observed. The addition of 21 nmol of ADP 
(trace 3) verified the activity of the coupling system. 

The rate of ADP release by activase was determined for 
a range of Mg2' and K+ concentrations. When Mg2' was 
increased in the presence of 5 mM K+, the specific activity 
of ADP release increased linearly up to 2 mM Mg2+, re- 
maining approximately constant, with further increases to 
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Figure 3. Effect of KCI concentration on the specific activity of ADP 
release from ATP (s-'). O, 0.1 mM MgCI,, 0.49 WM activase; O, 5 mM 

MgCI,, 0.48 p M  activase. 

10 mM Mg". At Mg2' concentrations between 5 and 10 
mM, there was no effect on the specific activity of ADP 
release when K+ was increased to 22 mM (Fig. 2). The 
highest ATPase rates observed represent a turnover time of 
about 1 s. 

When K+ was increased from 5 to 40 mM in the presence 
of 0.1 m M  Mg2+, the specific activity of ADP release in- 
creased linearly to about 0.5 s-' at 40 mM K+, but was not 
further enhanced at 102 mM K+ (Fig. 3) .  However, at a11 K+ 
concentrations between 10 and 102 mM, the addition of 
MgCl, to bring the Mg2+ concentration to 5 mM increased 
the specific activity of ADP release to about 0.7 s-' (Fig. 3). 

When the rate of ADP release was determined for a 
range of activase concentrations at 5 mM Mg2+ and 22 mM 
K+, the specific activity decreased substantially at activase 
concentrations below 1 ~ L M  (Fig. 4). At higher activase 
concentrations, the specific activity approached a constant 
value. With 0.1 mM Mgz+ and 5 mM K+, the specific 
activity of ADP release showed a slight response to the 
activase concentration, but reached a maximum of only 7% 
of the activity at the higher salt concentrations. (Fig. 4). 

The enhancement of intrinsic fluorescence by ATP-y-S 
(instrument units per micromolar of activase) was taken as 
a measure of the specific intrinsic fluorescence. In the ab- 
sence of added Mg2+, no enhancement of fluorescence was 
observed despite the addition of up  to 100 m M  K' (Figs. 5 
and 6). As Mg2+ was increased, the specific fluorescence 
enhancement intensity increased largely within the Mg2+ 
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Figure 2. Effect of MgCI, concentration on the specific activity of 
ADP release from ATP (s-'), O, 5 mM KCI, 0.49 pM activase; o, 22 
mM KCI, 0.48 p~ activase. 
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Figure 4. Effect of activase concentration on the specific activity of 
ADP release from ATP (s-I). O, 0.1 mM MgCI, and 5 mM KCI; O, 5 
mM MgCI, and 22 mM KCI. 
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Figure 5. Effect of MgCI, concentration on the enhancement of 
specific intrinsic fluorescence of activase by ATP-7-S (see "Materials 
and Methods"). a, 5 mM KCI, 0.44 p~ activase; b, 2 mM KCI; O, 0.5 
p~ activase; A, 1 p~ activase; and O, 2 p~ activase. 

concentration range of 0.1 to 2 mM (Fig. 5a). The response 
of specific fluorescence enhancement to Mg2+ concentra- 
tion was dependent on Rubisco activase concentration, but 
generally exhibited a sigmoid relationship (Fig. 5b). In the 
presence of 0.1 miv Mg2' and 0.5 PM activase, specific 
fluorescence enhancement increased in a sigmoid manner 
with K+ over the 5 to 40 mM K+ concentration range, with 
a maximum at about 60 mM K+ (Fig. 6). In the presence of 
5 mM Mg2+, 20 mM K+, and 1 p~ activase, 100 WM ADP did 
not enhance fluorescence and was inhibitory to the en- 
hancement by ATP-y-S (data not shown). 

The specific fluorescence enhancement was constant 
above 1 p~ activase concentration, but fel1 rapidly .as the 
concentration decreased below this value (Fig. 7). At 25 n M  
activase the specific fluorescence enhancement was 13% of 
that at activase concentrations above 1 p ~ .  

The ability of Rubisco activase to bind the adenine nu- 
cleotides ADP and AMP and the ATP analog ATP-y-S was 
investigated using the fluorescent probe ANS under two 
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KCI concentration (mM) 

Figure 6. Effect of KCI concentration on the enhancement of specific 
intrinsic fluorescence by ATP-y-S with 0.5 p~ activase. O, N o  added 
MgCI,; and W, 0.1 mM MgCI,. 

7 0 ,  ' ' ' ' ' ' t 

O 0.5 1 .o 1.5 2.0 2.5 
Activase concentration (pM) 

Figure 7. Effect of activase concentration on the enhancement of 
specific intrinsic fluorescence by ATP-7-S with 5 mM MgCI, and 20 
mM KCI. 

conditions, 0.1 mM Mg2+ and 5 mM K+ (low-salt) and 5 mM 
Mg2+ and 22 mM Kt (high-salt). As the concentration of 
ANS was increased, the fluorescence with Rubisco activase 
increased almost linearly; the fluorescence intensity was 
higher in the high-salt conditions (Fig. 8, a-c). When 200 
p~ ADP was present the fluorescence decreased in both 
low- and high-salt conditions (Fig. 8b); the proportion of 
the fluorescence that was quenched was similar for both 
conditions (Fig. Se). AMP at the same concentration had no 
significant effect on activase-ANS fluorescence (Fig. 8, c 
and f).  ATP-y-S (100 p ~ )  quenched ANS fluorescence by 
about 50% under high-salt conditions in a manner similar 
to 200 p~ ADP (Fig. 8, a and d). Under low-salt conditions, 
however, the quench profile was different (Fig. Sd) and the 
maximum extent of quenching of about 20% was reached at 
8 p~ ANS. Further increases in ANS concentration to 56 
p~ did not increase the degree of quenching but, rather, 
slightly decreased it (data not shown). 

The effect of activase concentration on the rate of activa- 
tion of Rubisco carboxylase was determined by the spec- 
trophotometric method in an assay mixture containing 10 

Fr-=-lL:l O 10 20 30 40 O 10 20 30 40 O 10 20 30 40 

ANS concentration (pM) 

Figure 8. Quenching of ANS fluorescence with 1.34 p~ activase by 
adenine nucleotides (see "Materials and Methods"). a-c, Fluores- 
cence intensity with increasing ANS concentration; d-f, percent 
quench by adenine nucleotide; a and d, 100 p~ ATP-y-S; b and e, 
200 p~ ADP; and c and f, 200 p~ AMP. Square symbols, 10 mM 
MgCI,, 20 mM KCI; circular symbols, 0.1 mM MgCI,, 5 mM KCI; open 
symbols, minus adenine nucleotide; and filled symbols, plus adenine 
nucleotide. 
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mM Mg2+ and 25 mM K+, conditions resembling the high- 
salt state. The specific rate at which the inactive, RuBP- 
bound Rubisco was activated was the same at activase 
concentrations of 1 and 4 PM (Fig. 9). Below 1 FM activase 
the specific rate of activation fel1 sharply. This rate was 50% 
at approximately 0.2 PM activase. Doubling the activity of 
the coupling enzymes in the assay had no significant effect 
on the rate of activation, confirming that the coupling 
system was not rate-limiting. 

DlSCUSSlON 

The specific activities of ADP release and intrinsic fluo- 
rescence enhancement exhibited similar dependencies on 
MgC1, and KCl concentrations (compare Fig. 2 with Fig. 5 
and Fig. 3 with Fig. 6) in terms of the concentration range 
over which the response occurred. However, the profile of 
the response of ADP release was linear-hyperbolic, 
whereas that of intrinsic fluorescence enhancement was 
generally sigmoid. Thus, the 50% maximum response re- 
quired higher Mg2+ and K+ concentrations for ADP release 
than fluorescence (for MgCl,, 1.3 and 0.8 mM, respectively; 
for KC1,25 and 14 mM, respectively). The specific activities 
of ADP release and intrinsic fluorescence enhancement also 
responded in a similar fashion to the activase concentration 
(compare Figs. 4 and 7). Here the activase concentration 
required for 50% of the maximum response was higher for 
ADP release (about 0.24 p ~ )  than for fluorescence enhance- 
ment (about 0.12 PM). 

Mg2+ alone can promote intrinsic fluorescence enhance- 
ment with ATP- y-S and the additional polymerization of 
activase that it represents, whereas K+ requires a low 
concentration of added Mg2+ (Fig. 6). The maximum rates 
of ADP release and intrinsic fluorescence enhancement 
were both reached at about 5 mM MgCl, or 50 mM KC1. 
Thus, Mg2' was more effective than K t  by a factor of about 
10. No attempt was made to free Rubisco activase entirely 
from Mg". It may be presumed that the two tightly bound 
MgZt ions per activase monomer (Frasch et al., 1995) re- 
mained present on activase throughout the experiments 
reported here. 

Figure 9. The  effect of activase concentration on the rate of activa- 
tion of RuBP-bound decarbamylated Rubisco. O, Concentration of 
coupling enzymes as in "Materials and Methods"; a, concentration 
of coupling enzymes doubled. The rates of spontaneous activation 
were determined and subtracted. 

Since both ATPase and intrinsic fluorescence enhance- 
ment activities are related in some way to the extent of 
polymerization of Rubisco activase, it would be instructive 
to know the actual size of the dominant activase oligomer 
and the proportion of activase in the monomeric form for 
three conditions of particular interest that can be defined as 
follows: Condition a, high-salt and activase concentrations 
exceeding 1 PM; condition b, low-salt and activase concen- 
trations exceeding 1 PM; and condition c, high-salt and 
activase concentrations below 0.1 PM. 

Wang et al. (1993), using a Superose 6 column eluted in 
low-salt conditions with 20 mM bis-Tris-propane, 50 mM 
KCl, and 0.2 mM ATP (pH %O), found an apparent average 
molecular mass of 340 kD at 25°C. These conditions are 
comparable to those used in the experiment shown in 
Figure 6. With the addition of 5 mM Mg2+, which gave 
conditions resembling those of high-salt, the apparent av- 
erage molecular mass approximately doubled. However, 
the polymerization behavior at low activase concentrations 
(condition c) appears to favor dissociation to the monomer. 
Wang et al. (1993) found that the elution profile of activase 
eluted on Superose showed an asymmetric peak skewed 
toward the smaller size, consistent with the loss of mono- 
meric activase from the trailing edge of the eluting activase 
band. Salvucci (1992) found an almost complete dissocia- 
tion to the monomer in both long-term rate-zona1 centrif- 
ugation and Sephacryl S-300 chromatography experiments 
with 10 mM MgCl,. There is clearly insufficient evidence to 
assign polymerization states with confidence to the three 
conditions of interest defined here, and the proportion of 
monomeric activase present in each condition is unknown. 
However, it may be speculated from the foregoing that 
condition a is associated with a large oligomer of more than 
14 subunits, condition b with a smaller oligomer of approx- 
imately 8 subunits, and condition c with a near-monomeric 
state. 

The present results show that the extent of oligomeriza- 
tion of Rubisco activase, as determined by intrinsic fluo- 
rescence, is linked closely to the rate of release of ADP from 
ATP. This relationship holds when oligomerization from 
the inactive condition (b) to condition a is induced by 
increasing the concentration of Mg2+ at low K+ (Figs. 2 and 
5a), or by increasing the concentration of K+ at low Mg2+ 
(Figs. 3 and 6). The effect of Mg2+ concentration on the rate 
of formation of Pi from ATP by Rubisco activase, reported 
by Frasch et al. (1995), is very similar to our data for ADP 
release (Fig. 2), extending this conclusion to the rate of 
release of Pi from ATP. When the activase concentration is 
decreased below 1 p ~ ,  fluorescence enhancement and ADP 
release are again similarly affected (Figs. 4 and 7) and the 
form predominant in condition c is also unable to hydro- 
lyze ATP. 

If the entire process of ATP hydrolysis is mediated by 
Rubisco activase in condition a (the large oligomer), it 
might be expected that activase will not bind the relevant 
adenine nucleotides under conditions in which this form is 
absent. However, the ANS fluorescence studies showed 
that Rubisco activase binds ATP-y-S and ADP not only in 
the high-salt environment, but also in low-salt conditions 
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(b). AMP was not bound under either condition, demon- 
strating the specificity of this binding and supporting the 
validity of the technique. This immediately suggests a pos- 
sible ATPase mechanism in which ATP is bound in ex- 
change for ADP on the activase monomer, present in un- 
known proportions in a11 conditions. Hydrolysis of the 
bound ATP occurs only after polymerization of the ATP- 
bound monomer to form the large oligomer present in 
condition a, with the release of Pi but not ADP. The bound 
ADP is released only from the dissociated monomer in 
exchange for ATP (Fig. 10). Wang et al. (1993) noted that 
the aggregation of activase represents a "dynamic eyuilib- 
rium" and it is likely that the dominant oligomeric form of 
activase is always accompanied by a small proportion of 
monomeric and other oligomeric forms. 

The response of the ATPase activity of Rubisco activase 
to MgCI, and KCI and to dilution in high-salt conditions is 
strikingly similar to the behavior of actin. Actin, a single 
polypeptide of two major domains (Kabsch et al., 1990), has 
a molecular mass and amino acid residue numbers similar 
to Rubisco activase (e.g. in Arabidopsis both proteins are 
about 42 kD and have 377 residues). Like activase, the 
functional, tightly bound cation in actin is Mg2+ (Gersh- 
man et al., 1994),. but the two proteins have low amino acid 
seyuence homology (results not shown), precluding the 
utilization of sequence-structure comparison methods. 
With actin, the tightly bound metal ion and the bound 
adenine nucleotide are located in a cleft between the two 
major domains of the protein. The polymerization state of 
actin responds to MgC1, and KC1 concentrations (Maru- 
maya and Tsukagoshi, 1984) in a manner almost identical 
to Rubisco activase. Actin has an ATPase activity linked to 
the degree of polymerization (for reviews, see Stossel et al. 

[1985]; Pollard and Cooper [1986]; Pollard [1990]). Al- 
though actin is best known as a functional muscle protein, 
it is present in all eukaryote cells and has been identified in 
the chloroplast stroma (McCurdy and Williamson, 1987). 
Actin is recognized as a member of a functionally diverse 
group of proteins that share an ATPase domain of an 
identical three-dimensional structure, but low overall se- 
yuence homology (Bork et al., 1992). This group of proteins 
includes, in addition to actin, sugar kinases, hsp 70 heat- 
shock proteins, and prokaryotic cell cycle proteins. 

The ATPase activity of actin is generally about 0.01 spl 
(Pollard, 1990). This is two orders of magnitude lower than 
Rubisco activase (although higher actin ATPase activities 
have been reported [Carlier et al., 19861). This lower activ- 
ity may reflect a relatively lower rate of initial nucleation of 
actin, resulting in its characteristic formation of relatively 
few but very long polymers. In comparison, the higher (1.0 
s-I) ATPase activity of Rubisco activase suggests more 
rapid nucleation, consistent with the observed formation of 
comparatively short oligomers of about 8- to 1Cplus sub- 
units (Salvucci, 1992; Wang et al., 1993). With actin, the 
relative rates of association of the ATP-bound monomer 
with the (+) ends of polymers, and of dissociation of the 
ADP-bound monomer from the (-) ends determine 
whether there is net polymer lengthening or shortening, 
but there is continua1 turnover or "treadmilling" of poly- 
merized subunits at the expense of ATP. The ability of actin 
to polymerize is dependent on the actin concentration in 
the micromolar range (Marumaya and Tsukagoshi, 1984) 
and on the Mg2' and K+ concentrations, as we show here 
with Rubisco activase. This picture fits with all of the 
known properties of Rubisco activase if both polymeriza- 
tion of the ATP-bound monomer and release of the ADP- 
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bound monomer from activase oligomers (treadmilling) is 
fast compared with actin, resulting in the higher specific 
ATPase activity of Rubisco activase. 

Wang et al. (1993) concluded that "increased aggregation 
of the protein induced by ATP and Mg2' is an intermediate 
state between the binding of Mg-ATP and production of 
ADP." The present finding of similarity to actin supports 
and extends this conclusion, since binding of ATP to acti- 
vase would be by exchange with ADP on the monomer. 
ATP hydrolysis with release of Pi but not ADP would occur 
on oligomer-bound subunits, and release of ADP by fur- 
ther exchange can occur only after dissociation of that 
monomer (Fig. 10). 

The question then arises as to which form of activase 
interacts with hexose bisphosphate-bound decarbamylated 
Rubisco to release the bound inhibitor and allow Rubisco to 
bind activating CO, and Mg". In the present study we 
show that the activase-specific activity for the Rubisco 
activation rate diminishes when the activase concentration 
is decreased to 125 nM (Fig. 9). These experiments were 
performed in the presence of 10 mM MgC12 and approxi- 
mately 50 mM K+, so that the decreasing activase concen- 
tration corresponds to a transition from condition a to 
condition c. Lan and Mott (1991) reported a linear relation- 
ship between the activase concentration and Rubisco acti- 
vation rate, but they did not make measurements below 
about 500 nM activase. The decrease in the specific Rubisco 
activation rate shows that the form of activase that acti- 
vates Rubisco is the large oligomer associated with condi- 
tion a and speculated to be of 14-plus subunits. At 125 nM 
activase, the specific ATPase and intrinsic fluorescence 
enhancement are low as the protein approaches condition 
c, which we speculate corresponds to a near-monomeric 
form. 

This finding implies that the type of interaction between 
activase and hexose bisphosphate-bound, decarbamylated 
Rubisco is with activase as an oligomer forming a frame- 
work that binds against and drives alterations in the con- 
formation of parts of the large Rubisco holoenzyme, rather 
than a "crevice" in Rubisco into which an activase mono- 
mer or small oligomer would insert. Portis et al. (1995) 
have functionally identified one amino acid residue of 
severa1 potential candidates on Rubisco that interacts with 
Rubisco activase. These residues map to the surface of the 
holoenzyme, forming an equatorial band (Portis, 1995), 
which, again, appears to favor a framework rather than a 
crevice mechanism for activase. These findings agree with 
the scheme of Andrews et al. (1995), in which activase 
undergoes a conformational change after binding to inac- 
tivated Rubisco, driving the retraction of the mobile loops 
that close over the hexose bisphosphate bound within the 
Rubisco active site, allowing its release. In this scheme, 
release of the products of normal catalysis starting with 
RuBP-bound carbamylated Rubisco results from conforma- 
tional changes in Rubisco triggered by scission of the in- 
termediate to the two monophosphate products. 

Hammond et al. (1995) have determined an apparent rate 
constant for Rubisco activase of 0.993 nmol active 
sites.mg-' activase.s-', using data obtained from tobacco 

leaves. This equates to a turnover of approximately 0.042 
mo1 Rubisco active sites.mo1-I activase monomer.s-l, 
which is slower by a factor of about 25 than the ATPase 
turnover rate determined here. For a hypothetical func- 
tional activase oligomer of 16 subunits, the turnover during 
Rubisco activation would be approximately 0.7 mo1 
Rubisco active sites.mol-I o1igomer.s-'. 

Severa1 authors have suggested mechanisms for the in- 
teraction of activase and the hexose bisphosphate-bound, 
decarbamylated Rubisco holoenzyme. Salvucci and Ogren 
(1996) discussed the molecular chaperone model for acti- 
vase (Sanchez de Jimenez et al., 1995), pointing out the 
differences from GroE chaperonins, which, unlike activase, 
interact with unassembled and unfolded Rubisco subunits. 
Andrews et al. (1995) put forward a hypothetical model in 
which activase, after interaction with inactive Rubisco, 
which triggers the release of Rubisco-bound inhibitor, hy- 
drolyzes ATP to regain its original conformation. Salvucci 
and Ogren (1996) suggested a slightly different scheme in 
which ATP binding promotes the interaction between ac- 
tivase and inactive Rubisco, with ATP hydrolysis occurring 
while the activase is bound to Rubisco. 

If, however, as suggested here, Rubisco activase is an 
actin-like protein and a large oligomeric form is the species 
that interacts with inactive Rubisco, then the following 
model (Fig. 10) is suggestive. Activase monomers exchange 
bound ADP for ATP when the ATP/ADP quotient in the 
stroma is sufficiently high. The ATP-bound monomers as- 
semble into a functional oligomer in the presence of suit- 
able Mg2+ and K+ concentrations. The stromal concentra- 
tion of activase is far above 1 FM, so disassembly by 
dilution (as demonstrated here) is unlikely to occur in vivo. 
Illumination generates increases in the concentration of 
stromal Mg2+ (Gardemann et al., 1986) and the stromal 
ATP/ADP quotient (Stitt et al., 1982). This may only par- 
tially explain (Portis, 1992) the regulation of Rubisco acti- 
vase by light. It should be noted that the stromal ATP/ADP 
quotient under illumination of about 3 (Stitt et al., 1982) is 
much lower than that achieved by in vitro ATP- 
regenerating systems such as those used here, and Rubisco 
activase in vivo may be limited to about 20% of its capacity 
by this factor (Robinson and Portis, 1989). 

The oligomer of condition a interacts with the Rubisco 
holoenzyme, carrying one or more decarbamylated and 
inhibitor-bound sites, leading to hexose bisphosphate re- 
lease. Hydrolysis of activase-bound ATP and release of Pi 
occur at points that cannot yet be precisely identified, but 
hydrolysis is likely to precede or accompany the activase- 
Rubisco-binding event because the nonhydrolyzable ATP 
analog, ATP- y-S, promotes polymerization of Rubisco acti- 
vase but inhibits Rubisco activation (Wang et al., 1993). 
Release of ADP-bound monomers from the oligomer occurs 
only after dissociation of activase from the reactivated 
Rubisco holoenzyme. If an oligomer assembled from the 
ATP-bound monomers fails to encounter a Rubisco holoen- 
zyme carrying inactivated sites within a certain (unknown) 
time, spontaneous hydrolysis of the bound ATP, release of 
Pi, and, finally, of ADP-bound monomer occur, forming the 
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basis of the observed ATPase activity of Rubisco activase 
and  corresponding to the well-known treadmilling of actin. 
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