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Small angle X -ray scattering  studies on ribu lose-l,5 -b isphosphate  carboxylase-oxygenase 
(R ubisco) from spinach reveal a configurational change in its quaternary  structure upon the 
transition  of the m olecule from  the activated form  occurring in the presence of C 0 2 and Mg2+ to 
the deactivated  form  ob tained  w hen C 0 2 and M g2+ are rem oved by extensive dialysis under 
n itrogen. Present structural m odels are com parable  to m odels which were postu lated  previously 
for the same enzym e but isolated from  the hydrogen bacterium  Alcaligenes eutrophus [O. M eisen- 
berger, I. Pilz, B. B ow ien, G . P. Pal, and W. Saenger, J. Biol. Chem. 259, 4463—4465 (1984)]. 
T he radius of gyration is R =  47.5 ± 0 .2  nm for the  active spinach Rubisco. Upon deactivation , R 
changes to  49.2 ± 0 .2  nm , suggesting a m ore elongated  quaternary  structure. The observed differ­
ence in deactivation behaviour in am bient and in n itrogen a tm osphere indicates a higher affinity 
of this spinach enzym e to C 0 2 with respect to  the sam e enzyme from Alcaligenes eutrophus.

Ribulose-l,5-bisphosphate carboxylase-oxygenase 
(Rubisco) catalyzes the competing pathways of 
photosynthetic C 0 2 fixation and photorespiration. In 
both reactions, the enzyme needs activation via the 
formation of a ternary complex with C 0 2 and Mg2+
[1]. In plants and in most bacteria this enzyme exists 
as a hexadecamer containing eight large (L) catalytic 
subunits (Mr = 55,000) and eight small (S) subunits 
(Mr= 14,000) of unknown function. Rubiscos of dif­
ferent subunit compositions are also known [2],

A previous small angle X-ray scattering study of 
Rubisco from Alcaligenes eutrophus showed a config­
urational change in its quaternary structure upon the 
transition of the molecule from the activated to the 
deactivated state i.e., in presence or in absence of 
C 0 2 and Mg2+ [3] which was correlated with 
sedimentation properties [4]. Rubisco from Rhodos- 
pirillum rubrum  which is composed of only two large 
subunits (L2) and lacks the small subunits showed no 
difference between the quaternary structures of the 
activated and deactivated forms [5]. These results 
agree with a neutron small angle scattering study [6], 
which, however, showed that the L8Sg Rubisco from
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spinach does not change its quaternary structure 
when C 0 2 and Mg2+ are removed by dialysis.

In order to investigate this subject further, to 
evaluate a structure-function relationship and to clas­
sify the Rubiscos isolated from different sources, the 
present study on the quaternary structure of spinach 
Rubisco using small angle X-ray scattering has been 
undertaken.

Materials and Methods

Isolation o f  Rubisco

Rubisco was isolated from fresh spinach leaves 
according to published procedures [7, 8] with some 
alterations in the buffer compositions and column 
dimensions. The active material was electrophoreti- 
cally homogeneous with an absorbance ratio (280/ 
260 nm) of 1.8 to 1.9. Enzyme activity was measured 
at 20 °C by the spectrophotometric assay [9]. The 
material was stored either as ammonium sulfate 
suspension at 4 °C for 1—2 weeks or at —20 °C in 
presence of 20% glycerol for a longer period.

Enzym e activation!deactivation

For activation, samples of ammonium sulfate sus­
pension or glycerol containing Rubisco were ex­
haustively dialysed against 20 m M  Tris-HCl, pH 8.0,
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containing 50 mM N aH C 0 3, 10 mM MgCl2, 1 mM 
dithioerythritol and 1 mM ED TA ; for deactivation 
the same buffer was used but without N aH C 03 and 
MgCl2. Deactivation was performed under ambient 
conditions and under nitrogen atmosphere using pre­
boiled water.

Small angle X-ray scattering

The measurements were carried out employing a 
Kratky camera with slit collimation on a Philips PW 
1130 X-ray generator operated at 50 kV and 30 mA 
using CuKa radiation. During the measurements, en­
zyme solutions were kept at 5 °C. Scattered X-ray 
intensities were recorded at 90 different angles from 
/? = 0.01 to 0.35 nm-1 using an entrance slit of 
120 jim. where /? = (2 jt/X)-sin 2 0 [2 0 = scattering 
angle], and X =  0.154 nm.

Each scattering curve was recorded several times 
and about 200000 pulses were measured per angle in 
order to minimize the statistical errors. Details of the 
experimental techniques and the data evaluation 
procedure are described elsewhere [10, 11].

Results and Discussions

Two series of measurements were performed with 
the activated and deactivated samples of freshly 
prepared Rubisco, and in each series four different 
concentrations were used, ranging from 5 mg/ml to 
40 mg/ml.

The spinach enzyme in the activated state pro­
duced virtually the same X-ray scattering curve as 
that obtained with the active Rubisco from A. eut- 
rophus. The radii of gyration derived from these 
curves are for the active enzymes from spinach and
A . eutrophus 4 7 .5 ± 0 .2 n m  and 47.8±0.1 nm re­
spectively. Therefore the molecular model which was 
postulated for the A . eutrophus enzyme [3] also fits 
with the spinach Rubisco. On the other hand, unlike 
the A. eutrophus Rubisco, the deactivated spinach 
Rubisco in ambient conditions (see Materials and 
Methods) showed scattering curve and p(r) function 
practically identical to those derived for the activated 
sample.

In order to avoid traces of C 0 2 which might keep 
Rubisco in the activated state, deactivated Rubisco 
was prepared under nitrogen atmosphere and by us­
ing preboiled water throughout the experiment. This 
enzyme showed clearly a different X-ray scattering 
behaviour in comparison to enzyme deactivated

under ambient atmosphere (Fig. 1). The radius of 
gyration for the deactivated spinach Rubisco is 
49.2 ± 0.2 Mm, and its scattering curve and p(r)-func- 
tion fits the curves calculated on the basis of the 
molecular model of A . eutrophus Rubisco in the 
deactivated state. The good fit of the p(r)-functions 
observed for spinach Rubisco and A . eutrophus sug­
gests that the quaternary structures of both enzymes 
in the deactivated state are identical (Fig. 2).

------------------- ► r [nm ]

Fig. 1. C om parison of the p (r) functions of deactivated 
Rubisco from  spinach; deactivated  u n d er am bient condi­
tions (-------) and in nitrogen a tm osphere  (— ). The accura­
cy of the m easu rem en t is given by the calculated e rro r bars.

r [nm ]

Fig. 2. T he p (r) functions of spinach (------ ) and A. eut­
rophus (— ) Rubisco in the deactivated  state are nearly 
identical, suggesting com parable  three-dim ensional struc­
tures.
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The X-ray scattering data suggest that the A . eut­
rophus and spinach Rubiscos have almost spherical 
quaternary structures in the activated state which be­
come more ellipsoidal, elongated upon deactivation,
i.e. removal of C 0 2 and Mg2+. Evidence for a struc­
tural difference in the activated and deactivated 
states of Rubisco from spinach was also obtained by 
cross-linking experiments [12] which indicated that in 
the activated state, the subunits are closer together. 
The point was emphasized that the fully deactivated 
state was never reached because C 0 2 from the air 
was always present, even without addition of 
N aH C 03 in the cross-linking experiments.

In sedimentation studies and small angle neutron 
scattering experiments on spinach Rubisco [6], no 
changes in quaternary structure could be monitored 
when going from the activated to the deactivated 
state. Because in these investigations, no precautions 
had been taken to totally remove C 0 2 by working 
under nitrogen and with preboiled water, it appears 
that, in fact, the deactivated state of spinach Rubisco 
had never been reached. If we take the K M values as 
measure for the binding affinities of the Rubiscos for 
C 0 2, then bacterial Rubiscos such as A . eutrophus, 
Km ~ 6 6  |o,m [13] have a much weaker affinity than

the higher plant Rubiscos, such as the spinach en­
zyme, —17.5 |j .m  [14]. Because the concentration of 
C 0 2 in air-equilibrated aqueous solution is about 
10 jj.M [15], it is clear that even without added 
N aH C 03 spinach Rubisco remains in the activated 
form whereas the A . eutrophus enzyme occurs in the 
deactivated state.

This view reconciles all the seemingly contradict­
ing results concerning differences in quaternary 
structure of L8S8 Rubiscos in the activated and deac­
tivated states. It suggests that they really undergo 
structural change with a transition point associated 
with the binding affinity for C 0 2, which is not uni­
form but characteristic for each species.
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