
Ribulose Bisphosphate Carboxylase: A Two-Layered, 

Square-Shaped Molecule of Symmetry 422 

Abstract. Electron micrographs and x-ray diffraction patterns of crystals of ribu- 
lose bisphosphate carboxylase, probably the most abundant protein on earth, have 
provided new details of the arrangement of subunits. The eight large subunits and 
eight small subunits are clustered in two layers, perpendicular to a fourfold axis of 
symmetry. Viewed down the fourfold axis, the molecule is square-shaped. 

Electron micrographs and x-ray dif- 
fraction from a new crystal form of D- 
ribulose-1 ,5-bisphosphate carboxylase 
(RuBPCase) show much about the ar- 
rangement of subunits in the molecule. 
RuBPCase initiates the Calvin cycle of 
photosynthesis and is probably the most 
abundant protein on earth (1). In green 
plants, the enzyme is found inside the 
chloroplast, sometimes in crystalline 
form (1, 2). The enzyme can also be crys- 
tallized in vitro (3). Our study of crystal 
form I of the in vitro crystals yielded a 
preliminary picture of the subunit organi- 
zation of the molecule. The 560,000-dal- 
ton enzyme contains eight large (L) 
(about 55,000 daltons) and eight small (S) 
(about 15,000 daltons) subunits, and dis- 
plays one cylindrical hole of about 20 A 
in diameter that runs through the mole- 
cule. The subunits are arranged with a 
minimum D2 (222) symmetry; that is, the 
polypeptide chains are packed around 
three mutually perpendicular twofold ro- 
tation axes. Electron micrographs of a 
new crystal form, II, show images of the 
molecules in which some substructure is 
visible. X-ray diffraction and related 
measurements on form II show that the 
eight LS subunit pairs are organized in a 
two-layer molecule with D4 (422) sym- 
metry. 

Crystal form II of RuBPCase from to- 
bacco is grown by the same procedure as 
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form I (4), except that dialysis of the pro- 
tein solution (5 to 10 mg/ml) is carried 
out in 0.05M potassium phosphate buffer 
atpH 6.0. Two crystal morphologies are 
obtained: large (0.2 to 0.7 mm), birefrin- 
gent triangular prisms suitable for x-ray 
diffraction experiments, and thin (- 0.1 
/tm) square platelets suitable for electron 
microscopy. 

X-ray precession photographs of the 
hkO (Fig. 1, A and B) and hOl (not shown) 
zones of form II reveal that the crystal 
system is tetragonal with unit cell dimen- 
sions a = b = 230 + 2 A, and c= 
315 ? 3 A. Optical diffraction patterns 
(Fig. 1, C and D) from electron micro- 
graphs also reveal two perpendicular cell 
edges of 230 A. Both x-ray and optical 
diffraction patterns show that the struc- 
ture at very low resolution (- 80 A) has 
unit cell dimensions a = b = 162 A. At 
higher resolution (15 to 80 A; Fig. 1, B 
and D) the space group is P4212 as deter- 
mined from the reciprocal lattice sym- 
metry (4/mmm) and systematically ab- 
sent reflections. 

In determining the arrangement of 
molecules within this unit cell we were 
aided by the micrograph of a negatively 
stained platelet that is reproduced in Fig. 
2. This micrograph is also the first one 
that we obtained in which some molecu- 
lar substructure of RuBPCase is visible 
(see below). The view is down the c-axis, 
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and the dominant feature is an array of 
square-shaped (- 114 by 114 A) mole- 
cules apparently arranged on a 162-A 
square lattice. Nearly every molecule 
contains a hole - 20 A in diameter ori- 
ented parallel to the c-axis. The mole- 
cules are separated from neighbors by 
dark strips of negative stain, and at first 
inspection it is difficult to see how the 
crystal can be self-supporting, that is, 
how molecules adhere to one another. 
Close examination of the original nega- 
tive, however, reveals molecules ob- 
scured by stain, centered in projection 
among each four molecules of the 162-A 
square lattice. These obscured mole- 
cules show up on a very underexposed 
print of the negative (Fig. 2C). 

We can explain this uneven imaging of 
molecules by assuming that the platelet 
is only one unit cell in thickness. Each 
"clear molecule" could then be a projec- 
tion through two molecules, whereas 
each "obscured molecule" could be a 
projection through one molecule plus 
stain. In other words, one-third of the 
molecules are obscured because they are 
covered with a thicker layer of stain. Just 
such an arrangement is possible in space 
group P42,2, if we assign the obscured 
molecules to special positions c (of sym- 
metry 4) in the Wyckoff notation and the 
clear molecules to special positions d (of 
symmetry 2) (5). This requires, however, 
that there are six molecules per unit cell, 
rather than the four or eight that might be 
expected in this space group. 

For this reason, we carefully deter- 
mined n, the number of molecules per 
unit cell, from the well-known relation- 
ship [N p V(v, - l/p)]/ [M(v, - vp)], in 
which N is Avogadro's number, p is the 
crystal density, V is the unit cell volume, 
M is the molecular weight of the enzyme, 

c 
b* 

4kb/a* 
\ / 

. . * 1^ * . * 

nm1 
0 0.2 0.4 

0 5 

D 

* *~ 

mm mm 
Fig. 1. (A) Three-degree khO precession photograph, 30-minute exposure. (B) Same as (A), but 4-hour exposure. In (A) the strong, low-order 
reflections form a pseudo lattice (1/162 A by 1/162 A). In (B) the pattern extends to 14.8 A and reveals the true lattice dimensions (1/230 A by 1/ 
230 A). The photographs were recorded as described (4). The scale is the same for (A) and (B). (C) Optical diffraction pattern from the circular 
region in Fig. 2A, with an exposure time of 0.125 second. The low-order reflections form a 1/162-A square lattice. (D) Same as (C), but with an 
exposure time of 8 seconds. The true lattice dimensions (1/230 A by 1/230 A) are revealed by the presence of weak reflections (indicated by 
arrows) appearing at centered points in the pseudo lattice. 
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Vs is the partial specific volume of the liq- were measured on a bromobenzene-xy- 
uid of crystallization, and vp is the partial lene column (6), and gave an average val- 
specific volume of the protein in the ue of p = 1.095 ? 0.006 g/cm3. The par- 
crystal. The wet densities of ten crystals tial specific volume of liquid of crystalli- 
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zation (vs = 0.9977 ? 0.0020 cm3/g) was 
estimated by measuring the density of 
the mother liquor. The partial specific 
volume of the protein (vp = 0.734 + 

Fig. 2 (top). (A) Electron micrograph, recorded 
by methods described (4) of a thin form II 
RuBPCase crystal revealing a square array of 
molecules separated by dark strips of stain. 
The circular area outlined at the lower left was 
further processed by optical diffraction and fil- 
tering. The scale bar represents 100 nm. The 
packing scheme proposed in the text implies 
that this micrograph does not accurately por- 
tray the distribution of protein (stain excluding 
material) in the projected structure. If an in- 
tegral number of unit cells is evenly contrasted 
by stain, then the "obscured" molecules (C) 
should appear half as bright as the clear mole- 
cules (A) and (B), and the intensity of the 162- 
A (1, 1) reflection should be less than the 115-A 
(2, 0) reflection (Fig. ID). This is not true in 
Fig. 1. Other platelet micrographs in which the 
crystal is contrasted more evenly and optical 
diffraction patterns show that the 2, 0 type re- 
flections are more intense than the 1, 1 type 
reflections. Unfortunately these other micro- 
graphs are confusing because of superposition 
of additional layers of molecules. (B) The en- 
larged region shows detail in individual mole- 
cules. One unit cell (230 by 230 A) is outlined. 
Circles indicate defects in the crystal where 
presumably single molecules were either lost 
or excluded during crystal growth. Faint im- 
ages of molecules do appear in these positions, 
indicating that the strong molecular images 
arise from superposition of more than one 
molecule (9). (C) Same as (B), but the print was 
underexposed to reveal the additional mole- 
cules obscured by the strips of stain (arrows 
point to two of these). These obscured mole- 
cules are squarish, and in projection are posi- 
tioned among the four clear molecules situated 
on the 162-A square lattice. There is little in- 
dication for stain excluding material in the re- 
gion between clear molecules. Fig. 3 
(middle). Optical reconstructions from an 
identical region of the micrograph in Fig. 2: (a) 
unfiltered reconstruction; (b) enlarged region 
of the filtered reconstruction; (c) same as (b), 
but the print is underexposed to show the fil- 
tered appearance of "obscured" molecules. 
Filtering was accomplished by allowing all re- 
flections on the 1/230-A lattice to pass through 
holes etched in a copper mask positioned in the 
transform plane of the diffractometer. The size 
of the holes (0.2 mm) was selected so as to 
produce a reconstruction in which one filtered 
unit cell results from averaging the information 
contained in approximately 24 molecules. In 
(b) and (c), the averaged molecules are seen, 
and the arrow in (b) points to a spike at the 
corner of a molecule. Fig. 4 (bottom). 
Packing of RuBPCase molecules in crystal 
form II. Each molecule contains eight large 
and eight small subunits, arranged in sym- 
metryD4 (422). Large subunits are represented 
by large spheres, and small subunits by small 
spheres. The positions of the small subunits 
are conjectural. (a) View of crystal parallel to 
the c-axis. Light molecules correspond to the 
"clear" molecules of Fig. 2 and shaded mole- 
cules to the "obscured" molecules. (b) View 
of crystal parallel to the a-axis. 
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0.010 cm3/g) was estimated by Kwok 
(7) from the amino acid composition. 
For the molecular weight, we adopt 
the most commonly reported value (8) 
and assign to it a generous error (M = 
560,000 ? 25,000). With these esti- 
mates we find that n is 6.3 ? 0.5. If the 
estimates of errors in all quantities are 
doubled, the resulting error is ? 0.8. If 
the estimated error in molecular weight 
is doubled and all other errors quadru- 
pled, n = 6.3 + 1.2. Thus it is unlikely 
that there are eight molecules per cell 
and very unlikely that there are four. 

The evidence for six molecules per 
unit cell, rather than two, four, or eight, 
is supported by intensities of reflections 
on the hOl zone of the x-ray pattern. 
Along the 0,0,1 line [c-axis (9)], the 0,0,3; 
0,0,6; and 0,0,12 reflections are strong, 
but the 0,0,4 reflection is weak. This im- 
plies that, at very low resolution, the 
structure when viewed along the a- or b- 
axis is composed of three layers of elec- 
tron-dense material (RuBPCase mole- 
cules). Moreover, the exceedingly strong 
0,0,6 reflection is consistent with the no- 
tion that each molecule is itself a double- 
layered structure (see below). A unit cell 
with two or four layers of molecules is 
not compatible with these intensities, 
nor are such cells consistent with the c- 
axial dimension (which is roughly three 
times the observed molecular diameter 
of 115 A) (4). 

By combining information from both 
the form I and form II crystals, we can 
determine the symmetry of the 
RuBPCase molecule. Our study of form I 
crystals (4) showed that RuBPCase 
molecules have a minimum symmetry of 
three mutually perpendicular twofold 
axes (D2 = 222). Similarly, the six mole- 
cules per unit cell in the form II crystals, 
must occupy special positions of defined 
symmetry. Two of the molecules contain 
at least a fourfold axis of rotation, and 
the remaining four contain at least a two- 
fold axis. If we assume that all molecules 
are identical, then the combined sym- 
metries of D2 (222) and C4 (4) in the two 
crystal forms demand that the RuB- 
PCase molecule has D4 (422) symmetry. 
This is the highest symmetry that an LsS5 
oligomer can possess, and it is the sym- 
metry expected for a self-assembling ag- 
gregate of this stoichiometry. 

The filtered reconstruction of Fig. 3 
contains some additional information on 
subunit structure. Each molecule in the 
filtered images (Fig. 3, b and c) is aver- 
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the hole. Four elliptical units appear 
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bonded in a square planar ring with four 
faint spikes of density (arrow, Fig. 3b) at 
the intersections of denser units. The fil- 
tering procedure has slightly enhanced 
the presence of the molecules obscured 
by stain (Fig. 3c). 

From these filtered images and from 
the molecular symmetry, we propose a 
model of RuBPCase quaternary struc- 
ture: the molecule is double layered, 
with each layer comprised of a ring of 
four large, elliptical subunits. The two 
layers are nearly eclipsed as suggested 
by the images in electron micrographs, 
even though this is not required by sym- 
metry. The spikes at the corners of the 
square molecules (arrow, Fig. 3b) may 
conceivably be the small subunits, or the 
spikes may result from the superposition 
of parts of the obscured molecules with 
the clear molecules. Figure 4 depicts this 
model schematically, showing the ar- 
rangement of molecules in the form II 
crystals. 
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The Ventura Basin has long been 
known for its thick sedimentary se- 
quence of late Cenozoic age, which was 
strongly deformed during the Pleistocene 
(1). This sequence consists of deep-wa- 
ter sandstones and siltstones of the Fer- 
nando Formation overlain conformably 
by the shallow-marine and nonmarine 
Saugus Formation, which is itself over- 
lain unconformably by alluvial deposits 
including the Mugu and Oxnard aquifers. 
The marine part of this sequence is high- 
ly fossiliferous, but the provinciality of 
the fossil assemblages precludes precise 
correlation with worldwide Cenozoic 
stages calibrated in radiometric ages. Re- 
cently, however, the Bailey ash bed mid- 
way in the Fernando-Saugus sequence 
was dated as 1.2 + 0.2 million years by 
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the fission-track method on zircon (2), 
and paleomagnetic stratigraphy of the 
Saticoy oil field was used to identify the 
Olduvai and Jaramillo normal events of 
the Matuyama reversed epoch (3). Con- 
straints on the minimum age of the 
Saugus Formation are provided by the 
ages of two biostratigraphically distinct 
sets of marine terraces along the Califor- 
nia coast as determined by uranium-se- 
ries methods (4) and amino acid race- 
mization (5); these ages are 0.09 and 0.13 
million years, respectively, with a con- 
siderable margin of error. A similar but 
undated set of marine terraces north and 
west of the city of Ventura truncates the 
south-dipping Saugus Formation (6). Up- 
lift rates in the Santa Monica Mountains 
based on the dated terraces there led 
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High Rates of Vertical Crustal Movement near 

Ventura, California 

Abstract. Fission track, radiometric, and paleomagnetic age determinations in 
marine sedimentary rocks of the Ventura Basin make it possible to estimate the verti- 
cal components of displacement rates for the last 2 million years. The basin subsided 
at rates up to 9.5 ? 2.5 millimeters per year until about 0.6 million years ago, when 
subsidence virtually ceased. Since then, the northern margin of the basin has been 
rising at an average rate of 10 + 2 millimeters per year, about the same rate as that 
based on the geodetic record north and west of Ventura since 1960 but considerably 
lower than the rate along the San Andreas fault at Palmdale since 1960. 
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