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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 thefowfold axis, the molecule
is square-shaped.

Electron micrographs and x-ray diffraction from a new crystal form of oribulose-1 ,5-
bisphosphate carboxylase (RuBPCase) show much about the arrangement 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 crystallized in vitro (3). Our
study of crystal form I of the in vitro crystals yielded a preliminary picture of the subunit
organization of the molecule. The 560,000-dalton enzyme contains eight large (L) (about
55,000 daltons) and eight small (S) (about 15,000 daltons) subunits, and displays one
cylindrical hole of about 20 A in diameter that runs through the molecule. The subunits are
arranged with a minimum D2 (222) symmetry; that is, the polypeptide chains are packed
around three mutually perpendicular twofold rotation 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 D44 (422) symmetry.

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

X-ray precession photographs of the hkO (Fig. 1, A and B) and hOI (not shown) zones of
form II reveal that the crystal system is tetragonal with unit cell dimensions a = b = 230 ± 2
Å, and c = 315 ± 3 Å. Optical diffraction patterns (Fig. 1, C and D) from electron micro-
graphs also reveal two perpendicular cell edges of 230 Å. Both x-ray and optical diffraction
patterns show that the structure at very low resolution (~ 80 Å) has unit cell dimensions a =
b = 162 Å. At higher resolution (15 to 80 Å; Fig. 1, B and D) the space group is P4212 as
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determined from the reciprocal lattice symmetry (4/mmm) and systematically absent
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 molecular substructure of RuBPCase is
visible (see below). The view is down the c-axis, and the dominant feature is an array of
square-shaped (~ 114 by 114 A) molecules apparently arranged on a 162-A square lattice.
Nearly every molecule contains a hole ~ 20 A in diameter oriented parallel to the c-axis. The
molecules 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 negative, however, reveals
molecules obscured by stain, centered in projection among each four molecules of the 162-A
square lattice. These obscured molecules 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 projection 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 12, if
we assign the obscured molecules to special positions c (of symmetry 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 determined n, the number of molecules per unit cell, from the
well-known relationship [N ρ V(v ̄s – 1/ρ)]/[M(v ̄s – v ̄p)], in which N is Avogadro's number, ρ
is the crystal density, V is the unit cell volume, M is the molecular weight of the enzyme, v ̄s
is the partial specific volume of the liquid of crystallization, and v ̄p is the partial specific
volume of the protein in the crystal. The wet densities of ten crystals were measured on a
bromobenzene-xylene column (6), and gave an average value of ρ = 1.095 ± 0.006 g/cm3.
The partial specific volume of liquid of crystallization (v̄s = 0.9977 ± 0.0020 cm3/g) was
estimated by measuring the density of the mother liquor. The partial specific volume of the
protein (v̄p = 0.734 ± 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 estimates 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 quadrupled, 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 hOI zone of the x-ray pattern. Along the 0,0,l 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
implies that, at very low resolution, the structure when viewed along the a- or b-axis is
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composed of three layers of electron-dense material (RuBPCase molecules). Moreover, the
exceedingly strong 0,0,6 reflection is consistent with the notion 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 Å) (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 molecules 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 twofold axis. If we assume
that all molecules are identical, then the combined symmetries of D2 (222) and C4 (4) in the
two crystal forms demand that the RuBPCase molecule has D4 (422) symmetry. This is the
highest symmetry that an L8S8 oligomer can possess, and it is the symmetry expected for a
self-assembling aggregate 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 averaged with ~ 24
equivalent neighboring molecules. The filtered molecules are squarish in outline and appear
to contain a fourfold rotation axis coincident with the hole. Four elliptical units appear
bonded in a square planar ring with four faint spikes of density (arrow, Fig. 3b) at the
intersections of denser units. The filtering 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 structure: 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 symmetry. 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
arrangement of molecules in the form II crystals.
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9. In the proposed packing, these single “defect” molecules should appear with the same brightness as
the “obscured” molecules. In fact they are brighter. This could arise from any of the following: (i) A
nonintegral number of unit cells in this platelet; (ii) uneven wetting of stain (for example, the defect
molecules could simply be normal molecules with a bit of dried stain on top); or (iii) unequal
affinity of stain for the crystallographically nonequivalent positions occupied by “obscured” and
“defect” molecules.
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Fig. 1.
(A) Three-degree kh0 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 Å by
1/162 Å). In (B) the pattern extends to 14.8 Å and reveals the true lattice dimensions (1/230
Å by 1/ 230 Å). 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-Å square lattice. (D)
Same as (C), but with an exposure time of 8 seconds. The true lattice dimensions (1/230 Å
by 1/230 Å) are revealed by the presence of weak reflections (indicated by arrows)
appearing at centered points in the pseudo lattice.
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Fig. 2.
(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 fmiher processed by optical diffraction and filtering. The
scale bar represents 100 nm. The packing scheme proposed in the text implies that this
micrograph does not accurately portray the distribution of protein (stain excluding material)
in the projected structure. If an integral number of unit cells is evenly contrasted by stain,
then the “obscured” molecules (C) should appear half as bright as the clear molecules (A)
and (B), and the intensity of the 162-Å (1, 1) reflection should be less than the 115-A (2, 0)
reflection (Fig. 1D). 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
reflections 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
enlarged region shows detail in individual molecules. One unit cell (230 by 230 v ̄s) is
outlined. Circles indicate defects in the crystal where presumably single molecules were
either lost or excluded during crystal growth. Faint images 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
molecules obscured by the strips of stain (arrows point to two of these). These obscured
molecules are squarish, and in projection are positioned among the four clear molecules
situated on the 162-Å square lattice. There is little indication for stain excluding material in
the region between clear molecules.
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Fig. 3.
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 filtered appearance of “obscured” molecules. Filtering
was accomplished by allowing all reflections on the 1/230-Å 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.
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Fig. 4.
Packing of RuBPCase molecules in crystal form II. Each molecule contains eight large and
eight small subunits, arranged in symmetry D4 (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 molecules to the “obscured” molecules. (b) View of
crystal parallel to the a-axis.
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