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The Structure of Form I Crystals 
of o-Ribulose-1,5-Diphosphate Carboxylase 

T. S. BAKBR, D. EISENBERC, P. A. EISERLING AND L. WEISSMAN 

Departments of Chemistry and Bacteriology 
Molecular Biology Institute 

University of California 

Los Angeles, Calif. 90024, U.S.A. 

(Received 8 July 1974, and in revised form 5 October 1974) 

Single crystals of D-ribulose-l,&diphosphate carboxylase from tobacco leaves, 
Nicotiama tabacwn (variety Turkish Samsun), have been examined by X-ray 
diffraction, electron microscopy, and optical diffraction. Twelve molecules are 
loosely packed into a body-centered cubic unit cell, space group 14r32 with cell 
dimension a = 383 A. The asymmetric unit is one quarter of a molecule, and 
the minimum molecular symmetry is 222. This symmetry when combined with 
estimates of the two subunit masses and stoichiometry is compatible with a 
molecular structure of the composition L&S8 (L is large subunit, S is small). If all 
bonds between large and small subunits are equivalent, the true molecular sym- 
metry is 422 ; this symmetry is consistent with molecular images in micrographs. 

1. Introduction 
n-Ribulose-l,&diphosphate carboxylase (3-phospho-n-glycerate carboxy-lyase (di- 
merizing), EC4.1.1.39) is an oligomeric enzyme which plays a central role in the 
metabolism of higher plants and certain autotrophic micro-organisms. It catalyzes 
the carboxylation and cleavage into triose phosphates of n-ribulose-1,5-diphosphate 
in the initial “dark reaction” in photosynthesis, 

n-ribulose-l,&diphosphate + CO, + H,O Mg2L (2) 3-n-phosphoglycerate + 2H+. 

This enzyme comprises approximately 40% of the total soluble protein in the mobile 
phase of higher plant chloroplasts (Kawashima t Wildman, 1970a) and can be purified 
in large quantities from tobacco and spinach leaves. 

Studies, reviewed by Kawashima & Wildman (1970a) and Siegel et al. (1972), have 
defined several physical properties of the enzyme. The sedimentation coefficient, 
s!&,,, of RuDPCaset from various plant sources has an average value of 185 S. The 
molecular weight, determined from sedimentation velocity and diffusion experiments, 
and from sedimentation equilibrium, has values ranging from 480,000 to 590,000. The 
most common value reported is 560,000. The frictional-coefficient ratio (f/j0 = 1.11; 
Paulson & Lane, 1966) and molecular images in electron micrographs indicate that 
the molecule can be approximated by a hydrated sphere 100 to 120 A in diameter. 

Evidence for two types of subunits having distinct amino acid compositions was 
presented by several workers (Rutner & Lane, 1967; Sugiyama & Akazawa, 1967, 

i Abbreviation used: RuDPCase, D-ribulose-l,&diphosphate carboxylase. 
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1970 ; Kawashima, 1969; Moon & Thompson, 1969; Sugiyama et d., 1971). The large 
subunit has a molecular weight of 50,000 to 60,000 and the smaller subunit has a 
molecular weight between 12,000 and 20,000. The large subunit is catalytically active 
(Nishimura & Akazawa, 1973). Murai & Akazawa (1972) found that CO, is a homo- 
tropic effector in the regulation of RuDPCase. The function of the small subunit 
may be regulatory, but it is uncertain (Nishimura & Akazawa, 1973). 

Three models for the quaternary structure of the molecule have been proposed 
(Haselkorn et al., 1965; Steer et al., 1968; Kawashima & Wildman, 1970b). The first 
two were based on molecules with 24 identical subunits and are incompatible with the 
more recent discovery of two different subunits. The third model proposes that the 
molecule has an L,Sa structure, in which eight large subunits lie on the corners of a 
cube with a dimeric subunit (composed of two identical small polypeptide chains) 
at each face of the cube in contact with four large subunits. This seems an unlikely 
arrangement to us because it implies two kinds of binding between the large and small 
subunits. This is so because polypeptide chains are themselves asymmetric objects. 
The highest symmetry that may be possessed by an oligomer formed from eight chains 
is a single 4-fold axis with four 2-fold axes perpendicular to it (point group D4). Thus 
the oligomer cannot display the three 4-fold axes of a cube, and the six points at the 
juncture of four chains are not all identical. Instead, four are of one type, and two of 
another type. The L,S, structure would not have equivalent bonding between all 
LS pairs, and a simple self-assembly mechanism is not evident. 

Kawashima & Wildman’s (1971) discovery of conditions for growing large single 
crystals enabled us to study the subunit structure by X-ray diffraction and electron 
microscopy. Our initial results prove that the molecule possesses a minimum of three 
perpendicular a-fold axes (222), and therefore has a stoichiometry of the form 
L,,S,, (n and m are integers). It is likely, moreover, that the molecule has stoichio- 
metry La8 s, and symmetry 422 (Ok). 

2. Materials and Methods 
(a) Pur@ation and crystal growth 

RuDPCase is isolated from Nicotiarta tubacum leaves by a method previously reported 
(Chan et al., 1972), except that the incubation step with NaHC03 and MgCI, is omitted 
prior to crystallization. The protein is purified by three recrystallizations which are 
performed by dialyzing the salt out of the protein solution. The protein is dissolved in 
the following buffer: 0.025 IVI-Tris*HCl (pH 7.4), 0.20 M-N&C% 5x 10T4 BI-EDTA. The 
crystallization solution is identical but without NaCl. Protein solution (10 to 20 mg/ml) 
is introduced into l-mm Li-glass X-ray capillaries sealed at one end, and salt-free buffer 
is carefully layered over the protein solution. The capillaries are placed in test tubes with 
a lo-ml reservoir of the salt-free buffer. Single crystals grow on the inside walls of the 
capillaries at room temperature after 4 to 8 weeks as the salt in the protein solution 
diffuses into the reservoir (Kwok, 1972). All crystals grown under these conditions are 
colorless rhombic dodecahedrons, 0.3 to 1.0 mm on an edge. 

(b) X-ray diffraction 

The capillaries in which crystals are formed are sealed with the least possible manipula- 
tion of the crystals, and used directly for the diffraction experiments. Crystals are aligned 
by cone-axis oscillation (Climenson & Eisenberg, 1974) and reciprocal lattice sections are 
recorded, at a precession angle of 3”, perpendicular to the (loo), (1 IO), and (111) crystallo- 
graphic directions. All photographs are taken on an Elliott rotating anode with a 100 pm 
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focal cup, operating at 40 kV and 17 mA with the X-rays brought to fine focus by a Franks 
focusing device (Harrison, 1968; Franks, 1955). The specimen to film distance is 60 mm. 

(c) Electron miwoscopy 

Micrographs are recorded in a Siemens IA electron microscope operating at 80,000 V 
and at magnifications of 30,000 x and 40,000 X. Views of single, isolated RuDPCase 
molecules are obtained by applying a dilute solution of the protein (N 0.1 mg/ml) to a 
carbon-covered grid, permitting adhesion to occur, and negatively staining the molecules 
with a filtered 2% solution of uranyl acetate in water. Microcrystalline fragments, formed 
by crushing single crystals, are similarly prepared for microscopy. 

Single crystals are fixed for thin sectioning by addition of glutaraldehyde to the crystal- 
lization solution until a final concentration of 0*5% is attained, and left for 24 h. After 
washing, the crystals are dehydrated by transferring them for l-h periods into acetone/ 
water solutions of 30%, 50%, 75%, 90% and four changes of lOOo/o acetone. Infiltration 
of the plastic embedding medium, Vestopal-W (Martin-Jaeger, Geneva, Switzerland), is 
accompanied by transferring crystals into Vestopal/acetone solutions of increasing Vestopal 
concentration (v/v): 8 h in 25% Vestopal; 8 h in 50%; 1 day in 75%; 2 days in 100%; 
and 1 day in a second change of lOOo/o Vestopal. Single crystals are oriented in drops of 
partially polymerized, highly viscous Vestopal to which initiator and activator had been 
added 2 or 3 days before. The plastic is then polymerized by heating the drops for 1 week 
in an oven kept at 60°C. The hardened samples are attached with epoxy to gelatin capsules 
filled with polymerized Vestopal, and the entire capsule is mounted in a goniometer holder 
which is fitted to the cutting arm of the LKB Ultratome. Thin sections are cut with 
freshly prepared glass knives, collected on carbon stabilized nets on grids, and positively 
stained with 2% potassium permanganate and lead citrate (Reedy, 1965). 

(d) Optical diffraction 

Optical diffraction patterns are recorded using a helium-neon laser and a diffractometer 
constructed by M. Reedy and F. Eiserling. The diffractometer constant is 1.441 (l-mm 
periodic spacings in the micrograph give rise to 1.441~mm diffraction spot spacings in the 
transform). The electron micrograph images, which were recorded on film, are contact 
printed onto glass plates which are immersed in oil between two piano-convex lenses. 
Circular apertures are used as masks to select desired regions of the micrograph for optical 
transformation and to avoid the characteristic “cross-like” diffraction pattern formed by 
rectangular masks. 

3. Results 

(a) Electron microscopy of single molecules 

Electron microscopy of dissolved RuDPCase that has been purified to the extent of 
three recrystallizations, reveals a homogeneous population of circle-shaped molecules 
all 100 to 120 A in diameter (Plate I). A common feature of a large portion of the 
molecular images in all preparations is a central dark-staining region, 20 to 25 d in 
diameter. This could arise either from a hole extending through the molecule or a 
depression in the surface. RuDPCase isolated from other sources has a similar appear- 
ance in electron miorographs (Branton & Park, 1967; Gunning et al., 1968; Akazawa 
et al., 1972; Shively et al., 1973). This feature may be associated with a view along a 
4-fold axis of a molecule with 422 symmetry (see Discussion). Enlarged images of 
molecules in this orientation are presented in sections (b) to (i) of Plate I. Often views 
of the molecule will show a line of stain through the center of the molecule (Plate I, 
(j) and (k)), indicating that there is a single hole extending through the entire molecule. 
This shows that the molecule possesses a unique axis of symmetry, and this orienta- 
tion could be a view of the molecule perpendicular to the possible 4-fold axis. 
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(b) CrysEaZs 

RuDPCase crystallizes into large, non-birefringeut, rhombic dodecahedrons with 
well-defined faces. Nevertheless, the crystals are extremely sensitive to mechanical 
manipulations; the slightest shock induces decay to a thin film of protein lying at the 
bottom of a large drop of solvent. This property forces us to grow crystals inside 
X-ray capillary tubes. The liquid of crystallization surrounding the crystal is carefully 
removed, leaving the crystal in a small pool of mother liquor. This pool is necessary 
to preserve crystalline structure for more than ten hours in the X-ray beam. With it 
crystals diffract up to 100 hours. 

The density of the crystals (p = 1*058&0*005 g/cm3) has been measured (Kwok, 
1972) and the weight fraction of protein in the crystals (X, = 021-+0.02) has been 
estimated knowing the partial specific volume of the protein in dilute solution 
(&, = 073&0~01 cm3/g; Kwok, 1972) and the partial specific volume of the pure 
solvent (fiS = 1~001&0*002 cm3/g). The unusually low values for the density and 
weight fraction of protein in the crystals, along with the extreme sensitivity of the 
crystals, implies that there is loose packing of the molecules in the unit cell. These 
observations are consistent with the model of the crystal structure to be presented. 

(c) X-ray diflraction 

Three zero-level precession photographs (Plate III (1), (m), (n)) were obtained with 
the 2,3, and 4-fold crystallographic axes (Plate III(a), (b), (c)) precessing 3” about the 
X-ray beam. These orientations enable the (hM), (h, k, F, + k), and (hk0) sections of 
the reciprocal lattice to be recorded. The symmetries of these three sections are, 
respectively, Zmrn, 6mm, and 4mm. These symmetries are more apparent on the 
original films. The Laue symmetry is m3m and the structure is in the cubic crystal 
class with point symmetry 432. The lattice is body-centred with a = 383 A. This 
restricts the possible space groups to I432 and I4,32. 

The absence of the 6,0,0 reflection favors space group I4,32 since it is extinguished 
in this space group. Though it is always possible to observe an accidental absence, we 
present evidence below that I4,32 is the correct space group. 

When we calculate n, the number of molecules per unit cell, from the relation 

n = WfXpWMIM, (1) 

where N is Avagadro’s number, 

p is crystal density, 

Xp is weight fraction of protein in the crystal, 

V is volume of the unit cell and 

M is molecular weight, 

we find n = 135&l*8. The symmetry of the two possible space groups permits only 
some multiple of eight or 12 molecules per unit cell. This indicates that 12 is the 
probable value for this crystal form. Given the molecular weight, partial specific 
volume of the protein, and the partial specific volume of the solvent, one can calculate 
expected densities for unit cells with n = 12, 16, or 24, 

p = [l + {n.M/NV}(G, - Cp)]/Gs. (2) 

With 12, 16, or 24 molecules per unit cell, p is calculated to be 1.053, 1.071, and 
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l-107 g/cm3, respectively (assuming M = 560,000). Thus, the measuredvalue for the 
crystal density (p = 1~058f0~005 g/cm3; Kwok, 1972) is consistent with a unit cell 
containing 12 molecules. With 12 molecules per cell, the molecule must sit on special 
positions; there are two possible packing arrangements for 12 = 12 in each of the two 
space groups (Henry & Lonsdale, 1969). 

Prom the unit cell volume (5.62 x lo-l7 cm3) and the number of molecules per unit 
cell, we calculated the solvent-content parameter, V, = 8.36 A3/dalton (Matthews, 
1968). This high value (see Discussion), and the fact that the diffraction patterns ex- 
tend only to very low resolution (-50 A), are further evidence that the crystal struc- 
ture is very open and susceptible to distortions. 

(d) Microcrystals 

The images of two fragments of microorystals negatively stained with uranyl 
acetate are reproduced in Plate II(a) and (b). Below these images are two projection 
drawings (Plate II(c) and (d)) of a view perpendicular to the 100 crystallographic 
planes representing the possible molecular packing for unit cells of space groups 
I432 and I4,32 with 12 molecules per unit cell. In the drawings, the molecules are 
depicted as white circles (surrounded by black stain) 120 A in diameter placed at the 
12 special positions (International Tables for X-ray Crystallography, vol. 1) in a cubic 
unit cell with a = 383 A. It is apparent that the closer approximation to the crystal 
structure of the small fragments is given by the I4T4,32 space group drawing. A second 
packing with 12 molecules exists for both space groups, but in each the projected 
structure is identical to the drawings of Plate II(o) and (d). 

(e) Thin sections 

By preparing thin sections from embedded RuDPCase crystals we can directly 
observe the crystal structure and verify that the packing arrangement is compatible 
with space group I4,32. Thin sections were cut parallel to the 100 and 111 crystallo- 
graphic planes. The sections were stained positively, thus protein appears black. 
Electron micrographs of selected sections are reproduced in Plate III (f) and (g) 
opposite the corresponding projection drawings for space group I4,32 (Plate III 
(d) and (e)). Notice in the drawings that the molecules are depicted as black circles 
to signify positive staining of the crystal section. The white regions represent solvent 
in the crystal. The correspondence between the micrographs and drawings is clear, 
indicating that the crystal structure is well represented at this resolution by the 
model. The large proportion of unstained regions in the micrographs verifies the 
experimental evidence that indicates a large fraction of solvent in the crystal. 

In micrographs showing larger areas of the crystal, it is possible, by viewing the 
micrograph at a glancing angle, to notice distortions in the crystal lattice. The unit 
cells generally extend in a straight line for no more than 20 repeats before a noticeable 
curvature can be recognized. These distortions in the crystal sections could represent 
distortions in the crystal as grown, and therefore could explain the low resolution 
attained in the X-ray diffraction experiments, or they could be artifacts of treatment 
of the crystals during preparation for microscopy. In either case, the micrographs do 
show that the crystal structure has been preserved to some extent after fixation, 
dehydration, embedding and sectioning. The unit-cell dimensions of the sectioned 
orystals agree with the dimensions from the X-ray photographs. In all cases the 
dimensions of the sectioned crystals are approximately 5 to 10% lower than those for 
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the hydrated crystals. This is expected since most specimens decrease in size as the 
embedding medium hardens during polymerization. 

Two problems arise during sectioning of crystals. The first is proper orientation 
of the crystal during the cutting of sections. It is necessary to section the embedded 
crystal as nearly parallel as possible to the desired crystallographic planes. The 
appearance of the molecular packing and the cell dimensions change with orientation. 
Off-axis cutting gives rise to widely spaced “beat patterns” as the section passes 
through different layers of unit cells. By measuring the orientation and period of the 
beat, corrections of the cutting angle can be made in order to produce correctly 
oriented sections. 

The second problem is that the appearance of the crystal structure viewed in a 
particular direction depends on how thick the section is, if the thickness of the section 
is less than one unit cell. This is illustrated in Plate IV for the view perpendicular to 
the 111 planes in the crystal. The drawings, again based on circular molecules, show 
how the appearance of the positively stained crystal structure changes as sections of 
varying thickness are cut. A crystal with unit-cell dimensions as large as 383 A 
makes it possible to obtain sections that are less than one unit cell thick. Plate V(a) 
and (b) shows examples of sections whose thicknesses are probably less than 300 A. 
These micrographs illustrate sections with folds as a result of the procedure of picking 
up sections onto the electron microscope grid. The thickness of the fold gives a 
maximum value for twice the thickness of the unfolded section (Small, 1968). The 
appearance of a thin section could also arise from incomplete but uniform penetration 
of stain, but the fold thicknesses suggest this is not the case here. The micrographs 
in Plate III(f) and (g) illustrate views of the crystal that contain copies of all 12 of 
the symmetry-related molecules per unit cell. 

(f) Optical diflraction 

For our proposed molecular packing structure to be correct, optical diffraction 
patterns from the projection drawings should correspond with the X-ray diffraction 
photographs. We find this to be true. The two projection drawings of Plate III(d) and 
(e) were used as diffraction gratings in an optical diffractometer to produce the corres- 
ponding central sections of the optical transform. These were recorded on film and 
are reproduced in Plate III(h) and (i) at the same relative magnification as the X-ray 
precession photographs. There are striking similarities in the corresponding patterns. 
Note, for instance, the weak (or absent) 6,0,0 reflection in the optical diffraction 
pattern produced from the 100 drawing (Plate III(i)). In Plate III(j) and (k) are the 
optical diffraction patterns from the electron micrographs of the thin sections illus- 
trated in Plate III(f) and (g). The patterns do not extend beyond very low resolution ; 
only the first and sometimes second-order reflections are strong enough to be re- 
corded. Though not evident, some weak third-order reflections are present in the 
original negatives. The geometry of the diffraction patterns are nearly equivalent to 
the geometry of the reciprocal lattices of the X-ray photos and optical diffraction 
photos of the models. This indicates that the sections were oriented to within a few 
degrees of the correct cutting angle. 

Where the diffracted intensities of the drawings differ significantly from those of 
the crystals, we attribute the differences to our crude representation of all projected 
matter in the drawings as black, rather than as varying shades of gray, as is obviously 
necessary to achieve anything near perfect agreement. 



RIBULOSE DIPHOSPHATE CARBOXYLASE STRUCTURE 397 

4. Discussion 
Though our X-ray diffraction data are limited, when combined with micrographs, 

the molecular weight, and the crystal density, they suffice to determine much about 
the basic structure of the RuDPCase molecule. First, they reveal the minimum molecu- 
lar symmetry. X-ray diffraction from the form I crystals shows that the space group 
of the crystals is either 1432 or, more probably, I4,32, and electron microscopy 
(Results sections (d) and (e)) leaves no doubt that the latter space group is correct. 
In this space group there must be some multiple of eight or 12 molecules per unit cell. 
Since the crystal density and molecular weight indicate 135&1*8 molecules per cell 
(Results, section (b)), there are clearly 12. Now, with 12 molecules per unit cell in 
spaae group I4,32, each molecule must occupy a special position of222 (D2) symmetry 
(Henry & Lonsdale, 1969). That is, the polypeptide chains are arranged in the molecule 
about three mutually-perpendicular 2-fold axes. The molecular symmetry can ‘be 
higher if one or more of these molecular 2-fold axes is actually a higher even-fold 
axis. 

The 222 symmetry restricts the possible subunit stoichiometries of the RuDPCase 
molecule; each polypeptide chain must be present in a multiple of four copies 
(L4nS4m). The observed molecular weights of the subunits rule out the possibility of 
either four or 12 large chains, so that the structure must be L&S,,. In fact, physical 
and chemical studies have provided evidence for eight copies of the large subunit 
(Rutner, 1970; Sugiyama et al., 1971; Nishamura t Akazawa, 1973). The fraction of 
the total mass contributed by the small subunit is so small that molecules of stoichio- 
metry Jh%, L3fb and L,S,B are all compatible with our crystallographic data and 
the spread of reported molecular weights (480,000 to 590,000; Kawashima & Wildman, 
1970a). 

Even though all three stoichiometries are compatible with molecular weights re- 
ported for RuDPCase, the L,S, structure is the most likely. Only in this structure 
can all binding domains between large and small subunits be equivalent. In an L8S, 6 
structure, for example, each large subunit might bind two small subunits, but it then 
must have evolved two different binding sites for small subunits. While this is possible, 
the simpler pattern of equivalent binding is almost always found in oligomeric en- 
zymes (Matthews & Bernhard, 1973). The reason is that equivalent binding domains 
permit a simple mode of self-assembly. 

If the stoichiometry of the RuDPCase molecule is L,S, and if binding between all 
LS pairs is equivalent, then the symmetry of the RuDPCase molecule must be 422 
(.D4). This is the symmetry of a two-layered structure, each layer of which consists 
of four LX pairs arranged about a 4-fold axis; perpendicular to the 4-fold axis are 
four 2-fold rotation axes. This symmetry is compatible with our X-ray diffraction 
results, that the molecule has at least 222 symmetry, because 222 is a subgroup of 
422 symmetry. The symmetry 422 is also compatible with our electron micrographs of 
isolated molecules, which show a single, prominent hole. Higher rotational axes 
result often in a hole about the axis, simply because it is impossible to pack identical 
bulky objects tightly about an axis. Thus the single prominent hole is more likely to 
be associated with a unique g-fold axis than with one of three a-fold axes. In short, 
though our data demand only that the RuDPCase molecules have symmetry 222 and 
one of the stoichiometries L,S8, L,S1,, or L8S16, the additional assumption of equiva- 
lent bonding requires a L,S, molecule of 422 symmetry. 
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The combined X-ray diffraction and electron microscopic results also reveal the 
packing of molecules in the form I crystals of the present study. This packing is 
unusually loose and open. A measure of the openness of packing is the Matthews 
parameter IMatthews, 1968), VM, the ratio of the unit cell volume to the mass of 
protein contained within it. For the form I crystals, VM has the value 8.36 A3/dalton, 
which is three times as large as the most common value for protein crystals. Yet this 
value is consistent with many of our other observations on the crystals; their extreme 
mechanical fragility, their low density, and their high solvent content as observed 
directly in micrographs of microcrystalline fragments and sectioned crystals. Still 
another indication of the looseness of the crystal packing is the poor resolution ex- 
hibited by X-ray photographs. There is some evidence that suggests that the major 
contacts between molecules in the form I crystals may be between the large subunits. 
Crystals with morphology identical to form I have been obtained from RuDPCase 
from several pure and hybrid species of tobacco plants (Chan et al., 1972). The amino 
acid compositions of the large subunits are quite constant in most species, whereas the 
compositions of the small subunits vary considerably (Kawashima & Wildman, 1970a; 
Kawashima et al., 1971). The slower evolution of the large subunit may be related to 
the observation that it is coded for by chloroplast DNA and synthesized on 70 S 
chloroplast ribosomes (Chan & Wildman, 1972), whereas the small subunit is coded 
for by nuclear DNA and synthesized on 80 S cytoplasmic ribosomes (Kawashima & 
Wildman, 1972). In any case, it may be a conserved domain on the surface of the large 
subunit, binding to another conserved domain on another molecule, that causes 
crystals of the same form to grow from RuDPCase of a variety of species. 

We are grateful to Dr S. G. Wildman for discussions and help in obtaining pure RuDPCase, 
to Monica Eiserling for preparing thin sections of crystals, and to Dr D. L. D. Caspar for 
suggestions that led to X-ray diffraction photographs. Two authors (T. S. B.) and (L. W.) 
are predoctoral trainees and another author (D. E.) is a Career Development awardee of 
the United States Public Health Service. Grant GM16925 to one of us (D. E.) and National 
Science Foundation grant GB13117 to another author (F. A. E.) have supported this 
research. 
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PLATE I. (a) d field of RuDPGase moleoules negatively stained with uranyl acet,ate. Magnifica- 
tion 250,000 x (b) to (i) Enlargad images 01 rnolacules displaying a central hole. This orimllation 
may eurrespond LO a view parallel t,o a unique 4.fold axis of molecular symmetry. Magnification 
750,000 x . (i) and (k) Enlarged images displaying a central line of stain through the molecules. 



PLATE II. (a) and (b) Fragments of form I RuDPCase crystals, negatively stained in uranyl 
acetate. Magnification 200,000 x . 

(c) Drawing illustrating the packing of 12 molecules per unit cell in space group 14132. The 
drawing represents a projection of the magnified (200,000 x ) crystal structure viewed along the 
crystallographic axis (perpendicular to the 100 crystallographic planes). Molecules are depicted as 
white circles, 120 A in diameter, to correspond with images of negatively stained individual 
molecules. ‘t’he black areas represent the presence of heavy metal contrasting agent (uranyl 
acetat,e). Four unit cells are outlined in the lower right-hand co~nor. An enlarged view of the 
molecular packing at a magnification of 400,000~ is drawn in tho upper right-hand comer; 
individual molecules are outlined in hlack to reveal the spittial arrangement of molecules in the 
special positions within the crystal. 

(d) A drawing similar to (c), represent,ing a view perpendicular to the 100 crystallographic 
planes of space group 1432 with 12 molecules per unit cell. 

Note the similarity of (a) and (b) to (c), and dissimilarity to (d). 



PLATE III. (a) to (c) Drawings of a rhombic dodecahedra crystal viewed parallel to the 2. 3, 
and 4.fold axes, respectively. The crystal depict,ed in (a) is rotated 90” about the S-fold axis with 
respect to the diffraction pattern to its right. The orientation of the crystal drawn in (b) is iderAoa1 
with the orientation of the s&ions and diffraction patterns in (d), (f), (h), (j), and (m). The 
crystal in (c) is rotated 45” with respect to the (e), (g). (i), (k). and (II). 

(d) and (e) Projection drawings representing magnified (112,000x ) images of the molecular 
packing in apace group 14z32 viewed perpendicular to the 111 and 100 crystal planes. Molecules 
are colored black to correspond with elect,ron micrographs of positively stained thin scotions of 
embedded crystals appearing in (f) and (g). The drawings depict projections of the struoture 
thicker than one unit cell. 

(f) and (g) Electron micrographs of positively stained thin sections of fixed, dehydrated, and 
embedded form I RuDPCase crystals at a magnification of 112,000 x . Sections are perpendicular 
to the 3 and 4.fold axes of the crystal and are therefore views of the 111 and 100 crystallographzc 
planes. 



PLATE TTT 

(h) and (i) Optical diffracr,ion patterns of’ the drawings in (d) and (0) reproduced at the x+me 
scale as the X-ray precession photographs in (m) and (n). 

(j) and (k) Optical diffraction patterns of the electron micrographs in (f) and (g). The patterns 
are enlarged four times Iarger than the scale of the difFraction patterns in (h) and (i) and (m) and (n). 

(1) to (n) Three-degree zero-level pmwssion photograph 8 taken with tho precession axis 
parallel to the 2, 3, and 4.fold crystal axes. The central portion of each pattern is hidden by 
the shadow of the lead beam stop. An image of the focused X-ray beam appears in the cenhr of 
each pattern and defines the position of the O&,0 reflection. The diffraction patterns have been 
magnified 4.5 times from the original photographs. 



PLATE IV. Projection drawings of sections of various thicknesses from the unit cell of a form I 
crystal. All views are perpendicular to the 111 crystal planes, and are at a magnification of 150,000 x 
Molecules are shown black, to represent positive staining; solvent is white. In the upper left-hand 
corner, a rhombic dodecahedral crystal is shown with a view parallel to its 3-fold axis. In the 
upper right-hand corner is shown an electron micrograph of a positively stained section of thickness 
less than one unit cell. Note the similarities to the drawings for thicknesses of 90 to 255 A. 



PLATE V. Micrograph of crystal sections showing folds produced during transfer of the sections 
ont,o electron microscope grids. 

(a) ;2 measure of the fold thickness (310 d) enables one to ast,imate the section thickness (156 d); 
(see Small, 1968). Our interpretation, that this feature is indeed a double fold, is supported by 
a central line in the original negative. This proves it is possible to out sections as thin a~ those 
illustrated in Plate IV. Magnification 180,000 x Inset magn&ation 36,000 ?< 

(b) A second folded section; the double thickness (575 8) suggests the section thickness is 288 A. 
Note the central line in the fold. Magnification 180,000 x inset magnification 47,000 x 



PLATE v. 
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