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ABSTRACT In considering the structure of the 30S subunit
of the Escherichia coli ribosome, we have assumed that: (i) all
or almost all the proteins within the 30S particle are compact
and globular, as recently shown for the isolated proteins S4, S7,
S8, S15, and S186 in solution [Serdyuk, I. N., Zaccai, G. & Spirin,
A.S.(1978) FEBS Lett. 94, 349-352]; (ii) the RNA within the 30S
particle has approximately the same specific V-like or Y-like
shape that was demonstrated for the isolated 16S RNA in a
compact conformation [Vasiliev, V. D., Selivanova, O. M. &
Koteliansky, V. E. (1978) FEBS Lett. 95, 273-276). From these
assumptions and using the numerous data reported on neigh-
boring ribosomal proteins, we have constructed a model of the
quaternary structure of the ribosomal 30S subunit. The model
has been tested by calculation of the theoretical curves of neu-
tron scattering at different contrasts, as well as those of x-ray
scattering, and their comparison with the experimental scat-
tering curves for E. coli 30S particles. It has been found that the
calculated scattering curves for the model practically coincide
with the experimental scattering curves for the 30S particles in
the range of Bragg distances down to 40-55 A. The scattering
curves calculated for several three-dimensional patterns of ar-
rangement of the 30S subunit proteins proposed earlier have
been shown to be inconsistent with the experiments.

In recent years, the technique of chemical crosslinking of
neighboring proteins by bifunctional reagents and measure-
ments of the distances between deuterated or fluorescent-la-
beled proteins by using neutron scattering or energy transfer
techniques, respectively, have contributed much to the
knowledge of the protein topography in ribosomal particles and
especially in the ribosomal 30S subunit of Escherichia coli.
From these and a number of less direct data, several models of
the topography of ribosomal proteins in the 30S particle have
been proposed (1-8). Independently, the use of the immunoe-
lectron microscopy technique has also led to two different
models of the topography of ribosomal proteins on the surface
of the 30S particle (9-12; see also ref. 13).

However, two complications have hampered further prog-
ress. First, no information was available as to three-dimensional
structure and morphology of the 16S RNA; this RNA is known
to be a structural backbone for arrangement of ribosomal
proteins. Second, immunoelectron microscopy (9, 10) and
neutron scattering (14, 15) data on proteins within the 30S
subunit, as well as some physical measurements of isolated ri-
bosomal proteins (16-21), have suggested strongly elongated
or very expanded shapes of many ribosomal proteins; this led
to ambiguity in interpretation of the results on chemical
crosslinking, energy transfer, etc.

Most recently, a specific compact conformation of the 16S
RNA has been visualized by electron microscopy (22). On the
other hand, a number of ribosomal proteins, such as $4, S7, S8,
$15, and S16, have been reinvestigated and found to be compact
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globular proteins with cooperative tertiary structures (23-25).
Based on these new results and using the numerous data re-
ported on mutual arrangement (topography) of ribosomal
proteins, we have constructed a model of the quaternary
structure of the ribosomal 30S particle and then checked it by
neutron and x-ray scattering experiments.

MODEL CONSTRUCTION

Initial Assumptions. In constructing the model, we have
adhered to the size and the asymmetric three-dimensional
structure of the ribosomal 30S subunit first deduced by one of
us from electron microscopy of freeze-dried and shadow-cast
samples of the particles (26). Morphologically, the 30S particle
was found to be subdivided into a “head,” a “body,” and a side
“bulge” (Fig. 1). A similar subdivision of the 30S particles, with
a side “platform,” was reported also by Lake and Kahan (11)
and Lake (27) on the basis of electron microscopy of negatively
stained samples.

We have proceeded from two principal assumptions: (i) RNA
within the 308 particle has a specific V-like or Y-like confor-
mation (Fig. 1), as it is visualized by electron microscopy in the
case of the preparations of isolated 16S RNA in the compact
form (22). If the V- or Y-shaped RNA is inscribed into the 30S
particle, the thickened end of the large branch of the RNA
participates in the formation of the head, the small branch
composes a structural basis of the side bulge, and the bifurcation
of the RNA forms a core of the body. (ii) All or almost all pro-
teins within the 30S particle possess compact globular confor-
mations, as has been demonstrated in the case of isolated pro-
teins S4, S7, S8, S15, and S16 in solution (23, 25).

16S RNA

100 A

FiG. 1. Morphological models of the ribosomal 30S subunit (26)
and its 16S RNA in the compact form (22). The dimensions are from
electron microscopy.
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F1G. 2. Scheme of protein neighbors within the ribosomal 30S
particle.

Protein-Protein Neighbors. In order to establish pairs of
contacting or neighboring proteins within the 30S particle, the
following groups of data were used: (i) chemical crosslinking
of proteins within the particle by bifunctional reagents (for
reviews, see refs. 6, 10, 28, and 29); (i) protection of a protein
by a neighboring protein from iodination (6); (iii) energy
transfer between fluorescent-labeled proteins (5); and (iv)
measurements of distances between deuterated proteins by
neutron scattering (7). A pair was taken into further consider-
ation only when no less than three independent indications
(either by different techniques or by crosslinking in three in-
dependent laboratories) were available. Such reliably deter-
mined pairs of contacting or close proteins within the 30S
particles were S7/S9, S6/S18, S4/S5, S5/S8, S8/S15, $2/S3,
S13/S19, S18/S21, S4/S17, $3/S10, and S7/S13. In addition,
proteins in pairs S3/S5, S4/S8, and S3/S9 were also capable of
being crosslinked and of protecting each other from iodination,
but the distances measured were more than 50 A.

Summation of the above pairs results in the scheme of protein
neighbors given in Fig. 2.

Protein Groups and Ribonucleoprotein Domains. Addi-
tional information can be obtained from positions of binding
sites of ribosomal proteins on the primary structure of 16S RNA
(reviewed in ref. 28) and from the results of RNase fragmen-
tation of the 30S particles (1, 28). These results permit grouping
of the ribosomal proteins as shown in Fig. 2 by the solid line
(neighboring proteins on the RNA chain) and dashed line
(RNase fragmentation).

Thus, all the data reflected in the scheme in Fig. 2 suggest
the subdivision of the 30S particle into at least three main ri-
bonucleoprotein domains: (i) the most distinct and independent
domain containing proteins S9, S7, S13, and S19 and including
also S10 and S14; (#i) the domain consisting of proteins $4, S16,
S17, and S20 and the 5’-half of the RNA; (#ii) the domain in-
cluding proteins S8, S15, S6, S18, S21, and, probably, S11, bound
near to the middle of the 16S RNA chain.

Positions of the Protein Groups on the Tertiary Structure
of RNA. First, it is likely that protein $4 occupies some central
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position in the 308 particle: () it is distinguished by the most
reported crosslinks and interactions with other proteins (4, 6,
10, 28); (#1) it has no antigenic determinants on the surface of
the particle and thus is buried inside (30); (i) it is bound si-
multaneously with several extended but noncontiguous regions
of the 165 RNA chain (28, 31, 32). The central position and the
unique binding of globular protein S4 to remote long sections
of the RNA chain could be realized in the most natural way if
it was positioned between the two branches of the Y-shaped
RNA molecule, interacting with both the branches. Thus, in
constructing the model, we have placed protein $4 and, cor-
respondingly, its neighbors $16, S17, and S20 (Fig. 2), in the
bifurcation region of the Y-shaped 16S RNA (Fig. 1). Some
chemical data (4, 6) and functional interrelations (see reviews
in refs. 10 and 33) suggest that protein S12 is also close to the
protein S4 position.

Immunoelectron microscopy results (9-12) were taken into
consideration for further positioning of the proteins on the RNA.
Unfortunately, however, only in the cases of proteins S8, S9, S13,
S14, S20, and, perhaps, S3 and S10, have one or two close anti-
genic determinants been revealed and the results of the two
laboratories more or less coincided (refs. 9 and 10 and refs. 11
and 12). Nevertheless, these results permit definite attribution
of S7, 59, S10, S13, S14, and S19 (see Fig. 2) to the head of the
30S particle and, correspondingly, to place this group on the
distal part of the longer branch of the Y-shaped RNA (Fig.
1).
Then the group of proteins S8, S15, $6, S18, S21, and S11 (Fig,
2) could be placed on the smaller branch of the RNA (Fig. 1),
thus forming the side bulge of the 30S particle. This presump-
tion is supported by Lake’s immunoelectron microscopy data
revealing the antigenic determinants of proteins S11 and S21,
as well as of S15, S6, and S18, on the platform (12).

The data from immunoelectron microscopy (12), x-ray and
neutron scattering (34), and assembly interaction with protein
S9 (35) suggest that the big protein S1 is located somewhere in
the region of the distal part of the smaller branch of the Y-
shaped RNA or between it and the head proteins.

Interface Proteins. Analysis of the inhibition of the 30S-50S
subunit association by specific antibodies against ribosomal
proteins (36) and experiments on chemical crosslinking between
components of the two ribosomal subunits (37, 38) have indi-
cated that proteins S6, S9, S11, S12, S14, S16, S18, S20, and,
probably, S1 and S3 are more or less facing the 50S subunit and
its protuberances within the 70S ribosome. Then, according to
the orientation of the 30S subunit relative to the 50S subunit,
as determined by electron microscopy of negatively stained (27)
or shadow-cast (V. D. Vasiliev, unpublished observations) ri-
bosomes, these proteins must be distributed mainly on the front
side, when the smaller branch of the RNA (or the bulge of the
308 particle) is to the right from the larger branch (or from the
main body of the particle) (Fig. 1). On the other hand, such
proteins as S5, S8, S15, and S17 are back components of the 30S
particle in this orientation (Fig. 1).

Model. On the basis of all the above, a model of the quater-
nary structure of the ribosomal 30S subunit has been built. In
constructing the model, the following dimensions of the RNA
molecule within the 30S particle have been taken: length, 230
A; width of the larger branch, 60 A; width of the smaller branch,
40 A. Two views of the model are shown in Fig. 3. In Table 1,
the radii of the proteins and the coordinates of the centers of
the spherical protein globules of the model are given.

At least three reservations must be made. (i) Although all the
ribosomal proteins have been conditionally modeled here by
spheres of the corresponding radii, their real shapes and axial
ratios may vary in the wide ranges that are characteristic of
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FIG. 3. Model of the quaternary structure of the ribosomal 30S
particle photographed from two sides.

compact globular proteins in general. (i) The distances between
the proteins in the model reflect only an approximate pattern
of their mutual arrangement, without pretensions to absolute
accuracy. (#i) The positions of several proteins in the model,
such as S11 as well as S1, S2, and S21, are more provisional than
those of the others.

EXPERIMENTAL TESTING OF THE MODEL

Calculation of Theoretical Scattering Curves for the
Model. For calculations, the Y-shaped RNA of the model was
composed of identical spheres with a diameter of 10 A each, in
cubic packing. The volume of the RNA was 0.86 X 10° A3
which is 2 times more than the dry volume of 16S RNA and is
consistent with the experimental value of its hydration (39,
40).
Ribosomal proteins were represented by spheres with radii

Table 1. Diameters and coordinates of the centers of the
spherical protein globules (in A) of the model shown in Fig. 3

Protein Diameter x y z
S1 55 45 95 220
S2 44 35 120 170
S3 ' 44 50 70 150
S4 42 45 55 100
S5 38 95 45 120
S6 36 55 60 20
S7 40 0 45 230
S8 34 85 80 95
S9 36 10 65 205
S10 35 80 60 185
S11 35 60 125 120
S12 35 5 70 115
S13 34 0 15 195
S14 36 75 0 230
S15 32 80 90 65
Si6 31 10 20 95
S17 31 90 45 65
S18 30 20 65 35
S19 32 10 5 225
S20 31 10 45 70
S21 29 15 90 75

The central axis of the large branch of the Y-shaped RNA has x =
454,y =50 A, and coincides with the z coordinate, z = 0 at the lowest
end of the RNA. The end of the small branch of the RNA has x = 45
A y=1354,andz = 160 A.
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calculated from molecular weights of the corresponding pro-
teins. Hydration was assumed to be 0.2 g/g. The total volume
of the hydrated protein in the model was 510,000 A3. It was
taken into account that the protein S1 is fractional and is present
only in 30% of the ribosomal 30S particles, according to deter-
minations made for our preparations.

The scattering indicatrices for the model at different contrasts
(see below) were calculated by the method of spheres (41),
taking the corresponding coordinates of the RNA and protein
spheres. For calculation of theoretical x-ray scattering curves
the electron densities of RNA, protein, and solvent (Hz0) were
assumed to be 0.57, 0.44, and 0.34 e~ /A3, respectively (42). For
calculation of neutron-scattering curves, the scattering densities
of RNA, protein, and solvent were assumed to be, respectively,
+3.5 X 1010, + 1.7 X 109, and —0.56 X 1019 cm~2 in HoO and
+4.4 X 1019, +3.0 X 1010, and +6.2 X 10'° cm~2 in 2H,0 (42,
43). In 42 and 70% 2H.O the scattering densities of protein and
RNA, respectively, were assumed to be close to zero (43).

Measurements of Experimental Scattering Curves for the
308 Particles. Neutron-scattering experiments were made at
the Institut Laue-Langevin (Grenoble, France) on the high-flux
reactor with the D11 camera (44) at four different contrasts,
such as HoO, 42% 2H,0, 70% 2H50, and 97% 2H,0. Ribosomal
308 particles of E. coli were isolated as described (42). The
measurements were done in 90 mM KCl/0.8 mM MgCly/10
mM Tris:HC, pH 7.2, prepared in HyO, 42% 2H,0, 70% 2H,0,
or 97% 2H,0. The sample-detector distances were 2.55 and
10.5 m, the wavelengths used were 5.0, 6.4, and 10.0 A, the
range of measured u was 0.006 to 0.18 A~! (u = 47/ sind, in
which 20 is a scattering angle). The concentrations of the 30S
particles were 2-12 mg/ml, in the 1- and 2-mm-thick cells.

Radii of Gyration of the Model at Different Contrasts and
Their Comparison with the Experimental Values. In Fig. 4,
the solid line represents the dependence of radius of gyration
of the model (R,) on the contrast (Ap), in Stuhrmann’s coor-
dinates according to the equation R} = R% + a/Ap — B/(Ap)?
for a two-component particle (45), in which R is a radius of
gyration at infinite contrast and « and 3 are parameters char-
acterizing a mutual arrangement of two components in the
particle. The curve shows that the value of « of the model is
negative and that of § is relatively small. This indicates that in
our model (i) the component with higher neutron density

T T T T T T T
70 97 0 42%°H,0
20001 ¢ O i
o< 5000} -
o
o
3000} 4
4 1 1 1 1 1

1
-3 -2 -1 0 1 2 3
1/A pcm? X 107'°
FiG. 4. Dependence of radius of gyration (Rg) on contrast (Ap).
Solid line is calculated from the model according to the equation R2
= 73.72 — 874 X 1019/Ap — 203 X 1020/(Ap)2. Symbols are experi-
mental values of R for the ribosomal 30S particle at the four contrasts
indicated.
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F1G. 5. Comparison of neutron (solid lines) and x-ray (dashed
line) scattering curves calculated from the model with the experi-
mental scattering curves (solid circles) for the ribosomal 30S par-
ticle.

(RNA) is located closer to the center of the particle than is the
less-dense component (protein); and (i) the distance between
the centers of gravity of the two components is not great (34 A).
Such a distribution of the RNA and protein components has
been expenmentally shown for the real 30S ribosomal subunit
(39, 46, 47).

Fig. 4 also shows that the absolute experimental values of
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neutron radn of gyration in HzO (71 A), 42% 2H,0 (66 A) 70%
2H,0 (81 A), and 97% 2H20 (75 A) coincide, within limits of
experimental error (:|:2 K), with those calculated from the
model. ‘

Neutron and X-Ray Scattering Curves: Comparison of the
Model with the Experiment. In Fig. 5, experimental scattering
curves for the ribosomal 30S particles are compared with the-
oretical curves calculated for the model. The experimental and
theoretical curves of neutron scattering at four contrasts (HzO,
42% 2H50, 70% 2H30, and 97% 2H;0) are in good agreement
within the considered range of Bragg distances. The agreement
of the curves in HoO has a particular significance because in
this case there is no necessity to assume the uniform H-2H ex-
change for each of the two components (RNA and protein) (47).
The agreement of the experimental and theoretical curves of
neutron scattering in the solvents that emphasize either RNA
(42% 2H30) or protein (70% 2H;0) or both (H20 and 97%
2H,0) means that the distribution of the RNA component and
the protein molecules in the model does not contradict the ex-
periment, down to Bragg distances of about 40 A (for protein)
or 55 A (for RNA).

The 308 particles of E. coli ribosomes have been studied by
x-ray scattering technique in several laboratories (42, 48-51).
The comparison of the experimental curve (45) with the theo-
retical one calculated from the model again shows good
agreement (Fig. 5). Hence, the model does not contradict the
well-known x-ray scattering data.

Theoretical Scattering Curves for Different Models of
Ribosomal Protein Topography: Comparison with the Ex-
perimental Curve. Theoretical curves of neutron scattering for
some models of ribosomal protein topography proposed earlier
by other authors (24, 8) have been also calculated as described
above and are presented in Fig, 6. All the curves calculated for
the different models of protein topography proposed earlier
diverge from the experimental neutron-scattering curve for the
protein component of the ribosomal 30S particle (scattermg in
70% 2H30).

We thank Dr. G. Zaccai (Institut Laue-Langevin, Grenoble, France)
for help in neutron-scattering measurements and Dr. B. Jacrot, of the
same Institute, for discussions and advice. We are also very grateful
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the paper at his Cell Biology Seminars at the Moscow State Univer-
sity.
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F1G. 6. Comparison of scattering curves calcu-
lated for the earlier reported models of the protein
topography of the 30S particle (solid lines with
corresponding references) with the experimental
neutron scattering curve (solid circles) for the pro-
tein component of the ribosomal 308 particle (in 70%
2H.,0 where only the protein component is revealed).

T'he radii of Xyration calculated for the models are
91 A (2),50 A (3), 58 A (4), and 55 A (8).
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