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Distribution of Protein and RNA in the 308

Ribosomal Subunit

V. RAMAKRISHNAN

In Escherichia coli, the small ribosomal subunit has a sedimentation coefficient of 308,
and consists of a 165 RNA molecule of 1541 nucleotides complexed with 21 proteins.
Over the last few years, a controversy has emerged regarding the spatial distribution of
RNA and protein in the 30S subunit. Contrast variation with neutron scattering was
used to suggest that the RNA was located in a central core of the subunit and the
proteins mainly in the periphery, with virtually no separation between the centers of
mass of protein and RNA. However, these findings are incompatible with the results
of efforts to locate individual ribosomal proteins by immune electron microscopy and
triangulation with interprotein distance measurements. The conflict between these
two views is resolved in this report of small-angle neutron scattering measurements on
30S subunits with and without protein S1, and on subunits reconstituted from
deuterated 165 RNA and unlabeled proteins. The results show that (i) the proteins and
RNA are intermingled, with neither component dominating at the core or the
periphery, and (ii) the spatial distribution of protein and RNA is asymmetrical, with a
separation between their centers of mass of about 25 angstroms.

HE TECHNIQUE OF CONTRAST VARI-

ation in neutron scattering has been

particularly useful in the study of
ribosome structure because of the different
scattering length densities of protein and
nucleic acid. For a particle of volume V the
forward scattered intensity I(0) and ampli-
tude A(0), and the radius of gyration R are
functions of the contrast p = p, — ps be-
tween the mean scattering length density p,
of the particle and the scattering length
density ps of the solvent (I):

I0) = [A(O))* = P V)? o))
and
2_p2,2_B
Rz =Rc + 7 7 (2)

Here R, is the radius of gyration of a
homogeneous particle that has the same
shape as the particle under consideration.
The parameter o is the second moment of
the fluctuation of the scattering length den-
sity of the particle about its mean density,
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which indicates whether the core of the
particle is more or less dense than the pe-
riphery. In a two-component system, B is

a b

related to the separation 4 between the
centers of mass of the two components by

the relation
1 1
Ve (Iml ¥ Iﬁzl)

where p; and p, are the contrasts of the
particle at which the two components are
matched by the solvent (2).

Contrast variation has been used to show
that in the 30$ ribosomal subunit, the pro-
tein R, is about 80 A, the RNA is about 61
to 66 A, with a value of about —1 x 1073
for a, and a negligible value of B (3-6).
These results have led to a model of the
small subunit in which the RNA primarily
occupies a central core region, with the
proteins lying uniformly on the outside.
Over the last decade, however, individual
proteins have been located on the subunit by
the triangulation of measured interprotein
distances (7) and immune electron micros-
copy (8, 9). These measurements indicate
that the radius of gyration of the protein
component is 68 A and that the proteins are
not uniformly distributed about the RNA in
the 30S subunit. This report describes a
series of experiments to resolve the conflict
between these contradictory views of the
structure of the 30S ribosomal subunit.

Unlabeled and deuterated 165 RNA, 308
ribosomal subunits, and subunits reconsti-
tuted from deuterated RNA and unlabeled
proteins were prepared (10). Subunits de-
pleted of protein S1 were prepared by the
method of Steitz et al. (11). All subunits
studied were fully active in polyuridylic
acid—directed phenylalanine incorporation
(12). The subunits were characterized on
gels (Fig. 1). Scattering measurements were

d:

Fig. 1. Ribosomal subunits used for neutron
scattering. (a) Gels of 3 percent polyacrylamide,
0.5 percent agarose on the different species stud-
ied. Lane 1, 30S subunits without salt wash; lane
2, Sl-dcplctcd 308 subunits; lane 3, 30S reconsti-
tuted from deuterated 16S RNA. (b) Sodium
dodecyl sulfate gels (15 percent) on 30S ribosom-
al proteins. Lane 1, subunits with protein S1; lane
2, reconstituted subunits.
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Fig. 2. Guinier plots of data on 30S subunits
reconstituted from deuterated RNA and unla-
beled proteins. Symbols: @, H,O; *, 23 percent
D,0; V, 40 percent D,0; 3, 99.5 percent D,0O;
A, 90 percent D,O; H, 60 percent D,O; X, 78
percent D,0.
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Fig. 3. Match-points for RNA and 30S subunits.
The forward scattering amplitude A(0) was calcu-
lated by taking the square root of the normalized
forward scatter I(0). This was plotted against the
solvent scattering density, which can be calculated
from the mole fraction of D,O in the sample. (a)
[, unlabeled 168 RNA; A, deuterated 16S RNA.
The slopes are identical within error, indicatin;
that the volumes are the same. (b) Data for 308
subunits: 0, with protein S1 and without salt
wash; A, salt-washed to remove S1; X, reconsti-
tuted from deuterated 165 RNA and unlabeled
proteins.
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done in 10 mM tris, 50 mM KCl, 0.5 mM
Mg?*, pH 7.5, except for free 165 RNA,
which was studied in reconstitution buffer
(10 maf tris, 0.3 KCl, 10 mM Mg?*).
Data were collected on the H9B spectrome-
ter (13) at the High Flux Beam Reactor at
Brookhaven National Laboratory. Measure-
ments were made at different solvent
H,0:D,0 ratios. Guinier plots of typical
scattering data are shown in Fig. 2.

The radius of gyration R, and forward
scatter I(0) were calculated from Guinier
plots of the data, and the match-points were
determined by a plot of the forward scatter-
ing amplitude A(0) against the solvent den-
sity (Fig. 3). The slope of this plot is
proportional to the molecular volume, and
the match-point is a function of the degree
of deuteration (I1). When this treatment is
applied to the curves for deuterated and
unlabeled 16§ RNA with the assumption
that about 80 percent of the noncarbon-
bonded hydrogens in the RNA are ex-
changeable (14), one can calculate a partial
specific volume of 0.579 cm®/g and a degree
of deuteration of 58.6 percent of carbon-
bonded hydrogens.

Information about the protein and RNA
components of the subunit is obtained by an
analysis of Stuhrmann plots of the data (RZ
versus 1/p). These plots show that for 30S
subunits that were not salt-washed (Fig. 4a),
the data resemble those previously pub-
lished, yielding a protein-dominated R, of
81 A, an RNA-dominated R, of 62 A, and a
value for o of —1.1 x/107>. On the other
hand, the plot for subunits depleted of S1
and any adventitiously bound nonribosomal
proteins (Fig. 4b) showed a negligible slope
a, with an R, of 68 to 70 A for both protein
and RNA. In both of these cases, the value
of the reduced x? was not improved by a
parabolic rather than a linear fit, showing
that the parameter 8 was small.

However, when one enhances the con-
trast between RNA and protein by selective
deuteration, a different result is obtained.
Data for 30S subunits reconstituted from
deuterated RNA and unlabeled proteins
show a distinct curvature of the Stuhrmann
plot (Fig. 4c), with a poor fit to a straight
line (reduced x* = 11) but a good fit to a
parabola (reduced x? = 0.8), indicating a
significant value of B. The value of B esti-
mated from a parabolic fit is 2.9 = 0.2 X
10% cm ™2, which corresponds to a separa-
tion between the centers of mass of protein
and RNA of 25 =2 A. This separation
would give rise to a value of 1.0 x 10 cm™2
for B in the unlabeled subunit. As can be
seen by the dashed line in Fig. 4b, the
measured data are compatible with this val-
ue of B, with a reduced x* of 1.9, compared
with 1.6 for 8 = 0. However, the natural

density difference between protein and
RNA is insufficient to measure accurately a
separation of 25 A between their centers of
mass in the 308 ribosome.

The negligible value of a shows that the
protein and RNA are intermingled in the
region of overlap, with neither component
dominating the core or the periphery. The
radius of gyration of free 16§ RNA in
reconstitution buffer is 90 A and is indepen-
dent of contrast. This value is much higher
than the value in the subunit, confirming the
results of Serdyuk ez al. (15) that 165§ RNA
condenses upon binding of ribosomal pro-
teins. The intermingling of proteins and
RNA in the subunit suggests therefore that
165§ RNA has binding sites for proteins
located well within its interior. The relative-
ly extended structure of free 16S RNA is
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Fig. 4. Stuhrmann plots (R} versus 1/p) for 308
ribosomal subunits: (a) subunits that were not
salt-washed; (b) subunits that were salt-washed to
remove S1; (c) subunits that were reconstituted
from deuterated 16§ RNA and unlabeled pro-
teins. In all cases, the data points were fitted to a
straight line or a parabola. In (a) and (b), a
parabolic fit was no better than a linear fit. In (c) a
parabolic fit was significantly better than a linear
fit, which is also apparent from the curvature of
the data points. The best fit in each case is shown
by the solid curve. The center of mass separation
between RNA and protein can be calculated from
the parabolic term in (c). Calculation of the
expected parabola for this center of mass separa-
tion for an unlabeled 30S subunit (without S1)
gives rise to the dashed curve in (b), showing that
the measured data are compatible with this sepa-
ration, but that the natural contrast between
unlabeled RNA and protein gives rise to a curva-
ture too small to measure.
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evidence that these sites are initially open
and accessible, but that compaction of the

complex occurs upon binding of ribosomal

proteins.

It is not clear why Stuhrmann plots for
non-salt-washed subunits have such a large
slope and a consequently large value of the
protein R, while subunits salt-washed to
remove protein S1 do not. It is unlikely that
the Sl-depleted and reconstituted species
studied here have suffered a partial loss of
ribosomal proteins, because both of these
species are fully active and have measured
contrast match-points that are identical
within error to calculated values. S1 has
been located close to the protein center of
mass (16) and therefore should not make a
large difference to the protein R,. Sodium
dodecyl sulfate gels (Fig. 1b) on the sub-
units with S1 show the presence of several
bands corresponding to nonribosomal pro-
teins that are not present in the salt-washed
or reconstituted subunits. The match-point
for the subunits with S1 is also slightly
lower than calculated; this leads to an esti-
mate of about 11 percent more protein than
would be expected from a unit stoichiom-
etry of the 21 ribosomal proteins. Thus it is
likely that nonribosomal proteins are bound
to the region of RNA that is farthest from
the protein center of mass, giving rise to a
spuriously large R, for the protein compo-
nent. On the other hand, in at least one
previous report (6), the subunits studied
were washed in 0.5 NH,4Cl. The possibili-
ty remains, therefore, that the location of
S1, which was determined by measuring the
dgistance of cross-linked S1 to other ribo-
somal proteins, is erroneous.

In any case, with the possible exception of
protein S1, the proteins and RNA of the
30S ribosomal subunit are intermingled, but
are asymmetric in their spatial distribution,
with a center of mass separation of 25 A.
These findings offer direct and independent
evidence that the picture of the small sub-
unit that is emerging from efforts to locate
individual ribosomal proteins is correct with
respect to the overall distribution of protein
and RNA.
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Calcium Channels in Planar Lipid Bilayers: Insights
into Mechanisms of Ion Permeation and Gating

ROBERT L. ROSENBERG, PETER HESSs, JoHN P. REEVES,
HEeNRY SMiLowITZ, RICHARD W. TSIEN

Electrophysiological recordings were used to analyze single calcium channels in planar
lipid bilayers after membranes from bovine cardiac sarcolemmal vesicles had been
incorporated into the bilayer. In these cell-free conditions, channels in the bilayer
showed unitary barium or calcium conductances, gating kinetics, and pharmacological
responses that were similar to dihydropyridine-sensitive calcium channels in intact
cells. The open channel current varied in a nonlinear manner with voltage under
asymmetric (that is, physiological) ionic conditions. However, with identical solutions
on both sides of the bilayer, the current-voltage relation was linear. In matched
experiments, calcium channels from skeletal muscle T-tubules differed significantly
from cardiac calcium channels in their conductance properties and gating kinetics.

ALCIUM CHANNELS ARE VITAL TO

neurotransmission, secretion, and

muscle contraction and are impor-
tant targets of neurochemical modulators
(1). The molecular properties of Ca®* chan-
nels have been studied with single-channel
recordings in intact cells (2-6) and with
biochemical investigationis of putative Ca?*
channel proteins (7). These different ap-
proaches to channel function and structure
can be combined by studying Ca?* channels
under cell-free conditions where the lipid
and ionic environment can be controlled.
This can be done by recording the activity of
Ca’>* channels incorporated into planar bi-
layers (8-10). However, there has been no
direct comparison of single-channel proper-
ties in planar bilayers and in intact cells
under matched experimental conditions.
Here we report that cardiac Ca®* channels
reconstituted in artificial membranes and
Ca?" channels in intact heart cells have
similar properties of ion permeation and
gating. We have also been able to gain new
information about the mechanism of ion
permeation by using this technique to study
calcium channels under experimental condi-
tions unattainable in intact cells. Further-
more, we find that Ca** channels from
skeletal muscle T tubules and cardiac sarco-
lemma differ significantly in single-channel
conductance and gating despite their com-
mon sensitivity to dihydropyridines.

Unitary Ca’* channel activity was ob-
served after incorporation of cardiac sarco-
lemmal vesicles into a lipid bilayer (Fig. 1A)
(11). The external side to the channel was
exposed to 100 mM Ba?* and 50 mM Na*
and the internal side to 50 mM Na* and no
Ba’". In these studies, channel sidedness is
defined such that positive internal potentials
promote channel openings (12). The dihy-
dropyridine (DHP) Ca** agonist Bay K
8644 (13) was included in all experiments to
promote long openings of L-type Ca’*
channels (6, 14, 15). Membrane depolariza-
tions to +10 mV evoked channel activity
(Fig. 1A) that was scen as inward current
pulses of ~1.2 pA. This current must have
been carried by Ba®>* ions because Ba?* was
the only ion present that had an inwardly
directed driving force at +10 mV. The slope
conductance at 0 mV was 23 picosiemens
(pS). In experiments with 100 mA/ external
Ca”*, unitary current events at +10 mV
were only ~0.4 pA, and the slope conduc-
tance was ~7 pS. These amplitudes of ele-
mentary currents are typical for cardiac L-
type Ca®* channels in cell-attached patches
3, 5, 15).
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