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Abstract 

Following the ‘strategy of the glassy ribosome’ single protonated ribosomal proteins (r-proteins) were reconstituted into 
deuterated SOS subunits of Escherichia coli. The deuteration of both rRNA and r-proteins were individually adjusted to such 
a degree that the ribosomal matrix appeared nearly homogeneous with respect to coherent neutron scattering and had a 
scattering density equivalent to a D,O solution of about 90%. Neutron scattering of ribosomal subunits was recorded in 
reconstitution buffer containing three different concentrations of D,O around 90% D,O (contrast variation). The signal-to- 
noise ratio achieved allowed us to make a direct determination of the radii of gyration of r-proteins within the 50s subunit 
and thus provides the first information relating to the shape of these proteins in situ. We present the radii of gyration of 11 
r-proteins incorporated into 50s subunits and of 9 isolated r-proteins in solution. In addition, the data concerning the overall 
dimensions of the r-proteins we report on indicate that conformational changes of at least two individual r-proteins occur 
during the assembly process of the ribosome. 
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1. Introduction 

A prerequisite for understanding protein biosyn- 

thesis is knowledge about the structure of ribosomes 

in sufficient detail. The ribosomal structure is highly 

complicated; in the case of the eubacterium Es- 
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cherichia coli the ribosome consists of 54 different 

ribosomal proteins (r-proteins) and 3 rRNAs [I]. The 
most powerful technique, which might ultimately 
yield the structure at atomic resolution, is X-ray 
crystallography. Although remarkable progress has 
been made concerning the quality of ribosomal crys- 
tals [Z], a crystallographic structure is not expected to 
be available for several more years. 

For this reason it remains important to apply other 
methods to obtain information about the structure of 
the ribosome and its components at medium resolu- 
tion, i.e. the shapes and positions in space of the 
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r-proteins and rRNAs. The overall shape of the E. 
coli ribosome has been analyzed by electron mi- 
croscopy (EM) and image reconstruction techniques 
[3] as well as by X-ray [4,.5] and neutron small-angle 
scattering [6]. The arrangement of the ribosomal 
components, especially the distribution of epitopes of 
r-proteins on the surface of both subunits, has been 
investigated by immune electron microscopy and 
cross-linking [7-91. The spatial distribution of r-pro- 
teins has been determined by neutron scattering 
[lO,lll. 

The structure of isolated r-proteins could be solved 
to atomic resolution for L30, S.5 and L12CTF [12-141 
by X-ray crystallography. In addition hydrodynamic 
methods as well as different scattering techniques 
were extensively used, yielding the overall shape of 
a number of isolated r-proteins in solution (for a 
review, see Ref. [15]). However, neutron scattering is 
the only method available to date for analyzing the 
shape of r-proteins within the ribosomal complex. 
Radii of gyration (R,, shape information) of the 
r-proteins of the 30s subunit were determined by 
Cape1 et al. [ll], but unfortunately the reported R, 

values suffered from high errors, up to f 100%. Two 
reasons are mainly responsible for this high error 
level: (1) The R, values were calculated as ancillary 
parameters in the determination of interprotein dis- 
tances and could not be obtained with high precision 
for mathematical reasons; (2) the samples contained 
two deuterated r-proteins in a protonated ribosomal 
matrix, which results in an unfavorable signal-to- 
noise ratio because of the high incoherent back- 
ground scattering of the matching buffer (for discus- 
sion, Ref. [lo]). Recently, Harrison, May and Moore 
[16] obtained a more precise value of 23.5 k 10 A 
for the radius of gyration of protein S4 of the small 
ribosomal subunit by applying the three-isotope 
method (TIM) of Pavlov and Serdyuk [17]. TIM 
which, in principle, suppresses all scattering contri- 
butions except those from a selected component 
within a complex molecule requires, however, the 
preparation of three differently deuterated particles 
for every component to be studied. 

Applying the ‘strategy of the glassy ribosome’ 
[18] we prepared samples containing a single proto- 
nated r-protein in an otherwise deuterated ribosomal 
matrix with different deuteration levels for ribosomal 
proteins and rRNA (see Section 2). Because the 

scattering densities of r-proteins and rRNAs were 
matched at a high deuteration level the reconstituted 
ribosomal matrix appeared to be almost homoge- 
neous for neutrons in a solution containing about 
90% D,O. Thereby the coherent signal-to-noise ratio 
was improved significantly, and the radius of gyra- 
tion of a protonated r-protein could be determined 
from a single scattering experiment. Here we present 
the radii of gyration of 11 r-proteins within the 50s 
subunit and of 9 isolated r-proteins in solution. 

2. Materials and methods 

2.1. Isolation of protonated components 

The fermentation of E. coli cells (strain AB301, 
DlO; RNase-, met-) in protonated medium and the 
isolation of ribosomal subunits followed Ref. [19]. 
The isolation of single protonated r-proteins from 
50s subunits was carried out in a two step proce- 
dure: (1) Defined families of r-proteins were washed 
off the 50s subunits by increasing LiCl-concentra- 
tions; (2) subsequent application of HPLC tech- 
niques, either ion-exchange or reversed-phase chro- 
matography, purified most of the r-proteins to homo- 
geneity (for details, Refs. [20-221). 

2.2. Isolation of deuterated components 

Fermentation of E. coli cells (MRE600) in 
deuterated medium as well as the isolation of deuter- 
ated rRNA and deuterated TP50 (fraction of total 
proteins of the 50s subunit) were described previ- 
ously [22]. Elimination of single proteins was carried 
out by subjecting deuterated protein fractions to the 
HPLC isolation protocols described for protonated 
components and pooling all fractions not containing 
the protein to be excluded. If necessary the remain- 
ing protein fractions were purified further. The good 
maintenance of biological activity and the nearly 
quantitative recovery reached with HPLC methods 
[22] simplifies this step greatly and allows stoichio- 
metric protein ratios to be retained in the recombined 
protein fractions. 

2.3. Preparation of reconstituted particles 

The preparation of the particles followed the 
‘strategy of the glassy ribosome’ [18]. Deuterated 
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rRNA, isolated from cells grown in 76% D,O, and 
deuterated TP.50 derived from cells grown in 84% 
D,O, together with a tenfold excess of one proto- 
nated r-protein were reconstituted and purified via 
zonal centrifugation; the activities of the resulting 
particles were confirmed by poly(U)-dependent 
poly(Phe) synthesis and the r-protein content was 
analyzed by two-dimensional gel electrophoresis (for 
further details, see Ref. [22]). In some cases (see 
Table 1) one protein was removed from the deuter- 
ated TP50 by means of HPLC techniques (see above). 
The corresponding protonated protein was added in 
stoichiometrical amount, and reconstitution was per- 
formed as reported elsewhere (for details and discus- 
sion, Ref. [lo]). 

2.4. Collection of neutron scattering data 

The neutron scattering data were collected with 
the small-angle scattering facility Dll [23] at the 
Institut Laue-Langevin (ILL, Grenoble, France) as 
reported previously in detail [lo]. Ribosome concen- 

trations were of the order of 200 Az6,, units/ml 
(about 12.5 mg/ml), those of the isolated proteins of 
about 1 mg/ml and lower. 

3. Results 

Two sets of neutron scattering measurements were 
performed. The isolated proteins (H-Lx) were mea- 
sured in a D,O buffer to maximize the contrast and 
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to minimize the incoherent scatter. After subtraction 
of electronic noise and buffer contributions the scat- 
tering curves were analyzed by the Guinier formal- 
ism. For proteins integrated into ribosomes 
(SOS(Lxl), a more complex measurement had to be 
applied. We collected data for a Q range large 
enough to obtain sufficiently precise data for the 
ribosomal matrix. A correction for the presence of 
the ribosome was made possible by applying the 
contrast variation method. 

For each sample, including a reference particle (a 
reconstituted 50s subunit containing no protonated 
r-protein), the scattering intensities were recorded at 
three different contrasts (nominally 99%, 95% and 
90% D,O). The data were corrected and scaled 
according to Ref. [lo]. The scattering curves (shown 
for protein L3 as an example in Fig. la) were used to 
calculate the characteristic functions [24]. One of 
these is the contrast-independent Z, intensity profile 
where the zero-angle scattering from the reference 
particle is minimal. The reference-particle Z, profile 
does not vanish completely, but it decays very 
rapidly, much faster than the curves of particles 
containing labeled proteins (Fig. lb). We suspect 
that the presence of zero-angle scattering can only be 
due either to the fact that the reconstituted particles 
exist as a multitude of nearly identical particles with 
a narrow distribution of differently deuterated com- 
ponents (protein and RNA)-i.e. to a isotopic popula- 
tion heterogeneity-or to unknown particles, e.g. from 
the dialysis bag, accumulated during the sample 
preparation. We could not find any proof for the 
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Fig. 1. (a) Contrast variation: Neutron scattering intensities of a ‘glassy’ (selectively deuterated; see text) ribosomal 50s subunit (E. coli) 

with protonated protein L3 at three different contrasts, nominally 90% (01, 95% (0) and 99% (H) *H,O in the buffer solution. (b) 

Comparison of the scaled neutron scattering intensities of glassy 50s particles containing protonated protein L3 and of the reference particle 

(protein L3 deuterated like all other proteins of the subunit), calculated at the match point. 
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Fig. 2. Neutron scattering data of ribosomal proteins within the 50s subunit and isolated in solution: Guinier plots (columns 1 and 3), and 

the prolate ellipsoid of revolution equivalents (columns 2 and 4). SOS(Lx) and H-Lx mean the ribosomal protein Lx within the 50s subunit 
and isolated in solution, respectively; the corresponding radii of gyration are given within the Guinier plots in A,. The axial ratios of the 

ellipsoid equivalents are given above the ellipsoid symbols, the volume of an ellipsoid is proportional to the relative molecular mass of the 
respective protein. 
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second assumption. The absolute intensity of the 
zero-contrast scattering for the reference particle var- 
ied from one preparation to the next, but not its 
shape. We subtracted the reference-particle profile 
from the corresponding curves of 50s subunits con- 
taining one selected protonated protein by comparing 
the low-Q data points of the reference-particle scat- 
tering with those of the labeled-protein containing 
particles. The subtraction led to the intensity-dif- 
ference curves which represent the intensities from 
the integrated protonated material. 

The resulting intensity-difference curve together 
with those from other proteins are presented in the 
Guinier plots (Fig. 2). For small values of the mo- 
mentum transfer Q (Q = (4rr/h) sin 8, with A, the 
wavelength and 28, the full scattering angle), i.e. for 
small scattering angles, the Guinier approximation 
for the scattering intensity Z(Q) holds: Z(Q) = 
Z(O)exp(-iR;Q’) [25]. R, is the radius of gyration, 
which can be derived from the slope of the regres- 
sion line through the data points in a semilogarithmic 
plot (In Z(Q) versus Q ‘; Fig. 2, columns 1 and 3). 

The Guinier approximation is only strictly valid 
for Q values very close to zero. For practical rea- 
sons, however, the innermost Q region is not acces- 
sible because of the need to eliminate the primary 
beam by using a beam-stop in front of the detector. 
In addition, the inner part of the scattering curve is 
often obscured by aggregation present in the sample 
preparations. The presence of aggregates can be 
distinguished from the rest of the scattering curve if 
their contribution decays very rapidly, and the added 
systematic error is then estimated to be small. Thus, 
in practice, it is only possible to use a restricted 
region for the determination of the radius of gyra- 
tion; that region rarely exceeds Q = l/R,. 

The arguments above hold for the isolated-protein 
curves. In the case of the in situ proteins, we observe 
some residual scattering even after subtraction of the 
reference-particle scattering, which, however, decays 
very rapidly compared to the protein contribution, so 
that one can only start the fitting procedure at larger 
but still acceptable Q values. Nevertheless, the fact 
that Q values up to 1.7/R, are used may induce a 
small systematic error. This small error is tolerable, 
because (1) the straight line continues well beyond 
this value, and (2) as can be seen from Table 1 
(column 3), the relative molecular masses of the 

proteins determined by extrapolation to Q = 0 are 
within a reasonable range around the sequence val- 
ues with the exceptions of Ll, L3 and L17 (see 
below). The R, values derived are compiled in 
Table 1 (column 4). 

All the operations for arriving at the protein scat- 
tering curves are linear, so that the error propagation 
calculations are straightforward. For mathematical 
(step-wise propagation due to the different proce- 
dures necessary to arrive at the difference curves) 
and statistical reasons (certain steps, like the scaling 
to the proton scattering are not independent), the 
propagated statistical error bars are, however, rather 
too large. Nevertheless, the statistical errors of the 
R, determinations from r-proteins in situ were usu- 
ally below * 10%. The total maximal error was 
taken in most cases to be f 10% and reflects varia- 
tions of the R, values upon variation of the back- 
ground subtraction and estimated preparative uncer- 
tainties. The latter argument was less significant in 
the cases of r-proteins in solution; in this case we 
maintain the statistical and estimated systematic 
(background subtraction) errors. 

Assuming that to a first approximation the shapes 
of the proteins can be represented by ellipsoids of 
revolution, it is possible to calculate their half-axes 
by an iterative procedure from the R, values and the 
masses of the proteins (R.P. May, unpublished). The 
corresponding prolate ellipsoid of revolution equiva- 
lents are displayed in Fig. 2 beside the Guinier plots 
(columns 2 and 4). The absolute dimensions of the 
ellipsoid equivalents are given in Table 1 (columns 7 
and 8). Further, the relative molecular mass of the 
labelled component was determined from the for- 
ward scatter Z(O), which is derived from the intercept 
of the regression line with the y axis of the Guinier 
plot according to Ref. [26]. 

For the calculation of relative molecular masses 
M, we used a modified form of Jacrot and Zaccai’s 
expression [26], which can be written as 

ZCoh(0) is the coherent scattering of the sample at 
zero angle, I, that of H,O, c is the solute concen- 
tration in g/ml, D, is the sample cell thickness, T, 
and T, are the sample and H,O transmissions, 
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Table 1 

Shape parameters for ribosomal proteins integrated into the 50s subunit (in situ) and isolated in solution (in sol.) as derived from 

small-angle neutron scattering CSANS) 

Sample M, (seq) M, &%NS) R, (A, Axial ratio zzb a GQ b 6, 
+ error (a/b) 

5OS(Ll) 24 599 20 400 20.3 f 2.0 3.1 0.66 41.4 13.2 

H-L1 24 599 38 100 25.4 f 0.6 4.7 54.4 11.5 

5OS(W) a 22 258 26500 27.2 f 2.7 5.6 1.22 59.0 10.5 

H-L3 22 258 40 000 24.3 f 0.5 4.6 52.0 11.2 

5ON.4) 22 087 17 400 25.9 + 2.6 5.2 0.95 55.9 10.8 

H-L4 22 087 19 500 26.9 + 4.0 5.5 58.3 10.5 

5OSC6) 18832 18 800 20.5 f 2.1 3.8 43.0 11.3 

5OS(L7/12) 48 880 43 400 38.7 & 3.9 6.5 84.6 13.0 

5OS(LlO) a 17581 15 100 22.6 f 2.9 4.7 48.4 10.4 

5OS(L13) a 16019 20 000 21.8 + 2.2 4.7 1.47 46.6 10.0 

H-L13 16019 19 100 17.8 f 0.3 3.2 36.4 11.4 

H-L17 14 365 17.6 * 0.4 3.4 36.3 10.8 

5OS(L18) 12 770 16400 19.7 f 2.0 4.4 1.38 42.0 9.5 

H-L18 12 770 18 200 16.4 + 0.9 3.2 33.5 10.6 

5OSCL19) 13 002 13 600 24.1 + 2.4 6.2 52.5 8.5 

H-L22 12 227 15 200 19.0 + 2.0 4.3 40.4 9.4 

5OSCL23) 11209 10 100 14.6 k 1.5 2.8 0.76 29.0 10.6 

H-L23 11209 10600 16.9 k 1.3 3.7 35.3 9.6 

5OS(L24) 11185 10 400 16.7 f 1.7 3.6 0.87 34.7 9.7 

H-L24 11185 11600 18.0 f 1.5 4.1 38.1 9.3 

a One protein was removed from the deuterated TP50 for the preparation of the particle (see Material and Methods); in these cases a relative 

occupation number (protonated protein incorporated per deuterated subunit) of 1.0 was assumed for the determination of the relative 

molecular masses from the forward small angle scatter (M, (SANS)), [24]); in all other cases the relative occupation number was assumed to 

be 0.9, according to the stoichiometry of protonated proteins used in the particle preparations. Assuming smaller values for the occupation 

numbers, some molecular masses improve significantly. The axial ratios a/b were calculated with the sequence molecular masses. H-L3 

would have an axial ratio of 3.0 assuming that it is a dimer of 44516 daltons. 

b The proportion of the two axial ratios is defined here as (a/b)- ,” ,,,,/(a/b),, ,Ol,=S; .S values deviating from 1 by up to 0.15, between 

0.15 and 0.25, or more than 0.25 were defined as indication for weak, medium or strong conformational change during the assembly of the 

ribosome, respectively. A more precise distinction is not justified, since 9 is very sensitive with respect to R,. 

respectively. NA is Avogadro’s number. c b, is the 
sum of all scattering lengths within the volume V of 
a particle (protein), pi, the scattering length density 
of the buffer solution. Values of c b/M are tabu- 
lated in [26]. Finally, g is a wavelength-dependent 
factor of a value close to 1 which accounts for 
inelastic and geometrical effects as well as for detec- 
tor properties. With [26] 

M _._ 

v= 77, A 

one gets (May, unpublished) 

M= I”““(O) (I -T,)g NA 

I,cD,T, 4~ (A& ’ 

where Z; is the partial specific volume. This notation 
avoids the problem of knowing the real volume of a 

protein. For an average ribosomal protein, we as- 
sume A p U to vary as 

ApZ( x) = (1.68 - 4.216~) X 10’” cm/g, (4) 

where x is the D,O fraction in the buffer solution. 
If only one component of a complex is visible for 

neutrons, the molecular mass M of the single com- 
ponent (MC is the molecular mass of the complex) 
becomes (May, unpublished) 

(5) 

Coincidence of the relative molecular masses calcu- 
lated from I(O) with the corresponding values de- 
rived from protein sequencing is a valuable internal 
control for the validity of the scattering data. The 
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relative molecular masses calculated are given in 
Table 1 (column 3). 

Relative molecular masses determined from I(0) 
coincide quite well with the values derived from 
sequencing. Isolated Ll is an exception, where the 
I(O)-derived relative molecular mass deviates by 
about 50%. L3 seems to be a dimer in solution, and 
in the case of L17, the concentration measurement 
obviously was not consistent with the scattering data. 
Nevertheless, we included these measurements in 
Table 1 and Fig. 2, because the scattering data were 
of reasonable quality. The data were processed at 
least two times independently yielding consistent 
results. Data sets not yielding equivalent results in 
repeated processings were omitted or, alternatively, 
the corresponding particle was prepared and anal- 
ysed again. This explains why some of the data 
presented deviates from that published previously 

1181. 
The radii of gyration could be determined with an 

error of < 10% for most of the r-proteins listed. The 
respective prolate ellipsoids of revolution had an 
axial ratio of equal or greater than 2.8 in all cases. 

4. Discussion 

In this contribution we describe an attempt to gain 
insight into structural parameters of ribosomal pro- 
teins within the ribosomal matrix. Even though 
small-angle neutron scattering is the method best 
suited for this kind of measurement there are several 
obstacles to be overcome. 

Only the small Q range can be used for obtaining 
shape information about ribosomal proteins in situ 
and in solution, for different reasons: The intensities 
fall off rapidly at larger Q values and thus render it 
problematic to extract reliable shape data. We suf- 
fered an additional loss in scattering intensity be- 
cause the measurements had to be performed with 
small sample concentrations. The overall ribosome 
concentration was kept small enough to avoid inter- 
particle interferences for the in situ measurements, 
but could not be too small since the mass fraction of 
one protein is only & of that of a SOS subunit. 
Isolated ribosomal proteins, on the other hand, are 
only soluble in the mg/ml range. 

The radius of gyration is the most direct shape 

parameter of a ribosomal protein that can be ex- 
tracted from neutron-scattering measurements at 
small Q. With knowledge of the relative molecular 
mass of the respective protein the abstract number 
given by a radius of gyration can be translated into 
parameters describing a body, e.g. a prolate ellipsoid 
of revolution (Table 11, which approximates the 
overall extension of the ribosomal protein. Though 
an oblate ellipsoid of revolution satisfies the radius 
of gyration condition mathematically as well, the 
resulting very thin bodies are not a reasonable model 
for a protein’s shape, in contrast to the prolate 
ellipsoids of revolution used here. All derived prolate 
ellipsoids had an axial ratio exceeding 2.8. This 
suggests a significant deviation from a spherical 
shape for all proteins measured within the ribosomal 
matrix as well as isolated in solution. 

R, values were determined for seven r-proteins 
within the ribosome as well as isolated in solution. 
Since the molecular weights derived from neutron 
scattering of three isolated proteins, Ll, L3 and L18 
deviated significantly from the corresponding values 
from the amino-acid sequences, we compare only the 
remaining four pairs in the following. Two out of 
these four R G pairs differ significantly from each 

other (L13 and L23; Table 1, column 6), indicating a 
strong conformational change during the assembly 
process; two proteins, L4 and L24, appeared practi- 
cally unchanged. A conformational change is not 
unexpected, since r-proteins probably have many 
hydrophobic contacts with their neighbours inside 
the ribosome. Isolated in aqueous solution these 
areas are forced into the interior of the protein 
molecule to minimize the water contact; assuming 
that this structure is somehow under tension, free 
energy will be released upon relaxation during its 
incorporation into the ribosome thus contributing to 
the assembly process. 

Taking the relative change of the axial ratio of an 
ellipsoid as a measure for the strength of a conforma- 
tional change of the respective r-protein, we distin- 
guish weak (< 15%), medium (15%-25%) and 
strong (> 25%) conformational changes. In these 
terms protein L13 strongly changes its overall shape. 
This effect is less pronounced for protein L23. On 
the other hand, the shape variations for proteins L4 
and L24 are well within the error that we estimated 
for small-angle neutron scattering and thus we clas- 
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sify these proteins as essentially retaining their solu- 
tion shape within the ribosome. A more extended 
analysis should reveal whether or not the observed 
conformational changes are a common feature of the 
ribosomal assembly process. 
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