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Sttrdy of Escherichia coli Ribosomes by Intensity Fluctuation 
Spectroscopy of Scattered Laser Lightt 

Dennis E. Koppel* 

ABSTRACT : The ribosomes of Escherichiu coli have been studied 
by the technique of light-scattering intensity fluctuation spec- 
troscopy. A digital photocount correlator was used to analyze 
the time evolution of the scattered field and thus characterize 
the hydrodynamic properties of the ribosomes in solution with 
accurate determinations of D, the translational diffusion co- 
efficient. To selectively study the molecules of interest, the 
light-scattering technique was combined with the technique 
of band or zonal sedimentation in a sucrose gradient. The 
light-scattering experiments were carried out immediately 
after centrifugation directly on the different macromolecular 
bands in the sucrose gradient in the centrifuge tube. The values 

I n the work reported here, the ribosomes of Escherichia 
coli are studied by the technique of laser light scattering IFSl 
(see, for example, Clark et al., 1970; Cummins and Swinney, 
1970; Chu, 1970; Foord et al., 1970; Pusey et al., 1974). 
IFS is a recently developed technique in which the coherent 
radiation of a laser light source is used to probe the dynamics 
of systems of scatters, in this case, biological macromolecules 
in solution. The field from each scatterer acts as a reference 
signal with which we can detect the phase fluctuations in the 
field from each other scatterer. Molecular motions over dis- 
tances of the order of a wavelength of light change the relative 
phases at the detector of the scattered electric field from dif- 
fcrent scattering centers, thus changing the detected light 
intensity. The coherence time of the scattered light, the char- 
acteristic time scale on which light intensity fluctuates, is thus 
directly related to the hydrodynamic properties of the scatter- 
ing molecules. In this study, we used a digital photocount 
correlator to analyze the scattered field. 

For scatterers of linear dimensions small compared to a 
uavelength of light, such as those studied here, the coherence 
time of the scattered field is inversely proportional to D, the 
macromolecular translational diffusion coefficient (Pecora, 
1964). For nonspherical molecules of linear dimensions com- 
parable to a wavelength of light, one can investigate rotational 
diffusion (Pecora, 1968; Cummins er ul., 1969; Schaefer et a/.,  
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of D ~ O , ~  determined in this way are (1.71 i 0.03) X 10-7 
cmY/sec, (1.90 i 0.03) x 10-7 cmZ/sec, and (2.18 i 0.03) x 
IO-’ cm2/sec for the 70s ribosomes and the 50s and 30s 
ribosome subunits, respectively. Combining these measured 
values of D with literature values of the sedimentation co- 
efficients and partial specific volumes, values of the ribosome 
molecular weights were calculated. These are, in millions, 
2.49 i 0.06, 1.55 * 0.04, and 0.87 i 0.02, in the same order 
as above. Finally, the results of this work were compared to 
those of other techniques, and discussed in terms of the size, 
shape, and degree of hydration of the ribosome molecules. 

1971), and internal molecular flexing modes (Pecora, 1965; 
Fujime, 1970). 

As a general analytical technique, however, IFS has two 
inherent limitations. 

i. Lack o/’Spec@ciry. All solute particles, desired and un- 
desired, scatter light. The greatest damage can be done by 
large aggregates and dust, which, even in minute concentra- 
tions, can swamp the signal from the molecules of interest. 

ii. Poor Resolution of Different Componenrs. Light-scat- 
tering data are relatively insensitive to solution polydispersity. 
The best one can do in general (Koppel, 1972; Pusey er al., 
1974) is to calculate the first two or three moments of the dis- 
tribution of molecular size (actually the distribution of D) ; 
but additional information is needed for a detailed character- 
ization. 

In an attempt to overcome the above limitations, the work 
reported here combines IFS with the technique of band or 
zonal sedimentation in the ultracentrifuge. For other tech- 
niques as well as for light-scattering measurements, band sed- 
imentation on a sucrose gradient has frequently been used as 
one of the final sample preparative procedures. Traditionally, 
fractions are collected, dialyzed against buffer to remove the 
sucrose, and analyzed separately. The experimental work re- 
ported here takes the next logical step: The light-scattering 
analysis is carried out immediately after centrifugation di- 
rectly on the different macromolecular bands in the sucrose 
gradient in the centrifuge tube. One can thus selectively study 
the molecules ofinterest, separated from a host of other PO- 
tential scatterers, with an ease and reliability not previously 
possible. 
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The ribosomes of E .  coli are an ideal subject for this study. 
They are sufficiently complex to provide a good test of the 
technique's capabilities. They have been characterized by 
other techniques (see for example, Kurland, 1972; Spirin, 
1969; Spirin and Gavrilova, 1969) so that a context exists 
within which the results of this study can be evaluated. How- 
ever the gross morphological characteristics of the ribosomes 
(the size, shape, and degree of hydration) have yet to be 
firmly established (Hill et al., 1969a). 

Experimental Section 

Sample Preparation. The ribosomes used in this study were 
the generous gift of Dr. Charles R. Cantor and Ms. Helen 
Oen, of the Department of Chemistry, Columbia University. 
70s ribosomes were prepared from midlogarithmic phase E. 
coli Q13 by the method of Traub et al. (1971). This procedure 
does not include washings in high salt (e.g., 1 M NH4 Cl) which 
will produce significant changes in the ribosome properties 
(Hill et al.,  1970). The following buffers were used: I, 0.01 M 
Tris-HC1 (pH 7.4)-0.05 M NH,Cl-l.O X M MgC12-6.0 X 
10-3 M 2-mercaptoethanol; 11, same as I, except 2.5 X M 

MgC12. Concentrates (-50 mg/ml) of 70s particles in buffer I 
were stored frozen, until needed, at liquid nitrogen tempera- 
ture. 30s and 50s ribosomal subunits were prepared from 70s 
ribosomes by dialysis against buffer I1 for 24 hr at 5" .  It should 
be noted that the 30s subunit may not be active at Mg con- 
centrations below 2 mM (Zamir et al.,  1971). This suggests a 
difference between the conformations of the subunits at low 
and high Mg concentrations (Ghysen et al., 1970). 

Typically, 2-ml volumes of solution were layered on linear 
10-30 %, 37-ml sucrose gradients in standard 1 in. diameter X 
3.5 in. cellulose nitrate centrifuge tubes. If material is scarce, 
much smaller volumes of sample can be used. In fact, one 
can easily use sample volumes of 0.1 ml or less, consid- 
erably less than that needed with conventional light-scattering 
sample preparation techniques. 

All centrifuge runs were performed with a swinging-bucket 
SW27 rotor at a temperature of 0 f 0.5". Immediately after 
centrifugation, the sample tube was sealed with a precooled 
cap of the type usually used with a fixed-angle rotor. To min- 
imize the disturbance of the gradient the caps were specially 
modified, with the inner supporting cylindrical shell removed. 
Using the screw threads on the top of the cap, the sample tube 
was rigidly attached to a translational device and suspended 
from above into the thermal water bath of the light-scattering 
photometer. 

Light-Scattering Experiment. A schematic diagram of  the 
light-scattering photometer is presented in Figure 1. The 
incident field is provided by a Model 52 Coherent Radiation 
krypton ion laser. The sample tube is housed in the center of a 
cylindrical water bath which provides temperature control, 
and, through approximate index matching, a reduction of the 
light reflected by the tube wall. The scattering volume is 
imaged onto a narrow vertical slit, and the light transmitted is 
detected by an ITT FW130 photomultiplier tube with an 
effective photocathode area smaller than a coherence area of 
the scattered field. This means that at any given instant, there 
is nearly complete spatial coherence of the scattered field across 
the surface of the detector. If this were not the case, the inten- 
sity fluctuations that we are interested in would be spatially 
averaged out in the detection process. 

The light-scattering experiment consists of two vertical 
translation scans of each centrifuge tube through the incident 
laser beam. The general approach is as follows. During the 
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FIGURE 1 : The light-scattering photometer. 

first scan, at closely spaced intervals, the average intensity of 
the scattered light is determined as a function of position in 
the tube. This gives a measure of the concentration profile of 
the macromolecules. With 2, the weight per cent of sucrose, 
known as a function of position,2 one can determine the sed- 
imentation coefficient corresponding to each peak in the 
scattering power profile with the aid of published tables 
(McEwen, 1967). In many applications, with well-character- 
ized systems, these calculations are used basically as a means 
of identifying known components of the solution with known 
sedimentation coefficients, and need not be especially precise. 

On the second scan through the tube, stopping at positions 
shown to be of interest by the first scan, photocount auto- 
correlation functions are measured. One thus obtains experi- 
mental values of DK2 (see below) where D is the diffusion co- 
efficient of the scatterers, and K is the magnitude of the scat- 
tering vector. Inasmuch as K is proportional to f i ,  the refrac- 
tive index of the scattering medium, and D is inversely propor- 
tional to q ,  the viscosity of the solvent, an accurate knowledge 
of 2 at the point of measurement is all the more essential.3 

Extrapolations to zero macromolecular concentration can 
be performed by lowering the concentration of the initial 
layer of sample solution. Combining the extrapolated diffu- 
sion and sedimentation coefficients one gets the molecular 
weight of each component (Svedberg and Pederson, 1940). It 
is then possible to convert the measured scattering power 
profile to a relative weight concentration profile. Absolute 
concentrations can be determined with the use of a light- 
scattering standard. After the solution has been characterized 
in this fashion, fractions can still be collected, if desired, for 
further physical or chemical analyses. 

A sucrose gradient without ribosomes was used as the light 
scattering standard. To calibrate the standard, we utilized the 
relationship between the intensity of the light scattered by a 
solution (above that of solvent alone) and II, the osmotic 
pressure (Debye, 1947) 

( I )  = const x ~f i~~(d f f /dc )~ [~(~ /RT) /dc ] -~  (1) 

where c is the weight concentration of solute, f io  is the refrac- 
tive index of the solvent, R is the gas constant, and T is the 

*For 37-ml sucrose gradients, with 10 5 2 _< 28.73, in 1 in. diameter 
X 3.5 in. cellulose nitrate tubes (Beckman No. 302237), in a swinging- 
bucket SW27 rotor (Spinco, Palo Alto, Calif.), Z = - 10 +- 2.48 cm-' r, 
where r is the distance from the axis of rotation in the centrifuge during 
centrifugation (Koppel, 1973). 

a To correct for the presence of sucrose, one must know ( V T , S / ~ / T , W ) '  

( i i ~ . ~ / t i ~ , ~ ) * ,  where s and w refer to sucrose soiution and water, respec- 
tively. Viscosity data were taken from the Handbook of Biochemistry 
(1972). Refractive indices were from the Handbook of Chemistry and 
Physics (1972). 
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FIGURE 2: Ribosomes in buffer I, after centrifugation with w = 
1.903 X 103sec-1..f~2dt = 1.724 X 10" sec-l. 

absolute temperature. Sucrose solution osmotic pressure data 
were obtained from the International Critical Tables (1928). 
Differentiation with respect to concentration was performed 
numerically with least-squares straight line fits to all sets of 
four consecutive points. The value of dn"/dc for the ribosome 
solutions was taken from the literature (Scafati et al., 1971), 
and corrected, in each case, for the known concentration of 
sucrose (Koppel, 1973). 

Photocount Autocorrelation. The laser light scattered by the 
ribosome solutions was characterized by the technique of 
digital photocount autocorrelation. "Clipped" correlation 
(Jakeman and Pike, 1969; Foord et ul., 1970; Koppel, 1971) 
can be performed with relatively simple digital correlators, 
and is the method of choice of this study. One measures 
(n,(t)n(r + T) ) ,  where the angular brackets indicate an en- 
semble or time average, n(t) is the number of detected photons 
(photocounts) in a counting interval centered at time t ,  and 
n,(t), the clipped count, is defined as 

0 if n(t) 5 q 

1 if n(t) > q 
nd t )  = 

with q a nonnegative integer. 
While in general the relation between the clipped function 

and the field statistics is exceedingly complex, for Gaussian 
fields, it reduces to an especially simple expression (Jakeman 
and Pike, 1969; Koppel, 1971) 

(. , ( O M 4  = 

(n,i(n>( 1 + [(I + d / ( l  + @))I Y,lg(V)l21 (3) 

Here g(l)(.r) is the normalized first-order electric field correla- 
tion function 

g'1)(7) = (€*(0)4d)/(l€j 9 (4) 

and Y ,  (Koppel, 1971) is a constant, independent of the delay 
time T, which incorporates the effects of finite sampling times 
and incomplete spatial coherence of the field across the photo- 
emissive area of the detector. lg(l)(T)i, in turn, is easily related 
to the hydrodynamic diffusion properties of the scattering 
molecules. For dilute solutions of macromolecules small com- 
pared to a wavelength of light and/or spherically symmetric 
(Pecora, 1964) 

lg(l)(T)l = e--DK*r ( 5 )  

where Kis the magnitude of the scattering vector. 
In the bulk of the work reported here, experimental values 

'The field scattered by a large number of independent scatterers 
obeys Gaussian statistics (Schaefer and Pusey, 1972). 
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for (no(O)n(~)), (n), and (no) were determined, and combined 
according to eq 3 to give estimates of Y~jg(l)(~)/~. Taking the 
natural logarithm of these estimates, values of D were deter- 
mined with weighted, least-squares, straight-line fits. As an 
occasional check of the field statistics, (nO@)(O)n(7)), the pre- 
scaled clipped correlation function (Koppel and Schaefer, 
1973; Jakeman et nf., 1972), was measured as well. Scaling 
before the clipping procedure effects an averaging over s con- 
secutive clipping levels. Thus, if eq 3 applies for all clipping 
levels (as it must for Gaussian light), then {nO(d)(0)n(T)) and 
(no(O)n(.r)) should give identical results. 

Measurements can be taken at many scattering angles as a 
check for a variety of systematic effects: instrumental effects 
(e.g., optical misalignment) as well as sample-specific effects 
(e.g., an unwanted component of larger scatterers). In these 
experiments, for the sake of convenience, measurements were 
taken at a single angle; but instrumental effects have been 
carefully excluded (Pusey et al., 1974), and it is felt that the 
special nature of the sample preparation precludes the pos- 
sibility of sample-specific effects. The cumulants method of 
data analysis (Koppel, 1972) was used to confirm the single 
exponential behavior predicted by eq 5 .  

The operation of the correlator is similar to that of Foord 
et al. (1970), and has been described previously (Koppel, 
1973; Pusey et al., 1974). 

Results 

Direct Results: Intensity Profdes, Sedimentution Coeficients, 
Diflusion Coeficients. Figure 2 presents the results of experi- 
ments on a ribosome sample in buffer I. Experimental values 
of the total scattered intensity (expressed here as photocounts 
per second) are displayed as a function of r, the distance from 
the axis of rotation in the centrifuge during centrifugation. 
The sedimentation coefficients at the top were calculated for a 
particle density (Hill et al., 1969a) pp = (D)-' = 0.60-l g 
cmW3 = 1.67 g interpolating between the values for 1.60 
and 1.70 g cm+ (McEwen, 1967). The principal peak is thus 
seen to correspond to the 70s ribosomes, with a secondary 
peak of 50s subunits. The diffusion coefficients measured by 
photocount autocorrelation and normalized to standard con- 
ditions (water as solvent at 20") are presented for each peak. 
All diffusion measurements were performed at 5 " ,  with a 
scattering angle of 9O", and an incident wavelength of 5682 A. 

As an example of raw correlator data, the normalized 
counter contents, C,/N, for the correlation data of the 70s 
peak is presented in Figure 3a. Here 

N 

i = l  
C, = C no@)(tf)n(tf + rnT) (6)  

with (n)  = 0.723, T = 40 psec, and N = 2.444 X lo7. The 
dashed line is the measured normalized background correla- 
tion level 

x N 
(7) 

Figure 3b shows the natural logarithm of the signal above 
background 

(8) k(mT) = 112 In (C, - B)  

T* = [(To + T)/(To + 2 0 ° ~ 1 ( 1 / 2 0 , w / r l r , s ) ~ 2 T  

The ordinate 

(9) 

where T o  = 273.15"K, is defined so that the slope of the 
straight-line fit (solid line) is the measured value of D z o , ~ .  
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FIGURE 3: (a, left) Normalized counter contents of 70s correlation data of the sample of Figure 2. Horizontal dashed line is the normalized 
background correlation level, calculated from measured values of (nq(O)) and (n). (b, right) Natural logarithm of the signal above back- 
groiind. Solid line is the best least-squares straight-line fit. 

In Figure 4 we have the results of three samples of ribosome 
subunits in buffer 11. The 70s ribosomes are seen to be com- 
pletely dissociated. These samples were prepared from the 
same ribosome stock solution, with 4b and 4c run with two- 
fold and fourfold dilutions of the solution used in 4a. The 
peaks in 4a are quite broad and asymmetric; but inasmuch 
as this effect is seen to decrease in 4b and 4c, it is more likely 
attributable to concentration-dependent sedimentation char- 
acteristics than sample polydispersity. This is borne out by 
the diffusion measurements. 

In addition to peaks at 50 and 30 S, there is a distinct third 
peak at about 25 S. This peak evidently is composed of the 
25s partially unfolded form of the 30s subunit observed by 
others (Gesteland, 1966). In support of this, we observe that 
the ratios S/D are approximately the same for the 30s and 
25s peaks, indicating a change of conformation without loss 
of mass. This would also explain why the 30s peak is some- 
what smaller, relative to the 50s peak, than would otherwise 
be expected. 

Diffusion coefficients were measured at several positions in 
each gradient. In this way one can check the homogeneity of a 
peak, or alternately, measure D as a function of concentra- 
tion in one sample. 

Figure 5 presents a compilation of diffusion measurements 
as a function of ribosome concentration. Concentrations were 
determined by the method outlined above. (See the Appendix, 
however.) Values of cM are determined from relative scattered 
intensities, and corrected to c using the values of M calculated 
below. Two points in Figure 5 deserve special attention. The 
50s point with the A was measured in buffer I (the high Mg 
buffer). It is somewhat higher than the others, but agrees 
within experimental error. The 70s point with the open square 
was measured outside a gradient in regular buffer. This value 
of D confirms the accuracy of the gradient calibration, and 
assures us that the high concentration of sucrose has not in- 
duced a conformational change. At ribosome concentrations 
as low as these (< 1 mg/ml) the values of & o , ~ ,  in agreement 
with theoretical expectations (Pusey er al., 1972; Altenberger 
and Deutch, 1973), show no detectable concentration depen- 
dence. Thus, the averages of the values in Figure 5 (the hori- 
zontal lines) are taken as the zero concentration values, 
D z o , ~ ~ ,  and are listed in Table I, along with the corresponding 
hydrodynamic radii.5 These are (1.71 f 0.03) x cm2/sec 

--______. __ 
R h  is determined cia the Stokes- Einstein equation, Rh = k(To + T ) /  

~ W T ~ T . ~  (k is the Bo~tzmdn's constant), and is the radius of the 
hydrodynamically equivalent sphere (equivalent as far as translational 
diffusion is concerned). 

and 126 i 2 A for the 70s ribosome; (1.90 i 0.03) x 10-7 
cm2/sec and 113 * 2 A for the 50s subunit; and (2.18 f 
0.03) x 10-7cm2/sec and 98 =k 2 A  for the 30s subunit. 

Derived Results: Molecular Weights, Shape, and Hydration. 
The molecular weights were calculated using the relationship 
of Svedberg (Svedberg and Pederson, 1940) 

where R is the gas constant, Tis 293 OK, and p is the density of 
water at 20'. The values used for ~ ~ 0 , ~ O a n d  z j  are listed in Table 
I. All of these were taken directly from the literature. The re- 
sulting values of M ,  (2.49 + 0.06) X 106 for the 70s ribosome, 

30s 50s 70s 

r (cm) 

30s 505 

r k m )  

FIGURE 4: Three samples in sucrose gradients in buffer 11, with in- 
itial ribosome concentrations in the ratio of 4:2:1. 
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FIGURE 5 :  Measured values of D z ~ , ~  as a function of ribosome 
concentration: (A) measured in sucrose gradient in buffer I; (E) 
measured in sucrose free buffer I preparation. 

(1.55 = 3.04) x lo6 for  the 50s subunit, and (0.87 i= 0.02) x 
IOefor the 30s subunit, are listed in Table I. 

For any macromolecule, we can define the dry radius, Rd, 
as 

R,j = (~MV"/~SN)' , '~ (1 1) 

where ;' is the inverse of the dry density of the macromolecule 
and N is Avogadro's number. The ratio of the hydrodynamic 
radius, Rh. to the dry radius, Rd, is a function of both the 

and the degree by which the shape deviates from a 
spher,. LL'e have (Camerini-Otero et a / . ,  1974) 

= (fif)(l - F)-'I3 (12) 

where (.f;h) 2 1 represents the effect of shape on the frictional 
.<it. and (1 - F)-l  is the ratio of the solvated to dry 
, i-, then, is the fraction of the volume of the hydrated 
:e occupied by solvent. Explicit expressions for f/fo 

have been calculated for an ellipsoid of revolution as a func- 
tion of axial ratio (Tanford, 1961). Figure 6 shows the com- 
bina:ior:h of axial ratio and F of the hydrodynamically equiv- 

p i d s  of revohtion, consistent with our measure- 
ments: foi the 70S, 5OS, and 30s ribosomes. (Oblate ellipsoids 
are presented with an axial ratio of less than 1, prolate ellip- 
soids with an axial ratio greater than 1.) Values of Rd were 
calculated from eq 11 using the values of M calculated above, 
and the values of D of Table I for D'. We can alternatively 
characterize the degree of solvation with the parameter 6, the 

U 
I 10 

AXIAL RATIO 
4, ' ' " " " '  

FIGI R I  b:  Combinstions of axial ratio and F, the fraction of the 
total !?article volume occupied by solvent, consistent with the 
calcukitetl \ d u e s  of Rh/Rd. 
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volume of solvent per unit weight of dry macromolecule. 
Clearly 

6 O'[F/(l - F)] (1 3) 

In Table I we present calculated values of Rh/Rd, Fma,, and 
6,,, where F,,, and 6,,, are calculated with an assumed 
spherical shape ((f i i fo) = 1). 

We can further quantitate this hydration via eq 12 or Figure 
6, by taking the particle shapes in solution as determined by 
low-angle X-ray diffraction (see Table 11). This procedure 
gives values of F of 0.63, 0.72, and 0.66, and values of 6 (in 
cma/g) of 1.01,1.49, and 1.1 5 for the 70s ribosome and the 50s 
and 30s subunits, respectively, summarized in Table I. 

Discussion 

Diffusion Coefficients. In their pioneering physiochemical 
study of E.  coli ribosomes, Tissierbs et al. measured the diffu- 
sion coefficients by the classical method, observing free diffu- 
sion at a preformed concentration boundary (Tissierbs et al., 
1959). Molecules must diffuse over macroscopic distances in 
this technique, and each measurement subsequently takes 2 or 
3 days. They made a total of seven such measurements, ob- 
taining values for D20,* X lo7 of 1.82 and 1.84 cm2 per sec 
for the 70s ribosomes; 1.88, 1.90, and 1.95 cmz per sec for the 
50s subunit; and 2.81 and 3.10 cm2 per sec for the 30s sub- 
unit. 

For the 50s subunit, we find, perhaps coincidentally, a re- 
markable agreement between their values of D and those re- 
ported here. For the 70s ribosome, and especially for the 30s 
subunit, however, their values are significantly higher. This 
difference is in the direction that one would expect, since in 
the boundary diffusion method all thermal and vibrational 
disturbances in the course of the 2- to 3-day run time lead to a 
larger apparent D .  

The diffusion coefficient of the 50s subunit has also been 
measured in a boundary diffusion experiment by Serdyuk 
et al. (1970). Their value of (1.87 i 0.04) x 10-7cm2/sec is in 
excellent agreement with the value reported here. 

Hocker et al. (1973) have performed a series of IFS experi- 
ments on ribosome solutions with different added concentra- 
tions of KCl. Their principal objective was the observation of 
changes (on the time scale of days) in the state of aggregation 
of highly polydisperse solutions. Thus their determinations of 
individual diffusion coefficients were always complicated by 
the presence of a considerable fraction of aggregated mate- 
rial. Nevertheless, their reported values of D20,w (1.53 f 
0.1 X lo-' cm2/sec for the 70s ribosome, and 1.84 f 0.1 X 
lo-' cm2/sec for the 50s subunit) are in substantial agreement 
with those of this study. 

Molecular Weights. The molecular weights calculated here 
have an internal consistency. The calculated sum of the mo- 
lecular weights of the subunits, (2.42 + 0.05) x lo6, agrees 
with the calculated 70s molecular weight, (2.49 =k 0.06) X 
lo6. We also find, however, a complete agreement between 
these molecular weights and those obtained by Hill et al. 
(1969a) with the method of sedimentation equilibrium: 
(2.65 i. 0.2) X lo6, (1.55 i 0.05) X lo6, and (0.90 i 0.03) X 
lo6 for the 70S, 50S, and 30s ribosomes, respectively, cal- 
culated, incidently, with the same values of D used here. D, 
moreover, enters into the two methods of determining M 
(sedimentation equilibrium and sedimentation diffusion), in 
the identical fashion, as a factor of (1 - p ~ ) - 1 .  From their 
values for the molecular weights, Hill et al. speculated that the 
70s ribosome might contain -2 x lo5 daltons of material in 

excess of the simple sum of the 30s and 50s subunits. The 
molecular weights calculated here, however, make a differ- 
ence of this magnitude highly unlikely. 

Our molecular weights are somewhat smaller than those 
obtained by conventional light intensity measurements 
(Scafati et al., 1971); (2.9 f 0.3) X loe, (1.7 f 0.1) >< 1 0 6 ,  and 
(1.0 f 0.1) x 106, for the 70S, 50S, and 30s ribosomes, re- 
spectively. The results of that study, however, must be viewed 
with a certain amount of suspicion. The magnitude of the 
angular dependence of the scattered intensity exhibited there, 
in sample Zimm plots, is characteristic of scatterers an order 
of magnitude too large. 

Size, Shape, and Hydration. It is of some interest to corn- 
pare the values of Rh measured here, a parameter which com- 
bines the effects of both molecular size and shape, with the 
results of other physical techniques. Electron microscopy 
(Hall and Slater, 1959; Huxley and Zubay, 1960; Hart, 1962; 
Spirin et al., 1963) and low-angle X-ray (Hill et a/., 1969b) 
studies have yielded values for the ribosome molecular di- 
mensions. These are summarized in Table 11, along with cal- 
culated values of Req, ReQ/Rd, Rheq, and Res is the 
radius of the sphere of equal volume. Volumes were calculated 
for assumed ellipsoidal shapes, except for the X-ray dimen- 
sions of the 70s ribosomes where the scattering data were fit 
to an ellipsoidal cylinder. Rd is the dry radius calculated 
above (see Table I). Rheq is the equivalent hydrodynamic 
radius, the value of Rh that a particle of these dimensions 
would have. Thus 

RhW = (f/foW"" (14) 

where ( f / f ~ ) ,  again, represents the effect of shape on rhe fric- 
tional coefficient. 

It is clear from the values of ReQ/Rd and Rh/RhC i i i  rable I1 
that the dimensions obtained by electron microscop). \$ i th  the 
single exception of the 50s measurements of Hart ( 1 .;hi), are 
much closer to those of the theoretical compacted drb particle 
than they are to the hydrodynamic dimensions in solution. 
This, perhaps, is to be expected. Hart studied frccre-dried 
ribosome samples, but all of the other experimenter, used 
air-dried preparations. 

TABLE 11: Ribosome Dimensions. 

Res RheQ 

Dimensions (A) (A) Req/Rd (A) R;,,Rheq 

70 S 170 X 200 x 200" 
160 X 180 x 2OOb 
150 X 150 x 190d 
135 X 200 X 400e 

50s 140 X 170 x 170' 
150 X 150 X 150b 
160 X 230 x 230' 
150 X 150 X 150d 
130 X 170 x 310e 
115 X 230 x 230e 
95 X 95 x 170' 
70 X 180 x 180' 
80 X 120 x 140d 
55 x 220 x 2208 

30s 

95 
90 
81 

127 
80 
75 

102 
75 
95 
91 
58 
66 
55 
70 

1.13 
1.07 
0.97 
1.51 
1.13 
1.06 
1.44 
1.06 
1.34 
1.28 
0.99 
1.13 
0.94 
1.19 

96 
91 
82 

137 
81 
75 

100 
75 

100 
95 
60 
71 
56 
82 

1 31 
I 39 
1 30 
0 92 
1 39 
1 51 
1 13 
1 51 
I 31 
1 19 
1 63 
1 38 
1 75 
1 19 

'Hall and Slater (1959). Huxley and Zubay 11960). 
Hart (1962). Spirin et al. (1963). e Hill et ai. (1969b). 
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FIGURE 7 :  Intensity scan of a centrifuged ( jddf  = 2.343 x 1011 
sec-I) blank sucrose gradient. Solid line is the intensity for sucrose 
alone, calculated from osmotic pressure data, scaled to fit the meas- 
ured intensities near the top of the tube. 

The large values of Rh/Rheq for the air-dried samples offers 
additional evidence, independent of determinations of M and 
B, of the extensive hydration of the ribosomes in solution. The 
magnitude of this “hydrodynamic hydration” differs consid- 
erably from the relatively low values (0.33 gig for the 70s 
ribosomes, 0.39 gig for a mixture of subunits) obtained using 
a technique of low-temperature nuclear magnetic resonance 
(White et al., 1972). Most of the hydrodynamic hydration, 
evidently, consists of entrapped bulk solvent, and thus is not 
detected by the criteria of the nuclear magnetic resonance 
technique. The magnitude of this hydration is consistent, 
however, with that found by Tolbert (1971) and Smith (1971), 
(1.3-1.4 gig for the 30 S, and 1.38 g/g for the 50 S, respec- 
tively), and comparable to those found in similar IFS experi- 
ments on a series of different spherical viruses (Camerini- 
Otero et at., 1974). 

R h  is also significantly larger than the low-angle X-ray 
Rheq for the 50s and 30s subunits in solution. (The 70s di- 
mensions agree quite well; but this agreement is probably co- 
incidental. Hill et al. (1969b) observed evidence of extensive 
dimerization of the 70s ribosomes, which led them to believe 
that their 70s dimensions overestimated the size of the par- 
ticle,) While it is true that the X-ray measurements would not 
include external layers of hydration which would affect the 
hydrodynamic measurements, these layers would have to ex- 
tend as far as 13-18 A from the particle surface to reconcile the 
differences between R h  and R h e q .  This might indeed be the 
case (Tolbert, 1971 ; Smith, 1971), but recent IFS studies of 
virus solutions speak against such an external hydration be- 
yond one or two layers of water molecules (Camerini-Otero 
et a/., 1974). Perhaps the effect arises from deviations from the 
assumed uniform particle electron density (Serdyuk et al., 
1970). This could be the result of a nonuniform distribution of 
protein and RNA within the nucleoprotein particle. Neutron 
scattering studies of the 50s subunit, in fact, have found a 58 
A separation between the centers of mass of the protein and 
RNA moieties (Moore et al., 1974). Invaginations of the 
ribosome surface, such as those observed in the structure of 
certain viruses (Crowther and Amos, 1972), would also de- 
crease the density near the surface resulting in smaller low- 
angle X-ray effective particle dimensions, without affecting 
the hydrodynamic properties of the particles (Camerini- 
Otero et al., 1974). 

Concluding Remarks 

Used together in tandem in a single experiment, band 
velocity centrifugation and intensity fluctuation spectros- 
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FIGURE 8: Correlation data, normalized by !he calctilated back- 
ground, measured at two points in the sucrose gradient of Figure ’7. 

copy form a new, effective, general analytical technique. In a 
single experiment, one can determine the sedimentation co- 
efficient, diffusion coefficient, molecular weight, and concen- 
tration of each of the macromolecular solute components. If 
values of the particle density are not known and cannot be 
estimated from the chemical composition, they can be ob- 
tained in two runs with sucrose gradients with different values 
of the parameter Z,, = Z(r = 0). If two peaks cannot be com- 
pletely resolved, or if there is a broad continuous distribution 
of molecular size, analysis can proceed with nieasurernentq of 
the z-average D, and perhaps higher order moments of U as 
well, as a function of position (Koppel, 1972). Thus, while 
this combination of techniques can be used with highly pui i- 
fied, well-characterized systems, with the band centrifugation 
acting primarily as a preparative technique for the silbse- 
quent light-scattering experiment, its greatest potential Ircs, 
perhaps, in the initial characterization of complicated multi- 
component systems. 
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Appendix : Sucrose Contaminants 

As detailed above, values of c M  can be determined from 
relative scattered intensities with the aid of a sucrose light- 
scattering standard. An additional effect, however, has to be 
taken into account. Figure 7 shows an intensity scan of a 
“blank” sucrose gradient centrifuged at 25 krpm for 9 hr. The 
solid line is the expected counting rate due to light scattered 
by the sucrose, obtained from osmotic pressure data, and 
scaled to fit the data here near the top of the tube. There is, 
evidently, a small amount of a large contaminant of some sort 
that has mostly centrifuged to the bottom of the tube. This is 
borne out by the correlation data of Figure 8. At r = 14.27 
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cm, the measured correlation function is significantly above 
background for delay times of the order of lop3 sec. No such 
correlations are seen at r = 9.77 cm. Correlations, moreover, 
are found at all positions in an uncentrifuged gradient (but 
not in buffer alone) and can be shown to scale as K2T/q. The 
relative intensities are such, however, that the presence of 
this component in the centrifuged sample did not significantly 
affect the measured values of D. 

Similar contaminants have been reported by Greenberg 
et al. (1973), and analyzed as polysaccharides, possibly am- 
ylose or cellulose (Turner and Zust, 1973). 
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