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ABSTRACT
The equilibrium for the binding reaction between the 30 S

and 50 S ribosomal subunits of E. coli is shifted towards
formation of 70 S ribosomes in the presence of a variety of
polymers. The polymers also increase a further interaction
between 70 S particles to form the 100 S dimer. The requirement
for relatively high concentrations of non-specific polymers
indicates that the shifts in equilibria arise from excluded
volume effects. Analysis using scaled particle theory is
consistent with this mechanism. The effects of high
concentrations of polymers on the interactions between ribosomal
species may make important changes in the function of ribosomes
uinder the crowded conditions which occur in vivo.

INTRODIJCTION
The high concentrations of macromolecules which occur in

vivo can cause very large changes in rates and equilibria of

cellular reactions (1,2). We have been particularly interested

in effects on reactions which involve interactions between

macromolecules (3-6). The association and dissociation reactions

of ribosomes and their subunits (7-9) are important examples of

such macromolecular interactions.

We here describe shifts in the equilibria governing

association of the ribosomal subunits of E. coli to yield 70 S

ribosomes (Equation 1) (10) and the further association of these

70 S ribosomes to form 100 S dimers (Equation 2) (11,12) caused
by the presence of high concentrations of macromolecules.

30 S + 50 S = 70 S (Equation 1)
2 (70 S) = 100 S (Equation 2)

The shifts in these equilibria are shown to arise from excluded

volume or macromolecular crowding effects. These results provide
orientation for studies of crowding on ribosomal interactions
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during protein synthesis and they also provide examples of

crowding effects on defined objects of greater size than have

been examined previously.

MATERIALS AND METHODS

Materials

Ribosomes. Escherichia coli D110 (pol I- T-) was grown at

37' in LB Medium (13) containing 20 pg/mI of thymine. Cells from

slowly cooled exponential phase cultures were washed with 0.15 M

Na(Ci and stored frozen. Ribosomes were isolated from alumina

extracts according to Traub et al. (14) except DNase I was

omitted from the extraction buffer; aliauots of ribosomes (ca. 60

mg/ml) in 10 mM Tris HCll, pH 7.5 - 30 mM NH4CI - 10 mM MgC12 - 6

mM 8t-mereaptoethanol (Solution I of ref. 14) were frozen with

Dry Ice aind stored at -20' until used. This isolation procedure

yields a mixture of 70 S and 100 S particles. Crowding effects

on these ribosomes were indistinguishable from those on ribosomes

isolated from E. coli C600 grown in LB medium. Ribosomes were

analvzed for protein (15) using a bovine serum albumin standard,

total and organic phosphorus (16), DNA (17), and A26O (in 25 mM

TrisHFlCI, pH 8.0 - 1 mM MgC12). RNA concentration was calculated

from organic phosphorus concentration after correction for DNA;

ribosome concentration was calculated from RNA content assuming

4566 moles P/mole of 70 S ribosomes (18). The following ranges

were found in several ribosome preparations: EI%2fio = 13.8-

15.8; RNA/(RNA + protein) = 53 % w/w; DNA = 1-2 % w/w.

The distribution of ribosomal species and the fraction (ca.

10%) of ribosomal units which did not aggregate at high Mg++

concentrations were not significantly changed by preincubation of

the ribosomes under ionic conditions used elsewhere (19,20) to

reactivate inactive ribosomal subunits (data not shown).

Other materials. Dextran and Ficoll samples were purchased

from Pharmacia. PEG with a nominal molecular weight of 35,000

was obtained from Fluka AG, other samples of PEG were from J. T.

Baker, and Coomassie Brilliant Blue G-250 was from Bio-Rad.

Methods

Assay for ribosomal subunit association. Ribosome formation

and dimerization were assayed by electrophoretic separation of
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HCIHO-fixed (21-23) reaction mixtures. The procedure allowed

rapid analysis of the equilibrium distribution of ribosomal

species in large numbers of samples and in the presence of high
concentrations of certain polymers. This assay is unsuited for

kinetic studies because of the slow rate of HCHO-fixation.

Ribosomes were pre-equilibrated for 1 hr at 37' in 1 mM K

phosphate, pH 7.7 - 50 mM KCI - 6 mM 3-mercaptoethanol (21) at
either 1 mM Mg acetate and 2 mg/ml of ribosomes or at 10 mM Mg

acetate and 20 mg/ml of ribosomes to generate largely dissociated
or largely associated ribosomal species, respectively (see

following section). Reaction mixtures (40 pl total volume)

contained 1 mM K phosphate buffer, pH 7.7 - 50 mM KCl - 6 mM 3-

mercaptoet.hanol - 1 mg/ml of pre-equilibrated ribosomes and the
indicated concentrations of Mg acetate. Incubation was at 37°

for I hr unless otherwise specified, followed by the addition of

2 pl of 38% formaldehyde and further incubation for 1 hr at 37°.

The pH value of reaction mixtures was not significantly changed

by the addition of the various polymers or control substances;
mixtures after formaldehyde treatment were pH 6.9 -7.2. Samples

of the pre-equilibrated ribosomes were also similarly incubated
wit.h 0.05 volume of 38% formaldehyde. The distribution of

ribosomal species in formaldehyde-fixed samples was unchanged

after storage for several weeks at 5' or after electrophoresis in

gels containing from I to 10 mM Mg**. Aliquots of
formaldehyde-fixed reaction mixtures were mixed with an equal
volume of 35% sucrose containing 0.05% bromphenol blue and 10 pl

of the mixtures were applied to 1.5 mm thick 3% acrylamide-
0.5% agarose gels prepared and run as described by Dahlberg et

al. (24) except that the gel and gel buffer contained 1 mM MgC12
- 50 mM Tris HCl, pH 8.0 and electrophoresis at 5e was for 2.5

hrs at 125 v. without buffer recirculation; gel patterns of assay

mixtures were independent of the period of electrophoresis.
Unless otherwise specified, gels were washed in trichloroacetic
acid-methanol solution and stained with Coomassie Brilliant Blue

G-250 (25). Ribosomal species were identified by gel mobilities

relative to those of 16 S and 23 S RNA (24) determined on

ethidium bromide stained gels.
In addition to the expected ribosomal species, smaller
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amounts of an additional band (arrow in Figuire 1, lane 3)

appeared on t.he gels between the :30 S and 50 S bands . ('ontrol

exsperiments indicate that this band partially arises during the

HCHO-fixation at 37°; its appearance is accompanied by a

corresponding decrease in the amount of the 50f S subunit.

Amounts of the various species were estimated from

densitometer scans (Hoefer GS 300 scanning densitometer) of

Coomassie Blue-stained gels. Areas of the peaks were estimated

gravimet rical ly.

Three regions of the gel lanes were quantitated for purposes

of calculation: the 70 S peak, the 100 S peak, and a combined

area which includes the 30 S and 50 S peaks and the band which

migrates between the 30 S and 50 S peaks (see above). The 70 S

harult tas generally asymmetric and on some gels was partially

resolved into two species with similar rates of migration and

similar responses to reaction conditions; both bands were

included in the area ascribed to the 70 S species. Areas were

proportiornal to the quantity of ribosomes added to the gel for

the 70 S and 100 S species individually as well as for the

combined areas of the several 30 S and 50 S species.

The staining intensity of a given weight of ribosomes was

not significantly affected by the state of aggregation of the

ribosomes (unpublished data of the authors). Accordingly, a

given area on the densitometer scan corresponds to the same

number of 70 S equivalents whether that area is present as part

of the combined (30 S + 50 S) area or in the 70 S or 100 S

peaks. This approach assumes that there is no differential loss

of subunits and, in particular, that the combined (30S + 50 S)

area contains equal numbers of 30 S and 50 S particles; areas

attributable to the individual species were generally in accord

with this assumption. About ten per cent of the input ribosomal

subunits did not aggregate under any of the conditions tested; no

correction has been made for this inactive fraction. Based on

the total concentration of 70 S particles added, the 70 S

equivalents observed in the combined (30 S + 50 S) area and in

the 70 S and 100 S peaks were converted to concentrations of the

individual species.

At 37° the approach to equilibrium is sufficiently rapid to
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Fi¢ure 1. Effect of Mg** concentration on the equilibrium
distribution between ribosomal species. Ribosomes were
preequilibrated at 1 or 10 mM Mg** as in Methods. Samples of
these preequilibration mixtures were either directly HCHO-fixed
for lanes 1 or 2 or were diluted to standard assay conditions at
the finaL Mg'' concentrations shown. After 1 hr at 37', aliquots
were subjected to eLectrophoresis and stained as in Methods. The
arrow indicates the additional monomer band discussed in the
text. The relatively low amounts of 100 S dimer in lanes 9 and
16 vs. lane 2 reflect the lower ribosome concentration at the
time of fixation with HCHO for the former samples.

set limits on the equilibrium constants in incubations of 1-4

hours. Trials at S 24' did not provide useful data because of

slower approach to equilibrium and greater experimental
variability.

Other methods. Ribosomal RNA was isolated by phenol

extraction and ethanol precipitation.

RESULTS

Effects of Mg'' concentration on the ribosome preparations.
The association reactions of ribosomal subunits to yield 70

S and 100 S ribosomes (Eqs. 1 and 2) are strongly dependent on

Mg'+ concentration (7,8,10,21,26); under typical dilute solution

reaction conditions, i.e., non-crowded conditions, ribosomes are

largely dissociated into 30 S and 50 S subunits at 1 mM Mg++

(Figures 1 and 2, lanes 1) and are largely associated into 70 S

and 100 S particles above 10 mM Mg++ (Figure 1 and 2, lanes 2).

The transition between ribosomal species occurs over a narrow

range of Mg++ concentrations for the bulk of the ribosomes,
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Figure 2. Effect of concentration of PEG 3350 on the equilibrium
distribution between ribosomal species. Samples were prepared as
for Figure 1 except that the final reaction mixtures contained 5
mM Mg++ and the indicated (w/v) concentrations of PEG 3350.
Nominal molecular weight of PEG 3350 = 3350.

indicating limited heterogeneity in the ribosome preparation (26-

28). The relatively low Mg'+ concentration at which the

transition occurs suggests the predominance of the functionally
competent species ("tight vacant couples") described by Noll

(29,30) that would be anticipated from the conditions during

ribosome isolation.

Effects of crowding on the equilibrium positions of the

association reactions.

Both the association of 30 S and 50 S subunits to form 70 S

particles and the dimerization of 70 S particles to yield the 100

S species are strikingly increased by the addition of polymers.
These are non-specific effects caused by a variety of polymers.
A gel showing the effects of PEG 3350 is shown in Figure 2 and

further data for this and other polymers are shown in Figures 3

and 4. The increases in the relative amounts of 70 S and 100 S

species due to polymers are a result of shifts in the equilibrium

positions of the reactions which form these species. To

demonstrate this basis and to set limits on the values of the

equilibrium constants under various reaction conditions, we

approach equilibrium from both sides of the equilibrium position

except at extreme positions of the equilibrium. Two reaction
mixtures were prepared for each reaction condition to be tested
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Figure 4. Effect of polymer species and molecular weight on the
equilibrium distribution between ribosomal species at 5 mM Mg++.
The nominal average molecular weight of each polymer is shown
above the data for that polymer. Observed values (symbols) are
compared with theoretical values (lines). A-C: Amounts of 70 S
and 100 S particles as percentages by weight of total ribosomal
particles present are shown as closed and open symbols,
respectively. "Error bars" used as in Figure 3.

that were identical except for the prior treatments of the

ribosomes. One of each pair of mixtures contained ribosomes that

had been preequilibrated at relatively high concentrations of

Mg++ and ribosomes -- so that ca. 90% of the input ribosomes were

present as 70 S and 100 S particles; the other member of the pair
of mixtures had been preequilibrated at relatively low

concentrations of Mg++ and ribosomes -- so that ca. 90% of the
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input ribosomes were dissociated to 30 S and 50 S subunits.

After incubation for various periods, the distribution of

reaction components was fixed by addition of HCHO and analyzed as

described in Methods. Examples of gels using this type of

protocol are shown in Figure 1 and 2.

Data from gels similar to those in Figures 1 and 2 were used

to calcuilate apparent concentration equilibrium constants for 70

S particle formation by equation 1 (K1) and for dimerization of

70 S particles by equation 2 (K2):

[C70S1 [Cioosl
Kj= K22=

[C305 ] [C0S I [C7OS 12

where Ci is the molar concentration of the ith species.

Values for these equilibrium constants over a range of Mg*+

concentrations are shown in Figure 3 D-I for ribosome association

in the presence (closed symbols) or absence (open symbols) of

the indicated polymers. The similarity of the changes caused by

PEG 8000, dextran T-70, and Ficoll 70 emphasizes the non-specific

role of the polymer. In each case, addition of polymer increases

the values of each equilibrium constant from those in the absence

of the polymer by approximately a constant factor over a wide

range of Mg++ concentrations. The vertical shifts between the

point.s for the control (open symbols) and polymer samples (closed

symbols) for log(Ki) and log(K2) in Figure 3 indicate that a

given polymer at a fixed concentration makes energetic

contributions to the two assembly reactions that are unchanged

over wide changes in concentrations of ribosomal species as well

as over the conformational changes in ribososomal species which

have been observed in this range of Mg+* concentrations

(28,31,32). These shifts in equilibrium constants are consistent

with a volume exclusion mechanism, representing the non-ideal

contributions to the equilibrium constants due to crowding (1,2).

The results of varying the concentration of polymers at a

fixed Mg++ concentration (5 mM Mg++) are shown in Figure 4. At

this Mg++ concentration, the bulk of the ribosomes are present as

70 S particles in the absence of polymers. Large changes in

equilibrium constants are elicited by relatively low

concentrations of polymers. For example, at 6% polymer (the
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highest concentration shown for each polymer in Figure 4), K1 and

K2 change by ca. 10-fold. At higher polymer concentrations still

larger changes occur accompanied by hioher aggregates whose

identity has not been determined. The three types of polymers
tested in Figure 4 are all effective in the present system at

concentrations on a weight basis as much as an order of magnitude

lower than those required in several other systems that are

subject to crowding effects (e.g., ref. 3-6). In the following

section, we show that this concentration dependence is consistent

with theoretical estimates for excluded volume effects in a

system in which the crowding molecules are much smaller than the

reacti.on components.

The shifts in equilibria are strongly dependent on the

molecular weight of the polymers for all three types of polymers:

at the same concentration of particles, larger polymers are more

effective than smaller polymers. To illustrate this point, the

effects of polymers are plotted in Figure 4 vs. their nominal

molarity. If, however, polymers are compared at the same

concentration on a weight basis, the effects of molecular weight
largely disappear, again in accord with excluided volume

calculations. Finally, if the polymers are compared on the basis

of the actual volume they exclude using the effective polymer
volumes determined as in the Appendix, crowding effects have the

expected inverse dependence on polymer molecular weight (1).
Glucose and sucrose, the monomers of dextran and Ficoll, are

relatively inactive and may even tend to shift K1 towards

dissociation. PEG 200, a short oligomer of polyethylene glycol,
is less active than is PEG 8000 at comparable concentrations by
weight.

Comparison of experimental results with scaled particle theory.
Scaled particle theory (33-36; see discussion in 1,2) has

been successfully used to model excluded volume effects in

several biological systems (37-39). The theory represents all

the macromolecular species involved as hard particles of some

arbitrary geometrical shape. Individual species are assigned

different particle sizes which represent their effective volumes.

Previous applications of the theory have generally dealt with

compact macromolecular species such as globular proteins rather
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than the relatively flexible polymers used here.

For purposes of calculation, the relative volumes of the 30

S, 50 S, 70 S and 100 S ribosomal particles were taken to be

0.375, 0.625, 1 and 2, respectively. These relative volumes for
the 30 S, 50 S and 70 S species are based on experimental values

determined by a variety of techniques (7); they are consistent

with the molecular weights of the respective species ( ca. 1.0 x

106, 1.7 x 106 and 2.7 x 106 for 30 S, 50 S and 70 S particles,

respectively). The 100 S dimer is assumed to have a volume twice

that of the 70 S particle. The absolute volume of the 70 S

particle is taken as 4.0 x 10-16 cm3 (7; see also Appendix).

Equation A3 of reference 40 was used to calculate the

contribution of crowding to the chemical potential of each

ribosomal particle involved in the equilibria. These

contributions were then combined in accord with the stoichiometry

of Equations 1 or 2 to give the non-ideal contributions due to

crowding for the respective equilibrium constants, K1 or K2. We

compare calculations assuming either cubical or spherical shapes

for both the ribosomal particles and the molecules used to crowd

the solution in the Appendix.
The effective particle volume which each polymer displayed

was determined from the observed shift in K2 as described in the

Appendix. A single effective particle volume served for each

polymer preparation over the range of polymer concentrations

analyzed (1 to 6 %), indicating that the polymers can be

adequately modeled as effective hard particles of fixed volume.
Values calculated from scaled particle theory are shown as solid
lines which can be compared with the experimental data in the

presence of polymers (closed symbols) in Figures 3 for the Mg++

concentration dependence and with both the open and closed

symbols in Figure 4 for the polymer concentration and polymer
molecular weight dependences. Effective polymer volumes are

estimated to have an uncertainty of 5 2-fold; the effects of a 2-

fold variation in volume are illustrated by the dotted lines in

Figure 3B.

The effective particle volume for each polymer is derived

from the experimental variation in K2 as a function of polymer
concentration; theoretical values for log(K2) based on these
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effective volumes (solid lines in Figure 4 G-l) agree with the

experimental changes observed in log(K2) (filled symbols in

Figure 4 G-1). It is highly significant that calculations using

these volumes also agree relatively well with the experimental
variations in log(Ki) under a variety of conditions (solid lines

vs. filled symbols in Figure 3 D-F and Figure 4 D-F) as well as

with the observed proportions of 70 S and 100 S particles (solid

lines vs. filled symbols in Figure 3 A-C and solid lines vs. both

the open symbols (100 S particles) and filled symbols (70 S

particles) in Figure 4 A-C). This ability of effective volumes

inferred from variation in K2 to predict changes in both K, and

K2 is fully consistent with a common mechanism, volume exclusion,

being responsible for the effects on both equilibria.

DISCUSSION

A number of lines of evidence indicate that polymers affect

the equilibria of the reactions forming 70 S and 100 S particles
due to the volume exclusion properties of the polymers. The lack

of specificity with regard to the polymer and the inactivity of

the corresponding monomers are qualitatively consistent with such

a mechanism. In addition, theoretical calculations for this

mechanism fit the observed dependences on polymer concentration

and polymer molecular weight. For these reasons, we conclude

that changes in amounts of the various ribosomal species in the

presence of the crowding polymers are a direct result of excluded

volume effects. Are such effects likely to be of importance in

the functioning of living cells?

Under growth conditions in E. coli, ribosome subunit

association is part of a cycle (41): the 30 S ribosomal subunit

and mRNA first form a complex. The 50 S ribosomal subunit adds
to this complex to yield a functional 70 S ribosome-mRNA complex

which sequentially translates the mRNA. Upon completion of

translation, the ribosome dissociates from the message to once

more generate 30 S and 50 S subunits. Among the variety of
factors which participate in this cycle is one which aids in the

dissociation of the 70 S particles. Early studies (21,42) raised

the question of the role of such a factor, since it appeared

from these studies that dissociation might be a spontaneous
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process. More recent measurements with "tightly coupled"

ribosomes indicate, however, that under physiological ionic

conditions (but in uncrowded media), some cellular mechanism of

ribosome dissociation is probably required (26). Our results
suagest. that the need for an efficient mechanism of dissociation
is much greater than had been previously estimated because of the

tendency towards association due to the crowded nature of the

cytoplasm. It would be of considerable interest to extend

studies of crowding to systems of increasing complexity which can

carry out increasing parts of the overall process of protein

synthesis. It is anticipated that the binding reactions of the

other macromolecules involved in protein synthesis (tRNA species,

mRNA, protein factors) and perhaps even the stoichiometry of the

proteins of the ribosome itself will be significantly affected by
excluded volume effects (28,43).

The equilibria expressed in Equations 1 and 2 are remarkably

sensitive to exogenous polymers. It is interesting to consider

the increase in total ribosome concentration that would be
necessary to cause the same shifts in equilibria. For example,

it would require approximately a three-fold increase in total

ribosome concentration to obtain the shifts in equilibria of

Figure 3 that were caused by the addition of 4% polymer. The

much larger shifts which can be obtained at higher concentrations
of polymers (Figure 4 and unpublished data of the authors) would

require yet higher and perhaps experimentally intractable
concentrations of ribosomes in the absence of polymers.

Finally, we comment on another way of affecting the
equilibria between ribosome species which is also dependent on

volume changes in the reactions but which has a quite different

origin. Changes in hydrostatic pressure have been shown to cause

shifts in ribosomal association (44-46); increased pressure

favors the dissociation of ribosomes. Such pressure effects as

well as the crowding effects that we have shown are both

responses to the molecular volumes of the participants of the

reaction (47-51). The differences between the two types of

effects can be considered in terms of contributions to the free

energy change of the reaction (Equation 3). For a reversible
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reaction at constant temperature (52):

(dG)T = PdV + Ei(pidni) (Equation 3)

where (dG)T is the change in Gibbs free energy at a fixed

temperature as a function of the pressure (P), volume change of

the reaction (dV), and the chemical potentials (pi) and number of

moles (ni) for the ith species. Pressure affects the magnitude

of the PdV term; from ultracentrifugation experiments, the

formation of 70 S particles by equation 1 is calculated to have a

volume increase of the order of 0.01 %. As the hydrostatic

pressure is increased, the 70 S particles tend to dissociate to

minimize the total volume requirement. In contrast, crowding

effects do not require a net change in the volume for the

reaction (1,2); the theoretical lines for crowding effects in

Figures 3 and 4 are calculated assuming no net change in volume

for either association reaction. Changes in the values of the

equilibrium constants due to crowding arise because the chemical

potentials of the various ribosomal particles involved in the

equilibria are changed to different extents by crowding depending

on their volumes and shapes -- reflecting the frequency with

which "free" volumes can be found in the solution to accommodate

each species of particle. It is the resultant for the overall

reaction of these changes in chemical potentials (second term of

Eq. 3) which is the energetic contribution of crowding to the

reaction .
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APPENDIX

ESTIMATION OF EFFECTIVE VOLUMES OF POLYMERS

In order to use scaled particle theory to calculate shifts

in equilibrium, we assume that the polymer used to crowd the

ribosomes as well as the ribosomes themselves can be represented

as effective hard particles of unique size. It was not clear

whether flexible polymers would behave in such a fashion over a

useful range of polymer concentrations (2). Accordingly, for

each concentration of interest, the shift in K2 (expressed as

log(rK2) where r is the non-ideal contribution to K2 due to

6324



Nucleic Acids Research

CI) 0.01 3

0

0.001

0.0001 J. .
0 0.5 1.0 1.5 2.0

LOG10 FK2

Appendix Figure 1. Effective volume of PEG 8000 inferred from
observ-ed shifts in the equilibrium constant for 70 S
dimerization. Curves are calculated for the indicated
concentrations of PEG 8000 (% w/v) as described in text. The
experimental ranges of shifts in the observed equilibrium
distributions in log(K2), i.e. Iog rK2, are indicated by the
heavy lines. The value of VA/V70 s inferred is indicated by the
dashed line.
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Appendix Figure 2. Molecular weight dependence of the polymer
volumes inferred from polymer effects on the 70 S dimerization
reaction. Open and closed symbols indicate cubical and spherical
models, respectively. Molecular weight (MA) and volume (VA) of
each polymer are expressed relative to those of the 70 S particle
(M70 s and V70 s). The line indicates a slope of 1.8 (see text).
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crowding) (1,2) was calculated as a function of the volume of the

effective hard sphere, VA (expressed as a fraction of the volume

of the 70 S particle, VA/V'70S). Appendix Figure 1 shows such a

calculation for 1 to 6 % PEG 8000. The experimentally observed

shifts in log(K2) are indicated by the heavy portions of the
]ines. Similar calculations were done for all the polymers

tested in Figure 4.

D)o these volumes have the characteristic molecular weight

dependence expected for flexible polymers (53)? For the present

approximate analysis, we assume each polymer is a homogeneous

poptulation with a molecular weight equal to the nominal average

molecular weight. For ideal flexible polymers, the radius of

gyration should increase with (molecular weight)0 5-0.6, so that

the corresponding volume should increase as (molecular

weight)'15-156. If the polymer is too short to behave as a

random coil, it will appear stiffer and have a volume dependence

on (molecuilar weight)' 8-3-0. When analyzed in this fashion,

most of the samples of polymers tested have a dependence close to

(molecular weight)' 8 (line in Appendix Figure 2) as expected
for large flexible polymers. The smallest dextran and the

smallest polyethylene glycol preparations tested had effective

volumes which suggested either a size-dependent stiffness or

perhaps an ability to penetrate into parts of the ribosomal

species which are unavailable to the larger polymers.

The preceding calculations have assumed a spherical shape
for the ribosomal species as well as the polymers. The effect of

choosing a cubical model of the same volume is indicated by the

open symbols in Appendix Figure 2 as compared to the closed

symbols for the spherical model. A value for the volume of the

70 S particle is assumed for purposes of this analysis. There is

a range of about two-fold in the experimental estimates of this

value for the 70 S particle; that range corresponds for

spherical particles to about the amount of difference in VA/V70 S

between the open and closed symbols in Appendix Figure 2.

6326


