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The behavior of E coli ribosomes during sedimentation on sucrose gradients is predicted under a variety of conditions 
by computer simulations. Since numeraus recent kinetic studies indicate equilibration in times short compared to the time 
of sedimentation. these simulations assume that the system attains locai reaction equilibrium af every point in the gradient 
at $1 times. For any type of homogeneous equilibnting riiosomc population , sovemed by t single formation constant 
at one atmosphere pressure for 705 couples, no more than two clezirlY defined zones will be resolved, although the presence 
al large dissociating effects due to pressure gradients in hi& speed experiments will spread tie subunit zone. Normal& the 
pattern will consist of a 3(1S zone and 1 so-called “70f” zone, which is in reality n mixture of 70s couples and 305 and SOS 
SuhJnits in locll equilibrium. The gtmter the dissoctitian into subunits, the more the “7OS’ zone wili be slowed below 

the nominal rate of 70 Wedberg units If n%osomes have been collected from the”70S” zone in several successive cycles 

of pnrir?cation, the repeated deletion of resotvcd 30s subunits can result in a prqantion with so large a molar CSCQSS of 
SOS subunits that the ensuing sncrosc density gndient sedimcntstbn pattern may exhibit a “705” zone foltowed by zone 
of SOS suburrits. ins%=ud of a zwc of 30s subunits. Our most important cocclusion is that whenever a well-resolved SOS 

zone is present in a sucrose density gradient sedimentation experiment on E. CoIi ribasomes, in addition ta a 305 and a 
“7OS” zone, under cor&tioFr Where niosomcs and +xbunits shouki be in reversible Cquilibrium, the preparation must be 
micrrketerogeneous. rontaining 3 mixture of “tight” and “loose” couples. Moreover in such cases the content of Inrgc 
subunits id the SOS zorle mtrst bc derived entirely from “loose” couples whereas the 30s zone must contain sma11 subunits 
derived from bath “ti&t” and %ose* couples. Sedimentation patterns predicted for various mixtures of “tight” and 
“loose” couples display all the major characteristics of published experimental patterns for E. coli ribosones, indudin~ 
the Partial or compteto reWution into three zones. depending on rator velocity and level OS Llg **, 

1. Introduction 

The dissociation behavior of ribosomes during 
high speed ultracentrifugation was successfully ex- 
plained a~ a pressure-induced phenomenon by Infante 
31~3 Baierlein [l] for the case of sea urchin niosomes. 
These authors were able to fit observed experimental 
behavior during zonal ultracentrifugation by means of 
computer-slmulatedpr~dictions, assuming a volume 
of formation of SO0 mi per mole of rihosomcs. Both 
experiments and predictions demonstrated that for 
sea u;cb.in tibosomes no mote than two zones were 
produced: as dissociation takes place, the leading 
zone, which in&ddes ribasomes and subunits in 
equilibrium, slows down; in extreme cases it may he 
converted into a zone containing only the large sub- 
unit_ The trailing iLOne is composed of the small sub- 
unit, at least a5 long as the subunits in the original 

ribosomes are equimolar overall. The complications 
in behavior caused by the advance of the ribosomes 
into regions of h&her pressure, where their dissocia- 
tion is enhanced, are in qualitative accord with pre- 
vious studies (2-41 of the effect of pressure on the 
sedimentation of chemically interacting macromole- 
cular systems. Solvent overlays served unequivocally 
to prove the pressure effect (f 1. 

In fact, zonal sedimentation behavior of ribosornes 
at IoWer ultracentrifuge speeds are also in accord with 
computer simutations completed a decade earlier, 
on countercurrent distribution analogs for transport 
prowesses [S-7], excluding pressure effects. Accord- 
ing to the* simulations far a bimolecular complex [6], 
translated into terms descriptive of ribosomes from 
E coti, one expects a leading zone of “705” ribo- 
somes, followed by a trailing zone of 30s subunits, 
with essentially no SOS subunit zone. This is illustrated 
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Fig. 1. Simulated sucrose density gradient sedimentation 
patterns of homogeneous E. coIi ribosomes, assuming an over- 
sll dissociation constant at 0.9 X IO-’ moles/liter. The 
rofor vdocity is 41 000 RPM. In (a) the volume of formation 
is assumed to be zero and in (b) the volume of formation is 
taken as 142 ml/mole (see text). Total (TJ and individual 
mass concentrations are indicated for 30s (51, SOS (L) and 
705 (R) species in the qCnning rotor (see text). A loading 
tone of 0.4 ml containing 12.4 AZ&ml of ribosomcs was 
assumed, corresponding to a total of 5 A260 units (1% solu- 
tion corresponds to 145 A2+o.units/ml). 

in fig. la by a simulation ofband sedimentation [2] 
in which the volume of reaction is chosen to be zero. 
The faster-moving “7OS” zone only travels as its 
nominal rate of 70 Svedbergs if virtually no dissocia- 
tion takes place. When reversible dissociation occurs, 
70s ribosomes are re-equilibrating with SOS and 30s 
subunits at all times, and therefore cannot outrun a 
zonal region which must contain an equilibrium mix- 
ture of 3OS, 50s and 70s species. The consequence is 
that the more the 705 species dissociates, the slower 
the “70s” zone must travel, a~ effect which had 
been described in complete detail in predicting the 
zonal transport of reversibly reacting systems of the 
type A + B =+ C [6,8]_ Without recourse to these 
earlier predictions, this phenomenon was rediscovered 
by careful direct experiments on E. coli niosomes 

PI * 
When there is appreciable dissociation caused by 

pressures, there must be a time-dependent and rotor- 
speeddependent sedimentation [I] for the fast zone, 
effects already discussed [2] in the case of a pressure- 
sensitive monomer-dimer interacting system. Even 
when the effect of pressure is large enough to cause 
complete dissociation of ribosomes into small and 
large subunits, onIy two major zones should be appar- 
ent. While this was completely supported by fmdings 

in the sea urchin ribosome experiments and their 
simulation [I], yet, in the case of “‘vacan t couple” 
E. coli ribosomes, usually sucrose density gradient 
sedimentation shows resolution into three rather well- 
defined zones, a “7OS” zone traveling slower than 

70 Svedbergs, a SOS zone and a 30s zone [9- 13J. 
These studies have also shown that, other things being 

equal, “vacant couples” tend to produce a leading 
zone which moves more slowly than 70 Svedbergs, 
whereas the presence of additional species which in- 
crease the formation constant of ribosomes tends to 
make the sedimentation rate of the leading zone 
approach 70 Svedbergs. This is consistent with pre- 
dictions [6,8] made in a series of simulations for the 
system A f B =+ C, in which the Formation constant 
of the complex, C, was progressively increased. 

One further important characteristic is that there 
is a strong dependence on Mg2+ concentration of the 
formation constant of ribosomes from their subunits 
[12,14,1S]_When advantage was taken of this de- 
pendence in zonal sedimentation experiments [IO- 
121, it was found possible to distinguish between 
“tight” couples on the one hand, and “loose” couples 

on the other hand. By sedimentation at some inter- 
mediate ieveI of Mg” concentration, approximately 
4-S mM, it was possible to retain “tight” couples 
as primarily 70s species, while “loose” couples would 
be predominantly dissociated- into subunits [lo- 
121. An example of the equilibrium light-scattering 
behavior of the vacant “ti&t” couple ribosomes 
during titration with Mg2+ has been given recently 
[16]. From this, one would expect to see only a 

small amount of subunits originating from “tight” 
couples at Mg’+ concentrations above 4 mM at low 
rotor speeds. 

2. Generation of SOS zones 

Isolation of the “70s” zone from a gradient at 
low rotor speeds, or in the absence of pressure effects, 
fig. la, tends to produce a ribosome preparation 
which, although originaUy equimolar in small and 
large subunit, must become deficient overall in 30s 
subunit, through deletion of some resolved 30s species. 
Eventually, many successive repurifications by this 
technique couId result in a preparation whose zonaI 
sedimentation should 161 show a “7OS” zone and a 
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traEling 50s zone, rather than a trailing 30s zone. 
Such patterns have actually been reported [ 10). On 
the other hand, there is no mechanism by which a 
rapidly re-equilibrating ribosome-subunit system would 
be expected to show three welldefined zones. Conse- 
quently, we are led to ask for an alternative explana- 
tion for a partialIy or completely resolved 50s zone 
bl addition to a 30s and “70s” zone- Our assertion IS 

that this can resuh oaIy from microheterogeneity: 
some of the ribosomal material is in the form of strong- 
ly coupled subunits, and some is in the form of only 
weakly interacting 30s and 50s sub~tiics. TNs is, in 
fact. not a radical idea, since the presence of “loose” 
couples in a ribosomal preparation which consists 
mostly of “tight” couples constitutes the kind of 
microheterogeneous system inferred (IO-121 - It is 
noted that the resolution of a SOS moving boundary 
[l?] irr analytical ultraceatcifugation of ribosomes 
was interpreted as corresponding to a non-equilibrating 
system, since it was not in accord with theory of 
Gilbert and Jenkins [ 18) for tk? sedimentation of 
rapidly re-equilibrating bimolecular complexes_ In that 
study 1171 boundary resolution was ascriied to 
failure to re-equilibrate due entirely to a deficiency 
in ionic strength or content of Mg’+, and not to any 
microheterogeneity. Many of the characteristics of 
zonal separations of E. coli ribosomes have also been 
attributed [9] to failure to equilibrate chemically at 
a rate faster than the rate of separation. Since kinetic 
data are now available for both tight 1161 and loose 
[19,20] couples, and since criteria have been developed 
1211 for the possible effects of slow kinetics on the 
enhancement of separation, we can now infer that 
the reasons given [!I,171 would be inadequate to ex- 
plain the observed behavior, if the sedimentation 
experiments were being made on homogeneous popu- 
lations of E. coli ribosomes- hose couples, in fact, 
equilibrate very rapidly with subunits and even tight 
couples equilibrate in times short compared to the 
time of sedimentation zt MS* levels greater than 
2 m&t (161. 

3. sititiolls 

To assess the possible eltects of micraheterageneity 
on the observations in sucrose density gradient sedi- 
mentation, we have performed simulations on various 
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Fig. 2. Simulated sucrose density sadient sedimentation 
pattern for a mixture of 95% ti&t coupks and 5% Ioosc 
cou~tes; at 22 000 RPM. Dissociation constants of tight 
coupks and [oose couples are Iahen 3s 0.9 x Ii+ mok/ti*er 
and 0.67 X lo-” moles/liter, respectively. The volume of 
formation is taken as 142 ml/mole for both tkht and loose 
coupler Loading as in fie, 1. Vertical coordinate rcprescnts 
total mass_ 

assumed mixtures of loose and tight couples, with 

the following choice of parameters: the overail disso- 
ciation constant for ti&t coup[cs was taken as 
0.9 X IO-’ [C6] and that for loose couples was taken 
from the companion paper [ 191 as 6.7 X 10e7 moles/ 
liter. The volume of formation of 70s E. coli ribo- 
somes from subunits was taken as 142 ml~mole 1221. 
The simulations, chosen to represent sedimentation 
in a buffer containing 5 mM FJgzt in Beckman SW 4 1 
Ti swinging bucket rotors, were performed by using 

the countercurrent distribution analog of band sedi- 
mentation previously described [2j for a pressure- 
sensitive system of the type A + B f C_ In fig. lb is 

ur 
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F& 3. Simulated sucrore density _erdicnt scdimontation pat- 
tern for a mixture of 90% tight couples and 10% loose 
couples at 22 000 RPM. All other parameters as in fig. 2. 
toadlg as in fii 1. Vecticzd coordinate represents tota mass. 
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r, cm 
l’ip- 4. Simulated sue~osc density gradient pattern for a mix- 
ture of 80% right couples and 20% loose couples at 22 000 
RPM. All o thcr parameters as in fig. 2. Loading as in Eg. 1. 
Vertical coordinate represents totat mass. 

shown for comparison the predicted sedimentation 
patterns f’ar pure tight couples as 41000 RPM, to 
Uustrate the effect of pressure-induced dissociation, 
It is seen that in addition to enhancing dissociation, 
the tigber rotor speed also spreads the “3OS” zone 
over z large region. From_f@ la and Ib, it is seen that 
fcr a hontoge0eous popu.!&on of ribmomes, I&% or 
~Wmur pressure effects. all of the 50S specks mveis 
with The lending zme FQ. 2 represents the zonaj 
sedimentition patiem representing distribution of total 
mass, predicted for a system containing 95% tight 
couples at 22 000 RPM. Also at 22 000 RN, tig. 3 
represents a system with 90% ti&t co~~pfes snd 10% 
loose couples, fig. 4 is for a systazn containing 80% 
tight couples, and fig. 5 is for a system containing 70% 
tight-couples_ It is noted that as the 50s zone’develops, 

Tight 

r, cm 

Fig. 5. Simulated sucrose density gradient p;tttern for a mix- 
ture of 70% ti@t couples and 30% l00c.e couples at 22 000 
RPM. AI1 other parameters as in fig. 2. Lading as in fTi_ 1. 
Vertical coordinate represents total mars_ 

for increasing percentages of loose couples, the 30s 
zone, which represents subunits derived from both 
loose aad tight couples, is also accentuated. It should 
be emphasized again here that these simulations do 
not in any way allow of any failure to re-equilibrate: 
at every stage of the separation, complete IocaI chemi- 
cal equilibration is established, as an esscintia1 require- 
ment of the simulation. In fig. 6 is shown a composite 
diagram for the distribution of mass, which is resolved 
into contributions From tight couples and conttibu- 
tions from loose couples, for the same conditions as 
in fig. 5. From fig_ 6 it is seen how the cozztn%ution 
to the composite pattern from the virtually tota@ 
dissociated loose couples gives rise to a resolved SOS 
subunit zone whkh wouZd have been completely ab- 
sent if only tight couples contributed ta the pattern. 

I Looao 
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Fii. 6. Contributions to Solal ma&i as shown in fig. 5 (30% loose caulks). due to tight couples <a) and loow couples (b). Rotor 
speed is 22 000 RPM. 
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Fi 7. Contributions to total mass from tight and toosc: couples for same sysrcm 8s in figs. S and 6 (30% 1~0s couples). when the 
ratar speed is 41 000 RPM, illustrating dccreose in raolution caused by prcssureinduccd dissociation of tight coupla (see text). 

Again, neither homogeneous tight couples nor homo- 
geneous loose couples alone would give rise to three 
zones_ It is noted from fig. 6 that the 305 zone 
contains a mixture derived from both tight an8 toose 
couples, making it much more difficult to separate 
the two types of 30s subunits, if such actually exist 
EC I ,7-0,23], than to separate a distinct species of 
SOS subunit. 

In fig. 7 is shown for comparison the same system 
containing 70% “tight” couples, but the prediction 
is for sedimentation at 41000 RPM. It is seen that 
the excellent resolution of a sharp zone in the SOS 
region at the lower speed now becomes much poorer, 
because part of the 305 “tail” due to pressure induced 
dissociation of tight couples at the higher speed overlaps 

the otherwise well-resolved SOS zone derived from 
loose couples. Among other things, this comparison 

suggests that analyses as well as separations will be 
more effective when performed at lower rotor speeds. 

tt should be noted that figs_ 1-7 display not only 
the distribution of total mass, but the redistribution 
of individual species in the supporting density gradient 
in the revolving rotor. However, because of the dis- 
sociating effect of the pressure gradient, a further 
re-equilibration will take place among the various 
species when the pressure is relaxed to one atmosphere 
111. Since convent ional methods of analysis require 
remov2 of the gradient from the rotor prior to taking 
local samples which can be used to determine the 
species present, the inferences which can be drawn 
from figs- 2-7 as to the species present at each part 

of the diagram wilt not correspond wherever 30s 
and 50s components coexist, to such an experimental 
species analysis [ 1,91_ Consequently, since there is no 
redistribution of total mass during the re-equilibration 
at one atmosphere, figs. 2-7 should be interpreted 
as giving the correct distribution of total mass and 

figs. 6 and 7 should be interpreted as giving the correct 
assessment of the contributions of loose couples and 
tight couples to the distribution of total mass. 

In the companion paper [ 193 are described two 
series of relaxation kinetics experiments performed on 
“Type I” material isolated as the 70s zone from 26 000 
FWM sedimentation in an SW 27 rotor on a 15% to 
25% sucrose gradient in 10 mM I@, 10 mM Tris- 
HCl, 60 mM KCl, pH 7.75. The patterns for material 
isolated as 70s tight couples and rerun under these 
conditions should be expected to appear essentially 
as shown by the ti&t couple component in figs. 5 
and 6. Nevertheless, extensive kinetic work at IO mbl 
Mg2’ , where isolated 70s tight couples would be ex- 
pected to show no nppreciabIe dissociation 1161, has 
shown large reaction amplitudes [ 19]_ This has led 
cc the conclusion that Ioose couples have been re- 
generated rather quickly from the isolated 70s tight 
couples. In their study of sea urchin ribosomes which 
led to the discovery of the dissociation effect of 
pressure, Infante and Krauss 1241 found that exposure 
to OS M KC1 led to some irreversible dissociation. In 
such cases, they reported three-zone patterns. An ex- 
perimental study to determine the conditions under 
which this transformation takes place in the case OF 

E. coli ribosomes is now under way [25]_ 
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4. Conchl.sions 

Wheoever a well-resolved SOS zone is present in a 
low speed sucrose density gradient sedimentation ex- 
periment on E. coli ribosomes, in addition to a 305 
and a “70s” zone, under conditions where ribosomes 
and subunits should be in reversible equilibrium 
[15,16,19,20], the preparation must be a micro- 
heterogeneous mixture containing both tight aud 
loose couples. The intermediate zone will represent 
some or all of the 50s species derived From loose 
couples and none of the 50s species derived from 
tight couples, in essential agreement with recent ex- 
periments of Hapke and NoJJ 1231, whereas the 30s 
zone contains a mixture of the smaJJ subunits originat- 
ing from both tight and loose couples. Loose couples 
and their subunits, it is noted, at least those derived 
from tight couples, instead of being irreversibly 
damaged in the sense of the subunit interaction, 
react more rapidly than tight couples [19,20] _ Con- 
versely, in any preparation of ribosomes containing 
a homogeneous population (i.e. either all tight or all 

Ioose coupIes) under rapidly reequihbrating condi- 
tions [l&f 9,201, there will be onJy two zones in 
sucrose density gradient sedimentation experiments. 
For equimolar subunits overall, the slower zone in 
such a homogeneous preparation will always be com- 
posed of 30s subunits, and the Faster zone wiJ1 aJways 
contain all of the SOS subunit in the sample, whether 
the 705 species predominates, or is even virtuaJJy aJJ 
dissocia:ed, in rhe sedimentation experiment. This 
critique applies to riboscmes free of ini tiaion factors, 
tRNA or other non-ribosomnl species. 
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