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The bahavior of E. coli ribosomes during sedimentalion on sucrose gradients is predicted under a variety of conditions
by computer simulations. Since numerous recent kinetic studies indicate equilibration in times short compared to the time
of sedimentation, these simulations assume that the system attains local reaction equilibrium at every point in the gradicnt
at all times. Faor any type of homogengous equilibrating ribosome population. governed by 2 single formation constant
at one atmosphere pressure fot 705 cauples, no more than two clearly defined zones will be resalved, although the presence
of largs dissociating effects due to pressure gradients in high speed experiments will spread the subunit zone. Normally the
pattem will consist of a 305 zone and a so-called “708” zane, which is in 1eality a mixture of 708 couples and 30S and 50§
subunits in local equilibrium. The greater the dissociation into subunits, the more the “70S8™ zone wili be slowed below
the nominal rate of 7¢ Svedberg units. If ribasomes have been collected from the 708" zone in several suecessive cycles
of purification, the repeated deletion of resolved 30S subunits can result in a prepartion with so large a molar excess of
505 subunits that the ensuing sucrose density gradient sedimentation pattern may exhibit a 705" zone followed by zone
of 508 subunits, insreqd of 3 zone of 305 subunits. OQur most important conclusion is that whenever a well-resolved 50S
zoue is present in a sucrose density gradient sedimentation experiment on E. ¢oli ribasomes, in addition ta a 305 and a
“708™ zune, under conditions Where 1ibosomes and subunits should be in reversible equilibrium, the preparation must be
smictoheterogeneous, containing a mixturc of “*tight™ and Moose™ couples. Moreover in such cases the content of large
subunits in the 508 zane must be derived entirely from “loose™ couples whereas the 305 zone must contain small subunits
desived from both “tight™ and “locse” couples. Sedimentation patterns predicted for various mixtures of “tight” and
“loose™ couples display all the major chatacteristics of published experimental patterns for E. coli ribosomes, including

the partial Or complete resolution into three zones, depending on rator velocity and level of Mg 2,

1. Intraduction

The dissociation behavior of ribosomes during
high speed ultracentrifugation was successfully ex-
plained as a pressure-induced phenomenon by Infante
and Bajerlein [1] for the case of sea urchin ribosomes.
These authors were able to fit observed experimental
behavior during zonal ultracentrifugation by means of
computersimulated predictions, assuming a volume
of formation of 500 ml per mole of fibosomes. Both
experiments znd predictions demonstrated that for
sea u.chin tibosomes no more than two zones were
produced: as dissociation takes place, the leading
zone, which includes ribosomes and subunits in
equilibrium, slows down; in extteme cases it may be
converted into 2 zone containing only the large sub-
unit. The trajling zone is composed of the small sub-
unit, at least ar long as the subunits in the original

ribosomes are eguimolar overall. The complications
in behavior caused by the advance of the ribosomes

into regious of higher pressure, where their dissocia-
tion is enhanced, are in qualitative accord with pre-

vious studies f2—4] of the effect of pressure on the
sedimentation of chemically interacting macromole-
cular systems. Solvent overlays served unequivaocally
to prave the pressure effect [1].

In fact, zonal sedimentation behavior of fibosomes
at lower ultracentrifuge speeds are also in accord with
compuier simulations completed a decade earlier,
on coutercurrent distribution analogs for transport
pracesses [5—7], excluding pressure effects. Accord-
ing to those simulations for a bimolecular complex [6],
translated into teoms descriptive of ribosomes from
E. coli, one expects a leading zone of “708” ribo-
somes, followed by a trailing zone of 3GS subunits,
with essentially no 508 subunit zone. This is illustrated
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Fig 1. Simulated sucrose density gradient sedimentation
patterns of homogeneous E. coli ribosomes, assuming an over-
all dissociation constant at 0.9 X 10™? moles/liter. The

rotor velocity 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 (T} and individual
mass concentrations are indicated for 30S (S), 50S (L) and
70S (R) species in the spinning rotor (see text). A loading
zone of 0.4 ml containing 12.4 Az¢q/m! of ribosomes was
assumed, corresponding to a total of 5 A, gg units (1% solu-
ifon corresponds to 145 Ajgg units/mi).

in fig. 1a by 2 simulation of band sedimentation [2]
in which the volume of reaction is chosen to be zero.
The faster-moving “70S” zone only travels as its
nominal rate of 70 Svedbergs if virtually no dissocia-
tion takes place. When reversible dissociation accurs,
708 ribosomes are re-equilibrating with 508 and 305
subunits at all times, and therefore cannot outrun a
zonal region which must contain an equilibrium mix-
ture of 308, 508 and 708 species. The consequence is
that the more the 708 species dissociates, the slower
the “70S” zone must travel, an 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 ribosomes
[91.

When there is appreciable dissociation caused by
pressures, there must be a time-dependent and rotor-
speed-dependent sedimentation [1] 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
farge subunits, only two major zones should be appar-
ent. While this was completely supported by findings

in the sea urchin ribosome experiments and their
simulation [1], yet, in the case of “vacant couple™

E. coli ribosomes, usually sucrose density gradient
sedimentation shows resolution into three rather well-
defined zones, a “703" zone traveling slower than

70 Svedbergs, a 508 zone and a 30S zone [9--13}.
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 + 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
[12,14,15]. When advantage was taken of this de-
pendence in zonal sedimentation experiments [10—
12], 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 ievel of Mg2+ concentration, approximately
4-5 mM, it was possible to retain ““tight™ couples
as primarily 70S species, while “loose’ couples would
be predominantly dissociated- into subunits [10—

12]. An example of the equilibrium light-scattering
behavior of the vacant “tizht” couple ribosomes
during titration with Mg?" 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 50S zones

Isolation of the “70S™ zone from a gradient at
low rotor speeds, or in the absence of pressure effects,
fig. 1a, tends to produce a ribosome preparation
which, although originally equimolar in small and
large subunit, must become deficient overall in 30S
subunit, through deletion of some resolved 308 species.
Eventually, many successive repurifications by this
technique could result in a preparation whose zonal
sedimentation should [6] show a “705™ zone and a
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trailing SOS 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 well-defined zones. Conse-
quently, we are led to ask for an alternative explana-
tion for a partially or completely resolved 508 zone

in eddition to a 30S and “70S” zone. Our assertion is
that this can result only 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 305 and 503 subunits. This is, in
fact, naot a radieal idea, since the presence of “loose™
couples in a ribosomal preparation which consists
mostly of “tight”™ couples constitutes the kind of
microheterogeneous system inferred {10-12]. It is
noted that the resolution of a 530S moving boundary
{17} in analytical ultracentrifugation of ribosomes
was interpreted as corresponding to a non-equilibrating
system, since it was not in accord with theory of
Gilbert and Yenkins [18] for the sedimentation of
rapidly re-equilibrating bimolecular complexes. In that
study [17] boundary resolution was ascribed 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 sibosomes 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 [16) and loose
[19,20] couples, and since criteria have heen developed
[21} for the possible effects of slow kinetics on the
enhancement of separation, we can now infer that

the reasons given [9,17] would be inadequate to ex-
plain the abserved behavior, if the sedimentation
experiments were being made on homogeneous popu-
lations of E. coli ribosomes. Loose couples, in fact,
equilibrate very rapidly with subunits and even tight
couples equilibrate in times short compared to the
time of sedimentation at Mg2* levels greater than
2mM [16].

3. Simulations

To assess the possible effects of micrtoheterogeneity
on the observations in sucrose density gradient sedi-
mentation, we have performed simulations on vadous
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Fig. 2. Simulated sucrose density gradient sedimentation
pattern for a mixture of 95% tight couples and 5% foose
couples at 22000 RPM. Dissociation constants of tight
coupfes and {oose couples are taken as 0.9 X 10™% moles/liver
and 0.67 X 107% molesfliter, respectively. The volume of
formation is taken as 142 mi/mole for both tight and loose
couples. Loading as in fig. 1. Vertical coordinate represents
total mass.

assumed mixtures of loose and tight couples, with

the following choice of parameters: the averall disso-
ciation constant for tight couples was taken as

0.9 X 1072 [16] and that for loose couples was taken
from the companion paper [19] as 6.7 X 10~7 moles/
liter. The volume of formation of 70S E. coli ribo-
somes from subunits was taken as 142 mi/mole {22].
The simulations, chosen to represent sedimentation
in a buffer containing S mM Mg2* in Beckman SW 41
Ti swinging bucket rotors, were performed by using
the countercurrent distribution analog of band sedi-
mentation previonsly deseribed {2] for a pressure-
sensitive system of thetype A+ B=C.In fig. Ibis
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Fig. 3. Simulated sucrose density gradient sedimentation pat-
tern for a mixture of 905 tight couples and 105 loase
couples at 22 000 RPM. All other parameters as in fig. 2.
Loading as in fig. 1. Vertical coordinate represents total mass.



176 J.B. Chaires, G. Kegeles/Sucrose density gradient sedimentation of E. coli nbosomes

Mass

63 15.2
T cm

Fig. 4. Simulated sucrose density gradient pattern for a mix-
ture of BOZ tight couples and 20% loose couples at 22 000
RPAM. All other parameters as in fig. 2. Loading as in fig. 1.
Vertical coordinate represents total mass.

shown for comparison the predicted sedimentation
patterns for pure tight couples at 41 600 RPM, to
illustrate the effect of pressure-induced dissociation.

It is seen that in addition to enhancing dissociation,
the higher rotor speed also spreads the “305™ zone
over 2 large region. From figs. 1a and 1b, it iS seen that
for a homogeneous population of ribosomes, with or
wirfiour pressure effects, gll of the 508 species travels
with the leading zone. Fig. 2 represents the zonal
sedimentation patiern representing distribvtion of total
mass, predicted for a system containing 95% tight
couples at 22 000 RPM. Also at 22 000 RPM, fig. 3
represents a system with 90% tight couples and 10%
loose couples, fig. 4 is for a system containing 80%
tight couples, and fig. 5 is for a system containing 70%
tight-couples. It is noted that as the 508 zonedevelops,
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Fig. S. Simulated sucrose density gradient patteen for a mix-
ture of 70% tight couples and 30% loose couples at 22 000

RPAS. All other parameters as in fig. 2. Loading as in fig. 1.
Vertical coordinate represents total mass.

for increasing percentages of loose couples, the 308
zone, which represents subunits derived from both
loase aund tight couples, is also accentuated. It should
be emphasized again herse that these simulations do
not in any way allow of any failure to re-equilibrate:
at every stage of the separation, complete local chemi-
cal equilibration is established, as an essential requize-
ment of the sirnulation. In fig. 6 is shown a compaosite
diagram for the distribution of mass, which is resolved
into contributions from tight couples and contribu-
tions from loose couples, for the same conditions as
in fig, 5. From fig. & it Is seen how the contribution
to the composite pattern from the virtually totaily
dissociated loose couples gives rise to a resolved 508
subunit zone which wauld have been completely ab-
sent if only tight couples contributed ta the pattern.
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Fig. 6. Contributions 1o total mass as shown in fig. S (30% loose couples), due to ticht couples {a) and loose couples {(b). Rotor

speed is 22 000 RPM.,
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Fig. 7. Contributions to total mass from tight and toose couples for same system as in {igs. 5 and 6 (30% loose couples), when the
rotor speed is 41 000 RPM, ilustrating decrease in resolution caused by pressure-induced dissociation of tight couples (see text).

Again, neither homogeneous tight couples nor homo-
geneous loose couples alone would give rise to thiee
zones. [t is noted from fig. 6 that the 305 zone
contains a mixture derived from both tight and fcose
couples, making it much more difficult to separate
the two types of 308 subunits, if such actually exist
{11,20,23], than to separate a distinct species of
508 subunit.

In fig. 7 is shown for comparison the same system
containing 70% “tight” couples, but the prediction
is for sedimentation at 41 C00 RPM. It is seen that
the excellent resolution of a sharp zone in the 505
region at the lower speed now becomes much poorer,
because part of the 308 “tail’” due to pressure induced
dissociation of tight couples at the higher speed overlaps
the otherwise well-resolved 508 zone derived from
loose couples. Among other things, this comparison
suggests that analyses as well as separations will be
more effective when perfoumed at lower rotor speeds.

It should be noted that figs. 17 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
[1]. Since conventional methods of analysis require
removal 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 will not correspond wherever 308

and 508 components coexist, to such an experimental
species analysis [1,9]. 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 shouid be interpreted as giving the correct
assessment of the contributions of loose ¢couples and
tight couples to the distribution of total mass.

{n the companion paper {19] are described two
seties of relaxation kinetics experiments performed on
“Type I” material isolated as the 708 zone from 26 0600
RPM sedimentation in an SW 27 rotoron a i5% to
25% sucrose gradient in 10 mM Mg?*, 10 mM Tris-
HCL, 60 mM KCI, pH 7.75. The patterns for material
isolated as 708 tight couples and rerun under these
counditions should be expected to appear essentially
as shown by the tight couple component in figs. 5
and 6. Nevertheless, extensive kinetic work at 10 mM
Mg, where isolated 70S tight couples would be ex-
pected to show no appreciable dissociation [16], has
shown large reaction amplitudes [19]. This has led
tG the conclusion that loose 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 {24) found that exposure
t0 0.5 M KCl 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 ibosomes is now under way [25].
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4. Conclusions

Whenever a well-resolved 508 zone is present in 2
low speed sucrose density gradient sedimentation ex-
periment on E. coli ribosomes, in addition to a 308
and a “708” 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 and
loose couples. The intermediate zone will represent
some or all of the 508 species derived from loase
couples and none of the 508 species derived from
tight couples, in essential agreement with recent ex-
periments of Hapke and Noll [23], whereas the 30S
zone contains a mixture of the small 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
loose couples) under rapidly re-equilibrating condi-
tions [16,19,20}, there will be only 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 will always
contain all of the 503 subunit in the sample, whether
the 70S species predominates, or is even virtually all
dissocia:ed, in the sedimentation experiment. This
critique appiies to riboscmes free of inttiaion factors,
tRNA or other non-ribosomal species.
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