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Biological Macromolecules in Solvents of Variable Density:
Characterization by Sedimentation Equilibrium, Densimetry, and X-ray
Forward Scattering and an Application to the 50S Ribosomal Subunit from

Escherichia coli'

Annette Tardieu,* Patrice Vachette, Annette Gulik, and Marc le Maire

ABSTRACT: Solvents of variable density are commonly used
for structural analysis of biological macromolecules. Solvent
density can be altered by either the use of water isotope
mixtures or addition of small solute molecules to the solution.
Under such conditions the composition of the macromolecules
may vary because of preferential interactions with the solvent
components. Among the techniques which may be used to
study these interactions, it is well-known that three approaches,
sedimentation equilibrium, densimetry, and X-ray forward
scattering, provide essentially similar information. In the
thermodynamic approach, the data obtained by any of these
techniques are usually interpreted in terms of macroscopic
quantities, density increment or electron density increment,
and then the particle is described by three physical parameters,
molecular weight, partial specific volume, and one phenome-
nological interaction parameter £ which is a function of solvent
composition. Going further requires the introduction of a
model. In the following, we consider globular macromolecules:
we show that whenever linear variation of the density incre-
ment or electron density increment is observed as a function
of solvent density, a more detailed description of the macro-
molecule is obtained without introducing a model in terms of
molecular weight, partial specific volume, and two constant
parameters 3, and §; (grams of water and of small solute

In recent years, the use of solvent scattering density variation
in scattering experiments has proved to be a powerful tool for
structural analysis of biological systems in solution. The
variation of scattering density is achieved either by addition
of low molecular weight electron-dense compounds to the
solution (X-ray) or by alteration of the H,0/D,0 ratio
(neutron). The information that may be obtained under these
conditions is illustrated in a large number of publications [see
the principles of the approach in Stuhrmann & Kirste (1965)
and recent reviews by Jacrot (1976) and Luzzati & Tardieu
(1980)].

However, one is well aware that the composition of the
particle under study may vary according to solvent composition
because of H/D exchange (SNS)! or because of preferential
interactions between the particle and the diffusible components
of the solvent (SXRS). In SNS, it is generally assumed that
H/D exchange can be corrected for on the basis of a linear
variation of the exchange with D,O content (Jacrot, 1976).
On the contrary, whenever contrast variation is used in SXRS,
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molecules per gram of macromolecule). In other words, it is
possible in that particular case to define an equivalent mac-
romolecule which is invariant with respect to solvent compo-
sition. The use of this “particle approach” is presented in the
context of more detailed structural analysis with solution
scattering techniques. In addition, the respective advantages
of using sedimentation equilibrium, densimetry, and X-ray
forward scattering, either alone or coupled, to determine
molecular weight, partial specific volume, and interaction
parameters are discussed, and new possibilities are proposed.
As an illustration, we describe the combination of sedimen-
tation equilibrium (SE) and solution X-ray scattering (SXRS)
to determine a number of physical parameters relevant to the
S0S subunit from Escherichia coli ribosomes. Molecular
weight and partial specific volume were determined from SE
experiments in water isotope mixtures and from coupling of
SE and SXRS experiments in water. Interaction parameters
were determined independently from SE and SXRS experi-
ments in solutions containing various amounts of sucrose. The
results obtained demonstrate that the composition of the 50S
subunit is invariant over the range of sucrose concentration
studied (0-50%) and that only water is associated to the
subunit. This amount of water is calculated to be 0.41 £ 0.06
g/g from SE data and 0.37 £ 0.02 g/g from SXRS data.

there is a general concern about the fate of the particle in the
rather unusual environment of a solution several molar in salt
or containing a high concentration of sucrose.

Working with SXRS, we have looked for the best way to
analyze the composition of the particle under study and in
particular to characterize the interactions between the diffu-
sible components of the solvent and the macromolecule.
Several physical approaches can be considered for this purpose.
We selected three which essentially measure the same class
of physical parameters: densimetry, sedimentation equilibrium,
and X-ray forward scattering.

This paper is intended as an attempt to put together the
various approaches which allow us to describe the particle at
different levels of complexity. We begin with the description
of the particle developed by Eisenberg (Casassa & Eisenberg,
1964; Cohen & Eisenberg, 1968; Eisenberg, 1976), which
makes use of an additional parameter, (besides molecular
weight and partial specific volume) the “interaction parameter
£”. £ takes into account possible preferential interactions
between the particle and all the diffusible components of the
solvent and has the advantage of being measurable from either

! Abbreviations used: SE, sedimentation equilibrium; SNS, solution
neutron scattering; SXRS, solution X-ray scattering; Tris, tris(hydroxy-
methyl)aminomethane; DTT, dithiothreitol.
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SE, densimetry, or SXRS. More elaborate descriptions of the
particle require the introduction of a model. We show here
that if the interaction parameter displays a certain type of
variation with increasing solvent density, a more detailed
description of the particle is obtained without the introduction
of any model: for the measurements under consideration the
particle behaves as if constant amounts of diffusible compo-
nents were bound to it whatever the solvent composition. In
other words, it is possible to define an equivalent particle which
is invariant with respect to the solvent. Furthermore, it is
sometimes possible to show that the particle behaves as if only
water were associated to it. In the second section we review
the various practical possibilities of the three approaches, either
alone or coupled, in the determination of the physical param-
eters which are of interest to us, that is, molecular weight,
partial specific volume, and the various interaction parameters,
However, the main limitation of the approaches discussed here
is that they are only sensitive to excesses of density with respect
to the solvent. Thus they do not provide a means of detecting
solvent permeability, i.e., the composition of the particle under
study and the equivalent particle defined may differ by a
certain amount of solvent which would never be detected.
Without entering into detailed structural analysis, we indicate
that further information including the question of solvent
permeability may, in favorable cases, be provided by the
analysis of the global properties of the SXRS intensity curves
when these data are available.

Combination of densimetry measurements and SXRS has
already been used in our laboratory (Aggerbeck et al., 1978).
As an illustration, we report here on the application of the
coupling of SE and SXRS to a system whose structural
analysis is presently under progress: the 50S subunit from
Escherichia coli ribosomes. The experiments presented here
were undertaken to determine molecular weight and partial
specific volume and to document the behavior of the 50S
ribosomal subunit in the solutions containing variable amounts
of sucrose which were used for the SXRS contrast variation
experiments.

Definition of Experimental Conditions

In the following, the solute particles under consideration are
globular particles, i.e., particles in which none of the dimen-
sions is 1 order of magnitude larger than the other dimensions.
In addition, these particles do not display polyelectrolyte
behavior in solution. The solute particles will be referred to
in the following as component 2.

The particles are studied either in water or water isotope
mixtures, D,0, H,'%0, and D,'30 (two-component systems
assuming H/D exchange correction), or in aqueous solutions
containing, in addition, small solute molecules like salt, sucrose,
and glycerol (three-component systems). The small molecules
used to increase the solvent density, irrespective of charges,
are component 3, water being component 1. However, bio-
logical systems are usually studied in aqueous buffers of low
ionic strength (typical range 0.01-0.1). Consequently, in such
cases, we shall operationally define component 1 as the solvent
in the absence of component 3.2 Thus, in the following, solvent
means component 1 plus possibly component 3, and solution
means the solvent plus the solute particles. The components

2 A practical difficulty may appear in this definition in the case where
the same salt is used in the buffered solution and as the density-varying
agent; this was the case, for example, when NaBr was used to study
low-density lipoproteins (Luzzati et al., 1979). In this case, the buffer
will still be considered as water, and variation in density will be calculated
by taking into account the differences in salt concentration.
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Table I: Parameters Used

M;, my, u; molecular weight (g/mol) and number of electrons
of component/ (€) and their ratio u; = m;/M;
K ratio of the number of electrons/molecular weight
of the solvent

Pos Pey density (g/cm?®) and the electron density (e/cm?)
of the solvent, o, = pg,/uV

0, 0 density (g/cm?) and electron density (e/cm?) of
the solution

V.n volume of the sample (cm®) and number of solute
particles in this volume

N Avogadro’s number

Cj, Cejy Cyj» Ceyj CONCentration in g/g, efe, g/cm?, and efem? of
component j

Vi, by partial specific volume (¢cm®/g) and electron par-
tial specific volume (cm?/e) of component /, ¥;
= vi/wN

of the solvent are sometimes referred to as the diffusible
components,

The experiments are always supposed to be performed at
constant chemical potentials of the diffusible components, even
when not explicitly stated; the equations derived in the fol-
lowing are only valid under these conditions. Operationally,
this is obtained by equilibrating the solutions against the
solvent by exhaustive dialysis. In practice, such an equili-
bration is only critical for densimetry experiments.

The interpretation of the experiments is done by assuming
that the solutions fulfill a number of conditions, in particular,
the following. (1) The particles are identical. (2) The solutions
are ideal, i.e., the distribution of the particles is random,
without correlation in position or orientation. Operationally,
this condition is attained by extrapolation of the parameters
obtained to vanishing concentration of component 2. (3) The
solutions are incompressible. (4) There is no redistribution
of the diffusible components in the centrifugal field in the
absence of component 2. (5) Outside the regions perturbed
by the solute molecules, the solvent may be treated as a me-
dium of uniform density, and the fluctuations introduced by
the addition of small solute molecules can be discarded.

These conditions are in general well fulfilled by solutions
of biological particles. For an extensive discussion of some
of these points, see Eisenberg (1976), Tanford (1961), and
Luzzati & Tardieu (1980). In addition, for the sake of sim-
plicity, we suppose in the following that the partial specific
volumes of the various components remain constant,

Notation

Various notations can be found in the literature, which are
difficult to reconcile. Even if we try to make use of the most
commonly adopted definitions, we are faced with the problem
that some parameters like p have a different meaning in
thermodynamics and in scattering techniques. We have
adopted the compromises shown in Table I. The intensity
at the origin normalized to one electron of solute, i,(0,0¢)/Cezs
can experimentally be obtained by extrapolation of the Guinier
plot to s = 0 (Guinier & Fournet, 1955).

Theory

Characterization of Biological Macromolecules in Solvents
of Variable Density by SE, Densimetry, and SXRS. ()
Description of the Composition of the Particle. (1) Review
of Basic Equations of SE, Densimetry, and SXRS. In the
following, we first are obliged, for the sake of clarity, to recall
the basic equations of SE, densimetry, and SXRS. The de-
rivation of these equations may be found elsewhere (Luzzati,
1960; Tanford, 1961; Casassa & Eisenberg, 1964; Pessen et
al., 1973; Eisenberg, 1976; Lee et al., 1980). The nomen-
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clature for SXRS was chosen in order to make the similarities
of the equations more apparent than with the classical ther-
modynamic notation.

SE and densimetry measure properties of macroscopic
systems which are conveniently expressed in terms of the
density increment dp/dc,, of the solution with respect to the
solvent, introduced by the presence of component 2. The
corresponding X-ray data, i.e., those relevant to the thermo-
dynamic properties of the system, are the intensity at the
origin. When normalized to one electron of solute, it can be
expressed as a function of the electron density increment. The
following set of relationships is obtained:

p — po/Cva = dp/dcy, 0y
(2RT/w?)(d In ¢y/dr?) = M,dp /dcy, )
in(oapeo)/CeZ = mZ(ape/acev2)2 (3)

These density increments may be expressed in different ways
from the molecular properties of the solute. We find it con-
venient to introduce the expression of the concentrations

Cpp = nMZ/VN Cev2 = an/V (4)
and call AM the excess of mass associated with 1 mol of solute

and Am the excess of electrons associated with one solute
particle with respect to the solvent:

AM = NV(p - po)/n Am = V(p. - poo) /1 (5)
Eq 1-3 become

p—po/cn=AM/M, (6)
(2RT/w2)(d In cz/drz) =AM @)
in(O,Peo)/Cez = Am(Am/mZ) (8)

Equations 68 mean, in other words, that densimetry measures
the excess of mass associated with 1 g of particle with respect
to the solvent, SE the excess of mass associated with 1 mol,
and SXRS the product of the corresponding quantities asso-
ciated with one particle measured in electrons.

(2) Molecular Weight and Partial Specific Volume. In
two-component systems, the excess of mass associated with
the particle is the one associated with the dry particle AM,,
and it may be expressed in a simple way as a function of
molecular parameters: molecular weight and partial specific
volume of the particle. Equations 1-3 become, as AM = AM,
=M, - Mg

(p = po)/cv2 =1~ vypg )
(2RT /w*)(d In ¢;/dr?) = My(1 ~ vyp) (10)
in(O,Peo)/Cez = m2(1 - \IlZpeO)z (1)

These equations are the usual basis of molecular weight and
partial specific volume determinations which will be discussed
in section II.

(3) Interaction Parameters. In three-component systems,
since preferential associations between the particle and the
diffusible components of the solvent may occur, the excess of
mass is composed of two parts, AM, which corresponds to the
excess of mass associated with the dry particle and another
contribution which measures the preferential associations.
Eisenberg (Casassa & Eisenberg, 1964; Eisenberg, 1976) has
introduced a convenient formulation and defines interaction
parameters £; and £,; which include contributions from all the
diffusible components, expressed in terms of component j. For
instance, £; measures the amount of water which would have
to be bound to the particle to give rise to the measured excess
of mass:

(0 = po)/cva =1 —vapg + £(1 —v1p0) (12)

(2RT/@*)(d In ¢, /dr?) = My[1 - vypp + £)(1 - UlPoz] )
13

in(0,0¢0) /Cer = mMy[1 — Wppey + £i(1 - ‘I’lpeo)]z (14)

In the same way, it is possible to define an interaction
parameter &, since £,(1 — v;py) may also be written —£;(1 -
U3pg) in eq 12-14. The §; or & values are unambiguously
defined and may be measured by SE, densimetry, or SXRS
experiments as a function of solvent density. The §; and &
are functions of po and pg,, but for a given density pq and its
corresponding electron density p.q, We have the relationship
£ = (1 /pa)€y or E3 = (na/pg)és. Let us finally recall that,
as constantly emphasized by Eisenberg, the operational pa-
rameters £; cannot be interpreted in terms of molecular
mechanisms, without introduction of a model.

At that stage, in order to go further, thermodynamicists
generally introduce a model in terms of solvation or component
3 binding. We wish to show here that a more detailed de-
scription of the particle may be obtained, without the intro-
duction of any model, if constraints are added on the variation
of the interactions parameters as a function of solvent density.

(4) Equivalent Particle. In the following, we consider the
case where linear variation of density increments or electron
density increments are observed in the presence of component
3 as a function of pg or pg. This case is of special interest for
us, since it is the only one that has been encountered until now
in scattering experiments (Tardieu et al., 1976; Sardet et al.,
1976; Sperling, 1977; Aggerbeck et al., 1978; Luzzati et al.,
1979; this work, see below).

For the sake of simplicity, we develop the consequence of
a linear variation only for density increments. The equations
for electron density increments are similar. The linear vari-
ation of density increments (or excess of mass) can be ex-
pressed by

8p/c,, = A = Cpo (15)

where 4 and C are numerical constants whose values are the
y intercept and slope of the straight line. As emphasized by
Eisenberg (1976), a linear variation of dp/dc,, vs. p does not
imply the invariance of £;. In fact, the consequence for the
&, value is a homographic type of variation with pq

£ =1(4-1)-(C-v)po] /(1 - v1pg) (16)

However, it is now possible to write the density increment
as a function of two parameters 3, and 8, which are constant
whatever the solvent composition:

dp/dcy, = 1 = pg + B1(1 — v1pg) + B3(1 — v3pp) 17

Indeed, by equating eq 16 and 17 and if we separate the terms
into the following system of equations

1+6,+8,=4 (18)
vy + By + By =C (19)
it is clear that we can solve the system for 8, and 85
B =[(A4-Dvs = (C-v))]/(v3- vy (20)
B3 =[(C-v)) - (A-Duv]/(v3-1v)) (21)

B, and B, are operational quantities, whose values can be
unambiguously determined from a series of experiments
performed at various densities. We have thus obtained a more
detailed description of the particle in terms of two 8’s instead
of one £&. We wish to emphasize that this more detailed de-
scription is obtained without the introduction of any model.
This description does not require an intermediate determination
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of the ¢; parameters;’ it directly results from the additional
constraint of linearity. In physical terms it means that the
particle behaves as if constant amounts 3, (g/g) of component
1 and B; (g/g) of component 3 were associated to it whatever
the solvent composition. In other words, we have defined an
equivalent particle composed of the dry particle itself associated
with B, (g/g) of component 1 and 3; (g/g) of component 3.

Since the same demonstration could be achieved from linear
variation of electron density increments, we have at the same
time shown that a linear variation of dp/dc,, vs. p, implies a
linear variation of dp./dc.,, Vs. pey and vice versa. In con-
clusion, each of the three techniques under consideration
provides us with a description of the particle in terms of a
“minimal equivalent particle” comprising 3, (g/g) of water
and 3, (g/g) of component 3.

Since these three techniques measure excesses of mass with
respect to the solvent, the difference between the equivalent
particle and the particle under study becomes clear: as far
as composition is concerned, they can only differ by a certain
amount of solvent, which means, in other terms, that the
particle under study may well be partially permeant to solvent.
In the same way, the equivalent particle we define and the
models proposed by the thermodynamicists may well differ
by a certain amount of solvent.

This equivalent particle occupies an invariant volume V*

V* = My(vy + By + Bywy) /N (22)

and the mean density and electron density within this volume
are

,D* = (1 + 61 + ,83)/(1)2 + Blvl + ,8303) (23)
pe* = (14 B + pafs) /(¥ + 8, + ¥36;) (24)

From these relationships, other expressions of density and
electron density increments may be derived which are com-
monly used, especially in scattering experiments, to determine
the position at which the density increment vanishes:

dp/dc,, = V*N(p* — po) / M, (25)
ape/aceVZ = V*(pe* - peO)/mZ (26)

Yet, it has to be noted that the treatment we present does not
at all require us to achieve “matching” of the particle.

Of special interest is the case where the experimental point
recorded in the absence of component 3 lies on the straight
line. The coordinates of this point are 1/v; and M,(1 - v,).
In such a case we have the relationship

A-1=(C~vy/v (27)
then, eq 20 and 21 simplify to
Bir=4-1 (28)
B;=0 (29)
and it comes from eq 16 and 20
B, = & = constant (30)

Equations 28-30 lead to the conclusion that in the particular
case where the point in water lies on the straight line, the
particle behaves as if only a constant amount of water is
associated to it. Since the three techniques considered are
equivalent in this respect, the demonstration that only water
is associated to the equivalent particle may be achieved by any
of them.

3 Of course the ¢, may be written as a function of 3; and 8; (eq 15 and
20):

& = By + By(1 = vapg) /(1 - vypg)
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(II) Experimental Determination of Physical Parameters
Relevant to the Composition of the Particle. The parameters
to be determined are the molecular weight A, the partial
specific volume v,, the interaction parameters ; or &, and in
favorable cases the parameters 8; which define the equivalent
particle. Among SE, densimetry, and SXRS, only SE is able
to provide us with all these parameters by itself. Furthermore,
whenever densimetry or SXRS is involved, it requires an in-
dependent determination of the absolute concentration of the
solute. In the following, after briefly recalling the procedures
widely used to determine these parameters, we propose new
possibilities, based on combination of SE, densimetry, and
SXRS.

(1) M; and v, Determinations. These determinations are
most easily performed in water whenever it is possible.
Usually, the partial specific volume is measured directly by
densimetry (Kratky et al., 1973), and then SE or XSRS
provides the molecular weight (eq 10 and 11) (Luzzati, 1960;
Tanford, 1961; Schachman & Edelstein, 1973).

In SE and densimetry experiments, water isotopes H,!%O,
D,0, and D,'®0 may be used to change the solvent density.
It has been shown that such an approach can be applied to
determine M, and v, by SE alone (Edelstein & Schachman,
1967, 1973). Measurements performed as a function of p, give
a straight line (eq 10), whose ordinate at the origin and slope
are equal to M, and M,v,, respectively.

Another possibility, not used to our knowledge until now,
is the coupled use of SE and SXRS. Combination of eq 10
and 11 leads to the elimination of M,:

(2RT/w*)[d In ¢3/dr] /[i(0,0¢0) / €e2] =
(1/u)(1 = vap0) /(1 - ‘I’zpeo)z 31

This equation is then solved for v,. Equation 31 has two
solutions, one of which has no physical meaning. In general,
the choice is unambiguous, since the range of v, is known and
the two solutions are quite different. If both values happen
to be very close, a second SE experiment at a different density
will provide the answer. Equation 31 may also degenerate into
a first degree equation if the ratio of density to electron density
is the same for both solvent and solute particles, that is, if u,
= Hs

We mentioned at the beginning of this section that SXRS
and densimetry require knowledge of the concentration while
SE does not. An attractive possibility is the triple use of SE,
densimetry, and SXRS. The ratio of SXRS and densimetry
measurements is independent of absolute concentration de-
termination:

[(p - pO)/Cvz]/[in(OapeO)/ceZ] =
(1/my)(1 = v00) /(1 = ¥pe0)* (32)

Thus eq 32 and 10 may then be solved for M, and v, and the
concentration determiried by using either eq 11 or 9.

If the density of the particle under study is close to 1,
measurements in H,O may be difficult or even impossible. In
fact, this difficulty is only serious for SXRS measurements,
since SE and densimetry experiments can usually then be
performed in water isotopes. However, even if it is not possible
to obtain the M, value from measurements in water, it can
also be determined by making use of multicomponent systems.
Indeed, if SE and densimetry are performed at the same
density py, M, is immediately derived from eq 1 and 2. Also,
in principle, electron-density increments could be determined
from density increments measured by densimetry and then m;,
determined from eq 3. However, in practice, if v, is not known,
the calculation of electron density increments from density
increments or vice versa is often not possible; such a calculation
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requires the knowledge of the chemical composition of both
solution and solvent, which are not in general known with
sufficient accuracy. Other possibilities to determine M, and
v, together with other parameters are mentioned below.

(2) Interaction Parameters. Once M, and v, are known,
the §; or £,; values at any density po are immediately derived
(eq 12-14) from any measurements by SE, densimetry, or
SXRS. In the case where only M, is known (see above) the
coupling of SE or densimetry with SXRS may be of particular
interest. If SXRS and SE or SXRS and densimetry are
performed at one electron density py and the corresponding
density pg, eq 12 and 14 or 13 and 14 can in principle be solved
for v, and £;. To our knowledge, such an approach was never
tried, and we do not know whether the accuracy of the ex-
perimental data would be sufficient for the calculations.
Although we assume here that we are working with systems
whose partial specific volumes can be considered as constant,
we think it worth mentioning that such experiments could in
principle be used to follow possible changes of partial specific
volumes as a function of solvent density.

(3) Equivalent Particle. Whenever linear variations of
density or electron-density increments are observed, an
equivalent particle can be defined.* The parameters which
describe this equivalent particle, 8, and 85 (or 3,; and 8.;) are
immediately derived from SE, densimetry, or SXRS experi-
ments by using eq 20 and 21. When the point recorded in the
absence of component 3 lies on the straight line recorded in
the presence of component 3, it is immediately clear that 3,
is equal to 0. We mention once more that if the point in H,O
cannot be measured, the difficulty may be overcome by per-
forming SE or densimetry experiments with water isotopes.

If M, is not known, it is clear from the form of eq 25-26
that the molecular weight may be obtained for example from
the ratio of the slopes of the straight lines obtained by SE and
densimetry or by SXRS and densimetry (Aggerbeck et al.,
1978). The partial specific volume v, is then directly derived
from any experiment performed in water. Obviously, the
coupling of SXRS, densimetry, and SE offers many possi-
bilities, and trying to review all of them would be tedious.

(III) Additional Information from Overall Properties of
SXRS Curves. We have demonstrated previously that if
density or electron-density increments vary linearly as a
function of py or pe, it is possible to define an equivalent
particle, whose composition is identical with the one of the
particle under study, but for a possible solvent permeability.
We have reached here the limits of thermodynamics. Without
entering into detailed structural analysis, we want to mention
here that information on this last point may be obtained from
some of the overall properties of the X-ray scattering curves
and, in particular, from the value of the autocorrelation
function at the origin.

The autocorrelation function at the origin measures the
average of the square of the electron-density contrast asso-
ciated with the particle which depends on the solvent
permeability of the particle. However, the value of the au-
tocorrelation function at the origin not only depends upon the
composition of the particle but also upon the distribution of
the electron density associated to the particle. Discussing the
conditions which allow us to separate the respective contri-
butions of distribution and composition would lead us too far.
But that the value of the autocorrelation function at the origin
is relevant to a more elaborate description of the composition

4 In practice, the variation of density increments may be linear only
over a limited range of densities. If it is so, an equivalent particle may
always be defined in that range.
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of the particle can be illustrated by two examples.

In the first example, we consider the case of a particle which
is studied in water. We suppose that the particle is such and
its hydration distributed in such a way that the electron density
associated with the particle can be considered as constant. In
this case, the ratio of the intensity and autocorrelation function
at the origin measures the hydrated volume. This property
has often been used to determine the hydration of the particles
under study (Kratky & Pilz, 1978) when M, and v, are known.
It is of interest to note that this is a typical case where ther-
modynamic measurements cannot provide the answer since,
in water, hydration is equivalent to solvent permeability.

In the second one, we assume that the particle under study
is impermeant to solvent and the distribution of electron density
associated with the particle is invariant with solvent compo-
sition, In such a case, it has been demonstrated (Aggerbeck
et al., 1978) that the variation of the autocorrelation function
at the origin follows a straight line as a function of Apg?. The
slope of this line only depends upon the composition of the
particle and is equal to the invariant volume associated with
the equivalent particle divided by ms,. In that respect it is of
interest to note that such measurements allow us to demon-
strate, for example, that the hydration is the same in the
presence and in the absence of component 3, while thermo-
dynamic measurements do not detect the hydration in water,

Experimental Results

Characterization of the 50S Ribosomal Subunit from E.
coli by Combination of Sedimentation Equilibrium and X-ray
Forward Scattering. (A) Experimental Procedures. (1)
Materials. H,'®0 and D,!*0 (99% pure) and D,0 (99.8%
pure) were obtained from the C.E.A. (Saclay, France).
RNase-free sucrose was purchased from Merck.

(2) Preparation. 50S ribosomal subunits were obtained
from E. coli strain MRE600 according to the procedure of
Dondon et al. (1974). Briefly, ribosomes were washed in a
high salt solution, 1 M NH,Cl and then centrifuged in a S mM
Mg?* buffer with a Beckman Ti 15 zonal rotor at 22 000 rpm
during 15 h. This purification yields an homogeneous popu-
lation of 70S A ribosomes (Wishnia et al., 1975; Debey et al.,
1975), also called tight couples (Hapke & Noll, 1976). The
508 ribosomal subunits were prepared by dissociation of the
purified 70S ribosomes and separated by zonal centrifugation
in a 10 mM Mg?* and 400 mM NaCl buffer. Purified sub-
units were stored at —80 °C in the following buffer (buffer
B1): 10 mM Tris-HCI, pH 7.5, 8 mM Mg(CH,CO,),, 100
mM NH,CI, and 1 mM DTT. All the sedimentation and
scattering experiments were performed in buffer B1; for the
sedimentation experiments, only 0.01 mM DTT was included
in the buffer. Concentrations were determined by UV ab-
sorption on a Cary 118 ¢ spectrophotometer by using the value
Elem = 145 at 260 nm for the extinction coefficient (Hill
et al., 1969).

(3) SE Experiments. A Beckman Model E ultracentrifuge
equipped with photoelectric scanner was used. Generally, nine
samples were run simultaneously in three double-sector
Yphantis cells. Normal double-sector cells were also used on
occasion. Rotors ANG, AND, or ANF (designed for very low
speed ultracentrifugation) were chosen according to the speed
of the centrifugation or the number of samples. The density
increments M,(dp/dc,,) were obtained from the slope of the
equilibrium plot of In ¢, vs. 7 (where c, is the light absorption
at 265 or 280 nm and r the radial distance). SE measurements
were routinely made at different concentrations and rotor
speeds with very good agreement. The sample concentration
was chosen to give an absorbance at the observation wave-
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Table II: Physical Parameters Relevant to the 508 Ribosomal Subunit?

8, (g of H,0/g

techniques used M, v, (cm?/g) p* (e/A% of RNP) V, (8% reference

picnometry 0.592 + 0.006° Hill et al., 1969
SE in water (1.55 = 0.05) x 10¢b Hill et al., 1969
ST in water isotopes (1.54 £ 0.12) x 10¢ 0.600 = 0.036 this work

SE and SXRS in water  (1.56 + 0.05) x 10¢ 0.597 + 0.008 this work
SXRS in sucrose 0.463 0.33¢ 2.55 X 10®  Tolbert, 1971°¢
SXRS in sucrose 0.455 + 0.007 0.37+0.02 2.5x 10° this work4

SE in sucrose 0.41 + 0.06 this work

¢ The errors correspond to the standard deviations from the mean.

b Valuesat#=4°C. © Valuesat?z=3°C. 9 Valuesatt=10°C.

¢ The value given by Tolbert is 0.404 g of H,0/g of ribosome. In fact, using all of his data, we calculate 0.33 g of H,0/g of ribosome, which
is slightly less than our value and compatible with the difference in both values given for p*.

length in the range 0.1-0.4 OD unit. The temperature of the
experiment was controlled by a RTIC unit and maintained
at 10 °C.

The samples of 50S ribosomal subunits were prepared from
a stock solution in buffer Bl and diluted ~ 20-fold in one part
of buffer B11 (buffer B1, 11-fold concentrated) and ten parts
of the appropriate mixture of H,O and H,"0, D,0, or D,'*Q,
respectively. Solutions in sucrose were obtained in a similar
way by dilution of an aliquot of subunit stock solution in the
appropriate mixture of Bl and BS66 (buffer Bl containing
66% sucrose, w/w). All solutions were prepared by mixing
adequate volumes and checked by weight measurements.
When D,0 and D,®0 were used, H/D exchange was ac-
counted for by using the values for exchangeable hydrogen
atoms, 16 exchangeable H/1000 daltons of protein and 9
exchangeable H/1000 daltons of RNA (Jacrot, 1976), which
leads to Mp,o = 1.011My,0, where Mp,q is the molecular
weight in 100% D,0; in x% D,0, M, = (1 + 0.011x)M ..

All the samples in water isotope mixtures or in low sucrose
concentration were found to give linear equilibrium plots after
24 and 36 h of centrifugation. For the higher sucrose con-
centrations (20% and higher) 48-72 h were necessary to reach
equilibrium. On occasion, the lower portion of the cell, near
the meniscus (In ¢, < -3), was variable and discarded. The
plots of In ¢, vs. r* always gave straight lines. The parameters
of the linear regression were computed by using a program-
mable Hewlett-Packard calculator with digitizer and plotter.
In order to ascertain whether the regression lines obtained from
equilibrium plots were representative of all the particles in
solution, we calculated recovery yield from the ratio of the
integrated optical density at equilibrium to the initial value
before centrifugation (le Maire et al., 1978).

(4) SXRS Experiments. The X-ray source was an Elliott
rotating copper anode generator, with microfocus setting. The
linear beam was reflected and focused by a gold-coated bent
glass mirror and limited by appropriate slits. The detector
was a linear position-sensitive counter (Gabriel & Dupont,
1972). The experimental procedures are described elsewhere
(Tardieu et al., 1976). As the scattered intensity was com-
pared with the energy of the incident beam, the experimental
curves were normalized and put on an absolute scale (Sardet
et al., 1976; Luzzati, 1960). Collimation corrections were done
according to Lake’s (Lake, 1967) procedure. The scattering
angle s is defined by s = 2 sin /X (A = 1.54 A), i(s) is the
distribution of scattered intensity for point collimation, and
i,(s) the normalized intensity; the intensity at the origin was
determined by extrapolation of the Guinier plots.

50S ribosomal subunit solutions were prepared by dilution
of a concentrated stock solution with buffer B1 or with the
appropriate mixture of Bl and BS66. Solutions were made
1 mM in DTT immediately prior to experiments. Concen-
trations were in the range 4-15 mg/mL. All the experiments

L n 2 L
100 105 110 115 120

3

90 gem’
FIGURE 1: SE of the 50S ribosomal subunit. In water isotope mixtures:
empty circle, H,0/H,'®0; empty triangle, H;O/D,0; empty square,
H,0/D,"*0. Filled circles correspond to SE experiments performed
in sucrose solutions. All the experiments were performed at 10 °C.
The experiments in water mixtures were run at 3620 and 4485 rmp;
experiments in sucrose were performed at 4020 rpm. The correlation
c?efﬁcients of the regression are as follows: water, 7 = 0.972; sucrose,
r* = 0.986.

were performed at constant temperature: 10+ 0.2 °C. The
electron density expressed in e/A? of a solvent containing x%
(w/w) sucrose was calculated by using the formula pyg =
0.3351 — 1.409 X 107 p,, where p, is the density of the solvent.
The ratio u, = number of electrons/molecular weight was
determined by using the following data: RNA 23S compo-
sition, 25% A, 22% C, 32% G, and 21% U (C. Branlant,
personal communication); RNA 5S sequence from Brownlee
et al. (1968); protein fraction, 30%. The ratio for protein was
taken to be 11.870, a standard value, true within <1% for most
proteins.

(B) M, and v, Determination. (1) SE Experiments in
Water Isotopes. Experiments were performed in different
mixtures of H,0/H,!*0, H,0/D,0, and H,0/D,'*0. Den-
sities ranged from 1.001 to 1.185 g/cm? The results, corrected
for H/D exchange when necessary, are represented on Figure
1. A linear regression analysis leads to the values of v, and
M, given in Table II.

(2) SE and SXRS in Water. Several SE or SXRS exper-
iments have been performed in water. We have taken the
average value of each parameter and used the nomograph as
shown in Figure 2. M, and v, values are given in Table II.
It can be seen that the agreement between the two determi-
nations is excellent. The value for the molecular weight is in
very good agreement with the previously published value by
Hill, while the value for v, is slightly higher (Hill et al., 1969).

The relatively low accuracy of the first method (SE ex-
periments in water isotopes), which has already been discussed
(Edelstein & Schachman, 1973), is confirmed by the exper-
iments reported here: the precision on the 50S subunit v; value
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FIGURE 2: Coupling of SE and SXRS in the absence of component
3. A graphic method for determination of partial specific volume is
presented here. We have the following equations (see eq 10 and 11)

i2(0,0¢0) / ceatta = SXRS = My(1 — 0ype/ Nup)? (F1)
(2RT/w® (d Inc,/dr) = SE = My(1 - vyp0/Nu)  (F2)

where p, is the ratio number of electrons/molecular weight for the
solvent, u, = po/Npo. Let us write X = p,/u; and x = vyp.9/ Nuts.
The elimination of M, in eq F1 and F2 leads to

(1 - x)? = (SXRS/ASE)(A - x) (F3)

This equation can be solved in x, that is, in v,. In the figure, a parabola
y = (1 - x)?is drawn in the expected range of x. The experimental
SXRS and SE data are represented by a straight line according to
¥y = (SXRS/ASE)(A - x). The two intercepts of the straight line with
the parabola are the solutions in x, thus in v,. One value of v, has
no physical meaning. In the case presented here, the choice is un-
ambiguous since one solution corresponds to v; > 1 which obviously
has to be discarded. SXRX = 209100 < 4200 is the average of seven
determinations. SE = 629900 £ 12700 is the average of five de-
terminations. A = 1.061, thus x = 0.634 and v, = 0.597 & 0.008.

in our hands is only £6%, to be compared with the calculated
+1% for the same parameter determined by picnometry (Hill
et al., 1969). In this respect, combination of SE and SXRS
is far more attractive: the precision of £1.4% on the partial
specific volume of the 50S ribosomal subunit compares well
with the above-mentioned +1% from Hill et al. (1969). The
errors on the molecular weight are also similar, £3% in both
determinations. However, one has to keep in mind that SXRS
measurements require the monodispersity in size of the pop-
ulations of particles under investigation.

(O) Interaction Parameters Determination. (1) SE in Su-
crose. Experiments were performed at different sucrose
concentrations up to 37% (w/w). Results are shown on Figure
1. All the data can be fitted by a straight line, and it should
be stressed that the point obtained in water lies on the sucrose
straight line within experimental uncertainty. This leads to
the values of 3; = 0 and of §; = 0.41 £ 0.06 g of water/g of
subunit for the hydration of the particle.

(2) SXRS in Sucrose. A total of 15 experiments have been
recorded at different sucrose concentrations ranging from 6%
to 52% (w/w). We are here only concerned with the variation
of the intensity at the origin as a function of the electron
density of the solvent. The plot [i,(0,0e0)/Cez]*/? Vs. peg can
be seen in Figure 3. A linear regression gives the straight
line drawn in the same figure and leads to the value of 3, given
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FIGURE 3: SXRS in sucrose; plot of [#,(0, f°) /el ? vs. peg. The
correlation coefficient of the regression is r* = 0.969.

in Table II. This value of 0.37 £ 0.02 g/g is in fair agreement
with the first determination provided by SE. Furthermore,
the point in water lies on the straight line. The 3, value
obtained here is slightly higher than that measured by Tolbert
(1971) on the basis of four experiments at different sucrose
concentrations.

We have seen that the plots obtained from either SE or
SXRS are linear and that the points recorded in water lie on
the respective straight lines. It should be emphasized that the
point in water has been recorded many times and that, for
instance, four independent SXRS determinations vary within
<1%. The conclusion that 3; = 0 or that only water is as-
sociated to the 50S subunit is thus well established. The values
obtained for 8, from either SE or SXRS are in fair agreement,
but it is clear from the calculated standard deviations that the
SXRS determination is far more accurate and is to be pre-
ferred.

Discussion

We have discussed in this paper the question of the com-
position of the particle which is studied in SXRS experiments
performed in solvents of variable density. We first of all wish
to explain the choice of what is called by Eisenberg “the
particle approach” (Eisenberg, 1981) used here. As far as
thermodynamics is concerned, treatment based on fluctuation
analysis advocated by Eisenberg may have to be preferred for
its generality and elegant formulation. However, the ultimate
goal of our work is the elucidation of the structure of the
particle under investigation. Far from restricting ourselves
to the study of forward scattering, we make use of the widest
possible range of scattering angles and try to retrieve as much
structural information as possible. Clearly, the “particle
concept” is basic to our work, hence, our choice of the particle
approach at the expense of generality and elegance as wit-
nessed by the list of experimental conditions laboriously drawn
up at the beginning of this paper. Secondly, it has to be
emphasized here that the knowledge of the composition of the
particle is not at all required, for most of the treatment of the
X-ray data. However, when it comes to an interpretation in
terms of a structural model of the macromolecule, its chemical
composition becomes of foremost importance.

We have presented here a rigorous analysis of the behavior
of a macromolecule in solvents of variable density. Starting
from the description of the particle in terms of the interaction



4406 BIOCHEMISTRY

parameters ; introduced by Eisenberg (1976), we propose, in
the case where [i,(0,0.)/cc;]'/? or SE or densimetry values
vary linearly as a function of solvent density, to make use of
another description of the particle which does not require the
introduction of a model; we define an equivalent particle
composed of the dry particle to which constant amounts 3,
(g/g) of water and $; (g/g) of component 3 are associated.
B, and 8; are operational quantities, whose values can be
unambiguously determined from experiment. Indeed, we think
this description particularly convenient in that case, as the
equivalent particle is invariant with respect to the variation
of solvent density while the interaction parameters are not.
Furthermore, in the case where the point recorded in water
lies on the straight line, the description we propose makes
immediately clear that we are dealing with hydrated particles.
In fact, it has been common practice for us in recent years to
say that we were studying hydrated particles and to show that
all the experimental data were in agreement with this hy-
pothesis (Sardet et al., 1976; Aggerbeck et al., 1978; Sperling,
1977). All the data recorded in solvents of variable density
yield linear plots where the point recorded in water lies on the
straight line. As shown in this paper, these data are sufficient
to demonstrate that, except for solvent permeability, no ex-
planation, other than hydration, was consistent.

Some points have been briefly evoked which probably could
be pursued in the future: we mentioned in the last section that
some properties of the SXRS intensity curves may be helpful
in answering the question of solvent permeability; neutrons
might also be of help but have not been considered here since,
in general, solvent density variation is not achieved with small
solute molecules. Also we considered only three components,
but the treatment could be extended to four.

A last point needs some comments. We assumed in the
beginning that the partial specific volumes are constant. In
fact, they may vary. However, they are not expected to vary
by more than a few percent. The effects on density increment
variation will thus be 1 order of magnitude lower than those
due to hydration, for example and are not expected, at the
present stage, to be detected by the approaches presented here.
Thus, we have neglected them.

Finally, we have emphasized in this paper the similarities
between SXRS intensities at the origin, SE, and densimetry.
We have shown that their combinations, as illustrated by the
SE and SXRS experiments presented above, can offer useful
ways to determine some physical parameters of a particle. We
wish to point out now their differences. SE and densimetry
measure excess of mass, while SXRS measures excess of
electrons. Such a difference could in principle be hetpful in
the case of nonlinear variations to describe the interactions
between the particle and the solvent. More important are the
practical differences between the three approaches, which
involve completely different experimental procedures. Thus,
their coupled use provides us with the best way to check that
all the measurements made are correct.

Acknowledgments

We thank Dr. V. Luzzati for many helpful discussions and
arguments and Dr. H. Eisenberg for sending his manuscript
on a related subject before publication. We thank A. M.
Freund for her help in the 50S subunit purification. We are
indebted to Dr. A. Fritsch (Institut Pasteur) and to Professor
Bernardi (I.R.B.M., Paris) for making Model E analytical

TARDIEU ET AL,

ultracentrifuges available to us.

References

Aggerbeck, L., Yates, M., Tardieu, A., & Luzzati, V. (1978)
J. Appl. Crystallogr. 11, 466-472,

Brownlee, G. C., Sanger, F., & Barrell, B. G. (1968) J. Mol.
Biol. 34, 379-412.

Casassa, E. F., & Eisenberg, H. (1964) Adv. Protein Chem.
19, 287-395.

Cohen, G., & Eisenberg, H. (1968) Biopolymers 6,
1077-1100.

Debey, P., Hui Bon Hoa, G., Douzou, P., Godefroy-Colburn,
Th. Graffe, M., & Grunberg-Manago, M. (1975) Bio-
chemistry 14, 1553-1559.

Dondon, I., Godefroy-Colburn, Th., Graffe, M., & Grun-
berg-Manago M. (1974) FEBS Lett. 45, 82-87.

Edelstein, S. J., & Schachman, H. K. (1967) J. Biol. Chem.
242, 306-311.

Edelstein, S. J., & Schachman, H. K. (1973) Methods En-
zymol. 27D, 82-98.

Eisenberg, H. (1976) Biological Macromolecules and Po-
lyelectrolytes in Solution, Clarendon Press, Oxford,

Eisenberg, H. (1981) Q. Rev. Biophys. (in press).

Gabriel, A., & Dupont, Y. (1972) Rev. Sci. Instrum. 43,
1600-1603.

Guinier, A., & Fournet, G. (1955) Small Angle Scattering
of X-Rays, Wiley, New York.

Hapke, B., & Noll, H. (1976) J. Mol. Biol. 105, 97-109.

Hill, W. E., Rossetti, G. P, & Van Holde, K. E. (1969) J.
Mol. Biol. 44, 263-2717.

Jacrot, B. (1976) Rep. Prog. Phys. 39, 911-953.

Kratky, O., & Pilz, 1. (1978) Q. Rev. Biophys. 11, 39-70.

Kratky, O., Leopold, H., & Stabinger, H. (1973) Methods
Enzymol. 27D, 98-110.

Lake, J. A. (1967) Acta Crystallogr., Sect. A, 23, 191-194,

Lee, J. C., Kunihiko Gekko, Timasheff, S. N. (1980) Methods
Enzymol. 61, 26-49.

le Maire, M., Lind, K. E., Jorgensen, K. E., Rgigaard, H.,
& Moller, J. V. (1978) J. Biol. Chem. 253, 7051-7060.

Luzzati, V. (1960) Acta Crystallogr. 13, 939-945.

Luzzati, V., & Tardieu, A. (1980) Annu. Rev. Biophys.
Bioeng. 9, 1-31.

Luzzati, V., Tardieu, A., & Aggerbeck, L. (1979) J. Mol. Biol.
131, 435-473.

Pessen, H., Kumosinski, T. F., & Timasheff, S. N. (1973)
Methods Enzymol. 27D, 151-209.

Sardet, C., Tardieu, A., & Luzzati, V. (1976) J. Mol. Biol.
105, 383-407.

Schachman, H. K., & Edelstein, S. J. (1973) Methods En-
zymol. 27D, 3-59.

Sperling, L. (1977) Ph.D. Thesis, Cambridge University,
Cambridge, England.

Stuhrmann, H. B., & Kirste, R. G. (1965) Z. Phys. Chem.,
Neue Folge 46, 247-250.

Tanford, C. (1961) Physical Chemistry of Macromolecules,
Wiley, New York.

Tardieu, A., Mateu, L., Sardet, C., Weiss, B., Luzzati, V.,
Aggerbeck, L., & Scanu, A. (1976) J. Mol. Biol. 101,
129~153.

Tolbert, W. (1971) Ph.D. Thesis, The University of Wisconsin,
Madison, WI.

Wishnia, A., Baussert, A., Graffe, M., Dessen, Ph.,, &
Grunberg-Manago, M. (1975) J. Mol. Biol. 93, 499-515.



