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Abstract
The measurement and analysis of sedimentation
equilibrium provides one of the most powerful and
widely applicable methods for the characterization
of reversible associations of macromolecules in
solution. Recent developments in instrumentation,
experimental design, and data analysis have sub-
stantially broadened the range of systems to which
this technique may be applied, simplified its applica-
tion, and reduced the cost of acquiring analytical
capability.

Keywords: sedimentation equilibrium

Why study reversible associations?

One of the major developments in biochemistry over the
past two decades has been the general recognition that
many, if not most, of the fundamental biochemical pro-
cesses in a living cell are either facilitated or carried out
not by individual protein molecules, but by assemblies
or complexes of proteins or proteins and nucleic acids
(Alberts, 1998). Some of these assemblies, such as the
thin filaments of striated muscle, function as static structures
held together by strong non-covalent bonds between the
constituent protein molecules. However, many others,
such as microtubules, ribosomes, and DNA replication
complexes, have dynamic structures. The functions of
these assemblies depend upon the ability of the
constituent macromolecules to dissociate and reassociate
in a reversible manner, either as a means of regulating
the biochemical activity of the complex, or as a means
of facilitating function-linked structural alterations. It is
evident that in order to fully understand the function of
such an assembly within the living cell, it is necessary to
know how changes in the concentrations of proteins and

regulatory substances, as well as changes in environ-
mental variables such as pH and ionic strength, affect
the relative abundance of various states of association
of the interacting macromolecules. 

There exist a variety of methods for studying inter-
actions between macromolecules, several of which have
recently been reviewed (Srere, 1999). One of the most
powerful and versatile techniques for quantitative chara-
cterization of reversible protein-protein and protein-
nucleic acid interactions in solution is the measurement
and analysis of sedimentation equilibrium (Teller, 1973;
Minton, 1990). The basic principle underlying sedimentation
equilibrium is extremely simple. When a solution containing
one or more macromolecular solutes is centrifuged at a
constant rotor velocity, each species of macrosolute
ultimately attains a time-independent concentration gradient
(that is, a dependence of concentration upon distance
from the center of rotation) that reflects a balance at all
positions between transport of solute due to centrifugal
force, and the oppositely directed transport of solute due
to back-diffusion (Figure 1). At a given rotor velocity, the
gradient depends only upon the buoyant molar mass of
that species (i.e., the molar mass of solute reduced by
the molar mass of solvent displaced by the solute)1 and
upon the interactions of that solute species, both attractive
and repulsive, with other solutes in the solution. The
nature and strength of intermolecular interactions may be
deduced by quantitative modeling of experimentally
observed gradients and their dependence upon solution
composition. Constructing such models in terms of equilibria
between postulated complexes is much more straight-
forward and less ambiguous than modeling of other
concentration-dependent properties of a solution. This is
due largely to two factors: (1) the simplicity and ther-
modynamic rigor of the underlying theory, and (2) the
ability to calculate unambigously the buoyant mass of
each postulated complex from its stoichiometry and the
buoyant molar masses of isolated reactants.

Although the basic principles of sedimentation equili-
brium have been known for over seventy-five years
(Svedberg and Pedersen, 1956), the potential of the method
for characterization of equilibrium associations has been by
no means fully explored. In the present review we shall

1 For most macrosolutes, which are denser than water, transport
due to centrifugal force is outward directed, but lipids and highly
lipidated lipoproteins are less dense than water, leading to inward-
directed sedimentation, more commonly referred to as flotation.
Macrosolutes less dense than solvent (i.e., water) have negative
buoyant masses. 
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describe both traditional and non-traditional approaches
to the acquisition and analysis of sedimentation equi-
librium data, and indicate likely directions for future develop-
ment.

How do we measure sedimentation
equilibrium?

In order to perform a sedimentation equilibrium experiment
it is necessary to be able to measure accurately one or
more properties of the solution that are proportional to
the weight/volume concentration(s) of macrosolute(s). We
shall refer to each such property as a signal. Then one
must be able to accurately measure the variation of
each signal with radial position (distance from the axis of
rotation) after the sample has been spun for a sufficient
time for sedimentation equilibrium to be attained. This
may be done in two basically different but complementary
ways, which we refer to as real-time and post-centrifu-
gation data acquisition respectively (Darawshe and Minton,
1994).

Real-time data acquisition requires the use of a special
centrifuge, called an analytical ultracentrifuge, equipped
with an optical system that permits an optical signal to
be measured as a function of radial distance in a sample
cell while the sample is being spun in a special analytical
rotor. Analytical ultracentrifuges manufactured by Beckman-
Coulter (Fullerton, CA) can measure gradients of UV-visible
absorbance (Model XL-A) or absorbance and refractive
index (Model XL-I) with satisfactory accuracy and precision
(Figure 2). 

Post-centrifugation data acquisition is carried out as
follows. First, using a conventional swinging bucket rotor
in an ordinary preparative ultracentrifuge, the sample is
centrifuged to sedimentation equilibrium in a small cylin-

drical tube. Then the centrifuge run is terminated and
the centrifuge tube removed from the rotor under condi-
tions such that concentration gradients established at
equilibrium remain undisturbed (Attri and Minton, 1986).
Then the contents of the tube are sequentially fraction-
ated according to radial position, using an automated
centrifuge tube microfractionator (FR-115) manufactured
by BRANDEL (Gaithersburg, MD). Finally, the magnitude
of any of a variety of possible signals is measured in
each fraction using an appropriate assay (Darawshe et
al., 1993) (Figure 3).

Both real-time and post-centrifugation data acquisition
methods have certain advantages and disadvantages,
which have been discussed previously (Darawshe and
Minton, 1994). One major advantage of real-time data
acquisition is that equilibrium experiments may be completed
more rapidly. Hence this approach is likely to be more
useful in the study of unstable biomolecules. A major
advantage of post-centrifugation data acquisition is the
ability it confers on the investigator to select any appro-
priate assay of solute concentration in each radial fraction,
for example, catalytic activity (Osborne et al., 1985) or
an immunochemically specific reaction (Liu et al., 1997).2

2 One difference between the two methods of data acquisition that
may be of particular relevance to potential users of the method in
the Asian-Pacific region is the following. The analytical ultracentri-
fuge is a highly complex and expensive instrument that requires
periodic maintenance by manufacturer-trained technicians, who
may not be readily available in some countries. In contrast, post-
centrifugation data acquisition requires only a simple, inexpensive,
maintenance-free centrifuge tube microfractionator in addition to
preparative ultracentrifuges of the type already found in almost all
biochemistry/molecular biology research facilities.

Figure 1. Conditions for sedimentation equilibrium. Solution in a sector-
shaped sample cell is being spun in a counter-clockwise direction. The
macrosolute represented by a sphere has a density greater than that of
solvent, i.e., a positive buoyant molar mass, and is thus subject to an
outward-directed sedimenting force.

Figure 2. Equilibrium gradients of recombinant bacterial protein FtsZ in
solutions containing several concentrations of Mg2+, measured in an
analytical ultracentrifuge. Data of (Rivas et al., 2000).
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Analysis of sedimentation equilibrium data

Let us consider a measurable property of the solution,
S, that varies linearly with the weight/volume concent-
ration of each species of sedimentable solute at radial
position r:

(1)

where wi and αi denote respectively the weight/volume
(w/v) concentration and signal proportionality constant
of the ith solute species. Some examples of suitable
properties are the uv or visible absorbance or refractive
index at a particular wavelength of light, or the radio-
activity of a radiolabeled solute.3 When the solution is
sufficiently dilute in macromolecular solutes so that repul-
sive interactions between macrosolute molecules may be
neglected (typically < 5-10 mg/ml total macrosolute in
solutions of moderate ionic strength), it can be rigorously
shown (Hsu and Minton, 1991; Rivas et al., 1999) that
at sedimentation equilibrium, the radial dependence of
signal S is given by

(2)

where r denotes the distance from the center of rotation,
{w(r)} the composition of solute species at radial position
r, ω the angular velocity of the rotor, R the molar gas
constant, T the absolute temperature, and  is the
signal-average buoyant molar mass, given by

(3)

where Mi and  are respectively the molar mass and
partial specific volume of the ith solute species.4,5 For
any given model scheme for self- or hetero-association,
the value of  may be calculated as a function of the
total concentrations of all chemically distinct components,
the buoyant molar masses of each component (as mono-
mer), and the equilibrium association constants describ-
ing each postulated association (Teller, 1973; Hsu and
Minton, 1991; Rivas et al., 1999). A simple example of
such a model is presented in the Appendix. 

The nature of the associations underlying the experi-
mentally observed sedimentation behavior is elucidated
by attempting to fit the experimentally observed depend-
ence of  upon solution composition by various func-
tional forms of equation 3 calculated according to a
variety of models for association.6 Two strategies for
accomplishing this objective are illustrated in Figure 4. If
a particular model, with a particular set of association
equilibrium constants can account for the observed
dependence to within experimental precision, then the
data are said to be consistent with that model. If more
than one model is capable of fitting the data to within
experimental precision, then additional experiments are
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3 In general, a “suitable” property is one that can be shown to sat-
isfy the condition that Si(r) depends only on wi(r); i.e., is indepen-
dent of wj(r) for all j≠i.

Figure 3. Equilibrium gradients of 125I-labeled ovalbumin (A) and fibrinogen
(B), obtained via preparative ultracentrifugation, with subsequent microfrac-
tionation and counting of radiolabel in radial fractions. Figure reproduced
with permission from (Darawshe et al., 1993).

4 The partial specific volume of the ith species is defined as the
derivative of solution volume with respect to w/v concentration of
that species. It may be independently measured, or, in many
cases, estimated to a very good approximation from the chemical
composition of the species (Durschlag, 1986).

5 The interpretation of MS
* in more concentrated solutions requires

consideration of repulsive (nonideal) interactions between mole-
cules of macrosolute, in addition to attractive interactions leading
to the formation of equilibrium complexes (Rivas et al., 1999).

6 The equilibrium data which are modeled may be either the depen-
dence of MS

* upon solution composition, derived from the original
gradients S(r) by means of equation 2, or the actual gradients
themselves, through combination of equation 2 with the integrated
form of equation 3. A variety of personal computer software pro-
grams for performing both types of modeling procedure is freely
available, either from the software library of the Interest Group for
Reversible Associations in Structural and Molecular Biology
(RASMB) at www.bbri.org/rasmb/rasmb.html, or from the author
upon request.
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required to discriminate between alternative models (Hsu
and Minton, 1991). 

Conclusion

Recent developments in instrumentation and processing
of data have greatly increased the variety of scientific
questions which may be studied and successfully an-
swered via measurement and analysis of sedimentation
equilibrium. Perhaps the most empowering of these
developments are the use of tracers and the measure-
ment of non-optical in addition to optical measures of
solute concentration. Examples of the application of these
methods may be found in Rivas et al. (1992), Laue et al.
(1993), and Rivas et al. (1994). In combination, these
techniques permit sedimentation equilibrium measurements
to be carried out over an unprecedentedly broad range
of solution compositions, making possible the quantitative
characterization of associations that are manifested over a
range of nanomolar to millimolar concentrations of solute.
Access to such a broad range of compositions is essential
to an understanding of the functional energetics of ternary
or larger biomolecular complexes involving multiple modes
of association.

Appendix

Modeling sedimentation equilibrium of a self-associating
macrosolute.

To illustrate the use of sedimentation equilibrium as a

means of characterizing reversible association in solution,
we treat explicitly the simple case of a single macro-
solute that can exist as an equilibrium mixture of
monomer and dimer. Let the equilibrium constant be
denoted by K�w2/w1

2, where wi is the weight/volume
concentration of i-mer. For a single solute component,
α1=α2=α (i.e., S=αwtot), and . For this case, text
equation 3 reduces to

(A1)

where  denotes the buoyant molar mass of monomer
[M1(1− )], and wtot the total w/v concentration of
macrosolute. By conservation of mass, wtot=w1+w2=w1+
Kw1

2, which can be solved for the concentration of
monomer as a function of K and wtot:

w1=[−1+(1+4Kwtot)1/2]/2K (A2)

Thus, for any specified values of α,  and K, one can
use equations A1 and A2 to solve for  as a function
of S. The solid curve in panel C of Fig. 4 was calculated
using equations A1 and A2 (with α=1) together with the
values of  and K obtained by least-squares fitting of
this model to the indicated data. 
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