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Analytical ultracentrifugation has again become a widely used
biomolecular research technique for determining sample
purity, characterizing assembly and disassembly mechanisms
of biomolecular complexes, determining subunit stoichio-
metries, detecting and characterizing macromolecular con-
formational changes, and measuring equilibrium constants
and thermodynamic parameters for self- and hetero-asso-
ciating systems.Concomitant with the availability of modern
instrumentation is a strong need for biomedical scientists to
become acquainted with the fundamental principles of ana-
lytical ultracentrifugation and the new data analysis method-
ologies that have greatly transformed this technique as it
exists today. (J Biomol Tech 1999;10:163–176)
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Analytical ultracentrifugation is an extremely
versatile and powerful technique for charac-
terizing the solution-state behavior of macro-

molecules. When coupled with contemporary data
analysis methods, experiments performed in the ana-
lytical ultracentrifuge are capable of rigorously deter-
mining sample purity, characterizing assembly and dis-
assembly mechanisms of biomolecular complexes,
determining subunit stoichiometries, detecting and
characterizing macromolecular conformational changes,
and measuring equilibrium constants and thermody-
namic parameters for self- and hetero-associating sys-
tems. After a lengthy hiatus, in which the instrumen-
tation largely disappeared from laboratories throughout
the world and the principles of analytical ultracen-
trifugation disappeared from classrooms,1,2 a modern
version of the analytical ultracentrifuge has again
become available to the academic and industrial bio-
medical research communities. This review provides
sufficient fundamental information about the new
instrumentation and the corresponding developments
in data analysis methods to allow readers of all levels
to understand and appreciate the many experimental
advantages offered by this reemergent biomolecular
technique.

THE MODERN INSTRUMENT AND 
ITS EXPERIMENTAL USES

Analytical ultracentrifugation often is confused with
more familiar types of procedures performed in pre-
parative ultracentrifuges (eg, sucrose/glycerol gradient
centrifugation, buoyant density centrifugation.) How-
ever, analytical ultracentrifuge experiments are fun-
damentally different in several key aspects. Most
importantly, the sample is visualized in real time dur-
ing sedimentation, allowing extremely accurate deter-
mination of hydrodynamic and thermodynamic pa-
rameters. In addition, the purpose of the experiment
is to characterize key sample properties rather than
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prepare or purify a sample for subsequent use. In
contrast to many biophysical techniques, biomole-
cules are characterized during analytical ultracentrifu-
gation in their native state under biologically relevant
solution conditions. Because the experiments are per-
formed in free solution, there are no complications
caused by interactions with matrices or surfaces that
can obscure interpretation of certain types of com-
monly used experiments, such as gel filtration.

Instrumentation

An analytical ultracentrifuge can be thought of as a
marriage between a preparative ultracentrifuge and an
optical detection system that is capable of directly
measuring the sample concentration inside the cen-
trifuge cell during sedimentation. The introduction of
the Beckman Coulter XL-A analytical ultracentrifuge in
1992 is responsible for catalyzing renewed interest in
this technique.1–5,98 In contrast to the earlier version of
this instrument (Model E), the XL-A is compact and
easy to operate. The centrifugation parameters (eg,
rotor speed, temperature) and data acquisition are
under computer control, and experiments lasting from
several hours to many days can be performed with
minimal operator intervention. If desired, the data can
be viewed or analyzed in real time as the experiment
progresses.

The XL-A uses an absorbance optical system based
on a xenon flashlamp and a scanning monochromator
that allows measurement of sample concentration at
wavelengths ranging from 200 to 800 nm.6,7 Rayleigh
interference optics subsequently were added to the
XL-A, creating an analytical ultracentrifuge, the XL-I,
that can simultaneously record data with both types of
optical systems.7–9 The Rayleigh interference optical
system measures sample concentration based on re-
fractive index changes. Each optical system has certain
advantages and disadvantages.7 Absorption optics are
particularly sensitive for detection of macromolecules
containing strong chromophores. For example, taking
advantage of the intense amide absorption in the 
far ultraviolet (UV) and the strong lamp output at 
230 nm, proteins can be characterized with good
signal to noise ratio at concentrations as low as 
10 �g/mL. Similarly, nucleic acids can be studied in
the same concentration range by following their absor-
bance at 260 nm. For samples containing two or more
components with different absorption spectra (ie, pro-
tein and nucleic acids), data can be obtained at multi-
ple wavelengths during the same experiment to selec-
tively monitor the several species in solution.10,11

The Rayleigh interference optical system is used 
to analyze macromolecules lacking intense chromo-
phores (eg, polysaccharides) and samples that contain

strongly absorbing buffer components (eg, ATP/GTP,
DTToxidized). It also is the optical system of choice for
characterizing very concentrated samples. The data
from each cell are acquired simultaneously on a
charge-couple device camera by the interference opti-
cal system, and the resulting rapid collection of large
amounts of data is especially useful for certain types of
sedimentation velocity experiments (discussed later).
Interference optics are also useful for sedimentation
equilibrium experiments that require a higher radial
resolution than is provided by the absorbance optical
system. Because the refractive index increment is fairly
constant for most proteins, combining absorbance and
interference data provides a method to determine pro-
tein extinction coefficients.12

In addition to the centrifuge, analytical ultracen-
trifuge experiments require specialized centrifuge
cells and rotors. The centrifuge cells house the sam-
ple and reference buffer, and they are assembled
before each experiment from a cell housing, quartz
or sapphire windows, and one of several different
types of centerpieces (Fig. 1). Rotors are available
that hold three or seven cells together with a refer-
ence cell used for radial calibration purposes (4-hole
and 8-hole rotors, respectively). Most sedimentation
velocity experiments use a combination of a 4-hole
rotor and centrifuge cells assembled with a double-
sector centerpiece. This allows three different sam-
ples to be analyzed in each experiment. Equilibrium
experiments are performed using 2-, 6-, or 8-sector
cells.

Sample requirements are fairly modest, and prep-
aration is straightforward. Depending on the applica-
tion and optical system used, protein and nucleic acid
concentrations ranging from 10 �g/mL to 5 mg/mL
can be used. Required sample volumes are about 420
�L for sedimentation velocity experiments, 110 �L
for standard 3-mm column sedimentation equilibrium
experiments and 15 �L for “short-column” equilib-
rium experiments. For proteins, the ionic strength
should be at least 50 mM to avoid nonideality caused
by charge effects. Samples should be equilibrated
with buffer using dialysis or gel filtration, and the
equilibration buffer should be loaded into the refer-
ence sector (a common and potentially problematic
mistake is to use reference buffer that is not identical
to the sample-containing buffer). Disposable spin
columns are quick and convenient for equilibrating
small-sample volumes.

Experimental Applications: Sedimentation
Velocity and Sedimentation Equilibrium

An analytical ultracentrifuge can be used to perform
two types of experiments, referred to as sedimenta-
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tion velocity and sedimentation equilibrium. Sedi-
mentation velocity is a hydrodynamic technique and
is sensitive to the mass and shape of the macromolec-
ular species. In a sedimentation velocity experiment,
a moving boundary is formed on application of a
strong centrifugal field (Figs. 1D and 2). A series of
scans (ie, measurements of sample concentration, c,
as a function of radial distance, r) are recorded at reg-
ular intervals to determine the rate of movement and
broadening of the boundary as a function of time. In
contrast, sedimentation equilibrium is a thermody-
namic technique that is sensitive to the mass but 
not the shape of the macromolecular species. These
experiments are performed at lower speeds and mea-
sure the equilibrium concentration distribution of
macromolecules that eventually forms when sedi-
mentation is balanced by diffusion (Fig. 3). The sedi-
mentation velocity and equilibrium measurements
provide complementary information, and it is often
useful to apply both techniques to a given problem.

Although the detailed mathematical theory that
underlies sedimentation velocity and sedimentation
equilibrium experiments can be complex,13–18 many
user-friendly data analysis programs allow a non-
expert to analyze analytical ultracentrifuge data with
confidence (Table 1). Nevertheless, to obtain mean-
ingful results and interpret them properly, it is neces-
sary to be familiar with the fundamental principles.

In a sedimentation velocity experiment, applica-
tion of a sufficiently large centrifugal force field leads
to movement of solute molecules toward the bottom
of the centrifuge cell. The rate of sedimentation in a
centrifugal field, v, is described by the Svedberg equa-
tion:

s � v/�2r � M(1 � �–�)/Nf (1)

where s is the sedimentation coefficient, v is the
velocity of the molecule, �2r is the strength of the cen-
trifugal field (� is 2�•rpm/60 and r is the radial dis-
tance from the center of rotation), M is the molecular
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FIGURE 1

Assembly of an analytical ultracentrifuge cell. (A) Assembling
window components. (B) Stacking centerpiece and window
assemblies. (C) Cell housing, with screw-ring and washer. (D)
Sedimentation velocity and equilibrium cell designs. The left
panel shows a two-sector cell during a sedimentation velocity
experiment.The sample is loaded into the upper sector, and the
reference solution (buffer) is loaded into the bottom sector.The
sample is centrifuged at high rotational velocity, generating a
boundary that moves toward the bottom the cell. The right
panel illustrates a six-channel sedimentation equilibrium cell.
Three sample-reference pairs are loaded into the cell, which is
centrifuged at moderate rotational velocity, resulting in equilib-
rium concentration gradients in each sample channel.
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mass, f is the frictional coefficient (which is directly
related to macromolecular shape and size), � is the
density of the solvent, N is Avogadro’s number, and 
�– is the partial specific volume of the solute. The sol-
vent parameters (density and viscosity) are experi-
mentally measurable or can be calculated from the
solvent composition using tabulated data. For proteins,
�– in most cases can be calculated accurately from the
amino acid composition. The program SEDNTERP (Ta-
ble 1) implements these calculations.

Movement of the solute away from the air-solvent
interface (ie, the meniscus) in a sedimentation veloc-
ity experiment leads to formation of a solute concen-
tration gradient, called the boundary. Because it is 
a concentration gradient, the boundary sediments 
and diffuses with time, leading to “boundary spread-
ing” over the course of the experiment (Fig. 2). The
combination of sedimentation and diffusion in the
ultracentrifuge cell is described in terms of the 
flow, J:

J � s�2rc � D(�c/�r) (2)

where s is the sedimentation coefficient as defined in
equation 1, D is the diffusion coefficient, c is the
solute concentration, and �c/�r is the solute concen-
tration gradient. From this theoretical overview, it can
be seen that sedimentation velocity experiments can
be used to determine s and D. Because D is directly
proportional to f, sedimentation velocity also in some
cases can provide M.

Figure 2 shows the scans obtained from a sedi-
mentation velocity experiment performed in the XL-I
analytical ultracentrifuge. Initially, the concentration

of macromolecules is uniform throughout the cen-
trifuge cell and �c/�r � 0. After a sufficient centrifu-
gal force is applied, the boundary forms and subse-
quently moves toward the bottom of the cell at a rate
proportional to the sedimentation coefficients of the
components in the sample. The boundary spreading
that occurs because of diffusion is evident as the
experiment progresses (Fig. 2). The small decrease in
concentration in the plateau region of successive
scans is called radial dilution.13,14,18 Various methods
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FIGURE 2

Sedimentation velocity data. A set of 10
scans were collected at about 9-minute
intervals in a Beckman Coulter XL-I ana-
lytical ultracentrifuge using the absorbance
optical system.The first and last scans are
labeled t1 and t10, respectively. The first
scan, collected after about 90 minutes of
sedimentation, has already spread signifi-
cantly because of diffusion.
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FIGURE 3

Sedimentation equilibrium data. Simulated data for a reversible
monomer-dimer equilibrium: (—) total, (. . .) monomer, (- - -)
dimer. The concentration distribution of the dimer is steeper
than that of the monomer, and the relative amounts of mono-
mer and dimer at each radial point are determined by mass-
action equilibrium.
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for the analysis of sedimentation velocity boundaries
are described in the following sections.

When the centrifugal force is sufficiently small,
the process of diffusion significantly opposes the
process of sedimentation, and an equilibrium concen-
tration distribution of macromolecules eventually is
obtained throughout the cell (Fig. 3). For an ideal
noninteracting single component system (ie, simplest
possible system to analyze), the equilibrium distri-
bution obtained is an exponential function of the
buoyant mass of the macromolecule, M(1 � �–�), as
described by Equation 315–17:

c(r) � c0 exp[M(1 � �–�)�2(r2 � r02)/2RT] (3)

where c(r) is the sample concentration at radial posi-
tion r, c0 is the sample concentration at a reference
radial distance r0, and R and T represent the gas con-
stant and absolute temperature, respectively. Sedi-

mentation equilibrium experiments provide an accu-
rate way to determine M and consequently the oligo-
meric state of biomolecules, and they are not subject
to complications from the matrix interactions, sample
dilution, and assumption of globular shape that
accompany determination of M by techniques such as
gel filtration chromatography. Deviations from the
simple exponential behavior described by Equation 3
can result from the presence in the sample of multi-
ple noninteracting or interacting macromolecular
species or thermodynamic nonideality. Equation 3 has
been modified to account for these situations.13,17,19,20

When various oligomeric species are in reversible
equilibrium, the stoichiometries, equilibrium con-
stants (Keq) and even the thermodynamic parame-
ters (	H, 	S) that define the interactions can be
obtained. Figure 3 shows an example of a reversi-
ble monomer-dimer equilibrium. In addition to the
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T A B L E  1

Software for Analysis of Sedimentation Data

Method Application Platform Sourcea Reference

Sedimentation Velocity

Van-Holde-Weischet UltraScan UNIX, PC 1 22

Time derivative DCDT, DCDT
, UltraScan, PC, Macintosh, UNIX 1, 2, 3 25, 28
Beckman

Direct fitting (approximate SVEDBERGb PC 2, 4 32, 33
solution) LAMM PC 34

Direct fitting (numerical UltraScan UNIX, PC 1 35
solution) SEDFIT PC 2 36

Second moment UltraScan, Beckman UNIX, PC 1, 3

Hydrodynamic modeling HYDRO FORTRAN Source Code 5 48
ATOB PC 2 49

Sedimentation Equilibrium

Nonlinear least squares NONLIN PC, Macintosh,VMS 2, 3 19
UltraScanc UNIX, PC 1
SEDEQ PC 2

Hetero-association TWOCOMP PC 2 43

� function SEDProg PC 39

General Utilities

Graphics XLAGRAPH PC 2

Parametric calculations SEDNTERP, UltraScan PC, UNIX 2

Test for equilibrium MATCH PC 2

aSources: (1) http://biochem.uthscsa.edu/auc/software, (2) ftp://alpha.bbri.org/rasmb/ or or mirror site: http://www.cauma.
uthscsa.edu/software, (3) Analysis software supplied with XL-A/XL-I, (4) http://www.jphilo.mailway.com, (5) http://leonardo.fcu.
um.es/macromol/software.html.
bPublic domain version 5.01 is available from source 2.A trial shareware version can be downloaded from source 4.
cForthcoming.



common application of characterizing oligomerization
of a single component (self-association), sedimenta-
tion equilibrium is increasingly being used to analyze
biologically interesting interactions between dissimilar
partners (hetero-associations).

DATA ANALYSIS METHODS

In addition to the XL-A and XL-I instruments them-
selves, a major factor that has contributed to the
renaissance of analytical ultracentrifugation is the con-
comitant availability of new and powerful methods for
analysis of sedimentation velocity and equilibrium
data. In this section, we describe these methods and
their major applications. The methods are imple-
mented in software that can be downloaded over the
Internet (Table 1) or are included in the analysis pack-
age that comes with the XL-A and XL-I. The Rever-
sible Associations in Structural and Molecular Biology

(RASMB) group also maintains a list-server that facil-
itates effective and informative communication among
researchers interested in analytical ultracentrifugation
(network subscription: rasmb-manager@bbri.org).

Sedimentation Velocity Methods

The simplest method for analysis of sedimentation
velocity experiments, which began in the days of
manual analysis of the analog data produced by the
Model E analytical ultracentrifuge, is to plot the natural
logarithm of the radial position of the boundary mid-
point or the second moment boundary position versus
time.5,13,15–18 The slope of this plot is proportional to
�2s, in which s represents an apparent average sedi-
mentation coefficient. Although it still is sometimes use-
ful to perform single-point boundary analyses (Table
2), it generally is much more informative to analyze
the entire boundary using one or more of three pow-
erful methods that have been developed3–5 (Table 2).
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T A B L E  2

Problem-Solving Applications of the Analytical Ultracentrifuge

Experimental Experiment Analysis 
Application Type Methods References

Biomolecular shape SV G(s)a 50, 51
g(s*)b 52, 53
Directc 54–56
Otherd 57–60

Biomolecular conformational changes SV G(s) 50, 61–64
g(s*) 65
Other 57, 58, 66, 67

Assembly/disassembly of SV G(s) 68–71, 97
biomolecular complexes g(s*) 53, 72–75

Direct 76, 77
Other 57, 78, 79

Molecular mass/subunit stoichiometry SE Directe 52, 53, 71, 80–84
SV g(s*) 52, 53

Direct 54, 56, 76, 77

Equilibrium constants for SE Direct 65, 84–90
self-associating systems � function 91

SV g(s*) 86, 92, 93

Equilibrium constants for SE Direct 81, 83, 88, 94–96
hetero-associating systems � function 47

SE, sedimentation equilibrium; SV, sedimentation velocity.
a van Holde and Weischet method.
bTime derivative (DCDT) method.
cDirect fitting to sedimentation velocity boundaries using approximate or numeric solutions to the Lamm
equation.
dOther methods for determining sedimentation coefficients (eg, boundary midpoint, second moment.)
eDirect fitting of sedimentation equilibrium profiles using global nonlinear least-squares methods.



The first of these methods was developed in 1978
by van Holde and Weischet to remove the contribu-
tions of diffusion to the shape of the boundaries,22

because diffusional boundary spreading frequently
hides the presence of heterogeneity in s because of
multiple components in a sample. This method
exploits the fact that transport due to sedimentation
proceeds with the first power of time, whereas trans-
port due to diffusion proceeds with the square root of
time.13–18,21 Consequently, by dividing the boundary
of each scan into 20 to 50 equal divisions and extrap-
olating the apparent s calculated at each boundary
division (which is an amalgam of sedimentation and
diffusion) to infinite time, the actual s is obtained at
each boundary division. These data are plotted as
boundary fraction versus sactual to obtain the integral
distribution of s (Fig. 4A), abbreviated G(s). It has
been demonstrated23 that analysis of samples by this
method over a 10- to 20-fold concentration range
(which can be achieved by collecting data at multiple
wavelengths) can indicate whether the sample con-
sists of a single or multiple components (ie, is homo-
geneous or heterogeneous). In the case of heteroge-
neous samples, the method distinguishes whether the
components are interacting or noninteracting, and if
the latter, it quantifies the total number and amounts
of each species present. The method also allows dif-
ferentiating between components that are exhibiting
ideal or nonideal behavior. The van Holde and Wei-
schet method is useful for initially surveying unknown
preparations by sedimentation velocity.23 Because this
method allows the investigator to identify and quan-
titate the presence of multiple species, it is particularly
appropriate for analysis of the structure and stability
of multicomponent biomolecular samples that are too
complex to be analyzed by sedimentation equilib-
rium or other sedimentation velocity methods.5,24

A second useful velocity analysis technique is the
time derivative (DCDT) method developed by Staf-
ford.25–28 This method converts the boundaries into an

apparent differential distribution of s, g(s*) but does
not remove the contributions of diffusion from the
distribution profile. The g(s*) distributions are ob-
tained by first subtracting pairs of scans to generate a
set of 	c/	t data. The differences are then normalized
and averaged to enhance the signal to noise ratio and
subtract time-invariant baseline distortions.25–28 The
latter property makes it particularly useful for analyz-
ing interference optical data. The improved signal to
noise ratio, obtained by averaging a large number of
scans collected over a short time, often allows the
investigator to study very low concentrations of pro-
teins (eg, 10 to 100 �g/mL). The results obtained by
this method are plotted as g(s*) versus s* (Fig. 4B).
This method can be used to study homogeneous
samples and heterogeneous noninteracting and inter-
acting systems provided that, in the latter cases, the
multiple components separate sufficiently during sed-
imentation to form distinct peaks in the g(s*) versus s*
plots. For single homogeneous species (including
tightly associated complexes), the g(s*) plot can be fit
to a gaussian distribution to determine M; the stan-
dard deviation of the distribution (�) is proportional
to D, and s/D is directly proportional to M.29 How-
ever, a good gaussian fit to the g(s*) versus s* distrib-
ution in and of itself is not a rigorous diagnostic for
sample homogeneity, because the s* distribution is
influenced by diffusion. Consequently, one of the
other two types of sedimentation velocity methods
must be used to demonstrate sample homogeneity. In
the case of interacting systems, a concentration-
dependent increase in the weight average sedimenta-
tion coefficient (s20,W) obtained from the time deriva-
tive or G(s) methods is a definitive indication of mass
action-driven association. Plots of g(s*) versus s* as a
function of protein or ligand concentration often
reveal the mechanism of self association.

The third method for analysis of velocity data
involves direct fitting of the boundaries using approx-
imate or numeric solutions to the Lamm equation.
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FIGURE 4

Analysis of a sedimentation a velocity
experiment by the van Holde and Weis-
chet (A) and time derivative (B) meth-
ods. Boundaries were simulated for an
ideal oblate ellipsoid protein having a M �
100 kd, s � 7.1 S, D � 6.66 
 10�7, and 
�– � 0.74 using the UltraScan program.
The simulated data were analyzed by the
van Holde and Weischet22 and time deriv-
ative methods25 to obtain a G(s) plot (A)
and g(s*) versus s* plot (B).



The Lamm equation is the partial differential equation
that describes transport of solutes in the sector-shaped
cells used in sedimentation velocity experiments.21

Methods based on approximate solutions include
early versions by Holladay30,31 and later the SVED-
BERG program by Philo32,33 and LAMM program by
Behlke and Ristau.34 Methods based on numeric solu-
tions have been developed by Demeler and Saber35

and by Schuck.36 These approaches are model depen-
dent; the fitting process is based on equations that
describe specific models such as a single ideal com-
ponent or monomer-dimer associating system. In prin-
ciple, they can provide a rigorous diagnostic for sam-
ple homogeneity. When used under the appropriate
conditions, model-dependent fitting methods directly
determine s and D, and consequently, M and f can
accurately be calculated provided �– is known. Each of
these methods have specific strengths in terms of how
they should be applied experimentally, and the orig-
inal papers should be consulted for these details
(Table 1).

Sedimentation Equilibrium Methods

Methods for analysis of sedimentation equilibrium
data can be divided into model-independent and
model-dependent approaches. Graphical model-inde-
pendent data analysis methods date from the time of
the Model E centrifuge, before the advent of digital
data collection and fast computers capable of global
nonlinear least squares fitting. Model-independent
methods are most useful at the initial stages of sam-
ple analysis, when the goal is to survey sample behav-
ior, or for comparative analysis of samples that are too
complex to be fit directly by model-dependent meth-
ods. In contrast, model-dependent analysis involve
direct fitting of the sedimentation equilibrium con-
centration gradients to mathematical functions de-
scribing various physical models, such as single ideal
species, a monomer → n-mer self-associating system,
or an A 
 B → C hetero-associating system. Direct fit-
ting is the method of choice for detailed quantitative
analysis of sedimentation equilibrium data. This ap-
proach provides the best-fit values and the associ-
ated statistical uncertainties in the fitting parameters
(eg, molecular mass, oligomer stoichiometry, associ-
ation constants) and a statistical basis to discriminate
among alternative physical models.37,38

The simplest model-independent approach is to
plot ln c versus r2.13,14,17 According to Equation 3, 
the slope of this line is directly proportional to M.
Although linearity of this plot has been taken as evi-
dence that a sample contains a single ideal species,
this method can be insensitive to heterogeneity, par-
ticularly if the concentration gradient is shallow. More-

over, d(ln c)/dr2 can be calculated on a point-by-point
basis to create a plot of the apparent weight-average
molecular weight (Mw,app) versus c. For a sample con-
taining a ideal single component, Mw,app is a constant
as a function of c. An increase in Mw,app with c indi-
cates mass action–driven association. In this case, it is
useful to overlay on the same plot data obtained from
several samples over a range of loading concentra-
tions, rotor speeds, or both. For a reversibly self-asso-
ciating system, all of the data lie on a smooth curve,
whereas a noninteracting or slowly equilibrating sys-
tem gives rise to family of nonsuperimposing curves.
Differentiation increases the intrinsic noise in the raw
data. An alternative approach that avoids differentia-
tion is to calculate the omega function (�), which also
is a smooth, continuous function of the total concen-
tration c and can be used to obtain Mw,app.39

When analyzing a sample by analytical ultra-
centrifugation for the first time, it is strongly recom-
mended to use both sedimentation velocity and sed-
imentation equilibrium approaches to survey the
behavior of the biomolecule over a broad range of
sample concentrations, rotor speeds, or other experi-
mental conditions. In the case of sedimentation equi-
librium, the short-column method40,41 is ideal for this
purpose. Because it requires little material (~15 �L),
many samples can be analyzed simultaneously (eg, 28
in the 8-hole rotor), and equilibrium is achieved
rapidly (~16-fold faster than with the standard 3-mm
column, 110-�L samples.) Centerpieces that hold four
15-�L samples (700- to 800-�m column height) have
been designed specifically for short-column experi-
ments.41 The average molecular weight in each chan-
nel is determined using a model-independent method
or nonlinear least squares fitting. Data obtained over
a range of loading concentrations and rotor speeds
are then used to assess whether the sample is homo-
geneous, mass action–driven self-association is occur-
ring, or thermodynamic nonideality is significant.42

When combined with the complementary information
obtained from sedimentation velocity experiments,
the investigator can simultaneously delineate the fun-
damental solution-state behavior of the macromole-
cule being studied and facilitate subsequent charac-
terization of the sample by the model-dependent
sedimentation equilibrium approaches.

More sophisticated data analysis methods are
required to characterize self- and hetero-associating
systems. In these cases, global methods should be
employed in which multiple datasets that are col-
lected over a wide range of sample loading concen-
trations and rotor speeds are simultaneously fit to a
specific model for the association phenomenon using
nonlinear least squares algorithms. The global fitting
approach helps to ensure that a unique solution is
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obtained and greatly reduces the statistical uncertainty
in the parameters.37,38 Global fitting of sedimentation
equilibrium data is implemented in the NONLIN19

program (Tables 1 and 2). Other global analysis soft-
ware is available (Table 1), and global fitting methods
also can be programmed by the user within several
general-purpose data analysis packages (eg, IGOR,
SigmaPlot, Origin, MLAB).

Although it is more difficult to reliably fit data for
hetero-associating systems, a number of methods
have been developed for this purpose.11,43,44 For het-
ero-associating systems, sedimentation equilibrium
data obtained using interference optics or absorption
optics at only one wavelength contain contributions
from both components (ie, A and B). Frequently,
these data are insufficient to produce a well-defined
and unique minimum in the fit error surface, even
when using global fitting procedures. It therefore is
necessary to introduce additional constraints into the
fitting algorithm. One such approach is to resolve the
contributions of A and B to the overall equilibrium
concentration gradients. When the components have
different absorption spectra (eg, proteins and nucleic
acids), the investigator can globally fit absorbance
data collected at multiple wavelengths to obtain the
individual concentration gradients of A and B.10,11

Alternatively, sedimentation equilibrium can be per-
formed using a preparative ultracentrifuge.45 The
tubes are fractionated after the run using a specially
designed device,46 and the individual components are
detected and quantitated using gel electrophoresis or
radioactive or fluorescent tags. The resulting equilib-
rium concentration gradients are analyzed in the same
way as those obtained in the analytical ultracentrifuge.
If the components cannot be resolved, additional con-
straints to the global fitting algorithm involving the
conservation of mass or signal should be applied.43,44

Methods that use the � function also can be used to
characterize self- and hetero-associating systems by
global model-dependent fitting.39,47,91

PROBLEM-SOLVING USING THE
ANALYTICAL ULTRACENTRIFUGE

The previous sections describe the fundamental prin-
ciples and recent advances required for the nonexpert
to grasp how analytical ultracentrifugation can be
used to address contemporary research problems. As
little as a few years ago, it was possible to illustrate
the specific uses of analytical ultracentrifugation by
reviewing selected papers chosen from the relatively
small body of literature available.5 However, during
the past 5 years, more than 500 papers have been
published in which the XL-A or XL-I has been used,

and it no longer is possible or appropriate to attempt
to document the broad and varied problem-solving
capabilities of the analytical ultracentrifuge by focus-
ing on a limited number of examples. Instead, users
at all levels of expertise must become familiar with the
rapidly expanding body of analytical ultracentrifuge
literature. Table 2 provides references to a wide vari-
ety of papers about experiments that have used the
analytical ultracentrifuge in conjunction with one or
more of the digital analysis methods described earlier
to address the varied types of problems for which
analytical ultracentrifugation is best suited. For many
of these reports, we subsequently discuss the scien-
tific context in which analytical ultracentrifugation
was used. Taken together, this information allows the
interested researcher to immediately embrace analyt-
ical ultracentrifugation and rapidly proceed toward
using this remarkable technique to its fullest.

Sedimentation Velocity

Biomolecular Shape

Rogers et al.51 used the G(s) profiles and the sedi-
mentation coefficients derived from them to determine
the effect of N-terminal deletion mutations on the
shape of the lipid-free forms of human apolipoprotein
A-I (apo hA-I). In addition to showing that native apo
hA-I is highly elongated, the sedimentation studies
defined two specific regions within the N-terminus
whose deletion led to significant changes in hydrody-
namic shape. This structural information subsequently
was correlated with functional effects of the N-terminal
deletions on lipid binding and lecithin-cholesterol acyl-
transferase activation by apo hA-I. Fleming et al.52

used the sedimentation coefficients obtained from
g(s*) distributions to characterize the hexameric struc-
ture of the N-ethylmaleimide-sensitive fusion (NSF)
protein involved in intracellular trafficking. These stud-
ies, together with complementary information derived
from electron microscopy and light scattering, pro-
vided novel information on the mechanism of action
of NSF and related ATPases. Rich et al.56 used direct
finite element fitting of sedimentation velocity bound-
aries to derive the s and D used for determination of
the solution shape of the Staphylococcus aureus col-
lagen adhesin. Wagschal et al.59 used second moment
sedimentation coefficients to derive the hydrodynamic
shape of a trimeric coiled-coil–forming model peptide
and showed that the oxidized and reduced forms of
the trimer have different conformations. They further
showed that the different shapes of the oxidized and
reduced forms of the peptide trimer were in excellent
agreement with those expected from the x-ray struc-
tures of related coiled-coil complexes.
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It should be noted that when s and M are known
accurately, calculation of hydrodynamic shape para-
meters (eg, frictional ratio, axial ratio) has been auto-
mated by programs such as SEDINTERP and Ultra-
Scan (Table 1).

Biomolecular Conformational Changes

Tse et al.63 used the G(s) method to demonstrate that
acetylation of the core histone N termini was a potent
inducer of chromatin unfolding (indicated by a large
decrease in s without a change in M) and that acetyl-
ation-induced unfolding was correlated with a 15-fold
increase in transcriptional activity of the chromatin tem-
plate. Kar et al.65 used the g(s*) method to show that
a Zn2
-dependent conformation change in the cyano-
bacterial SmtB repressor protein prevented the repres-
sor from binding to DNA, abolishing the ability of
SmtB to inhibit transcription of SmtB-dependent genes.
Fletcher et al.66 used the average sedimentation coef-
ficient derived from G(s) plots and the average effec-
tive radius obtained from agarose gel electrophoresis
to determine how histone octamer density influences
salt-dependent chromatin folding. These studies dem-
onstrated that the minimum unit required for chro-
matin folding is a run of two to three nucleosomes and
showed for the first time that quantitative analysis of
agarose gel electrophoresis data yields the same infor-
mation as the average sedimentation coefficient.

Assembly and Disassembly of 
Biomolecular Complexes

Beernink and Morrical97 used the G(s) method to
characterize the stability of oligomers of the bacterio-
phage T4 uvsY recombination protein. These experi-
ments demonstrated that uvsY self-assembles into
single-stranded DNA–binding hexamers, which then
associate further into higher oligomers. Moreover,
oligomerization of uvsY hexamer was shown to de-
pend strongly on the salt concentration. These sedi-
mentation results provided novel insight into the
structure and function of the uvsY protein.

Behal et al.68 provided a elegant demonstration of
the utility of the G(s) method for characterizing very
large biomolecular complexes by determining for the
first time the assembly pathway for the 3 million dal-
ton 30S E2 subunit of pyruvate dehydrogenase from
its monomeric constituents. The g(s*) method was
used by Rippe et al.53 to demonstrate that the Esche-
richia coli transcription activator protein NtrC is a
dimer (by deriving s and D and calculating M). They
went on to use the g(s*) method to characterize asso-
ciation of the NtrC dimer with two different DNA
binding sites. The g(s*) method also was employed

effectively by Toedt et al.74 to demonstrate that the
assembly kinetics of tobacco mosaic virus depended
on whether native or mutant coat proteins were used
for the reconstitution reactions.

Direct fitting of sedimentation velocity bound-
aries using the program SVEDBERG (Table 1) al-
lowed Fujita et al.76 to determine the pH dependence
of human erythrocyte spectrin disassembly, which
helped provide insight into the structure-function rela-
tionships that control assembly of physiologically rel-
evant spectrin oligomers. Schwarz et al.79 used the
second moment sedimentation coefficient to demon-
strate cooperative oligomerization of defined oligonu-
cleosome model systems; in this case, the “monomer”
consisted of an assemblage of 96 histone proteins
and approximately 2.5 kb of DNA and had an M of 
3 
 106 daltons, whereas the oligomers sedimented
between several hundred and several thousand S.
The in vitro oligomerization process was shown to
absolutely depend on the core histone N termini and
was postulated to be functionally related to the long-
range fiber-fiber interactions found in interphase chro-
mosomes.

Molecular Mass and Subunit Stoichiometry

In addition to determination of biomolecular shape,
Fleming et al.52 and Rippke et al.53 used the g(s*)
method to ascertain subunit stoichiometry from the
experimentally determined M. Direct fitting methods
also have been used effectively to calculate M and
hence stoichiometry. For example, Leroux et al.,77

using the SVEDBERG program to determine the stoi-
chiometry of small heat shock proteins (smHSP),
showed that oligomerization of smHSPs is a prereq-
uisite for binding unfolded polypeptides and sub-
sequent chaperone activity. Similarly, the work of
Rosenfeld et al.54 used the SVEDBERG method to
show that the recombinant form of the human agouti-
related protein involved in the control of feeding is
monomeric at physiologic concentrations.

Equilibrium Constants for 
Self-Associating Systems

Although this area traditionally has involved applica-
tion of sedimentation equilibrium approaches, the
time derivative sedimentation velocity method also
can be used to obtain Keq when used appropriately.
The laboratory of Correia has been the clear leader in
this area, with the group publishing numerous impor-
tant papers during the past several years in which
g(s*) data have been used to calculate the energetics
of drug-induced tubulin self-association.92,93 The

J. L. COLE AND J. C. HANSEN

172 JOURNAL OF BIOMOLECULAR TECHNIQUES, VOLUME 10, ISSUE 4, DECEMBER 1999



quantitative sedimentation velocity work from the
Correia group has made many critical contributions to
understanding the basic and clinical aspects of tubu-
lin function, and these papers are classics that should
be read by all practicing centrifugationists.

A theme that connects each of the papers out-
lined in the sedimentation velocity section and those
described later in the sedimentation equilibrium sec-
tion is that analytical ultracentrifugation invariably
was used in conjunction with other techniques to best
answer the biologic questions being asked.

Sedimentation Equilibrium

Molecular Mass and Subunit Stoichiometry

Several research groups have employed sedimenta-
tion equilibrium methods to characterize subunit stoi-
chiometries in protein-protein and protein-nucleic
acid complexes. In addition to the sedimentation
velocity work described earlier, Rippe et al.53 used
sedimentation equilibrium methods to demonstrate
that NtrC exists as a dimer and to characterize the
stoichiometry of the protein-DNA complexes. In the
unphosphorylated state, one NtrC dimer binds non-
cooperatively to each binding site in a DNA oligo-
nucleotide containing the enhancer sequence (two
NtrC binding sites). In contrast, the phosphorylated
protein cooperatively formed an octameric complex
at the enhancer sequence. Tennyson et al.82 demon-
strated that Saccharomyces cerevisiae DNA topo-
isomerase II exists as a stable dimer in solution;
however, the Kd was too low to be measured by this
technique. The sedimentation results were confirmed
using subunit exchange assays, which demonstrated
that the dimer is also kinetically stable.

Wu et al.83 demonstrated that the cAMP response
element–binding protein (CREB) is a monomer in
solution. The stoichiometry of CREB binding to DNA
was defined by labeling a cAMP response element
DNA with fluorescein and monitoring the sedimenta-
tion experiments at 494 nm to selectively observe the
DNA component. It was found that CREB coopera-
tively assembles on DNA to form dimers.

Equilibrium Constants for 
Self-Associating System

Several researchers used equilibrium analytical ultra-
centrifugation to define equilibrium constants for self-
associating systems. Kar et al.65 found that the self-
association of the cynanobacterial repressor SmtB fit
best to a monomer-dimer-tetramer equilibrium, with
dimer as the predominant species under their condi-
tions. Binding of Zn2
 increased the strength of the

monomer-dimer association about 100-fold, but the
dimer-tetramer equilibrium was unaffected. Abril et
al.90 characterized self-association of the phage �29
p6 protein over a wide range of protein, temperature,
and salt concentrations. At low concentrations, a
monomer-dimer equilibrium is operative, but at the
high physiologic protein concentration of 1 mM, fur-
ther association occurs, and a monomer-hexamer or
an indefinite isodesmic model is compatible with 
the data. Parker et al.89 observed that phage P22
scaffolding protein reversibly self-associated Global 
fits to sedimentation equilibrium with NONLIN were
compatible with several different models: monomer-
dimer-n-mer (n � 4 to 6). A two-species plot indi-
cated that the most reasonable model is monomer-
dimer-tetramer.

Equilibrium Constants for 
Hetero-associating Systems

Several groups measured the affinity of heteromeric
protein-protein interactions using sedimentation equi-
librium. Shi et al.94 defined the interaction of a solu-
ble lectin domain of the IgE receptor, sCD23, with an
IgE fragment. The sedimentation equilibria indicated
that IgE has two, low-affinity binding sites for CD23,
with Kd of about 10�5 M. Temperature-dependent
measurements demonstrated that the two binding
events have different thermodynamics, suggesting two
distinct binding modes.

Darawashe et al.95 characterized dissociation of
the Salmonella typhimurium tryptophan synthase
alpha2-beta2 complex by guanidine isothiocyanate
using a model in which the two alpha subunits se-
quentially dissociate from a stable beta2 subunit. Mea-
surements of the two equilibrium constants as a func-
tion of guanidine concentration effectively excluded
strong cooperativity in the dissociation reaction.

Cole et al.96 characterized dimerization of human
ribonuclease L on binding of 2'- to 5'-linked adeno-
sine oligomers. Multiwavelength sedimentation equi-
librium data were consistent with a model in which a
single activator binds to the monomeric enzyme and
subsequently induces dimerization. Fluorescent aniso-
tropy measurements confirmed this model and gave
equilibrium constants close to those determined by
sedimentation.
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