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For an analytical chemist, “using the force”—centrifugal
force—can be the most efficient means of deciphering the
secrets of macromolecular properties and behavior. Only

27 years after Theodor Svedberg’s development of the ultracen-
trifuge in the mid-1920s (see Chemistry Chronicles, p 63), Beck-
man Instruments (now Beckman Coulter, Inc.) introduced the
first commercially successful analytical ultracentrifuge, the Beck-
man Model E. Since then, Beckman instruments have maintained
an essentially exclusive dominion over the methods. 

The first clear triumph of analytical ultracentrifugation (AUC)
was the classic experiment in 1958, when Matthew Meselson and
Frank Stahl used density measurements of isotopically labeled
DNA to demonstrate unequivocally that the method of replica-
tion proposed for DNA by James Watson and Francis Crick was
in fact a reality. Since then, AUC has been the method of
choice for studying a wide variety of macromolecular behavior
in solution because of its ability to characterize such parame-
ters as molecular weight, sample purity, conformational
change, and molecular interactions (1). It is especially useful as
an adjunct to other techniques that measure molecular param-
eters, including NMR, X-ray crystallography, MS, and circular
dichroism spectroscopy. 

AUC Reborn
Although the Model E continues to be used across the world and
provides accurate data for a host of research projects, by the

late 1980s it had ceased to seem relevant to many of the
younger researchers in molecular biology whose careers had been
forged in a laboratory world of gel electrophoresis, MS, and HPLC.
According to longtime advocates, it went out of fashion for a
variety of reasons, chief among which was a shifting interest
among molecular biologists toward qualitative as opposed to quan-
titative data (2). Then, in 1992, faced with continued prompt-
ing from AUC die-hards, Beckman developed a new AUC model—
the Optima XL-A. With new equipment and the realization that
more complex and quantitative studies were required to under-
stand what was happening in the dynamic systems in which
biological macromolecules acted, AUC once more became popu-
lar. A number of groups have evolved to promulgate and expand
the uses of AUC (see box, “The Rotor-y Club”).

How It Works 
The story of AUC is a tale told in opposition. The physical
forces created primarily by diffusion, buoyancy, and centrifugal
pressure push and pull at individual molecules in solution during
a centrifugation run. These conflicting forces cause compo-
nents of a sample to separate based on their differential response
to each force (see arrows in illustration above). Centrifugal
force pushes samples toward the “bottom” of the tube or cell,
perpendicular to the axis of rotation. Buoyancy provides a coun-
terforce, attempting to make those selfsame molecules “float”.
Diffusion, classically characterized by band-widening, attempts
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to even out the concentration of sample throughout the tube.
Centrifugation runs are designed so that each particular species
is concentrated in a discrete band, visible using optical refrac-
tion or absorbance techniques.

Because the effectiveness of these forces are all different func-
tions of the size, mass, and shape of the particles, the chance of
any two components of a mixture behaving (banding) identical-
ly is unlikely. With biologically complex molecules such as proteins
and nucleic acids, pH, ionic concentration, temperature, and solu-
tion viscosity can all play a role in influencing molecular size
and shape. Varying these parameters over the course of several
runs (or in separate tubes or cells) can provide significantly added
chances for observing differential migration. Data from these runs
can fuel a variety of mathematical models that calculate exact
parameters for molecular structure and interactions.

Perhaps most significant for modern molecular biology purpos-
es, and the real reason for the resurgence of the technique, is
the fact that it can be used to quantitatively study homo- and
heteromolecular interactions, from multiplex aggregations to
the subtle interactions created through the binding of ligands
and small molecules to receptors and enzymes. And these can
all be studied in a wide variety of solutions having different
pHs, temperatures, or mixtures of substrates and putative cofac-
tors. This makes AUC a tool for kinetic analysis—ideal for study-
ing protein assemblies, protein–nucleic acid interactions, the bind-
ing of enzymes to substrates, and most interestingly to
pharmaceutical researchers, the binding of small drug candi-
dates to receptors (3).

Mechanics. The sample is placed in an optical cell, and a
reference cell containing the same buffer is included for compar-
ison. Depending on the rotor size, cells mimicking a variety of
physiological conditions can be run simultaneously, providing a
wealth of data for analyzing molecular behavior. Rotor speeds can
range from thousands to hundreds of thousands of rpms, and
times vary from minutes to many hours. Temperature and pres-
sure can also be varied as needed.

The centrifugation blocks consist of paired sample and refer-
ence cells sandwiched between viewing windows. The system
can be used to study protein and nucleic acid concentrations vary-
ing from 10 µg/mL to 5 mg/mL, with volumes of 420 µL used for
sedimentation velocity experiments (described below) and 110 µL
for 3-mm column sedimentation equilibrium experiments (down
to 15 µL for so-called “short column” runs) (1). Such flexibility
is extremely valuable for studying molecular biologicals that exist

in short supply, especially as the centrifugation run is a non-
destructive technique that allows for sample recovery.

Optical analysis. Seeing is believing, but seeing what is happen-
ing inside a rotor moving at the rate of hundreds of thousands
of revolutions per second provides unique challenges. The clas-
sical method of measuring sedimentation information relied on
refractive properties, specifically Schlieren optics, with results
recorded using analog methods. In the original Model E, a view-
ing port allowed researchers to directly observe and photograph
the slit aperture in the revolving centrifuge tube. Calculations
were made manually based on measuring the banding patterns
observed. 

Today, the Optima-XL-I uses Rayleigh interference optics and
window assemblies that permit simultaneous viewing of the entire
cell. Observations can be made automatically and almost contin-
uously. As might be expected, the greatest benefit of modern
technology is the computerization of measurements and calcu-
lations that, depending on the programs used, can provide tremen-
dously sensitive analysis and detailed information on the behav-
ior of the molecules in solution. Refractive methods are used
primarily for those macromolecules such as polysaccharides that
have poor light absorption qualities, or for systems using a buffer
that absorbs light in an inappropriate wavelength range for study-
ing the sample of interest. Interference methods are accurate at
high concentrations of sample that might be beyond the linear
range of absorbance measurements. They are also useful in analyz-
ing ligand- or drug-induced changes in conformation or aggre-
gation without worrying about the UV absorbance properties of
the binding compound (4).

For good chromophores, a scanning monochromator such as the
xenon flashlamp system in the XL-A (as well as the dual-function
XL-I) can generally observe particle behavior far more sensitively
than interference techniques across the range 200–800 nm, espe-
cially at lower concentrations (1). Absorbance readings are partic-
ularly useful in their ability to simultaneously monitor proteins

44 TODAY’S CHEMIST AT WORK FEBRUARY 2003 www.tcawonline.org

The Rotor-y Club

Among the groups dedicated to fostering the growth and
utility of AUC are:
Center to Advance Molecular Interaction Sciences (CAMIS)

(http://camis.sr.unh.edu)
Center for Analytical Ultracentrifugation of Macromolecular

Assemblies (CAUMA) (http://biochem.uthscsa.edu/auc)
National Analytical Ultracentrifugation Facility (www.ucc.

uconn.edu/~wwwbiotc/UAF.html)
Reversible Associations in Structural and Molecular Biology

(RASMB) (extensive AUC software library available)
(www.bbri.org/RASMB/rasmb.html)

Preparative Power

Centrifugation is, of course, not primarily used for analysis.
Although a host of alternatives from chromatography to
membrane filtration have become available over the years,
for many applications, preparative centrifugation remains
the tried and true method of separation. It is especially
useful in separating complex biological components, from
macromolecular complexes such as viruses to intact organelles.
Using density gradient systems, analysis has been performed
in standard centrifugal systems using marker techniques to
give useful approximations of molecular weight and density
parameters. Centrifugation has helped to create its own indus-
try of dedicated systems and parts suppliers.

Some commercial suppliers of ultracentrifugation equip-
ment and supplies include: Beckman Coulter (www.beckman
coulter.com), Kendro/Sorvall (www.sorvall.com), and Thermo
IEC (www.thermoiec.com). Many of the companies that market
centrifugal systems also provide detailed application notes
on their use to get the best purification levels or the most
analytical information possible for a variety of individual biolog-
ical systems.



(280 nm) and nucleic acids (260
nm) throughout a centrifugation
run. Absorbance measurements
generally use quartz windows;
refractive measurements use win-
dows made of sapphire.

Recently, several research
groups have attempted to adapt
fluorescence monitoring tech-
niques to take advantage of the
significantly increased sensitivi-
ty provided by AUC (1). 

What It Shows
The power of analytical ultra-
centrifugation lies in its ability
to study the interactive behav-
ior of macromolecules in solu-
tion—simulating the environment
of a living cell. In general, the
vast majority of AUC runs are
based on one of two techniques—
sedimentation velocity or sedi-
mentation equilibrium. Accord-
ing to Thomas M. Laue of the
University of New Hampshire,
Durham, and Walter F. Stafford
III of the Boston Biomedical Research Institute (MA), “sedimen-
tation can provide first-principle hydrodynamic and first-princi-
ple thermodynamic information for nearly any molecule, in a wide
variety of solvents and over a wide range of solute concentrations”
(4). A tutorial slide show illustrating the variety and utility of AUC
is available at www.ultrascan.uthscsa.edu/tutorials.html.

Sedimentation Equilibrium (SE). To determine accurate molec-
ular weights and to best study molecular interactions, this
technique is used to achieve an equilibrium between sedimen-
tation and diffusion. It uses smaller volumes and longer run times
(generally many hours) than sedimentation velocity. Interact-
ing proteins will have a different sedimentation equilibrium posi-
tion than the separate moieties. Similarly, proteins that inter-
act with drugs or other ligands often show density or
conformational changes that can be observed in the formation
of a new equilibrium band.

By varying the concentration of the constituents as well as
the temperature, kinetic analysis of the interaction is also
possible. For example, researchers at Colorado State University
used a variety of substrate concentrations and two distinct
rotor speeds in SE experiments to demonstrate that two tran-
scriptional activator proteins (c-Jun and CREB) can simultane-
ously bind the transcriptional coactivator protein CBP in a 1:1:1
fashion, leading to a more accurate model for this type of gene
regulation (5).

Sedimentation Velocity (SV). This technique is used to deter-
mine sedimentation values, monitor sample homogeneity, and
estimate molecular weight and molecular associations. It can be
performed as a boundary experiment in which the sample and
solvent are completely mixed. The boundary run generates bound-
aries formed by the solute based on the play of centrifugal, buoy-
ancy, and diffusive forces. In a variant on SV, the zonal run, the
sample is layered on top of the solution, creating a discrete, high-

concentration layer that can be
followed as a zone that moves
through the solution. The zonal
run is most often used for small
sample volumes that would not
be capable of forming boundary
layers in the solvent once mixed. 

Thomas Lauber of the Univer-
sität Bayreuth (Germany) and
colleagues recently demonstrat-
ed, using SV ultracentrifugation,
that a recombinant pro-hormone
(proguanylin) was not only homo-
geneous, but behaved identical-
ly to its natural counterpart in
sedimentation characteristics,
including the maintenance of a
monomeric state over a variety
of reaction conditions (6) (Figure
1). The ability to demonstrate
such equivalency is critical to vali-
dating recombinant proteins for
eventual drug use.

Solution Interaction
Analysis
As with most methods for analyz-

ing complex chemical processes, analytical centrifugation does
not exist in a vacuum. (Actually it does—a vacuum is necessary
to prevent friction-induced high temperatures arising from the
huge rotational speeds.) AUC is an integral part of multidimensional
analysis of structure and kinetics. Other techniques that provide
corroborating or complementary information include MS, NMR,
SPR, and a wide variety of spectroscopic techniques. If molecu-
lar modeling of complex biochemical processes is ever to become
a routine rather than anecdotal approach to drug discovery and
development, analytical centrifugation will be among the tools
providing the baseline information to make it so. This informa-
tion is at the core of what Beckman Coulter calls “solution
interaction analysis”—an integrated approach to molecular behav-
ior designed to capture the life of compounds in real time, in
something approaching their native chemical ecosystem. What-
ever the current status of such research, it is obvious that if major
payoffs from the Human Genome Project and proteome research
are ever to move to the drug marketplace (and more important-
ly, to promoting patient health), AUC will undoubtedly play a
necessary part.
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FIGURE 1: Sedimentation velocity of recombinant proguanylin.
a) Absorbance at 280 nm is plotted vs position from the center 
of rotation at time intervals of 300 s. b) Residuals plotted as a
function of radial position.


