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1 Introduction

Analytical ultracentrifugation (AUC) is one of the classical methods for the charac-
terization of purified proteins in dilute solutions, and as such there is a large body of
theoretical and practical studies in the literature going back eight decades, covering
aspects including the technical implementation of AUC,' the theoretical foundation
of ultracentrifugation in thermodynamics and physical chemistry of macromole-
cules,> and the mathematical analysis of ultracentrifugation experiments.?
Developed in the 1920s by The Svedberg,* and redesigned into a commercial instru-
ment by Edward Pickels,’ it became a central technique in the development of bio-
chemistry and molecular biology. While the technique was in decline in the 1970s
and 1980s, new instrumentation and numerical analysis in the 1990s stimulated
renewed interest in AUC, in particular for the study of protein interactions.5

For the novice, however, the highly developed technical aspects in conjunction
with the multitude of analytical approaches can be daunting. Therefore, this intro-
duction to the book is unashamedly aimed at the novice who has come into contact
with the methodology of the analytical ultracentrifuge and wishes to use the instru-
ment for the characterization of globular protein samples in solution. Such a novice
can be a molecular biologist, a protein crystallographer or NMR spectroscopist, or
working as part of a high-through-put proteomics project, with interest in the char-
acterization of the aggregation state, heterogeneity and thermodynamic characteri-
zation of reversible interactions of proteins. The aim of the present introduction is to
provide help in where to start, or how to design and analyse a successful AUC exper-
iment. Necessarily, this requires a very selective presentation, and for more in-depth
information and descriptions of selected sedimentation velocity (SV) and sedimen-
tation equilibrium (SE) methods, the reader is referred to recent reviews, mono-
graphs, practical protocols, and websites,!7->3 and, of course, subsequent chapters in
this book. Fortunately, with regard to the data interpretation, the mathematical
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details of advanced analysis methods are largely encapsulated in software. However,
in addition to general knowledge in modelling of data and non-linear regression,
their use requires understanding of the basic concepts behind them.

2 What Can I Do with My Protein Sample?

At its most basic level, AUC simply consists of the application of a centrifugal force
with the simultaneous real-time observation of the resulting redistribution of the
macromolecule. Analysis can be performed from first principles, given quantitative
and rigorous data on a particular sample. This requires no label or other chemical modi-
fication of the proteins; such as would occur in cross-linking or many fluorescence
experiments; and no interaction with any matrix or surface, as would be required for
gel filtration or surface plasmon resonance. As proteins are studied in solution, the
experimentalist has direct access to their solution properties: a key strength of the tech-
nique. A central feature of sedimentation experiments for the study of protein interac-
tions is that faster sedimenting complexes are transported through a solution of the
slower sedimenting components. Consequently, reversibly formed complexes that dis-
sociate can readily re-associate during the experiment, thus permitting the hydro-
dynamic and thermodynamic characterization of even weak and transient interactions.

Analytical ultracentrifugation of non-interacting proteins can reveal the molar
mass, gross shape, and the heterogeneity of the sample. The latter includes the
detection of even trace quantities of oligomers and aggregates, which can be of
interest in biotechnology applications or aid in the interpretation of biosensor
experiments. For interacting systems, protein complexes can be characterized with
regard to their stoichiometry and the thermodynamic and kinetic constants of com-
plex formation. Importantly, sedimentation techniques can distinguish between mul-
tiple coexisting complexes of different stoichiometries and also provide information
on self-association properties, on mixed self- and hetero-association. The latter can
be a crucial information for the biophysical study of protein interactions with other
techniques, such as isothermal titration calorimetry. Hydrodynamic separation also
yields information on the low-resolution structure of protein complexes and can
enable the detection of conformational changes.

Although a large number of specialized centrifugation techniques have been
developed for a variety of studies, such as analytical zone sedimentation,'! difference
sedimentation,’ synthetic boundary measurements,”’ density gradient?®? or fraction-
ating***! and short-column techniques,* the vast majority of ultracentrifugation exper-
iments for the characterization of proteins are conducted by either conventional loading
SV or long-column SE, which will be described in the following sections.

Ideally, both SV and SE techniques should be carried out on your sample, starting
with SV to characterize the purity of the material. It is possible to characterise effec-
tively a sample with SV using the latest analysis methods, however, both methods are
highly complementary. The essential piece of information needed to plan an AUC
experiment is to make sure at least three different concentrations of the sample are
analysed, covering as wide a concentration range as possible. This is because concen-
tration-dependent behaviour of the sample provides an information-rich data set that
is highly effective in characterizing the solution properties of proteins, in particular,
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their interactions. This applies equally for SV and for SE. For equilibrium experiments
there is the additional requirement that data should be obtained, where possible, in a
sequence of experiments at three different rotor speeds.

The quantity of material required is typically of the order of a few hundred micro-
grams. Owing to the concentration gradients established during centrifugation, a 10- to
1000-fold concentration range is typically observed in a single cell, and a size range of
three decades in molar mass can be covered in a single experiment. Interacting compo-
nents under study may have sizes ranging from peptides to very large multiprotein com-
plexes. In general, affinities in the range of 10*-10% M~! can be determined, and kinetic
dissociation rate constants of the order of ~107°-1072 s™! can be distinguished.

3 General Principles

Conceptually, the analytical ultracentrifuge can be thought of as a conventional
preparative centrifuge that is equipped with an optical system for the observation of
the protein distribution in real time during the centrifugation. The acquired data
report on the spatial gradients that result from the application of the centrifugal field,
and their evolution with time. Analytical rotors accept specialized assemblies for
containing, typically, 100400 uL of sample between windows that are optically
transparent and perpendicular to the plane of rotation. The optical detection system
is synchronized with the rotor revolution, such that data are acquired only while the
sample assembly is in the light path (Figure 1).

The most commonly used optical detection systems are a dual-beam UV/VIS
spectrophotometer equipped with monochromator (ABS) and a highly sensitive laser
interferometer which records the refractive index gradients (IF). The ABS system
requires typical loading concentrations between 0.1 and 1.5 OD, dependent on the
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Figure 1 Schematics of the analytical ultracentrifugation detection
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type of experiment, and has the advantage of being able to selectively detect the pro-
tein, for example at 280 nm (for the aromatic amino acids), 230 nm (peptide back-
bone), or for characteristic chromophores in the VIS, if present. The IF system is not
selective, but completely linear in concentration and offers high signal-to-noise
ratios and rapid data acquisition (which can be particularly valuable for observing
the time course of sedimentation). Drawbacks of the IF system are the experimental
requirement to have a precise match of the composition of the reference buffer, and
systematic time-invariant signal offsets to be accounted for in the data analysis (see
below). More practical information with regard to the selection of the optical system
can be found in refs. 14, 16 and 33.

Two basic types of experiments are possible: (a) the application of a high centrifu-
gal force and the analysis of the time course of the sedimentation process, termed sed-
imentation velocity (SV); and (b) the application of a low centrifugal force that permits
the diffusion to balance the sedimentation such that a time-invariant equilibrium
gradient can be observed, termed sedimentation equilibrium (SE). Both SV and SE
approaches are uniquely suited for the study of protein interactions. First, as a basis
for the analysis of protein interactions, it is necessary to become familiar with the prin-
ciple of sedimentation for non-interacting proteins.

The sedimentation process is governed by three factors — the gravitational force,
the buoyancy and the hydrodynamic friction. The gravitational force is F, = m*r
(with m the protein mass, @? the rotor angular velocity, and r the distance from the
centre of rotation). Since it is proportional to the square of the rotor speed, adjusting
the rotor speed permits the study of a wide range of particle sizes, ranging from
small peptides to very large protein complexes (<1 kDa to >1 GDa). The buoyancy
force F, =—mvpw? (with V the effective protein partial-specific volume and p the
solvent density) opposes the sedimentation (following Archimedes principle) and is
governed by the mass of the displaced solvent. Thus, protein partial-specific vol-
umes are important, and the density effects of protein glycosylation, bound detergent
and preferential hydration may be relevant considerations. Finally, the frictional
force is governed by the hydrodynamic translational frictional coefficient as well as
the migration velocity, and can be expressed as F; = s(kT/D)@w? (with k the
Boltzmann constant, 7 the absolute temperature, and D the diffusion constant),
where the sedimentation coefficient s = v/@w? is a molecular constant (with v the
absolute migration velocity). This permits the measurement of the low-resolution
shape of the proteins and their complexes in terms of Stokes radii. A key parameter
is the sedimentation coefficient s (measured in units of Svedberg, with 1 S = 10713
s). From the balance of these three forces, one can derive the Svedberg equation

s M(1—vp)
D RT @)

(with M denoting the protein molar mass, and R denoting the gas constant),* which
provides a fundamental relationship between the three directly measurable quantities
for a single protein component: the sedimentation coefficient (obtained from the
migration of the sedimentation boundary with time in SV), the diffusion coefficient
(obtained from the spread of the sedimentation boundary with time in SV) and the
molar mass (obtained from the exponential gradient in SE).
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4 Sedimentation Velocity

The principle behind SV is quite straightforward: at a high rotor speed, typically
40 000 rpm or above, the vast majority of proteins will sediment to the bottom of the
cell. This deceptively simple process is highly information rich, as the sedimentation
depends both on the size and shape of the protein. Hence a 50-kDa protein may sed-
iment slower than a 40-kDa protein due to the heavier protein being highly elon-
gated. If a protein self-associates with concentration then its apparent rate of
sedimentation will change when either raising or lowering the loading concentration.
SV will also give information on solution heterogeneity.

4.1 Setting Up a Simple Sedimentation Velocity Experiment

When first characterizing a sample by AUC, a typical amount of protein required
would be 1 mL at 1 OD,gq,, assuming the use of the ABS detection system, or at
0.5-1 mg mL™!, assuming the IF detection system. This will be enough for SV with
three cells at three-fold dilutions, and have some sample left to perform an SE run.
The three velocity cells should be loaded with 400 yL of sample: this will be a sam-
ple volume that fills ca. 85% of the length of the cell. Typically, concentrations can
be at 1:1, 1:3 and 1:10 of the stock concentration. Generally, the concentration
range should be as wide as possible, with the constraint not to exceed 1 mg mL™!
(to prevent non-ideal sedimentation), and to remain well within the detection lim-
its (e.g., 0.05 mg mL~! < ¢ for the IF system, and 0.05 OD < ¢ < 1.5 OD for the
ABS system). The reason for the concentration series is simple: for a self-
associating system, lowering the concentration sufficiently will cause oligomers to
dissociate into smaller species, which will sediment slower. However, if the protein
is present in a variety of oligomers that do not interconvert, then dilution will have
no effect whatsoever on the proportion of oligomers. Hence, a dilution series is
essential to characterizing any protein in solution. Indeed, one SV experiment (of
three dilutions) will very quickly tell the experimentalist in a matter of hours
whether their protein sample undergoes a complex set of self-associations of exqui-
site biological necessity, or that the protein is an aggregated mess, and another sam-
ple preparation is needed.

The protein purity should be >95%, and it is recommended to perform size-exclu-
sion chromatography as the last preparative step. With regard to the buffer require-
ments, it is useful to include at least 20 mM salts to suppress electrostatic
interactions. Obviously, no solvent component should interfere with the optical
detection, and reference buffer precisely matched in volume and composition is
needed for experiments with the IF system. For most proteins under common exper-
imental conditions, the effective partial-specific volume can be predicted with suffi-
cient precision from the amino acid sequence,'®3* for example, using the software
SEDNTERP, which also permits to calculate the solvent density and viscosity from
tabulated data.>> Greater care must be used with proteins containing non-amino acid
components (e.g., glycoproteins, proteins with prosthetic groups, detergent-solubi-
lized proteins), or buffer conditions containing glycerol, sucrose or other compo-
nents increasing the density and potentially leading to preferential solvation.?33*+3¢
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Figure 2 Sedimentation profiles of two species of 50 kDa, 4 S, and 150 kDa, 8 S, sedimenting
at 50 000 rpm

In the absence of other considerations (and unless the protein complexes under
study exceed several 100 kDa in size), the highest possible rotor speed (50 000 or
60 000 rpm, dependent on the rotor type used) is recommended for the highest res-
olution. A practical aspect crucial for the SV experiment is a thorough temperature
equilibration to prevent convection in the solution column to occur. Very detailed
practical instructions for planning and starting the SV run can be found in ref. 33.

Typical sedimentation data may look like as shown in Figure 2, showing initially
the solution plateau, the evolution of the sedimentation boundaries of a non-inter-
acting two-component mixture and the solvent plateau. Owing to the sector-shaped
solution column, the solution plateau concentration decreases with time as the pro-
teins move toward larger radial position with wider cross-sections. This amounts
typically to 10-20% during the SV experiment.

To harness this powerful method of analysis, a suitable method of interpretation
is needed. This is the concern of the next section.

4.2 Sedimentation Velocity Analysis

As indicated above, the major parameter derived from SV experiments is the sedi-
mentation coefficient (s), which is the velocity per unit centrifugal force:

1 dr
S: =

L m
or a7 @
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where s is the sedimentation coefficient, @?r the centrifugal field, r the radius, ¢ time
of sedimentation, m the buoyant molecular mass and f the frictional coefficient.
Although the sedimentation coefficient (or s value) is a molecular constant, the
experimentally observed sedimentation coefficients will vary with temperature and
solution density, and are always converted into a standard state of 20 °C in water at
infinite dilution (denoted s9, ). This can be achieved, for example, using the soft-
ware SEDNTERP, written by Dr. John Philo.> A comparison of the 53, ,, value with
that predicted theoretically for a smooth compact sphere of the same mass and den-
sity gives the frictional ratio, f/f;, which reports on the shape of the molecule (by
conversion into hydrodynamically equivalent ellipsoids with the software SED-
NTERP, or by comparison with the theoretically predicted s value derived by hydro-
dynamic modelling from the crystal structure using the software HYDRO).?
Because the s, value cannot exceed that of a smooth compact sphere of the same
mass and density, the 59, , value can be used in some cases to deduce the oligomeric
state of the protein.'”

The simplest analytical method to derive the sedimentation coefficient from
experimental data consists in reading the boundary displacement with time, and
application of Equation (2). Although this illustrates conceptually the source of
information, it does not provide the most precise estimate for the s value, and neg-
lects a significant amount of information to be extracted from the sedimentation
data. As can be seen in Figure 1, in addition to a displacement of the sedimentation
boundary, diffusional broadening can be observed, which can be rich in information.

4.2.1 Modelling with Discrete Lamm Equation Solutions

In the other extreme, it is possible to base the analysis on the detailed sedimenta-
tion—diffusion equation, the Lamm equation?®

dc 1[0 dc
(&) = ol oA 5 | ®

which describes the evolution of the complete concentration profiles during the SV
experiment in the sector-shaped ultracentrifugal solution column. Several software
packages allow fitting Equation (3) to experimental data, in order to determine both
s and D (and consequently the molar mass M; see Equation (1)) for one or several
species. These include BPCFIT, LAMM, SEDANAL, SEDFIT, SEDPHAT, SVED-
BERG and ULTRASCAN. Modern approximate analytical and numerical algorithms
for solving Equation (3) are described in refs. 39-44, and adaptations to account for
non-ideal solutions, solvent and pressure gradients have been developed.**
Although rigorous in theory, in practice, this approach is not easily applicable in
many cases, due to the need to know in advance the number of protein species. This
can be difficult given the exquisite sensitivity of SV to heterogeneity, including trace
amounts of degradation products or impurity. Further, as illustrated in ref. 48, if
species are present with slightly different s value (such that the difference in migra-
tion due to the different s values is less than the diffusional broadening), unrecog-
nized heterogeneity will lead to an overestimation of D, and consequently an
underestimate of the molar mass. Therefore, in practice, direct modelling with
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Equation (3) will frequently give only a lower limit of the molar mass. If, on the other
hand, Equation (3) can be fitted to the experimental data with residuals within the
noise of the data acquisition with the correct molar mass, this provides a stringent
demonstration of sample homogeneity.

Several strategies have been developed to determine sedimentation coefficient distri-
butions, which can report on the heterogeneity of the sample, and in some cases may be
used to derive molar mass information. Some are outlined in the following in chrono-
logical order, making increasing use of the computational power of desktop computers
to apply more mathematically complex approaches embedded in the software packages.
They also differ in the ability and strategy used to account for the systematic radial-
dependent baseline profiles that occur in data acquired with the IF system.

4.2.2 The van Holde—Weischet Distribution

The integral sedimentation coefficient distribution G(s) introduced in 1978 by van
Holde and Weischet*® basically exploits the observation that the displacement from
diffusion proceeds proportionally to the square root of time, while the sedimentation
is linear with time. Technically, this is accomplished by dividing the sedimentation
boundaries into fractions (horizontal slices), reflecting the radii R; of certain inter-
vals of the fractional plateau concentration, followed by a transformation of the
radius coordinate into apparent sedimentation coefficients s* with

N 1 i r @
st = ——In—

w*tr,

s* simply reflects the velocity at which an ideal particle would have to migrate in

order to travel from the meniscus to the position r within the time ¢. The s¥ values

from the corresponding boundary fractions of the different scans are then extrapo-

lated to infinite time according to the formula

* = _2\"5@711_3 Xl 5
s¥EH =s o’ N V; ©)

with @~ ! denoting the inverse error function, which is based on an Faxén-type
approximate solution of the Lamm equation for a single species.>*® A drawback of
this method is that it requires the selection of the subset of experimental scans for
the analysis, such that the scans to be analysed exhibit clear solution and solvent
plateaus permitting the boundary division. For peptides and small proteins, this is
not always possible. Also, it is difficult to apply to data from the IF detection exhibit-
ing systematic radial-dependent baseline offsets.>

The method can be found in the software ULTRASCAN?®>! and SEDFIT.* The
application is illustrated in Figure 3. For mixtures of sedimenting species, the G(s) dis-
tribution ideally shows piecewise vertical segments corresponding in length to the rel-
ative amount of species with certain s values. Because the underlying Equation (5) is
valid for a single species only, G(s) cannot resolve species that do not show clearly sep-
arating boundaries (i.e. if the difference in migration due to the different s values is less
than the diffusional broadening).® In this case, the G(s) transformations will exhibit
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Figure 3 Van Holde—Weischet analysis of the data shown in Figure 1. Upper panel: the s¥
values from each boundary (vertical columns of symbols), and the extrapolation of
the corresponding boundary fractions in an inverse square root of time-scale
(lines). Lower panel: the extrapolated s values for each fraction, which compose the
integral distribution G(s)

diagonal lines with positive slopes within the range of s values of the sedimenting
species. This highlights the particular strength of the method, which is the diagnosis if
the sample is homogeneous, heterogeneous, or if it exhibits concentration-dependent
repulsive interactions leading to non-ideal sedimentation. (The latter is characterized
by a decreasing sedimentation coefficient with increasing concentrations.) In sum-
mary, for homogeneous samples, G(s) will show a vertical line, for heterogeneous or
associating systems it will be a diagonal line with positive slope, and for non-ideal sed-
imentation it will be a diagonal line with negative slope. Demeler discusses this
methodology in greater depth in Chapter 11.

4.2.3 Apparent Sedimentation Coefficient Distributions g*(s)

A different strategy to analyse experimental SV data is the differential sedimentation
coefficient distribution g*(s). The asterisk on the g emphasizes that it is a distribu-
tion of apparent sedimentation coefficients, meaning the distribution of s values of
hypothetical non-diffusing particles. By design, the area under the g*(s) distribution
is equal to the amount of sedimenting material with that sedimentation coefficient.
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Two different techniques to derive g*(s) are currently in use. The first is a data trans-
formation, first introduced in 1992 by Stafford>? and further developed by Philo,>
based on a time derivative dc/dt of the data and termed g(s*). The other is based on
a direct least-squares fit of the data with an integral equation for the distribution,
termed Is-g*(s), described in 2000 by Schuck and Rossmanith.>*

The dc/dt-based method was very important because it provided the first approach,
short of subtracting experimentally measured water blanks, that was specifically
adapted to account for the systematic radial-dependent baseline offsets of the IF data
acquisition system. The time-dependent offsets are reduced by a vertical alignment
procedure prior to the data analysis, and the radial-dependent offsets vanish by taking
pair-wise differences of scans. The approximation is made that the pair wise
difference Ac/At is taken for the time derivative dc/ds. This is used, in turn, in the

transformation
(e[ @ \ r
8(s™) = ( ot ) Co ( In(r/r,) )( T ) ©)

(with ¢, denoting the initial loading concentration) which is based on the equations
for the sedimentation of non-diffusing species, and combined in an iterative proce-
dure to account for radial dilution effects.’?> Details on the computational approach
can be found in ref. 55. The distribution from the dc/dt approach has been termed
g(s*). A limitation of this approach is the validity of the approximation Ac/At ~
dc/dt, which can cause artificial broadening of the g(s*) curves and skewing at small
s values,’>* to an extent that is increasing with larger boundary displacement
between scans and with larger time interval covered by the set of scans considered
in the analysis. The dc/df method can be found in the software DCDT+, and in this
implementation, the maximum number of scans is recommended for which the
errors remain within an acceptable tolerance. An approach to quantitatively account
for effects of the approximation Ac/At ~ dc/dt in the modelling of g(s*) curves is
described in ref. 53. Figure 4 illustrates the result of this method.

The second approach to calculate the apparent sedimentation coefficient distribu-
tion is based on the definition of g*(s) as a distribution of non-diffusing species, each
sedimenting according to a step-function U(s, r, t)

f < 2st
UGs, r, 1y = e | 0 10T TS T ™
1 else
which together produce a signal
a(r, 1) = [g*s)UGs, r.1) ds ®)

Taking advantage of the increased computational power, it is possible to directly fit
Equation (8) to the experimental data.’* Adjustments accounting for solvent com-
pressibility can be made in Equation (7). Because this method is based on the least-
squares fit of the data (hence the designation /s-g*(s)), the usual goodness of fit
criteria, such as r.m.s. deviation and residuals, are available. To avoid noise amplifi-
cation in solving Equation (8), regularization is applied to calculate the simplest dis-
tribution consistent with the raw data.
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Figure 4 Application of g(s*) from the dc/dt method (thin dotted line), and the ls-g*(s)
method (bold solid line) to the data shown in Figure 2

The systematic offsets of the IF systems are taken into account by explicitly calcu-
lating the best-fit estimates of the radial-dependent baseline profiles as well as the
time-dependent offset from the data to be analysed, taking advantage of a new alge-
braic approach that can replace the alignment and differentiation procedure with min-
imal amplification of noise.® This can be used to remove the systematic noise
contribution for inspection of the fit in the original data space. A reconstruction of the
sedimentation model from the dc/d¢-based g(s*) distribution has been described, which
can allow to inspect the goodness-of-fit of the g(s*) representation.’” An overview of
computational details can be found in ref. 48. Although in theory the Is-g*(s) distribu-
tion is equivalent to the g(s*) distribution from dc/dr approach, because of the absence
of the Ac/At ~ dc/dt approximation, it does not have the stringent requirements for
scan subset selection, and is therefore more widely applicable,* and more suitable, in
particular, to data obtained at higher rotor speed or from the ABS optical detection sys-
tem with the typical large boundary displacement between successive scans. This
approach is implemented in SEDFIT, and results are also shown in Figure 4.

The limitation of its application is the underlying idea of an apparent sedimenta-
tion coefficient distribution, which is that the sedimentation—diffusion process under
observation can be modelled by an apparent distribution of non-diffusing species,
such that the leading and trailing parts of the diffusionally broadened boundary can
be described by populations of species apparently sedimenting faster or slower,
respectively. In the direct boundary model, the quality of the approximation of the
sedimentation boundary as a superposition of non-diffusing species can be tested by
inspecting the quality of fit. As in any data analysis problem, if the model does not
adequately describe the data, no trust can be put in the parameters of the model, or
in this case, the sedimentation coefficient distribution. For example, in the Is-g*(s)
distribution, a failure of fitting the original data well may result in false peaks, and
requires shortening the time interval of scans considered for analysis.

It can be shown in theory — at least for data that cover a narrow time interval — that
the shape of the g*(s) distribution is approximately Gaussian, with a half-width
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related to the diffusion coefficient of the protein. As a consequence, it is possible in
a second stage of the SV analysis to fit the g(s*) distributions with Gaussians, and
to use the Svedberg equation (Equation (1)) to derive the molar mass.> For several
distinct non-interacting species it is possible to fit multiple Gaussian peaks where the
number of peaks correspond to the number of species. Although this technique has
the advantage of not being biased by sedimenting species at s values outside the dif-
fusion-broadened Gaussian peak, in theory it is not as accurate as the approach of
solving the Lamm equation, Equation (3), due to the theoretical approximations
made.> Further, if there is unrecognized heterogeneity of species within one g*(s)
peak, as outlined above, it will only provide a lower limit to the molar mass.

A conceptual connection exist between the g*(s) and the integral G(s) distribu-
tions by van Holde—Weischet, which can be obtained via extrapolation of g*(s) to
infinite time,*® and between g*(s) and c(s), which is described in the following sec-
tion and can be considered an extension of g*(s) from an apparent distribution of
non-diffusing particles to the distribution of diffusing particles.

4.2.4 Sedimentation Coelfficient Distributions c(s)

The goal of the c(s) distribution is to calculate a distribution of sedimenting species
taking into account their diffusion. This is accomplished by an extension of Equation
(8), in which the full solution of the Lamm equation for sedimentation and diffusion
is considered for each sedimenting species:

a(r, 1) = [c(s)y,(s, D(s), r, 1) ds 9)

where y,(s, D, r, t) denotes the normalized Lamm equation solution (Equation (3)).7
Essentially, analysing the experimental data with Equation (9) is equivalent to find-
ing the best combination of a large set of Lamm equation solutions that fits the data
best. The problem of estimating the extent of diffusion D(s) for each species with a
certain s value is approached with a hydrodynamic scaling law that assumes that all
particles have a uniform frictional ratio, f/f,, taking advantage of the weak size
dependence of D~s~ 2 and the weak dependence of the frictional ratio on macro-
molecular shape. The parameter f/f; is adjusted to a best-fit estimate in the fitting
process. A comparison of this method with other approaches can be found in ref. 50,
and the detailed procedure is described in ref. 48. Like the Is-g*(s) distribution, the
systematic noise contributions from IF detection system are calculated explicitly and
can be subtracted from the raw sedimentation profiles, and the c(s) distribution pro-
duces a detailed model of the original sedimentation profiles which can be assessed
with conventional measures of the goodness-of-fit. This approach is implemented in
the software SEDFIT and SEDPHAT. The results of the application to the data in
Figure 2 are shown in Figure 5.

Because diffusion is accounted for by using Lamm equation solutions as model
functions in Equation (9), the resulting sedimentation coefficient distribution has
sharp features that are not diffusionally broadened. The information on boundary
spreading can be recovered by applying the Svedberg equation (Equation (1)) for
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Figure 5 Application of c(s) to the data shown in Figure 2. The inset shows the correspon-
ding c¢(M) distribution from the same fit

each pair of s and D values to transformation c(s) into a molar mass distribution
c(M). Because the relationship between s and D for each species can be adjusted to
specific problems, several variants of c(s) are available for studies of protein con-
formational changes, for bimodal sedimentation coefficient distributions, for sedi-
mentation of macromolecules in the presence of small molar mass species and for
global analysis of multiple data sets with combinations of discrete and piecewise
continuous distributions. A generalization to take advantage of multisignal detection
for the study of heterogeneous protein—protein interactions has been described.”®

Beyond the high resolution and the sensitivity to trace components, the c(s)
method has the property of a being able to be employed over the whole data set of
SV profiles from the very beginning of sedimentation to the complete depletion of
visible material, a distinct advantage over the g*(s) and van Holde—Weischet meth-
ods. The c(s) method can also be used to analyse data from very small peptides,
where the plateau region has collapsed before the meniscus has cleared. Such sam-
ples are dominated by back-diffusion from the bottom of the cell, and have in the
past been very difficult to analyse, however, the c(s) method copes as well with these
as with fast sedimenting samples. A disadvantage of the method is introduced by the
possible ambiguity of solving Equation (9) with slightly different distributions that
may fit the data equally well. Maximum entropy regularization is embedded in the
algorithm in order to produce always the simplest distribution that fits the data with
a quality statistically indistinguishably from the best-fit, but this can have a tendency
to merge neighbouring peaks. Further, caution must be used in the interpretation of
the c(M) distribution, which is valid only if there is a single major peak, otherwise it
is limited to the case where all species have the same frictional ratio f/f;, which may
not be known a priori, or models for bimodal distributions must be used. Further,
c(s) can provide a significant amount of detail on the sample, but a pre-requisite of
a reliable interpretation is that a very good fit of the raw sedimentation data can be
achieved. This method is covered in detail in Chapter 2.
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4.3 Analysis of Interacting Systems by Sedimentation Velocity

The experimental data basis for the study of protein interactions should include SV
data obtained over a large range of different loading concentrations of the individual
protein components. Then, for hetero-associations it is necessary to obtain data at dif-
ferent reactant concentrations and molar ratios, ideally covering a range from far
below to far above the K|, of the interaction. A good starting point for the analysis of
interacting systems with SV is to derive the c(s) or g*(s) distributions. While the van
Holde—Weischet method is excellent to diagnose qualitatively the presence of an inter-
action, by displaying a concentration-dependent increase in the sedimentation coeffi-
cients and positive sloped G(s) distributions, no theory is currently known to allow
rigorous thermodynamic or hydrodynamic parameters of reversibly interacting pro-
teins to be derived from the quantitative analysis of G(s). For clarity in the following
sections, the diagnosis and analysis of interaction is illustrated as it appears in the c(s)
method, which is described in more detail in Chapter 2. However, Chapter 3 discusses
the implementation of the time-difference modelling in some depth, while more
detailed information on the van Holde—Weischet method can be found in Chapter 11.

The presence of an interaction changes the sedimentation profiles in SV in three
different ways: (1) owing to the molar mass of the complex being higher than that of
the individual components, the average sedimentation coefficient is increased in a
concentration-dependent manner, reflecting the concentration dependent population
of the complex; (2) because of the altered sedimentation process, which is now influ-
enced also by the chemical reaction between the sedimenting species, the boundary
shapes have different features; and (3) owing to the (even transient) formation of
complexes, boundary components can appear with co-sedimentation of the individ-
ual protein components and therefore the boundary features may not necessarily
reflect the properties of the seperate species, but rather reflect the sedimenting sys-
tem. Correspondingly, different analysis strategies can be applied that exploit these
different aspects.

First, the weight-average sedimentation coefficient s, can be obtained by integra-
tion of g*(s) or c(s) distributions and plotted as a function of loading concentration.?
Although it may seem counter-intuitive at first due to the hydrodynamic and kinetic
processes observed in SV, this isotherm s,(c) permits a rigorous thermodynamic
analysis of the interaction, because s,, can be strictly obtained from applying mass
balance consideration to the sedimentation boundaries."> Irrespective of the bound-
ary shape or the peak structure in c(s) or g*(s), from inspecting the concentration
dependence of s, the presence or absence of an interaction can be discerned. The
quantitative analysis of s,(c) can proceed by standard techniques to derive s values
of the individual species and complexes and the equilibrium binding constant.> For
a 1:1 hetero-association, the isotherm takes the form

free free free . free
o, ctoty — EACKEES\ + Egepesy T (€4 T ER)KCICCE S s
o =

s(ey, tot

ECA" T EpCE

(10)

tot — . free free . free tot — . free free . free
et =+ Kel*cg cgt = g + Kcj*cg

(with € denoting the extinction coefficients and K the equilibrium association con-
stant). This approach was reviewed recently in refs. 20 and 60. For convenience, this
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and other isotherm models described below for sedimentation analysis have been
implemented for global modelling in the software SEDPHAT.

The effect of the boundary shapes can be observed in different ways. With the c(s)
methodology, interactions are detected either by the emergence of new peaks or by
shifts in the peak position as the concentration of one or both reactant is altered. Peaks
that remain constant in position but change in relative area are indicative of complex
formation that is slow on the time-scale of sedimentation. A shift of peak positions
indicates more rapid chemical interconversion of species during sedimentation, such
that the sedimenting system assumes an average sedimentation rate between those of
the reacting species. This is illustrated in Figure 6 for hetero-associating systems (anal-
ogous illustrations for self-association can be found in refs. 23 and 33). For slow inter-
actions, the relative areas of the c(s) peaks as a function of loading concentration can
be analysed in the form of isotherms of species populations to determine Kp,. For rapid
interactions, Gilbert and Jenkins have theoretically analysed the sedimentation of the
system. For the case of a heterogeneous interactions of a two-component mixture, they
predicted the formation of two boundaries — one reflecting the undisturbed sedimenta-
tion of one free species, and the second reflecting the co-sedimentation of free species
of both components together with the complex. These boundaries occur in distinct pro-
portions and at well-defined sedimentation coefficients in between the s values of the
free component and the complex.®'%? Accordingly, integration of c(s) peaks of fast
reactions can give isotherms of the amplitude and s value of the reaction boundary that
can be modelled on the basis of Gilbert-Jenkins theory,®® in combination with the
isotherms of weight-average s-values, to derive the binding constant of the interaction.

The analyses of isotherms derived from the weight-average s values, the species
populations, and the reaction boundary can also give valuable insights to define the
reaction scheme and the stoichiometry. Such an analysis is discussed in more detail
by Schuck in Chapter 2, and in the refs. 20, 63 and 64.

Finally, a method to obtain more direct insights in the stoichiometry of the com-
plexes formed is the multisignal sedimentation coefficient distribution c¢,(s), avail-
able in the software SEDPHAT and described in ref. 58. Conceptually, it exploits
spectral differences of proteins to analyse the composition of the different c(s) peaks,
which can be advantageous, in particular, in the presence of extended associations
forming multiple complexes.

4.4 Reaction Kinetics in Sedimentation Velocity

While AUC is not normally a technique associated with the determination of reac-
tion rate information, as indicated in Figure 6, it is sensitive to the rate of chemical
conversion relative to the time-scale of sedimentation. For SV experiments with cur-
rently accessible rotor speeds, reactions can be considered fast, or essentially instan-
taneous, on the time-scale of sedimentation if the chemical off-rate constant kg is
larger than 1072 s~ 1. On the other extreme, complexes can be considered essentially
stable species if the off-rate constants are lower than 107> s~!. Therefore, inspection
of c(s) curves can permit the qualitative diagnostics of the reaction kinetics. The
range of kinetic rate constants where the complex formation is comparable in time
scale to the sedimentation, in particular reactions with k 4 between 107% and 10~*
s~1, falls in between those indicated for slow and fast reactions in Figure 6.
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o(s) (1/S)

o(s) (1/9)
|

(b) sedimentation coefficient (S)

Figure 6 Examples of c(s) distributions for interacting systems. Shown are (scaled) distribu-
tions for the hetero-association of a 30-kDa protein and 3 S with a second species
of 50 kDa and 4.5 S forming a 6 S complex of 1:1 stoichiometry. The influence of
the reaction kinetics can be seen in comparison of the fast interaction (a) and a slow
interaction (b) on the time-scale of sedimentation. Data were simulated mimicking
interference optical detection at a rotor speed of 50 000 rpm, with the usual signal-
to-noise ratio. While for rapid reactions the peak position of the reaction boundary
changes with concentration, slow reactions result in peak positions that are inde-
pendent of concentrations. However, it must also be considered that the distribu-
tions at the lowest concentrations are broadened because of the limiting signal to
noise ratio, whereas the distributions obtained from high concentrations are
sharper. For rapid reactions even at concentrations 10-fold above K, the highest
peak does not correspond to the complex s value. For slow reactions, the peaks
reflect approximately the populations of the sedimenting species, while at fast reac-
tions the peaks reflect the effective sedimentation properties of the reacting system.
(a) Rapid interaction with k,z = 1 X 1072 57! and an equilibrium constant of K,, =
10 uM, with equimolar loading concentrations of 1 (dotted line), 3 (dash-dotted
line), 10 (dashed line), and 30 UM (solid line). (b) Slow interaction with k,z = 3.2
X 107 s\, K, = 3.2 uM, and equimolar loading concentrations at 0.3 (dotted
line), 1 (dash-dotted line), 3 (dash-dot-dotted line), 10 (dashed line), and 30 uM
(solid line)
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Although the isotherm approach from integration of c(s) peaks, in particular the
isotherm of weight-average s values s,(c) can still provide a valid and highly useful
approach to characterize the interaction, the direct modelling of the data with Lamm
equations incorporating reaction terms can provide a more complete description. An
example of such a Lamm equation is that for a 1:1 hetero-association:

de; 19 ac; - .
o ror rD,.j—s,-wrcl_ tog =123 (n
where
koff
q:?cl%_koff% and 0, =0,=—0;=-1 (12)
d

q represents the chemical flux, and the indices 1 and 2 describe the individual free
reactants, and 3 the complex. Algorithms for solving Equation (11) have been
reviewed in 1981 by Cox and Dale,’ but it has become practical only recently to per-
form these calculations efficiently enough to model globally this equation to data
obtained from different loading concentrations and molar ratios, and thereby esti-
mate the equilibrium and chemical rate constant. This exploits the specific influence
of the reaction kinetics on the boundary shape, as illustrated in Figure 7. This

signal

(b) radius (cm)

Figure 7 Boundary shapes differ for systems with different reaction kinetics. Characteristic
shapes are more pronounced for larger species with correspondingly smaller diffu-
sion coefficient. (a) Concentration profiles at 3 000, 9 000, and 12 000 s for the sed-
imentation of the system shown in Figure 6, at a concentration three-fold above K,
Kinetic rate constants are k,z = 1077 (dotted line), 1077 (dashed line), 10~* (dash-
dotted line), and 1073 (solid line). (b) Sedimentation under similar conditions but
with three-fold larger protein species, at times of 500, 1000, and 1500 s
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approach has been implemented for modelling time-difference data in SEDANAL,%
as outlined in more detail in Chapter 3, and for direct modelling of the raw data with
explicit models for the systematic noise components in the software SEDPHAT.+66
The advantage of this approach is that it permits to fully exploit the details of the
boundary shapes, as opposed to the weight-average sedimentation coefficient and
the amplitudes and s values of the c(s) peaks of the reaction boundaries only. The
disadvantage is that these analyses are significantly more difficult and time-con-
suming in practice, have a far higher requirement for sample purity and a relatively
narrow range of kinetic rate constants for which the analysis is well determined.

It should be strongly emphasized that it is not always possible to assign unam-
biguously the correct model using SV alone, as there can be a similarity in the
boundary shapes of a rapid higher-order complex formation with those from a slow
multi-stage reactions. Ambiguity of the boundary interpretation is more problematic
for small proteins, where the hydrodynamic separation and the chemical reaction is
masked by a higher diffusion coefficient. In this case, the combination with infor-
mation from other biophysical techniques, in particular those reporting on the time-
scale of reaction or on the potential association scheme, can be highly valuable and
provide the necessary information required for correct model assignment.

Whenever possible the interaction should also be studied by SE, which is described
in the following. SE is independent of reaction kinetics and hydrodynamic parame-
ters, but has intrinsically a lower size-dependent resolution and therefore benefits
very significantly from a prior characterization of sample purity by SV. SV and SE
are highly complementary, and both approaches should give consistent results.5768

5 Sedimentation Equilibrium

At lower rotor speeds, the transport of sample down the centrifuge cell is balanced
by its desire to diffuse back up the cell due to the creation of a concentration gradi-
ent. SE is established when no change in the concentration distribution of any com-
ponent is detectable (Figure 8). The time required to attain SE is proportional to the
square of the solution column height, and, for proteins <200 kDa, is usually on the
order of 1-2 days for sample volumes of 100-180 uL.

For a single species under ideal conditions, i.e. in the absence of repulsive inter-
actions due to volume exclusion or charge interactions, the concentration distribu-
tion can be described by

2

w
2RT

a(r, t) = c(ry)ed exp[M(l - Vvp) (r* — roz)] (13)
where c(r,) is the concentration at a reference radius, € the molar extinction coeffi-
cient and d the optical pathlength (usually 1.2 cm).* Ideally, the observed concentra-
tion range can easily be varied over 100-fold for one sample; using several
absorbance wavelengths and interference optics means that 1 to 2000-fold concen-
tration range can easily be probed. This should be combined with SE experiments
conducted at several different loading concentrations and molar ratios of mixtures, as
well as the acquisition of SE data consecutively at two to three different rotor speeds.
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concentration

2

4 7

‘ s 69
time (104sec) 8 6.7 radius (cm)

Figure 8 Concentration distributions during the approach to equilibrium. Sedimentation of
the protein mixture from Figure 2 is shown, at a shorter solution column and at a
rotor speed of 12 000 rpm. Only the final equilibrium scans will be subjected to
data analysis with thermodynamic models of sedimentation equilibrium

Therefore, SE is extraordinarily powerful at assaying self-associating systems, where
different oligomeric states are populated at different concentration ranges.

5.1 Setting Up a Sedimentation Equilibrium Experiment

When performing a SE experiment, the one parameter most likely to cause the
novice the most difficulty is the correct selection of rotor speed. Too slow a rotor
speed and there is not enough curvature in the data for adequate curve fitting; too
fast a rotor speed and the majority of the sample will pellet to the bottom of the cell,
making measurement impossible. As a rough guide, when working with 180 uL
samples, for an average molar mass M of the protein species of interest, typically one
can select a set of three rotor speeds with

100 100 100
= [0 %8000, X 12000, and | ——r—
pm e\ MxDa)

D VD) X15000  (14)

Typical SE profiles are shown in Figure 9, showing a typical ‘low-speed’ profile® at
the lowest rotor speed with concentration ratios of ~5:1 from meniscus to bottom,
and the so-called ‘meniscus-depletion’ condition’ at the highest rotor speed. The SE
experiment will start with the approach to equilibrium at the lowest rotor speed. When
SE has been attained and the data acquired, the rotor speed is increased to the second,
and, again after attainment of SE and data acquisition to the third (the highest).

The time required for attaining equilibrium with the assumed 180 uL samples
(~5-mm columns) at the first rotor speed is typically of the order of 24-48 h, and
equilibria at the higher rotor speed are approached in slightly less time. For 3 mm col-
umn length, 16-20 h are typical, but higher rotor speeds than those in Equation (14)
have to be chosen to achieve sufficient curvature, and still shorter times are possible
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Figure 9 Typical shapes of absorbance distributions in sedimentation equilibrium at different
rotor speeds

with short-column techniques.'®"! It should be noted, however, that the information
content of the concentration profiles significantly increases with larger column
height.'® Longer times are required for proteins with higher molar mass; as well as for
reversible proteins complexes where the dissociation rate constant is very small, and
for very elongated molecules which have unusually low diffusion coefficients.
Additionally when working with buffers of high viscosity or density, such as 5-10%
glycerol, additional time to reach equilibrium is required. Typically, in order to min-
imize protein degradation during the extended time of the experiments, in the absence
of other considerations, SE is frequently conducted at low temperature.

It is very important to check that equilibrium has truly been attained. This cannot
be assessed from the shape of the concentration profiles, but is done, typically, by
subtracting successive SE traces taken in intervals of at least 4 h apart. When no sys-
tematic deviation is seen across the cell, then the sample is regarded to have attained
equilibrium. The software WINMATCH? greatly facilitates this procedure, and per-
mits to visualize the asymptotic approach to equilibrium by displaying the r.m.s. dif-
ference of all previous scans relative to the last scan.

SE experiments are always conducted over a range of initial loading concentra-
tions. This should ideally be combined with data obtained at multiple wavelengths
of the ABS detection and ideally in combination with interference optics in order to
increase the dynamic range of the concentration gradient detected in the SE experi-
ment. For the latter, however, a mechanical stabilization process for the centrifuge
cell assemblies has to be applied,?>?*"3 and the systematic radial-dependent signal
offsets of the IF detection have to be removed by subtraction of a water blank or by
computational analysis.??> The use of multiple rotor speeds and loading concentra-
tions is particularly important for the analysis of protein—protein and protein—-DNA
interactions. The data acquired over a range of signals, concentrations, and rotor
speeds can then be analysed by global analysis, and from these appropriate errors in
the parameters can be defined. More details on the planning SE experiments can be
found in the protocol in ref. 33.
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As mentioned above, it is highly recommended to perform a characterization of the
proteins by SV prior to the SE experiment, in order to establish the interaction model
and the purity of the samples. As in SV, the study of heterogeneous protein—protein
interactions requires the individual components to be characterized separately.

For the data analysis, beyond the global analysis of data from different rotor
speeds and loading concentration, strategies to improve the modelling and the result-
ing parameter estimates include the application of a constraint for conservation of
mass, which relates the total observed mass in equilibrium with the loading concen-
tration'” or among the data from the different rotor speeds,?>’* as well as the alge-
braic decomposition of systematic signal offsets.?> An analysis of optimal statistical
weights for the data points is provided in Chapter 8. Several software packages are
available for the analysis of SE, with varying degree of flexibility and capabilities
for the analysis of self-association and hetero-association.

5.2 Self-Association

Sedimentation equilibrium data can be fitted with specific models for self-association
and from this, binding constants can be determined. For any interacting system, SE is
established if the sample is both in ‘mechanical’ sedimentation—diffusion equilibrium
and in chemical equilibrium, and therefore, all interacting species distribute so that
they follow mass action law at all places in the centrifuge cell. Taking the simplest
example, a monomer—dimer self-association, mass action means that the amount of
dimer can be expressed as ¢,=K,c? (with concentrations and binding constants
expressed in molar units), and for the SE profile then follows the relationship

r - r(%)}

2
a(r) = c¢,(ry)€d exp| M, RT

. (15)
2RT

+ Kyyc,(rp)*2€,d exp[2Mb r?— roz)]
where M, denotes the monomer buoyant molar mass M = (1 — vp). This assumes an
ideally sedimenting system in the absence of repulsive interactions from charge or
steric repulsion, which is fulfilled in most cases for dilute protein solutions (<1 mg
mL™") in buffers containing sufficient ionic strength. Wills and Winzor discuss non-
ideality at some length in SE in Chapter 4; Minton and co-workers’ also assess the
effect of non-ideality for highly concentrated solutions rigorously.

As the sedimentation creates a concentration gradient, a SE experiment over sev-
eral speeds and loading concentrations has the potential to contain information over
a large portion of the binding isotherm. Several other biophysical techniques require
fitting of exponentials to experimental data. However, in contrast to most techniques,
the exponents in SE are usually known (i.e., M, should be known), which makes the
problem more tractable. As outlined above, the effective partial-specific volume, and
hence M,, for most proteins under common experimental conditions can be pre-
dicted with sufficient accuracy from amino acid composition or mass spectrome-
try!'%3** (and for glycoproteins the carbohydrate composition).”®”” For proteins under
conditions of high co-solvent concentration leading to preferential solvation,?33*3
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or proteins containing other non-amino acid components, such as protein—detergent
or protein—lipid complexes, the density increment (or effective partial-specific vol-
ume) can be determined, for example, by conducting SE’® or SV’ experiments in
H,0 and D,0, or by densitometry.®’ This topic is addressed in Chapters 7 and 19.
Fortunately, SE itself can often be used to determine directly experimentally M,, if
conditions can be established where the proteins are monomeric. If M, is included
as a fitting parameter, correlations of M, and K, can occur that increase the uncer-
tainty of both, in particular for experiments where concentrations are achieved that
only partially span the binding isotherm.

5.3 Heterogeneous Interactions

The simplest heterogeneous interaction is for two components A and B to form a 1:1
complex. Here, we can specify the mass action law c,; = K c,c. The total signal
seen at sedimentation equilibrium then becomes:

2
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It is possible to combine Equations (15) and (16) for more extended association
equilibria, and to include mixed self-association and further hetero-associations.
More in-depth thermodynamic theory of SE of multicomponent mixtures can be
found in the chapter by Willls and Winzor (Chapter 4), and in the work by Minton
and co-workers.” In the analysis of heterogeneous associations, the buoyant molar
mass values M, , and My g can be determined directly by studying the individual pro-
tein components separately.

One difficulty in the analysis of hetero-associations arises if the molar mass values
of the components differ by less than 20% or more than a factor 5, because in this
case the unbound or the bound components cannot be directly distinguished from the
shape of the sedimentation profiles due to mathematical correlation of their expo-
nential signal contributions. This makes a direct analysis of the binding very difficult.
This problem can be overcome in two ways. First, multiwavelength analysis tech-
niques can be applied if the protein components exhibit significantly different absorp-
tion properties (for example, extinction coefficients at 280 and 250 nm), or if one of
the components has extrinsic chromophoric labels.??763182 This is particularly useful
for protein—DNA interactions (see Chapter 10). Similar, the global multisignal analy-
sis with ABS and IF detection system is possible, exploiting differences in the
weight-based extinction coefficients of proteins.?? It is also possible to intrinsically
label proteins by incorporating fluorescent analogues of tryptophan, such as 7-aza-
tryptophan or 5-hydroxytryptophan.$3$485 Second, such interactions can also be stud-
ied by imposing a mathematical constraint whereby the total mass of each component
in the solution column is related either to the loading concentration'®!”:#¢ or con-
served between the equilibria at different rotor speeds.”>’* Further improvement
in the data analysis can be possible if the experiment is conducted in titration series
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with serial dilutions or if one component is kept constant — designs that enable to
establish mathematical relationships between the total mass of material implied in the
mathematical models for the different cells.?>?

6 Conclusions

This review is by no means exhaustive. Further important topics covered in this book
include methods to determine large-scale properties of genomes (Chapter 5), syn-
thetic boundary formation (Chapter 6), and polysaccharide and polymer characteri-
zation (Chapters 12, 147 and 23). One particular fertile set of methodologies is
relating sedimentation studies to those structures derived from X-ray crystallography
(Chapters 20 and 21) and small-angle scattering (Chapters 13, 15, 16 and 18). It is
hoped that this review has given some help to the novice in understanding the prin-
ciples behind an analytical ultracentrifugation experiment and that it facilitated
access to the in-depth discussion of the techniques found in subsequent chapters in
this book, and the references therein.
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