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1 Introduction

For many years analytical ultracentrifugation was the major source of informa-
tion on the heterogeneity and molecular size of macromolecules. In the field of
protein chemistry the question of solute heterogeneity is now usually addressed
by gel electrophoretic and gel chromatographic techniques, and the molecular
weight is either calculated from the amino acid sequence or obtained by mass
spectrometry. Because such molecular weight values refer only to the covalently-
linked polypeptide chain(s), they provide no information about the macro-
molecular state of the functional protein or enzyme. In its simplest application
molecular weight measurement by analytical ultracentrifugation is therefore
used to characterize quaternary structure, which affords an example of a self-
association equilibrium that has gone to completion.

For many proteins, however, the monomeric and polymeric forms coexist in
association equilibrium, the relative proportions of the two macromolecular
states varying with total solute concentration in accordance with Le Chatelier’s
principle: the polymeric state is favoured by an increase in concentration,
whereas dilution favours the monomeric state. Analytical ultracentrifugation
has great potential for characterizing the self-association equilibrium by virtue
of these concentration-dependent changes in the average macromolecular state
of the solute. The requirement that a rapidly re-equilibrating solute system be
characterized without perturbing the equilibrium state is readily accommodated
by either of the two commonly used techniques in analytical ultracentrifugation
—sedimentation velocity and sedimentation equilibrium. In the former the
ultracentrifuge is operated at a sufficiently high angular velocity for the
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centrifugal force on a solute molecule to dominate its migration. In sediment-
ation equilibrium the instrument is operated at a much lower angular velocity
to allow a balance to be achieved between the radially-outward flow of solute
and the back-diffusional flow in response to the concentration gradient being
developed by the centrifugal force.

Despite the greater biological prevalence of interactions between dissimilar
macromolecular reactants, protein self-association has been the predominant
phenomenon studied by analytical ultracentrifugation. However, the intro-
duction of a new generation of analytical ultracentrifuges has also kindled
interest in use of the technique for characterizing interactions between dis-
similar reactants. The main emphasis in current ultracentrifuge studies is thus
the study of non-covalent macromolecular association equilibria: protein-protein
interactions such as those involved in enzyme self-association or the binding of
an antibody to its eliciting protein antigen; protein-nucleic acid interactions
such as those associated with regulation of the transcription and translation
of genetic information; and protein-carbohydrate interactions such as those
between a lectin and the sugar moiety of a glycoprotein.

2 Experimental aspects of sedimentation
equilibrium

As noted above, the sedimentation equilibrium variant of analytical ultra-
centrifugation entails operation of the instrument at a relatively low angular
velocity that allows the centrifugally driven flow of solute to be matched by the
diffusion-driven counterflow in response to the gradient in solute concentration
being generated by the sedimentation process. From the viewpoint of molecular
weight determination, the magnitude of the sedimentation coefficient alone
does not suffice because of its dependence upon shape as well as size of the
solute. In the limit of zero solute concentration the sedimentation coefficient of
a solute, s,°, is related to molecular parameters by the expression:

A" = Mp(1 = vapy)/(Nfa) (1]

where f, denotes the shape-dependent translational frictional coefficient of the
solute with molecular weight M, and partial specific volume 7,: p; is the solvent
density and N is Avogadro’s number. Because the corresponding diffusion co-
efficient, D,° is governed by the magnitude of the translational frictional
coefficient according to the expression:

D,° = RT/(Nf,) [2]

where R and T refer to the universal gas constant and absolute temperature
respectively, the influence of f, on the separate magnitudes of the sediment-
ation and diffusion coefficients disappears from their ratio: specifically,

Sa°[Da° = Ma(1 ~¥ap,)[(RT) 3]
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Inasmuch as the solute distribution at sedimentation equilibrium is governed
by this ratio, the parameter to emerge from analysis of such distributions is the
buoyant molecular weight, Ma(1 — vaps).

2.1 Procedural details of a sedimentation equilibrium
experiment

Sedimentation equilibrium experiments are conducted in a double-sector cell.
One sector contains the macromolecular solution and the other the appropriate
solvent. Because proteins, nucleic acids, and many polysaccharides bear net
charge, the reference sector needs to contain buffer with which the macro-ion
is in dialysis equilibrium so that the chemical potential of the macromolecule
(the driving force of diffusion) is defined under conditions of constant chemical
potential of solvent (1), which then comprises all diffusible components—buffer
species, supporting electrolyte, small ligands, etc., as well as water. This dialysis
step leads to a situation wherein the concentration of counterions in the macro-
molecular solution exceeds their concentration in the reference sector by the
product |Z,|C,/2, where C, is the molar concentration of solute with net charge
Z,, whereas the non-counterion concentration in the solution is lower by the
same factor. Only for an uncharged macromolecule are the concentrations of
diffusible ions identical in the solution and solvent sectors.

Various procedures may be used to effect the required distribution of dialysable
ions. Of those, the classical procedure of exhaustive dialysis may be avoided by
subjecting the macromolecular solution to zonal gel chromatography on a col-
umn pre-equilibrated with the buffer to be used in the solvent sector. Alterna-
tively, the use of centrifugal ultrafiltration assemblies can achieve the same
result. Although dialysis is precluded for a small solute, the condition of dialysis
equilibrium can still be achieved by adjusting the composition of solvent in
the reference sector to meet the above distribution requirements—a procedure
used to investigate the micellization of chlorpromazine by sedimentation
equilibrium (2).

A second consideration in the design of an experiment is the length of the
solution column to be subjected to sedimentation equilibrium. Inasmuch as the
time to attain equilibrium varies inversely with the square of the column length
(3), columns larger than 3 mm are rarely used; and very short columns (< 1 mm)
can be used to accelerate the attainment of sedimentation equilibrium (4). Where-
as 16-36 hours may be required to achieve the required time-independence of
solute distribution in 2-3 mm columns, effective sedimentation equilibrium
can be attained (admittedly with decreased accuracy) in less than an hour by de-
creasing the column length to below 1 mm (4). The other means of decreasing
the duration of an experiment is by resorting to initial overspeeding protocols
(5, 6). Inasmuch as equilibrium is, by definition, only reached in the limit of in-
finite time, an experiment is deemed to have attained the condition of effective
sedimentation equilibrium when distributions recorded several hours apart
become time-invariant.
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Sedimentation equilibrium: basic operation

Equipment and reagents
¢ Ultracentrifuge * Protein
e Optical system e Buffer

Method

1
2
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Concentration requirements of the protein: see Chapter 4, Protocol 1.

Choice of optical system: as Chapter 4, Protocol 1. However, with interference optics,
the lower limit is ~ 0.5 mg/ml (as opposed to ~ 0.1 mg/ml for simple boundary
identification with sedimentation velocity) with the maximum path length cell
(12 mm) available in the XL-I centrifuge. (A 2.5-fold lower concentration is permiss-
ible with the 30 mm path length cells that can be used in the Model E.) Similarly
with UV absorption optics a slightly higher loading concentration (compared with
sedimentation velocity) of ~ 0.3 absorbance units should be used. For higher con-
centrations (> 5 mg/ml for interference optics or > 1.4 absorbance units) use
shorter path length cells.

Choice of appropriate bufferfsolvent. As Chapter 4, Protocol 1. For charged macro-
molecular systems, dialyse solutions against the reference buffer before analysis.
Alternatively, employ gel chromatography to achieve dialysis equilibrium (see
above).

Loading the solutions into the cell. As with sedimentation velocity, double sector
cells need to be used. However, solution columns should be shorter to keep the time
to reach equilibrium down to acceptable levels. For a 12 mm optical path length
cell, a Joading volume of 0.1 ml will give a ~ 0.25 cm solution column. Equilibrium
is normally attained after ~ 12 h. In the ultra-short column method (4), solution
columns of as little as 0.7 mm (~ 0.02 ml) can attain equilibrium within a few
hours. The user may also wish to use a multichannel centrepiece in the cell(s) (see
Chapter 4, Figure 1). These permit three or more solutionfsolvent pairs. Although
they are generally unsuitable for sedimentation velocity work (because of an upper
speed limit of ~ 40000 r.p.m.) they are generally ideal for sedimentation equilib-
rium. However, because of the non-sector shape of the channels, the use of an inert
fluorocarbon oil to give a ‘false bottom’ in each channel is recommended, although
the ‘intertness’ should be checked beforehand.

Choose the appropriate temperature: as in Chapter 4, Protocol 1.

Speeds are considerably lower than speeds used for velocity sedimentation, by a
factor of 2.5-3, unless the ‘meniscus depletion’ method is being used (about twofold
lower compared with sedimentation velocity). Thus for ovalbumin (M ~ 45000) a
regular low speed equilibrium experiment would be conducted at 15000-20000 =
r.p.m., whereas a meniscus depletion experiment would be run at 25000-30 000" -
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Protocol 1 continued

r.p.m. If meniscus depletion is being attempted, familiarize yourself carefully with
its limitations (17, 18, 61). If the regular low- or intermediate speed method is being
used, the meniscus concentration needs to be found either by simple extrapolation
for UV absorbance optics, or by more sophisticated procedures for interference optics
(see later). For schlieren optics (yielding M, ), no such determination is required.
The larger the redistribution of solute concentration in the centrifuge cell, the
greater is the accuracy of the result. However, attention should be paid to possible
loss of optical registration at or near the cell base if too high a speed is chosen.
Where possible, two or three equilibrium speeds should be chosen, although this
can extend the length of an experiment to several days: care needs to be taken over
protein stability.
7 - Check for equilibrium by comparing scans/traces recorded several hours apart. Then
_perform a baseline determination (for UV absorption) by overspeeding (caution re-
quired with multichannel cells) and sedimenting all macromolecular solute before
recording the residual absorbance. Where this is not possible—namely for smaller
proteins (M below about 10 000) where the equilibrium speed is going to be 40 000
r.p.m. or higher—make sure that you have dialysed carefully beforehand and that
dialysate is in the reference channel(s). For interference optics a baseline is not
necessary, but it may be important to perform a ‘blank’ correction to correct for
window distortion: this is achieved by either:
(a) Stopping the run, agitating the cell to uniformly redistribute the solute,-and
returning to the equilibrium speed used before recording a scan immediately.
(b) Stopping the run, removing the solution and reference solvent (without dis-
mantling or loosening the torque on the cell buttress ring), flushing with water,
drying with a current of air, refilling with water in both reference and solution
sectors (to the same level as the equilibrium experiment), and then returningto
the equilibrium speed used for an immediate scan. These methods are discussed
in ref. 62.

8 Evaluate the partial specific volume of the protein (and any macromolecular ligand)
using the programme SEDNTERP or by densimetry (see Chapter 4, Protocol 1).

9 Choose the appropriate software (Protocol 2) for analysis.

2.2 Extraction of the molecular weight of a single solute

A sedimentation equilibrium distribution comprises a relatively featureless,
monotonic increase in solute concentration, ¢, with radial distance from the
air-liquid meniscus (r,) to the bottom (r,) of the cell (Figure 1). Depending upon
whether the absorbance or interference optical system of the Beckman XL
ultracentrifuge is used to record the distribution, the ordinate is expressed as an
absorbance at a given wavelength, A,(r), or a Rayleigh fringe number, J(r), both
being directly proportional to the corresponding solute concentration, ca(r).
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Solute Concentration c¢(r)

Radial Distance r

Figure 1 Schematic representation of the concentration distribution in a sedimentation
equilibrium experiment on a solution with radial extremities at r, and r,.

Sedimentation equilibrium was initially considered in terms of the balance
between the sedimentation and diffusional migration processes (7); but it was
then realized that the results from such experiments were amenable to rigorous
thermodynamic analysis (8, 9). Consequently, even though the experimental
record is in terms of solute concentration as a function of radial distance, the
distribution of a single solute at sedimentation equilibrium is defined in terms
of thermodynamic activity, z,, and the relationship (10, 11):

zp(r) = za(re)exp[Ma(1 — Vap,) w*(r* — ré?)] (2RT)] [4]

In this expression the thermodynamic activity at any given radial distance r is
related to its activity at a chosen reference radial distance r¢ by an exponential
term involving the buoyant molecular weight, the square of the angular velocity
(w) and the difference between the squares of the two radial distances: M(1 —
V5ps) @%(2RT) is a combination of parameters termed the reduced molecular
weight. Such provision of information on the thermodynamic activity of solute
is extremely important from the viewpoint of incorporating rigorous allowance
for effects of thermodynamic non-ideality into the analysis of sedimentation
equilibrium distributions (12-15). However, most studies are performed under
conditions approaching thermodynamic ideality; and we therefore simplify
presentation of the analysis by considering that the weight-concentrations of
solute, c,(r) and c,(rg), may be substituted for z,(r) and z,(rg) respectively in the
above expression. From the logarithmic form of Equation 4 written in those
terms it is evident that:

My(1 = Vaps) = (2RTfw?) d[In cxr)ljdr* [5]
which allows the buoyant molecular weight to be determined from the slope of
the dependence of the natural logarithm of the concentration upon the square

of radial distance. Examples of molecular weight measurement by direct analysis
of a sedimentation equilibrium distribution (Equation 4) and by means of the
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Figure 2 Use of the absorption optical system of the Beckman XLl ultracentrifuge to
determine the buoyant molecular weight of ovalbumin (pH 4.59, | = 0.16) by sedimentation
equilibrium at 9000 r.p.m. and 20 °C. (a) Absorbance distribution at 280 nm and the best-fit
description, My(1 — V,ps) = (11.6 * 0.4), in terms of Equation 4 with r = 7.000 cm.

(b) Corresponding analysis of the same distribution according to Equation 5, together with
the best-fit relationship, My(1 — vy,c) = (11.6 = 0.4), obtained by linear regression analysis.

logarithmic transform (Equation 5) are presented in Figures 2a and 2b respectively,
which refer to results obtained with the absorption optical system.

Direct application of Equations 4 and 5 to sedimentation equilibrium distrib-
utions recorded by means of the Rayleigh interference optical system is precluded
by the fact that the ordinate of the distribution is recorded refractometrically in
terms of the difference between the solute concentration at radial distance r
and that at the air-liquid meniscus, r,. This concentration difference is expressed
in terms of Rayleigh fringes j(r), where 3.33 fringes corresponds to a concentra-
tion difference of 1 mg/ml for proteins (16). J(r), the number of fringes corres-
ponding to the solute concentration ¢,(r) must therefore be obtained from the

expression:
Jtr) = Jrs) + i) (6]

which clearly requires knowledge of J{r,), the refractive index counterpart of
ca(r,), the solute concentration at the air-liquid meniscus.

An elegant means of overcoming the need to measure J(r,) is the selection of
an angular velocity that ensures a value of essentially zero for the solute con-
centration at the meniscus (Figure 3a), whereupon J(r) = j(r). Such practice forms
the basis of the very popular high-speed or meniscus-depletion variant of
sedimentation equilibrium (17). However, this obvious advantage of the high-
speed technique is accomplished at the expense of the range of r over which the
radial dependence of J(r) can be used; and hence of the inherent accuracy of the
molecular weight measurement. Greater accuracy is attainable from distribu-
tions obtained by the low-speed sedimentation equilibrium technique (3) because
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Figure 3 Use of the Rayleigh interference optical system to record sedimentation equilibrium
distributions for a-chymotrypsin. (a) Distribution obtained by subjecting an enzyme solution
(pH 4.1, 10.08) to centrifugation at 34 000 r.p.m. to achieve solute depletion at the meniscus.
(b) Distribution from a sample of a-chymotrypsin (pH 3.9, / 0.20) spun at 14 000 r.p.m.

of the ability to analyse the entire distribution (Figure 3b). However, its use is
conditional upon the measurement of J(r,) to allow the calculation of J{r) from
j(r) via Equation 6.

Various methods are available for the determination of J(r,). In the ‘intercept
over slope’ procedure (18) which has been incorporated in the program ‘MSTARI’
for molecular weight analysis from interference optical records (19) the funda-
mental differential equation of sedimentation equilibrium is manipulated to

yield the expression:
2RTHNIM(F) (1 — Tapg) 07 = Jira) (P — r3) + 2 [, [rildr [7]

where M*(r) is an operational point-average molecular weight at radial distance
r: {under thermodynamically ideal conditions for a single solute, M*(r) = M, for
all r: other useful identities for heterogeneous and non-ideal systems are that
M*(rp) = M, gpp(rs) and M*(r) = M, 4, for the whole distribution (i.e. from menis-
cus to cell base) in the ultracentrifuge cell (18)}. Rearrangement of Equation 7 to
the form:

J (% = %) = Jr)M'(r) (1 — Vaps) @*[(2RT)

o, , . (8]
+ [M'(1 — Tap) 0{2RT(? — .2} 1, [rjr)ldr

shows that the dependence of jr)/(r* — r.%) upon [f{r j{r)}dr]/(** — r.%) has an
ordinate intercept of J(r,)M(r.) (1 — Vaps) ©*/(2RT) and a limiting slope, as r — 1,
of M*(r,) (1 — vxps) w*/(RT). The ratio of the ordinate intercept to the limiting
slope eliminates M*(r,) and is just J(r,)/2. The practical disadvantage of this pro-
cedure is that the limiting slope is required near the meniscus: data near the
meniscus can be notoriously noisy because of the small fringe increments: this
problem can be partly obviated by multiple sampling of data sets for a range of
radial positions and extrapolating estimated J(r,) values to r — r, (19). Of course
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once J(r,) has been found in this way, an estimate for M*(r,) = M,, o,,(r,) can be
obtained from the slope.

Provided that the entire sedimentation equilibrium distribution is resolved,
the problems of extrapolation procedure to obtain J,(r) can be obviated by per-
forming the integration in Equations 7 and 8 over the entire range of the distribu-
tion, r, to 1, (the cell base), and invoking the mass conservation requirement
that:

Jolty? = 1.2 =2 [ [r{iir) + 0 Mdr = [T, [(r) + jrldr® (9]

where J, is the number of Rayleigh fringes observed by forming a boundary
between solvent and the loaded solute solution in a separate experiment with a
synthetic boundary cell. It then follows that:

Jr) = Uo(rbz - raz) - raj(r)drz]/(rbz - raz) (10]

The integration required for the application of this procedure is incorporated
into the MSTAR program (19) referred to in Protocol 2, which allows for revision
of the J(r,) value on the basis of the J, value thereby deduced (20). It should be
noted that mass conservation arguments may also be used to yield an equiva-
lent expression for J(r,), namely (21):

Jir) =Jo = lifrors? = J7. 7djl] (re? = 122) [11)

An alternative procedure for determining a model-independent value of J,(r)
entails location of the hinge-point 1, the radial distance where the solute con-
centration may be identified with the loading concentration, i.e. the point where
J{r) = J,. In current-generation ultracentrifuges the adoption of this procedure
relies upon concurrent use of the absorption optical system to record not only
the equilibrium distribution but also the distribution immediately after attain-
ment of rotor speed, when ¢,(r) is the loading concentration for all r (22). After
ascertaining r, from the intersection point of the two absorbance distributions,
the magnitude of Jfr,) is obtained as J, — j(r,), whereupon the absolute fringe
distribution, J(r) versus r, is again determined from Equation 6.

tof all a molecular weight program that does not assume a model {(mon-: -

e al; associating etc.). One such programme is MSTAR (19) with two versions::
‘MSTARA for UV absorption optics, MSTARI for interference optics (a new version
* MSTARS is: being constructed for schlieren optics). MSTAR works out, amongst other
3 things (i} the (apparent weight) average molecular weight M,, Ceipp over the whole dis-
tribution of solute in the centrifuge cell (from meniscus r, to base r,) and (n) the
(apparent) point weight-average molecular weight M, a,,(r) as a function of radial
position, r (or the equivalent local concentration c(r). (N.B. If the ultrashort-column
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Protocol 2 continued:

technique is used it will be difficult to obtain reliable point average data.) The
difference between the value of My, recorded over a range of loading concentration
and the monomer molecular weight M; (from sequence or MALDI mass spectro-
metry), should give an idea of the presence of protein-macromolecule interactions,
and the stoichiometry. Any increase in M, 4,(r) Vs cfr) should give an additional
indication of protein-macromolecular ligand interaction phenomena. M, opp(r) and
M, opp(r) data can also be obtained from absorption or interference records (consult
the help file for instructions), but reliable data of this sort may not be achievable
with UV absorption and is difficult with interference optics because it requires a
double mathematical differentiation of the raw concentration data—and each
successive differentiation amplifies noise): if M, ,,, data is required, it is better to -
use schlieren optics and to consult an advanced user. (The purpose of determining
both M, and M,, is that the ratio M,/M,, is a useful indicator of heterogeneity.)

The routines described in step 1 are based on the extraction of apparent molecular
weight (i.e. not corrected for non-ideality). For non-interacting systems non-ideality -
is either negligible at low concentration (for proteins, usually < 0.5 mg/ml) or is
eliminated by extrapolation of M,,,, or M,, ) to zero concentration. However,
care has to be exercised with interacting systems because the extrapolation to
zero concentration favours the dissociated state (depending on the reaction

strength).

If a protein-macromolecular interaction has been identified (using-e.g. step 1) then

use a program specifically designed for the analysis of interacting systems: for (i)

checking the stoichiometry of an interaction, (ii) estimating interaction constants’
X; (in gfl) or K; (in 1/mol). Three examples are ASSOC4 provided by Beckman (64),

NONLIN (65), and PSI (66). ASSOC4 and NONLIN are based on direct analysis of the {r)

vs r data (essentially a truncated form of Equation 14). NONLIN also permits ‘global

analysis’ in the sense of incorporating multiple sets of data recorded at different speeds

or different loading concentrations in the analysis. Both the Beckman software and
NONLIN permit the second thermodynamic virial coefficient to be entered if known:

this can be predicted from knowledge of the triaxial molecular dimensions, hydration

and charge properties (67). However, floating this parameter as a variable to extract

association constants is not recommended (see Sections 3.2 and 4.1.2). PSI (based-on.™ ;
Equation 24) allows for the use of arbitrary reference points as opposed to the
meniscus (where the data is the least reliable), and permits ‘global’ aﬁalysi,s in the

sense of different species recorded using different optical systems: It is-essentiallya - =

model independent version of an earlier programme called OMEGA (19) based on
the omega function (Equations 15 and 16). PSI also facilitates incorporation of non:

ideality and, conversely for single solute systems, provides a means for estimating - :

the second thermodynamic virial coefficient.
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2.3 Extraction of point average molecular weights for
interacting systems

In a sedimentation equilibrium study of the simplest acceptor-ligand system
(A + B «— C) the solute distribution of each species is described by Equation 4
written for that specific species, together with the additional restriction that the
thermodynamic activities (concentrations for an ideal system) of the two react-
ants and complex must comply with the law of mass action for the equilibrium
reaction (23, 24). From the viewpoint of molecular weight determination, any
single estimate must clearly be an average value that takes into account the pro-
portion as well as the molecular weight of each species. Furthermore, the rel-
ative composition varies with radial distance (Figure 4a) and hence the average
molecular weight also reflects that variation, which is manifested (Figure 4b) as
curvilinearity in the plot of total concentration c(r) (—) according to Equation 5.
The traditional molecular weight approach to ultracentrifugal analysis of such a
system thus requires delineation of the radial dependence of the weight-average
molecular weight, M,,(r), which is governed by the expressions:

M,{r) = [ca(NM, + c5(r)M5 + crIMClfc(r) [123]
¢(t) = car) + cg(r) + cclr) [12b]
clr) = Xapcalr)es(r) [12¢]

where X,p, the association equilibrium constant with species concentrations (c;)
expressed in gflitre, is related to its more traditional molar counterpart, Kz, by:

X = KnMc/(M,My) [12d]

Larger changes in average molecular weight are observed when the optical
system allows delineation of a constituent distribution, say cy(r) = cg(r) +
(Mg/Mc)c(r), rather than (or as well as) the distribution in terms of total con-
centration, c(r). This gives rise to a more curvilinear plot for the dependence of
In [cp(r)] upon square of the radial distance (———, Figure 4b); and reflects the fact
that the constituent weight-average molecular weight, Mg(r) is given by the
relationship:

My(r) = [cslr) + cc{r)]Ms/Cs(r) [12¢]

Methods have certainly been developed (18, 25-28) for determining the re-
quired point-average molecular weights M,(r)—a task that amounts to defining
the slope of the tangent to the curvilinear plot in Figure 4b for each value of .
Furthermore, the analysis of the consequent [M,,(r), ¢(r)] or [Mg(r), Cy(r)] data has
also been the subject of theoretical deliberations (23, 24), but the method does
not seem to have been put into practice. It transpires that direct analysis of the
sedimentation equilibrium distribution affords a simpler approach which avoids
the undesirable magnification of experimental error associated with differenti-
ation to obtain d[In é(r)}/dr? or d[ln ¢g(r)]/dr? at each radial distance.
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Figure 4 Characterization of an acceptor-ligand interaction by molecular weight analysis of a
sedimentation equilibrium distribution. (a) Concentration distributions from a simulated
sedimentation equilibrium experiment (12 000 r.p.m., 20 °C) based on Equation 4 and the
following set of parameters for a 1:1 interaction between acceptor and ligand with respective
molecular weights of 60 000 and 20 000 (buoyant molecular weights of 15.6 and 5.2): r, =
6.85cm, p, = 7.15 cm, i = 7.00 cm; Cp(r)) = 5 pM, Cy(r,) = 20 pM, Kyg = 40000 M2,
Broken lines signify the simulated distributions for the indicated species, whereas the solid .
line is the distribution in terms of total solute concentration &(n. (b) Analysis of the
distributions in terms of total solute concentration ¢(r) and ligand constituent concentration
¢g(n according to Equation 5.

2.4 Direct curve-fitting of concentration distributions

For a reversible interaction involving complex formation between a multivalent
acceptor A and a univalent ligand B there are only two independent sediment-
ation equilibrium distributions to consider. That for the A component, which
includes acceptor contributing to the various complexes AB; as well as free
reactant, is given by:

Calr) = Calr) + KxgCa(r)Calr) + Kap,CAM[Ca(M)® + ... (133]

whereas the sedimentation equilibrium distribution for the ligand component
is described by:

C(r) = Ca(r) + KagCa(r)Ca(r) + 2Kag CAN[Ca(r)? + ... (13b]

Kap and Kyp, are binding constants that describe the combined concentrations of
all complexes with a given stoichiometry. Molar concentrations (C;) have been
used to allow expression of the proportions of A and B in the various complexes
as simple integers. The condition of sedimentation equilibrium, Equation 4 with
Ci(r) substituted for z4(r) in an ideal system, is now introduced to allow Equations
13a and 13b to be written in the form:
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Ca(r) = Calrs) W) + KapCa(re)Calre) walr) bu(r) [14a]
+ Kag, Care)[Calre) Par) wa(r)}? + ...

Ca(r) = Ca(re) W(r) + KapCalre)Calre) walr) wa(r)

+ 2Kug, Ca(r)[Colrelda(n) Ws(r)? + ... [14b]
i{r) = exp[Ma(1 — Vi) 0?(r* — 1)/ (2RT)]
i=AB [14q]

On noting that ,(r) = [y(r)]* where u = [My(1 — 7ap,)/[Ms(1 — 7p,). the right-
hand sides of Equations 14a and 14b are discrete multinomials in yy(r), with the
coefficients of the series defined in terms of the constant parameters cy(rg), ca(rs),
Kap, Kap,, etc. Furthermore, determination of the buoyant molecular weight,
Mj(1 — vjp,), of the two reactants from separate sedimentation equilibrium
experiments on each reactant in the absence of the other allows yy(r) to be
regarded as the independent variable (22, 29). The extent to which advantage
may be taken of direct curve-fitting to Equation 14 for evaluation of the equilib-
rium constant(s) and the reference radial concentrations of the two free react-
ants clearly depends upon the nature and number of sedimentation equilibrium
distributions available for analysis.

Inasmuch as the sedimentation equilibrium distributions are recorded optic-
ally in the analytical ultracentrifuge, there are several situations that may be
encountered. The maximal potential for quantitative analysis of a sediment-
ation equilibrium experiment pertains when the optical system allows access to
the radial distributions of the separate concentrations of acceptor and ligand
constituents, C,(r) and Cyg(r), whereupon the objective of direct curve-fitting is
the best description of both distributions in terms of a single set of parameters
(30-33). To date this approach has been restricted to the analysis of sediment-
ation equilibrium distributions recorded at different wavelengths to resolve the
separate distributions for the A and B constituents—an approach that relies upon
additivity of the absorbances of reactants and complex(es) at each given wave
length. It is therefore necessary to demonstrate the validity of this assumption/
approximation by recording spectra of mixtures with a range of acceptor/ligand
ratios.

Because the Beckman XI-A ultracentrifuge is only equipped with the absorp-
tion optical system, the study of interactions such as those between proteins
and polysaccharides is disadvantaged in that the only recorded sedimentation
equilibrium distribution is in terms of the protein constituent. This situation
needs to be accommodated despite a relative lack of information on which to
base the quantitative analysis. In similar vein there is a need to consider the
circumstance in which the only available sedimentation equilibrium distrib-
ution is related to the combined constituent concentrations of acceptor and
ligand, Ca(r) + Cy(r). This situation is the norm in sedimentation equilibrium
studies of interactions by means of the interference optical system, but has also
been encountered in an XL-A investigation of an interaction between two

flavoproteins (34).
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The latter two situations are clearly suboptimal from the viewpoint of inter-
preting quantitatively a sedimentation equilibrium experiment by direct curve-
fitting of the single distribution that is available. Alternative procedures based
on the integrated form of the sedimentation equilibrium expression for a single
solute (Equation 4) have been devised which illustrate the feasibility of a
quantitative analysis even under these adverse circumstances (22, 34).

2.5 Omega and psi analyses of sedimentation equilibrium
distributions

A major breakthrough in the interpretation of sedimentation equilibrium dis-
tributions for interacting systems was the decision to abandon the use of mol
ecular weight analysis in favour of evaluation of the thermodynamic activity
of the smallest species contributing to a sedimentation equilibrium distribution
(11, 35, 36). For this purpose the omega function for the smaller (ligand) reactant,
Qg(r), was obtained from the Rayleigh sedimentation equilibrium distribution
by means of the relationship:

Qy(r) = [¢(r)fe(re)lexp[M(1 — Vgpy) w?(rs — )] (2RT)] (15]

where ¢(r) and c(rg) denote the total solute concentrations at the respective radial
and reference radial positions. On the grounds that:

lim Qg(r) = zg(rg)Mp/c(rz) [16]
cr)—0

the thermodynamic activity of free ligand at the reference radial position, zy(rs),
was then obtained from the ordinate intercept of the dependence of Q(r) upon
c(r); and the thermodynamic activity of free ligand throughout the distribution
determined by applying Equation 4 (11). Subject to the validity of assumed
thermodynamic ideality, each experimentally determined value of cg(r) could be
subtracted from c(r) to yield a revised concentration distribution, ¢,*(r) versus r,
with the acceptor the smallest contributor. Repetition of the above steps with
the omega function defined as 0,(r) could then be used to yield c,(rg) and hence
ca(r) throughout the distribution. As noted at that early stage (35, 36), successive
application of the omega procedure to the residual distributions has the poten-
tial to define the concentrations of all reactant and product species contributing
to the original dependence of ¢(r) upon radial distance; and hence to define the
equilibrium constant(s) describing complex formation between acceptor and
ligand.

In the event that separate concentration distributions are available for the
acceptor and ligand constituents, the same approach can be applied to each of
the distributions on the basis of a redefined definition of {}(r), namely:

Qfr) = [G(N)/Cilrellexp[Mi(1 — Vip)) ¥(r® = r*)] (2RT)] (17]

to obtain the free acceptor and free ligand activity distributions from the re-
spective sedimentation equilibrium distributions in terms of C,(r) and Cy(r). For
the ideal case subtraction of each Ci(r) from Ci(r) allows access to Cag(r) from the
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next round of omega analysis on the residual distributions for acceptor and
ligand constituents. Equilibrium constants evaluated under such circumstances
should exhibit less experimental error because of the greater amount of
information upon which the analysis is based.

A drawback of the omega analysis is the extent of reliance placed upon the
accuracy of a curvilinear extrapolation to obtain Cj(rz) from the ordinate inter-
cept of the dependence of (r) upon Cy(r) (Figure 5a). Furthermore, the method is
open to criticism on the statistical grounds that there is no independent variable.
These deficiencies are readily overcome by resorting to the psi function (13-15,
22), which has already been defined in Equation 14c. As well as providing the basis
for the model-dependent curve-fitting procedure described above, Equations 14a
and 14b may be used to evaluate the free concentrations of acceptor and ligand
at the reference radial position independently of any model of the interaction.
Specifically, division of Equation 14b by yi(t) yields the expression:

Ca(r)] Wa(r) = Calr) + KagCalre)Calre) $a(r) + ... [18a]

which signifies that the concentration of free ligand at the reference radial
position may be obtained as the ordinate intercept of the dependence of Cy(r)/
Pp(r) upon Yu(r). This dependence is linear if complex formation is restricted to
1:1 stoichiometry and acceptably curvilinear if higher complexes are formed
(Figure 5b). Corresponding analysis of the acceptor constituent concentration
distribution in terms of the expression:

Ca(N)] Walr) = Calre) + KapCa(rp)Ca(re) p(r) + .. [18b]

has the potential to yield Cu(rg) (Figure 5¢) and hence Cy(r) throughout the
distribution. Ky, Kag,, etc., may therefore be evaluated by curve-fitting the [CAlT),

2 —TT 75 40 — T
(a) (© '
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3 s [}
fa = : /I
Sk - Es0 20k n
g1 l : 3 20
. = %) ,3 b— Calrr)
-~ +— Cg(re)/CslrF)
7
' +—— ca(re)
0 1 | N 25 ) ] ) 0 1 1 1
0 50 100 0 1.5 3.0 0 0.8 1.6
Caln) (WM) wa(n) we(n)

Figure 5 Comparison of the omega and psi procedures for analysis of the sedimentation
equilibrium distributions simulated in Figure 3. (a) Evaluation of CB(rF)/éB(rF) as the ordinate
intercept of the plot of éB(r) data according to Equation 17 with r = 7.00 cm. (b)
Corresponding psi analysis of the same data according to Equation 18a to obtain Cy(r) as
the ordinate intercept. (c) PSI analysis (Equation 18b) of the distribution for acceptor
constituent to obtain Ca(r).
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Cg(r), Calr), Cy(r)] data set in terms of Equations 14a and 14b. Alternatively, the
combination of Cg(r) from analysis of the ligand constituent concentration dis-
tribution with the corresponding values of Cy(r) and C,(r) allows analysis of the
results in conventional binding fashion, namely:

v (r) = [Cy(r) — Can)/Calr) [19a]
= {KpgCa(r) + 2Kaga[Ca(n)] + . H{1 + KagCa(r) + Kago[C())* + ...} [19b]

Such analysis has been used to characterize an electrostatic interaction between
ovalbumin and cytochrome c at low ionic strength and neutral pH (21).

Although lacking the sophistication of the direct curve-fitting procedure, the
psi analysis does have some advantages from the experimental viewpoint.

(a) In keeping with its predecessor, the omega analysis, the method based on the
psi function extracts experimental estimates of the concentration distribu-
tions for the free reactants independently of any model of the acceptor-
ligand interaction.

(b) ¥y(r) is a transformed but acceptable independent variable because of the
essential absence of uncertainty in the measurement of radial distance.

(c) If desired, complete separation of the dependent (Cg(r)) from the independ-
ent (g(r)) variable can be effected by determining Cy(rg) as the limiting slope
of the dependence of Cy(r) upon yp(r) (Equation 14b) rather than as the
ordinate intercept of the dependence of Cy(r)] g(r) upon ¥4(r) (Equation 18a).

A description of the execution of this procedure is given in Protocol 3.

“Protocol 3

j’Characterlzatwn of a macromolecular interaction be
deSSImllar reactants by sedlmentatlon equlhbrlumr

‘; :Eq‘uipment and reagents.
. S‘ge Prbtdcoli i

- Method ; :
1 Evaluate the buoyant molecular mass Ml(l Vps) of each reactan
o mentatlon equilibrium of the individual reactants in the buffer to
i tures thereof (see Protocol 1). p : -
3 On the basis-of a rough: estxmate of th in
: t:eractlon, prepare a n:uxture mth com
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ct Cyfr). from [CA(r) + CB( )} to: obtam a rewsed total sol ,
which A'is now the smallest species. ;
16 Obtam CA(r;) from the ordinate mtercept of the dependence of [Ea®)
- Ga(n)Ja(r) upon y(r); and hence Cyfr) = Ca(ry) Jhisa(r) throughout the
Refer to refs 22:and 34 for the evaluation of equﬂibnum constant (
from the. [CA(r) CB(r) CA(r) Ci(r)] data set.. : o

3 Sedimentation equilibrium studies of ligand
binding

A major limitation of sedimentation velocity procedures (as described in the pre-
vious chapter) for the characterization of acceptor-ligand interactions is the
need to adopt a hydrodynamic model of any postulated complex in order to
assign a magnitude to s,p. Inasmuch as the molecular weight of the same com-
plex can be assigned unambiguously on the basis of M,, M and the postulated
stoichiometry (i), the analysis of sedimentation equilibrium distributions has
obvious advantages over sedimentation velocity methods for characterizing
acceptor-ligand interactions. Apart from an isolated study of the ovalbumin-
lysozyme interaction 20 years ago by means of the omega analysis (36), the use
of sedimentation equilibrium for the characterization of acceptor-ligand inter-
actions has been restricted to post-1990. By then the advantages of direct analysis
of concentration (absorbance) distributions had been realized; and accordingly
the use of average molecular weights for such characterization has largely been
by-passed.

3.1 Evaluation of the concentration distributions of
individual species

To date there have been only three studies in which the characterization of
an acceptor-ligand interaction has been based on the extraction of model-
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independent concentration distributions for the two free reactants from sedi-
mentation equilibrium experiments on mixtures of the two reactants. Because
the inaugural experimental study (36) employed the Rayleigh optical system, it
inevitably encountered the least desirable situation where the only information
available is in terms of the total solute concentration distribution. A similar
situation was encountered in a recent study of the interaction between an
electron transferring flavoprotein and trimethylamine dehydrogenase by means
of the XI-A absorption optical system (34), both reactants being flavoproteins
with comparable spectral characteristics throughout the entire range of access-
ible ultra-violet and visible wavelengths. In the other study (22) the two react-
ants, ovalbumin and cytochrome ¢, were chosen deliberately to illustrate the
optimal situation with access to the separate constituent concentration
distributions, Cx(r) and Cy(r).

3.1.1 Analysis of the total concentration distribution

In the characterization of the ovalbumin-lysozyme interaction from Rayleigh
optical records of the total concentration distribution (36), the omega analysis
(Equation 15) was first used to evaluate cp(ry) (Figure 6a) and hence the concen-
tration distribution of free lysozyme throughout the distribution via Equation 4.
Subtraction of c(r) from ¢g(r) then led to a revised total distribution, c*(r) versus
r, with ovalbumin as the smallest solute species. Repetition of the omega
analysis on the revised distribution (Figure 6b) then yielded c,(rs) and hence c,(r)
throughout the distribution.

A comparable procedure was adopted in a sedimentation equilibrium study
(34) of the interaction between an electron transferring flavoprotein (B) and tri-

26 T T 13 T I
(a) (b)

= &
0.9 —
_ — Ca(re)C* (1)
“— ca(re)/c(rr)
02 I 1 07 l I
0 0.6 12 18 0 05 1.0 15
() (mg/ml) SN (mg/mi)

Figure 6 Determination of the free concentrations of lysozyme (B) and ovalbumin (A) by
omega analysis of a Rayleigh sedimentation equilibrium distribution for a mixture of the two
reactants. (a) Dependence of Qg(r) (Equation 15) upon total concentration ¢(r) to obtain
cg(rs) in a mixture with a total concentration, ¢(rz), of 0.52 mg/mi. (b) Corresponding
dependence of ),*(r) residual total concentration c*(r) to obtain c,(r;) at the same reference
radial position. Data are taken from ref. 36.

122



SEDIMENTATION EQUILIBRIUM IN THE ANALYTICAL ULTRACENTRIFUGE

08 ; : 04 l | T 02 T —
(a) (b) & () .
S = = ’
£y = S A
= - L. < o - -
% 04 A <.:{ 0.1 -
< n' < — . ,
3 < -
_//" {< i L /N §
— As(re) — A1) By » °
0 L1 02 | I < o 1 1
0 05 10 15 0 04 08 12 0 08 16 24
Wa(/ye(r) was(r)Aya(r) Ca(r) (M)

Figure 7 Characterization of the interaction between an electron transferring flavoprotein

(B) and trimethylamine dehydrogenase (A) by psi analysis of a sedimentation equilibrium
distribution (A,g,) for a mixture of the two reactants. (a) Determination of Ag(r;) as the
ordinate intercept of the dependence of Aq(r)/ Yg(r) upon u(r)/ Pg(n for a mixture with
Ax(re) = 0.45. (b) Corresponding plot of the residual total absorbance distribution to obtain
An(rr) as the ordinate intercept. (c) Evaluation of the equilibrium constant Kus. Data are taken

from ref. 34.

methylamine dehydrogenase (A) except that psi rather than the omega function
was used to evaluate absorbances corresponding to cp(rs) and c(r) (Figures 7a and
7b). The equilibrium constant, K5, was then obtained by plotting the residual
absorbance at 280 nm divided by the free concentration of dehydrogenase as a
function of free electron transferring flavoprotein (Figure 7c). Because trimethyl-
amine dehydrogenase (a dimer) possesses two sites for electron transferring
flavoprotein, the slope of Figure 7c (K, multiplied by the molar absorption co-
efficient of complex) almost certainly defines 2k,g, where kg is the intrinsic
binding constant (37). In that regard the essentially linear form of Figure 7b
signifies the contribution of essentially a single species to the residual absorb-
ance (see:Figure 5), whereupon the contribution of AB, must be negligible—an
inference supported by the essentially linear nature of Figure 7c.

3.1.2 Analysis of separate constituent concentration distributions

As noted above, the only other attempt to extract a reactant concentration dis-
tribution from sedimentation equilibrium results for an acceptor-ligand system
(22) involved a study of the electrostatic interaction between cytochrome c (B)
and ovalbumin (A) at low ionic strength (pH 6.3, I = 0.03). Figure 8a presents sedi-
mentation equilibrium distributions recorded at 410 and 280 nm for a mixture
of ovalbumin and cytochrome ¢ that had been centrifuged to equilibrium at
15000 r.p.m. and 20 °C. Because the cytochrome ¢ constituent is the only con-
tributor to the distribution recorded at 410 nm, the radial dependence of Cy(r) is
readily obtained as A4 (r) divided by the molar absorption coefficient of cyto-
chrome c at that wavelength (Figure 8b). Knowledge of the relative magnitudes of
the molar absorption coefficients of cytochrome ¢ at 280 and 410 nm then
allows calculation of the contribution of Cy(r) to A,g(r), whereupon Ca(r) is
obtained from the residual absorbance at each radial distance (Figure 8b).
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Figure 8 Sedimentation equilibrium distributions at 15 000 r.p.m. and 20 °C for a mixture of
ovalbumin (A) and cytochrome ¢ (B). (a) Distributions in terms of absorbances at 410 and
280 nm, together with the estimated contribution of the cytochrome ¢ constituent to the
absorbance at 280 nm. (b) Constituent concentration distributions for the two components.
Data are taken from ref. 22.

Analysis of the Cy(r) distribution in terms of Equation 18a is presented in Figure
9a, where the essentially linear dependence of Cy(r)] y(r) upon ,(r) indicates
the dominance of 1:1 complex formation between cytochrome ¢ and ovalbumin
under these conditions. Substitution of the value of Cy(rs) obtained from the
ordinate intercept into Equation 4 again allows calculation of Cg(r) throughout
the distribution, and hence of the binding function »(r) via Equation 19. Results
from a series of sedimentation equilibrium experiments on acceptor-ligand
mixtures are presented as a binding curve in Figure 9b, which signifies a binding
constant Kag (Equation 19b) of (60000 * 2000) M for 1:1 complex formation
between ovalbumin and cytochrome ¢ (22).

3.2 Direct modelling of sedimentation equilibrium
distributions '

- The majority of studies of acceptor-ligand interactions by sedimentation equilib-
rium have employed direct curve-fitting of absorbance distributions at two or
more wavelengths in order to determine the binding constant for 1:1 inter-
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Figure 9 Characterization of the interaction between ovalbumin (A) and cytochrome ¢ (B),
pH 6.3, I = 0.03, by sedimentation equilibrium. (a) Evaluation of Cy(r) at the reference
radial position (7.000 cm) by psi analysis (Equation 18a). (b) Binding curve, together with
the bestit description (p = 1, Kyg = 60000 M™) in terms of Equation 19b. Data are taken
from ref. 22.

action (30-33) and for interactions with greater stoichiometry (38). Software pro-
grams are supplied with the Beckman instrument to facilitate such endeavours,
which amount to curvefitting of the distributions to Equations 14a and 14b
(truncated at the second term on the right-hand side for 1:1 complex formation)
or their equivalents in terms of absorbances and molar absorption coefficients.
The steps involved in the characterization of an acceptor-ligand interaction by
direct curvefitting are outlined in a recent discussion (39) of the characteriza-
tion of heterogeneous associations. Furthermore, that investigation (39) extends
the analysis by incorporating into Equations 14a and 14b the capacity' to make
rigorous allowance for the effects of thermodynamic non-ideality on the
statistical-mechanical basis of excluded volume.

Although more elegant and potentially far more accurate than the procedures
described in the previous two sections, the direct curve-fitting procedures are,
of course, model-dependent from the outset. Such model-dependence poses no
great problem when the experimenter is certain of the reaction stoichiometry,
but it is rather disconcerting to find C,(rz) and Cg(r) undergoing variation as the
result of including extra terms in Equations 14a and 14b to encompass a range of
possible reaction stoichiometries. Despite the greater inaccuracy of the procedures
illustrated in Figures 6-9 because of promulgated errors in C,(r) (Figures 6 and 7)
or Cy(r) — Cy(r) (Figure 9) as the result of uncertainty inherent in the estimates of
Cy(r), those methods do have the advantage of being model-independent until
the final step. They may therefore be preferable for delineating the model of
the interaction, which is based on fitting the experimental data [Ca(r), Cy(r)] to
specified expressions (Equations 14a and 14b) in the two model-independent vari-
ables Cx(r) and Cg(r). Subsequent refinement of the characterization in terms of
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affinity (Kap, etc.) may then well ensue from direct curve-fitting of the results in
terms of the model emanating from that first analysis.

4 Ligand perturbation of acceptor self-association

The major emphasis in ultracentrifugal studies of interacting systems has un-
doubtedly been the characterization of protein self-association (11, 13, 27, 40-48).
In the present context advantage has been taken of that experience to delineate
binding parameters for the interactions of small ligands with the various oligo-
meric states of an acceptor (49-56). Introduction of the concepts involved in
these preferential binding studies is predicated upon an understanding of the
characterization of acceptor self-association by sedimentation equilibrium—a
topic that is therefore considered first.

4.1 Characterization of acceptor self-association by
sedimentation equilibrium

Because studies of solute self-association heralded the introduction of sediment-
ation equilibrium for the characterization of macromolecular interactions, the
field was developed initially in the context of molecular weight measurement.
We therefore begin with a discussion of that approach, which has, however, been
superseded by direct analysis of the sedimentation equilibrium distributions for
a self-associating solute.

4.1.1 Analysis of weight-average molecular weights

The concentration-dependence of weight-average molecular weight deduced
from separate sedimentation equilibrium distributions for lysozyme (43) are
presented in Figure 10a. From this information we now need to manipulate the .
results to obtain f;, the weightfraction of solute in monomeric state. By
combining the expression (57, 58):

M,/M; = d(In c,)/d(In C,) |20]
with that for the weight-fraction of monomer:
fi=cfta = MGyfca [21]

where C, is the molar concentration of monomer with molecular weight M,, it
follows that:

Inf, = [o* {{(My/My) — 1]/Ep}dCA [22]
A plot of the dependence of {{(My/M,) — 1][c, upon ¢, (Figure 10b) has the poten-
tial to provide their inter-relationship as the precursor of numerical integration
to obtain the weight-fraction of monomer from Equation 22. Finally, curve-fitting
of the dependence of total concentration, ¢;, upon monomer concentration,
¢; = fia, to the expression:

Ta =0+ X602 + Xar® + ... [23]
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Figure 10 Characterization of solute self-association by analysis of sedimentation
equilibrium distributions in terms of weight-average molecular weight. (a) Concentration
dependence of IVIA(r) obtained from four sedimentation equilibrium experiments on lysozyme
(pH 6.7, I = 0.17, 15 °C), the data being taken from ref. 43. (b) Replot of the results for
evaluation of the weight-fraction of monomer via Equation 22.

is used to obtain the various equilibrium constants X; (litre! g) describing the
formation of i-mer from monomer.

A shortcoming of this approach is the differentiation of the sedimentation
equilibrium distributions, Ca(r) versus r, to obtain M,(r) as d[Inc,(r)}/dr? at radial
distance r. This procedure magnifies the uncertainty inherent in the experi-
mental distribution, and thereby renders very difficult the delineation of the re-
lationship to be integrated in Equation 22 (Figure 10). Furthermore, the approach
is circular in the sense that the molecular weight data obtained by differenti-
ation are then re-integrated to obtain f;, the weight-fraction of monomer. For
over 20 years such use of molecular weight measurements has been rendered
redundant by the realization that direct analysis of sedimentation equilibrium
distributions affords a simpler and more accurate means of characterizing
solute self-assodiation (11, 13, 39, 59).

4.1.2 Direct analysis of sedimentation equilibrium distributions

By analogy with Equations 13 and 14, a more direct approach to the analysis of
sedimentation equilibrium distributions reflecting solute self-association is to
incorporate the psi function (Equation 14c) for monomer into Equation 23, which
then becomes:

Calr) = calre) ¥n(r) + Xlea(re) (M) + Xales () a0 + .. [24]

Non-linear least-squares analysis of the dependence of ¢,(r) upon {s(r) for a given
sedimentation equilibrium distribution in terms of this expression with (1) as
the independent variable thus yields the association constants (X, Xs, ...) and
¢y(rg) as the evaluated curve-fitting parameters. In order to accommodate data
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Figure 11 Characterization of lysozyme self-association (pH 8.0, / 0.15, 15 °C) by direct
analysis of sedimentation equilibrium distributions. (a) Dependence of total solute
concentration upon ,(r) evaluated from two sedimentation equilibrium distributions on
lysozyme by choosing r; in each experiment to achieve a common value of c¢,(r): also shown
is the bestit description obtained by norHinear regression analysis in terms of Equation 24.
(b) Dependence of total lysozyme concentration upon the thermodynamic activity of monomer
obtained by global analysis of four separate sedimentation equilibrium distributions,
including those analysed in (a), on the basis of a common reference radial position (1) of
7.05 cm. Data in (a) and (b) are taken from refs 13 and 39 respectively.

from several sedimentation equilibrium distributions into a global analysis, the
initial approach (13) was to tie the {(r) scales for separate data sets by selecting
individual reference radial positions (1) corresponding to the same total solute
concentration C,(rg)—the approach illustrated in Figure 11a. An alternative
procedure (39) simply entails concomitant analysis of solute distributions from
all experiments to obtain a global best-fit value of each equilibrium constant as
well as the corresponding ¢,(rg) estimate for each run. Despite differences in the
values of ¢(rg from the individual experiments, the results are amenable to
collective display as a dependence of c,(r) upon the magnitude of ¢,(r) =
Yy(r)c;(rg). This feature of the global psi analysis is illustrated in Figure 11b, where
expression of the abscissa in terms of the thermodynamic activity of monomer
(rather than its concentration) emphasizes the ability of the direct approach to
make rigorous allowance for the effects of thermodynamic non-ideality on the
statistical-mechanical basis of excluded volume (13, 39).

The software packages that are provided with Beckman ultracentrifuges for
the analysis of solute self-association are based on the Yphantis method of direct
analysis (59), which is equivalent to the above procedure for ideal systems. How-
ever, the allowance for thermodynamic non-ideality that is incorporated therein
is based on the Adams and Fujita assumption (40) that thermodynamic activities
are given by the expression zj(r) = iBM,c,(r), where B is an empirical curve-fitting
parameter. This assumption implies that thermodynamic non-ideality does not
influence the extent of solute self-association because self-cancellation of its
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effects has been designed in the ratio of activity coefficients that relate the
apparent and true equilibrium constants (60, 61). It is therefore hoped that the
programs will soon be upgraded to accommodate more realistic allowance for
the effects of thermodynamic non-ideality.

4.1.3 Earlier procedures for characterizing two-state self-
association
For an ideal monomer-dimer system the application of Equation 24 in the form:

AN W4(r) = ¢4(rs) + Xofey(re)Pba(r) [25]

allows ¢(rg) to be obtained as the ordinate intercept of the dependence of ¢,(r)]
¥,(r)—a feature illustrated in Figure 12a for the dimerization (2a «— a,B,) of
aquomethaemoglobin (pH 6.0, I = 0.10). Furtherimore, combination of the con-
sequent value of ¢,(r;) with the magnitude of the slope, X,[c,(rg)]% yields a
dimerization constant of (2.0 * 0.2) litre/g under these conditions (56).

Prior to the development of direct analytical procedures for the determina-
tion of X,, weight-average molecular weights were used to evaluate the concen-
tration of monomeric acceptor associated with the total acceptor concentration
to which M, referred. From the definition of the weight-average molecular
weight for a monomer-dimer system, namely:

My = [iM; + (Ca — ¢))My)fca [26a]

the concentration of monomeric acceptor may be obtained as:

€1 = Ca(My — Mp)f (M — M) [26b]
18 | —
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Figure 12 Earlier methods of characterizing acceptor dimerization by sedimentation
equilibrium. (a) Direct analysis of sedimentation equilibrium distributions for methaemoglobin
(pH 6.0, 1 = 0.10) in terms of Equation 25. (b) Use of Equation 27 to characterize the
dimerization of a-chymotrypsin (pH 7.8, | = 0.28) from [é,, ¢;] data obtained by molecular
weight analysis (Equation 26) of sedimentation equilibrium distributions. Data in (a) and (b)
are taken from refs 56 and 50 respectively.
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Evaluation of X, from a series of [C4, ¢;] data thus generated may then be accom-
plished by plotting the results according to the expression:

log (Cp — ;) = log X, + 2 log [27]
which is the logarithmic form of the law of mass action for a monomer-dimer
equilibrium. The application of this procedure to obtain log X, from the
ordinate intercept of the dependence of log (¢4 — ¢) upon log ¢; is illustrated in
Figure 12b, which refers to the dimerization of a-chymotrypsin in phosphate
buffer, pH 7.8, I 0.28 (50).

4.2 Displacement of an acceptor self-association
equilibrium by ligand binding

For purposes of illustration we consider a monomer-dimer acceptor system in
which ligand (B) binds to p equivalent and independent sites on monomer with
intrinsic binding constant ks, and to q such sites on dimeric acceptor with
intrinsic constant k,p. From considerations of mass conservation it follows that
the total weight-concentration of acceptor, ,, is given by:

EA = El + 62 = C1(1 + k]BCB)p + Cz(l + szCB)q [28]

where ¢, and ¢, are the respective constituent concentrations of monomeric and
dimeric forms of acceptor. Provided that B is sufficiently small to justify the
approximations that My, ~ M; and Myp, = M, for all values of i (0 < i < p and
0 < i = q for monomeric and dimeric states respectively), the effect of ligand
binding on the monomer-dimer equilibrium position can be monitored by
measuring the constitutive dimerization constant, X,, defined (51) as:

Xy = Cafc4? = X1 + kypCa)Y(1 + k1sCs)’® [29]

where X, is the dimerization constant measured in the absence of B. Except for
the situation in which ligand binding occurs independently of acceptor self-
association (k;z = kg g = 2p), the binding of a small ligand is manifested as a
dependence of X, upon free ligand concentration Cg. For data obtained by sedi-
mentation equilibrium of a dimerizing acceptor solution in dialysis equilibrium
with a free concentration Cy of ligand, the parameters to emerge from applica-
tion of Equation 25 are ¢,(rg) and X,. Alternatively, analysis of the distributions by
means of Equations 26 and 27 lead to values of ¢; and log X,.

Preferential binding of ligand to one oligomeric state of acceptor leads to
several forms of the dependence of X, upon Cy, which therefore provides a
powerful means of probing the relative affinities of monomeric and dimeric
acceptor states for ligand. This aspect of sedimentation equilibrium studies is
illustrated by considering the effects of ligand binding on several self-associating
acceptor systems.

4.3 lllustrative studies of preferential ligand binding by
sedimentation equilibrium

The binding of N-acetylglucosamine to lysozyme affords an example of prefer-
ential binding despite the fact that monomeric and polymeric states of the
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Figure 13 Use of sedimentation equilibrium to monitor perturbation of acceptor self-
association as the result of preferential binding of a small ligand to one acceptor state.

(a) Effect of M-acetylglucosamine on the weight-average molecular weight of lysozyme,

pH 8.0, I = 0.15 (52). (b) Dependence of the constitutive dimerization constant for a-
chymotrypsin upon the concentration of two competitive inhibitors. Lines denote the
theoretical dependencies predicted by Equation 29 for phenylpropiolate (k,s = 0.76k,g) and
N-acetyltryptophan (ks = 0.19k,g). Experimental data are taken from refs 50 and 55.

enzyme exhibit equal affinities for ligand (k;z = k,g). Because the active site is
involved in the head-to-tail association of lysozyme, there is only one binding
site for N-acetyltryptophan on each acceptor state (52, 53). In keeping with the
qualitative predictions of Equation 29 for a system with k,z = k5 and q < 2p, the
extent of self-association decreases with increasing ligand concentration—an
effect evident from the dependence of weight-average molecular weight of lyso-
zyme upon N-acetylglucosamine concentration (Figure 13a). However, departure
of the system from a two-state self-association (Figure 11) precludes its use to
illustrate quantitatively the prediction (Equation 29) that X, — 0 as Cg — .

Although sites are conserved (@ = 2, p = 1) in the dimerization of -
chymotrypsin, competitive inhibitors such as phenylpropiolate (50) and N-acetyl-
tryptophan (55) bind preferentially to monomeric enzyme because k5 > k. In
keeping with the predictions of Equation 29, X, again decreases with increasing
ligand concentration (Figure 13b). For these systems, however, the predicted
limiting magnitude of X, is given by:

lim Xz = X,(kopfk:8)? [30]

CB—-)W

whereupon a limiting value of zero for X, would implicate exclusive binding
of ligand to monomer (k;z = 0). For the interactions of phenylpropiolate and
N-acetyltryptophan with a-chymotrypsin these limits are finite because k5 =
0.76k,5 and 0.19k;; for the respective ligands (50, 55).

The same limiting expression applies to the preferential interaction of ligands
with dimeric acceptor under conditions of site conservation (q = 2p, k;z > kqp).
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Figure 14 Further examples of the perturbation of acceptor dimerization as the result of
preferential ligand binding. (a) Predicted effect of Zn?* concentration on the constitutive
binding constant for bacterial c-amylase—a system involving exclusive binding of the
metal ion to a single site on dimer (54). (b) Dependence of the constitutive dimerization
constant for methaemoglobin upon NADH concentration (56)—a system with kg > kg but
a<2p(p=qg=1).

but X, now exhibits a positive dependence upon Cp. A ligand-mediated increase
in X, without limit is predicted for the binding of Zn?* to bacterial a-amylase
(Figure 14a), a system for which binding is restricted to a single site on dimer; i.e.
a system for which g = 1, p andjor k;3 = 0 (54).

Finally, the interaction of methaemoglobin with NADH (56) and other organo-
phosphate analogues of 2,3-bisphosphoglycerate (51) illustrates the possible
existence of a critical point in the dependence of X, upon Cj (Figure 14b). Prefer-
ential binding is an ambiguous term for this system inasmuch as dimer (the
a,B, species) is the preferred acceptor on the basis of affinity (k, > k;5), whereas
monomer (af) is the preferred form from the viewpoint of site numbers—one
site per base-mole of acceptor compared with one site per two base-moles for
dimeric acceptor (p = 1, g = 1). At low ligand concentrations the magnitude of
X, increases with Cy because the binding of a single molecule of organophos-
phate to the B-cleft of dimer is the dominant phenomenon; but at higher con-
centrations the denominator of Equation 29 dominates the magnitude of X,,
which then decreases with increasing Cy. Non-linear regression analysis of the
results in Figure 14b according to Equation 29 with p = 1 and q = 1 signifies values
of (700 + 100) and (6000 = 1000) M™* for k, and kyg respectively (56). A point of
interest is that this interplay of equilibria is more amenable to quantitative
characterization by sedimentation equilibrium than by classical binding studies.

4 Concluding remarks

Sedimentation equilibrium has much to offer for the quantitative character-
ization of acceptor-ligand interactions for systems in which both reactants are
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macromolecular. Its use for the study of the interaction between a small ligand
and a macromolecular acceptor is limited unless the ligand has a unique spectral
characteristic that allows analysis of the equilibrium distribution for that con-
stituent. On the other hand, sedimentation equilibrium has played a vital role
in characterizing the interplay of equilibria responsible for ligand perturbation
of acceptor self-association as the result of preferential binding of a small ligand
to one oligomeric state. In this review attention has been confined to the study
of macromolecular interactions on the basis of thermodynamic ideality on the
grounds that this assumption is a reasonable approximation for the relatively
dilute solutions that are use in most in vitro studies. However, rigorous allowance
for the effects of thermodynamic non-ideality on the statistical-mechanical basis
of excluded volume has been incorporated into the analysis of sedimentation
equilibrium distributions reflecting either solute self-association (13, 29, 39) or
interaction between dissimilar macromolecular reactants (29, 39).
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