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ABSTRACT. Procedures are developed for the characterization of thermodynamically ideal complex formation
between dissimilar macromolecular reactants by direct analysis of sedimentation equilibrium distributions.
Studies of an electrostatic interaction between ovalbumin and cytochcomne used to illustrate the
application of analyses pertaining to (i) the situation in which separate sedimentation equilibrium
distributions for the two macromolecular constituents are available, (ii) that in which the experimental
record reflects the distribution of only one constituent, and (iii) the situation in which a composite
distribution for both constituents is the sole experimental record. An association constant of G3 000 (
2000) M1 is obtained for the 1:1 interaction between ovalbumin and cytochimumeler the conditions
examined (pH 6.3} 0.03). Because of their inherent simplicity, these direct analytical procedures offer
potential for accommodating the effects of thermodynamic nonideality in dissimilar reactant systems.

Despite the greater biological prevalence of interactions As in that previous study of solute self-association, the
between dissimilar macromolecular reactants, protein self- starting point for the direct analysis of heterogeneous asso-
association has been the predominant phenomenon studiediation has been th@ function (7—9), the attraction of which
by sedimentation equilibrium. However, the introduction of is its ability to provide information on the thermodynamic
a new generation of analytical ultracentrifuges has kindled activity of the smallest solute species throughout a sedimen-
interest in the use of this technique for the characterization tation equilibrium distribution. However, advantage is again
of heterogeneous associatiois-@). A common feature of  taken of the fact that a slight adaptation of Rereatment
these studies has been their evaluation of the binding constanallows this feature to be exploited to even greater efféct (
by iterative simulation of sedimentation equilibrium distribu- Results obtained with mixtures of cytochrormeand oval-
tions to obtain the best-fit description of the experimental bumin are used to illustrate the application of quantitative
distributions for the two solute constituenta protocol expressions developed for the evaluation of association
analogous to that frequently used for the characterization of equilibrium constants by direct analysis of sedimentation
solute self-associatiorb). For many years a problem with  equilibrium distributions reflecting equilibrium complex
such analyses has been their inability to accommodate realisformation between two dissimilar macromolecular solutes.
tically the effects of thermodynamic nonideality in either self-
associating or heterogeneously associating systenpsob- ~ THEORY
lem eliminated recently for the former by the development
of a noniterative method of allowance for the effects of
thermodynamic nonideality on the statisticahechanical
basis of excluded volum@®). Encouraged by the successful
development of that direct analysis of self-association X >
incorporating rigorous statisticamechanical treatment of ga"?” at angular _velocn)w and ter.nperatu.rél'. Aft_er.
thermodynamic nonidealityf, we now turn attention to the attainment o_f chemical as W(_ell as sedlr_nentatlon_equmbnum,
feasibility of employing a similar approach for the study of the dlstnbu_nons of the various species are given by the
interactions between dissimilar solutes. expressioni(= A, S, AS, AS, etc.)

To characterize the interaction between an acceptor, A,
possessing several sites for a macromolecular ligand, S, a
mixture with defined molar concentrations of the two

constituents,@)o and (_:S)o, is subjected to ultracentrifu-
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the solvent densityg, 10. Ris the universal gas constant. ~ — p

Because the distributions of individual species are not Cpsn) = Celr) + KiCalrCSraly (T +

recorded separately, the method of analysis to be applied to 2K, CA(r[Cor (NI + .. (7)

an experimental record must depend upon the combination . ) )

of species distributions that comprise the particular experi- AN initial estimate of the concentration of free ligand at the
mental profile. We shall consider three possible situations reference radial position may thus be obtained as the ordinate

and shall assume thermodynamically ideal behavior in this intercept of a plot of Cs(r)/ps(r) versus fs(n]P, this

initial study so that molar thermodynamic activitiesgy),
may be replaced by molar concentratio@gy).
Equilibrium Distributions for Both Constituents/éilable.

analysis being independent of any model of the reaction
stoichiometry. Thus, although nonlinear least-squares curve-
fitting to eq 6 should also yieldCs(rg) as the linear

First we consider the simplest situation; namely, that in which coefficient, the corresponding analysis in terms of eq 7 is
the instrument’s optical system allows access to the radial considered to provide readier qualitative information on the
dependence of the separate concentrations of acceptor antikely stoichiometry of the interaction.

ligand constituenti_:A(r) andEg(r)—a situation that can be Deter_mination of the v_alue @(rr) allows the calculation
realized when the quantitative contribution of each constitu- Of free ligand concentratioGs(r) = Cs(re)ys(r), throughout
ent (A or S) to the experimental distribution is independent the sedimentation equilibrium distribution. Furthermore,
of the extent of complex formation. For the total (or because the distribution for total accept@a(r), is also
constituent) concentration of ligand at any radial distance, available, the binding functionr), may then be calculated

r, we may write (112) as

¥(r) = [C4(r) — C4NI/CAT) 8)

Provided thaCg(r) varies sufficiently across the sedimenta-
tion equilibrium distribution (or, indeed, a series of equilib-
rium distributions), a binding curve may be generated by
plotting v(r) as a function ofCg(r). Binding constantsK;,

K,, etc.) may then be obtained by nonlinear regression
analysis in terms of the expressiahl)

v(r) = K Co(r)/[1 + K Cg(r)] +
K,Co(r)/[1 + K,Cq(N)] + ... (9)

C(r) = Co(r) + K CAN)Cr) + 2K,Ca(NICSN]? + ...
2)

whereKj, Ky, etc., are stoichiometric constants for formation
of species AS, Ag etc., from acceptor and ligand. To render
eg 2 more akin to eq 1 we introduce thlefunction ),
defined as

Pi(r) = eXpNi¢i(r2 - er)] 3)

which allows eq 2 to be written in the form

Introduction of the second source of experimental informa-

Cs(r) = Cslray () + KiCAR)Crevan)w(r) + tion, Ca(r) versusr, into the dependent variable(r) in this

2K,CA(rIICry Al + ... (4) manner has the advantage that it allows presentation of the
sedimentation equilibrium results for the ovalbumuyto-

The advantage of expressing eq 2 in this manner is thatchrome c interaction as a binding curvehe traditional

Cs(re) and Ca(rg) are constants for each recorded analyzed format for ligand-binding studies.

distribution and therefore are amenable to evaluation as Equilibrium Distribution for Only One ConstituentzAil-

curve-fitting parameters from the dependencé@(f) upon able  We now consider the situation in which one constituent

ys(r) and ya(r), two functions derived from separate (A orS)is not detected by the optical system used to record

experiments on the individual reactants (eq 3) Indeed, the sedimentation equilibrium distribution. For example, if

becausepa(r) andys(r) are interdependent functions related A were a polysaccharide €nS a protein, the distribution
by the expression recorded by the Beckman XL-A ultracentrifuge would be

the absorbance at (say) 280 nm, which would only reflect
the ligand constituent (free S and the ligand contributions
from AS, AS, etc.). Clearly, the experimenter is in a less
commanding position than in the previous case with access
to the radial dependence of both constituent concentrations.
However, for a reaction governed by 1:1 stoichiometry there
is still scope for quantitative characterization provided that
an experimental profile has been recorded soon after attain-
ZKZCA(T'F)[CS(I’F)]Z[U)S(T)](p+2) + ... (6) ment of rotor speeda routine practice for the purpose of
verifying the absence of cell leakage during sedimentation
Because radial distance and henggr) are independent  equilibrium experiments.
variables, nonlinear regression analysis of the dependence The fact that the sedimentation equilibrium pattern records
of total ligand concentration upops(r) in terms of eq 6 the distribution of one constituent means t@afrg) may be
therefore has the potential, in principle, to provide magni- evaluated by the application of eqs 3 and 7 if S is the
tudes ofCa(re), Cs(re), K1, Kz, etc., as curve-fitting coef-  constituent being monitored. Alternatively, nonlinear regres-
ficients. However, commencing analysis under the null sion analysis in terms of eq 6 could, in principle, be applied
hypothesis of 1:1 stoichiometry, it is convenient to divide to obtainKj, Cs(rg), andCa(rg); but again, we favor the use
eq 6 byys(r) to obtain of eq 7. Because the approach is the same for the equilibrium

P=(6aMA)/(psMg)  (5)

the total ligand concentration may be written in terms of the
single variableys(r) as

waln) = [ysn]1°

Ca0) = Colrnen) + K, Car)Celr M ®™ +
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distribution in terms of either reactant, we consider only the
case in which ligand is the constituent detected.
Knowledge of the concentration of free ligand at the
reference radial positionCg(rr), again allows access to
Cs(r), and hence the concentration of complexed ligand,
[Cs(r) — Cg(r)], throughout the distribution; but the ap-
plication of eq 8 is precluded by the absence of the
distribution of total acceptor constituent. Indeed, the only
position at which the total concentration of acceptor is of

known magnitude is the hinge point,, where Ca(ry) =
(EA)O, the concentration loaded into the cell. Comparison
of the initial and equilibrium profiles has the potential to
allow the identification ofry, a radial position at which
magnitudes may thus be assignedap(rH), Cs(rn), and

[Cs(rn) — Cs(rw)]. Calculation of the concentration of free
acceptor at the hinge poir€a(ry), as the difference between
Ca(rn) and [Cs(ru) — Cs(rn)] then allows the magnitude of
Ca(r) to be determined throughout the distribution. Specif-
ically, Ca(r) = Ca(rn)ya(r) whereya(r) is calculated from
eq 2 withry as the fixed radial position. The fact that the
concentrations of all three speci€s(r), Cas(r) = [Cs(r) —
Cq(r)], and Ca(r), are now available throughout the sedi-
mentation equilibrium distribution clearly allows the mag-
nitude of the association constaHt, to be determined. On
the basis of the law of mass action written for a 1:1
interaction in the form

[C4(r) = CLVCAr) = KiC(r)

our suggested procedure is to obt&infrom the slope of
the linear dependence oE§(r) — Cg(r)]/Ca(r) upon Cg(r).
Significant curvature of the suggested plot would signify
nonconformity with the presumed 1:1 reaction stoichiometry
and hence invalidity of that analysis.

Equilibrium Distribution Reflecting Both Constituents
The remaining situation to be considered is that in which
the recorded distribution reflects combined contributions of

(10)
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of As(re) by such means allows delineation 8§(r) =
As(re)ys(r) and henceCs(r) = Ag(r)les throughout the
distribution.

Subtraction ofAg(r) from A(r) yields a revised absorbance
distribution, A{(r) versusr, in which A now becomes the
smallest macromolecular species. This residual distribution
may therefore be analyzed according the expression

A1) = ArDYa(r) + Ans(repas(n) + ... (12)
or, on division by ya(r) and retention ofys(r) as the
independent variable

A (DTN = Ap(re) + Axs(rp)lps(N] + ... (13)

An estimate o\ (rg) may thus be determined as the ordinate
intercept of a plot ofy/(r)/[vws(r)]P versus {ps(r)]; and hence
An(r) asAa(re)[ys(r)]P throughout the distribution. Division
of these values by the absorption coefficient forA, yields
the corresponding values &f(r).

Having obtained the molar concentrations of free acceptor
and free ligand throughout the distribution, it remains to
rationalize the residual absorban@ed(r) = A(r) — Aa(r)

— Ag(r), in terms of the relationship

AA(r) = KqeasCa(rCy(r) + K2€A52CA(V)[CS(V)]2 +..
(14)

where it is assumed thats = (ea + €5)/2 andeas, = (ea +
2¢9)/3, etc. By analogy with the procedure described above,
eq 14 is written as

AR(N)ICA(r) = KyeasCy(r) + K2€A52[Cs(r)]2 + ... (15)
which allows the association constants to be obtained from

the best-fit description oAA(r)/Ca(r) as a polynomial in
Cs(l’).

acceptor and ligand constituents. Examples include Rayleigh Direct Analysis of the Total Ligand Distribution for 1:1

interferograms of the equilibrium distribution and also the
Aogo profile for a protein-protein interactionX2). This is
the situation considered in the initial development of a direct

Interactions As mentioned in relation to eq 4, an alternative
approach to the characterization of heterogeneous associa-

tions is to analyze the dependenceQxr) uponis(r) in

analysis of heterogeneous association by sedimentationterms of eq 6. Although this procedure was considered to

equilibrium @). We now outline theyy adaptation §) of
that procedure based on tlefunction.
Because the recorded parameter, e.g., total absordgnce

is the sum of contributions from different species, each char-

acterized by its own absorption coefficier{)( the distribu-
tion cannot be converted directly to one in concentration

unless those absorption coefficients all happen to be identical.

Nevertheless, as shown by Nichol et &), (nformation on
the thermodynamic activity of the smallest sedimenting
species (S) may still be obtained By analysis of the total
absorbance distribution. In terms of the analysis, the
counterpart of eq 7 becomes

AT = Are) + Ay o] +
Ans(rls(M]1P + ... (11)

which signifies that the dependence Af(r)/ys(r) upon
[vs(N]®Y has an ordinate intercept #§(rg). Evaluation

place unreasonable demands on the precision and accuracy
of experimental distributions in situations where the stoi-
chiometry could well exceed unity, it does offer potential
for the characterization of 1:1 complex formatigparticularly

in instances where equilibrium distributions are available
experimentally for both constituents.

For a 1:1 interaction, the expression describing total ligand
concentration (eq 6 withK, = 0) still contains three
parametersCs(rg), Ca(re), andK, whose magnitudes would
need to be obtained by regression analysis wifr) as the
independent variable. However, this number can be de-
creased to two by eliminatinGa(rg) on the grounds that

Calrp) = Calrp) — Cy(rp) + Cy(r) (16)
for a system with AS as the only complex. With this
substitution the simplified version of eq 6 (wiky = 0 and
K = K;) becomes
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Col1) = Colre)ys(r) + K{Ca(re) — Celre) +
CArA} Ce(raly ] ™ (17)

whereupon the two parameters to be obtained by curve-fitting
areCq(rg) and the producK{Ca(rg) — Cs(rg) + Cs(rp)}, in
which the difference between the two constituent concentra-
tions is of known magnitude. Because the only information
that is used from the second distribution is the constituent
concentration atr, selection of the hinge pointy) as the
fixed radial distance would allow this method to be applied
also to sedimentation equilibrium experiments for which the
distribution of only one constituent (A or S) is available.

A limitation inherent in such use of eq 17 is, of course,
the difficulty of accommodating data from different sedi-
mentation equilibrium experiments because the value of
Cs(rg) refers specifically to the mixture with the composition
[Ca(rp), Cs(re)] prevailing at the reference radial position in
a particular experiment. However, results from different
sedimentation equilibrium experiments may be accom-
modated in a global analysis by rewriting the truncated form
of eq 6 as

C(r) = Co(rws(r) + Cas(re)lpsn] @™

where ps(n]®P = yas(r). Cs(re) and Cas(rg) may thus

(18)
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Table 1: Range of Constituent Concentrations Covered in
Sedimentation Equilibrium Experiments on Mixtures of Ovalbumin
(A) and Cytochrome (S)

expt no. speed (rpm) Ca(r) (uM) C(r) (uM)
12 15000 1.3-20.3 5.2-20.6
2 15000 1.3-17.6 5.3-16.7
3 15000 0.6-23.2 5.6-11.0
4 15000 2.66.4 9.8-20.1
5 15000 0.+7.8 9.2-20.9
6 15000 2.620.5 1.3-4.9
7 15000 3.414.8 1.4-3.9
8 15000 24240 1.45.7
9 15000 0.+10.4 3.2-10.1
10 15000 0.213.0 3.3-11.8
11 20000 0.525.0 0.3-2.7
12 20 000 0.+18.5 0.3-2.3
13 20 000 0.615.8 0.4-19
14 20000 0.221.8 0114
15 20 000 1.728.5 0.:1.1

a Experiment reported in Figure 3.

a Beckman XL-A analytical ultracentrifuge for approximately
24 h, and the resulting equilibrium distributions were re-
corded spectrophotometrically at 280 and/or 410 nm: com-
parison of distributions obtained during the progress of runs
on these 2.53.2 mm liquid columns had established their
essential superimposition after about 16 h of centrifugation.
The operational extinction coefficient of cytochromat the

be obtained as the two coefficients evaluated by regressionhigher wavelength (106 000 M cm™%) was based on that

analysis of the dependence f_i&(r) upon ys(r). Global

at 280 nm and the ratio of absorbances at the two wave-

analysis of such parameters from a series of sedimentationlengths for a solution of cytochronee Partial specific vol-

equilibrium distributions is then effected by their combination

with the appropriate value (E_T,A(rp) for each distribution in
the expression

Cas(rE)/[CA(re) — Cas(rp] = KC(rp)

to obtainK as the slope of the dependence @fs(r)/
[CA(TF) - CAs(r,:)] upon Cg(rp).

EXPERIMENTAL PROCEDURES

Bovine heart cytochrome (type 5) and ovalbumin (grade
V) were preparations obtained from Sigma Chemical Co.,
St. Louis, MO. These protein preparations were dissolved
in 0.05 M 2-(N-morpholino)ethanesulfonic acid/NaOH, pH
6.3,1 0.03, after which the separate solutions were dialyzed
against more of the same buffer to attain dialysis equilibrium.
On the grounds that sedimentation equilibrium experiments
on the solution of ovalbumin failed to yield distributions
commensurate with its molecular weight of 45 000, a con-
centrated solution (1 mL, 10 mg/mL) was subjected to zonal
gel chromatography at 0.5 mL/min on a column of Sephadex
G-200 (1.0x 30 cm) preequilibrated with the same buffer.
This exclusion chromatography step not only removed the
contaminating material but also provided a purified solution
in dialysis equilibrium with the buffer to be used in the

(19)

subsequent sedimentation equilibrium studies. Concentra-

tions of protein solutions were based on molar absorption
coefficients of 29 700 and 23 200 Mcm™* at 280 nm for
ovalbumin (L3) and cytochrome (14), respectively.

umes of the two proteins were taken as 0.748 mL/g for oval-
bumin (@5) and 0.728 mL/g for cytochrome(16). The den-
sity of the buffer (diffusate) was determined as 0.9999 g/mL
at 20°C by standard procedures in an Anton Paar density
meter.
The sedimentation equilibrium distribution recorded in

terms of Aq(r) for mixtures of cytochromec (S) and
ovalbumin (A) reflects solely the radial dependence of the

concentration of cytochrome constituent,Cs(r), obtained

by dividing the values ofAs;((r) by the molar absorption
coefficient of cytochrome at this wavelength; the corre-
sponding absorbances for the S constituent at 280 nm were
also calculated from the molar absorption coefficient of cyto-
chromec at that wavelength. After first checking the validity

of assuming absorbance additivity in mixtures of the two
reactants, values @s((r) for the ovalbumin, and hence of

Ca(r), were obtained by subtracting the S-constituent ab-
sorbance from the total absorbance at this wavelength. The
consequent availability of separate sedimentation equilibrium
distributions for the ovalbumin and cytochromeonstituents
allowed maximal advantage to be taken of the quantitative
expressions developed in the previous section for the
characterization of equilibria involving dissimilar macromo-
lecular reactants. Table 1 summarizes the lower and upper

limits of the constituent concentratiorés(r) andCa(r), in
the 15 sedimentation equilibrium distributions used to charac-
terize the interaction between ovalbumin and cytochrome

RESULTS

Solutions of the separate protein reactants and mixtures Selection of ovalbumin and cytochroneas the two

thereof in 12-mm double-sector cells were subjected to
centrifugation at 20C and either 15 000 or 20 000 rpm in

reactants of the model system was clearly based on the
existence of a convenient chromophore on the latter to allow
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Ficure 1: Sedimentation equilibrium distributions obtained at
15000 rpm and 20C for (a) ovalbumin and (b) cytochron®
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FiIGURE 3: Analysis of the distribution for cytochronoeconstituent
(Figure 2b) in accordance with eq 7 to evalud@e(rg), the

together with the best-fit descriptions in terms of reduced molecular concentration of free cytochronueat the selected reference radial

weights of 0.583 £ 0.019) and 0.1844 0.008), respectively.
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Ficure 2: Sedimentation equilibrium distributions obtained at
15 000 rpm and 20C for an interacting mixture comprising 7.16
uM ovalbumin (A) and 9.77ZM cytochromec (S). (a) Distributions

in terms of absorbances at 41Q)(and 280 @) nm, together with
the estimated contributiom{ of the cytochrome: constituent at

position ¢z = 7.000 cm).

molecular weightM;(1 — vip)w?(2RT), that translated into
respective molecular weights of 45 708 {500) and 13 400
(& 600) for ovalbumin and cytochroneerespectively-values
commensurate with those deduced from sequence data.
Analyses Reliant uponailability of Both Constituent
Concentration Distributions To commence this illustration
of various analytical procedures developed in the Theory
section, we consider the situation in which separate distribu-
tions are available for the acceptor (ovalbumin) and ligand
(cytochromec) constituents. Figure 2a summarizes the
sedimentation equilibrium distributions recorded at 410 nm
(a) and 280 nm @) for a mixture of ovalbumin (7.1@M)
and cytochrome (9.77 uM) subjected to centrifugation at
15000 rpm and 20C. Because the distribution at the higher
wavelength reflects only the cytochromeconstituent, the
corresponding distribution in terms of total cytochrome
(Cs) was obtained by incorporating the absorption coef-
ficient at that wavelengtha(, Figure 2b). On the basis of
the relative magnitudes of the absorption coefficients of
cytochromec at 280 and 410 nm, the contribution of the S
constituent to the distribution recorded at 280 nm is also
shown @) in Figure 2a, whereupon division of the residual
absorbance at 280 nm by the absorption coefficient of
ovalbumin yielded the sedimentation equilibrium distribution

280 nm. (b) Concentration distributions for the separate constituentsfor ovalbumin constituentG,) shown @) in Figure 2b:

deduced from panel a.

the delineation of its constituent concentratioﬁs(r),

throughout the sedimentation equilibrium distribution. The

fact that ovalbumin is an acidic proteinl(g.6) whereas
cytochromec is basic (pp 10.4) guarantees some form of

the magnitude of eacla(r) does, of course, reflect any

experimental error irCs(r).

Analysis of the distribution for cytochromein terms of
eq 7 withrg = 7.000 cm in a solution column with radial
limits of 6.880 and 7.200 cm is summarized in Figure 3,

electrostatic interaction between the two reactants at low Where the distributions have been terminated at 7.150

ionic strength and near-neutral pH. On the basis of the ¢m because of the high absorbance at 410 nm. Several points
limited charge data available for cytochrome(17) and are noted. First, the essentially linear form of the dependence
ovalbumin (8), the two reactants should bear net charges of Cg(r)/1s(r) uponya(r) indicates the dominance of 1:1
of approximately equal magnitude but opposite sign in the complex formation between cytochrongeand ovalbumin
range pH 6.6-6.5. The fact that the AS complex is thus under the present conditions. Second, the virtual linearity
likely to bear essentially zero net charge should render of Figure 3 also renders fairly accurate the extrapolation to
negligible the formation of complexes with greater than 1:1 obtainCg(rg) as the ordinate intercept: a value 2 SD) of
stoichiometry under the conditions of study (pH 6.8,03). 5.83 £ 0.02) uM is obtained by polynomial curve-fitting,
Distributions for ovalbumin and cytochromein sedi- irrespective of the term at which the polynomial is truncated.
mentation equilibrium experiments conducted at 15 000 rpm Third, consideration of the linear form of Figure 3 to signify
are presented in Figure 1, panels a and b, respectively.the formation of a single 1:1 complex also allows identifica-
Nonlinear regression analysis of these distributions accordingtion of Cas(rg) with the slope. Combination of that estimate
to eq 1 withAgg((r) substituted forz(r) yielded a reduced  of 0.83 @& 0.02) uM for Cas(rg) with the above value of
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Ficure 5: Alternative, model-dependent characterization of the
interaction between cytochroneeand ovalbumin by sedimentation
equilibrium, the results for the ligand constitue@s(r), being
analyzed in accordance with egs 18 and 19, which only apply to
ideal interactions governed by 1:1 stoichiometry.

radial distance (Figure 2b and corresponding data from 14 other distribution in terms of a single point, that iSCAs(rg)/

experiments). The solid line denotes the best-fit description obtained
by nonlinear regression analysis in terms of the rectangular hyper-

bolic relationship for 1:1 complex formation (eq 9 wikh = 0).

Cs(rr) and aCa(rg) of 3.32uM yields an association constant
(K) of 57 000 @ 3000) M for 1:1 interaction between
ovalbumin and cytochrome. However, at this stage we

{Ca(re) — Cas(ra)}, Cs(re)l.

Characterization from the Distribution for Only One
Constituent By restricting consideration to the sedimentation
equilibrium distribution at 410 nm, we are able to illustrate
the feasibility of characterizing (for example) a polysaccha-
ride—protein interaction solely from the distribution of the

prefer to maintain model independence of the analysis andprotein distribution recorded by the absorption optical system
hence proceed solely on the basis that Figure 3 has sufficedof an XL-A ultracentrifuge. Analysis of the one distribution

to defineCg(rg).

available (cytochrome constituent in this case) follows the

To Comp|ete the ana|ysis, eq 1 was then used to eva]uatd)rocedure already illustrated in Figure 3, except that the

the sedimentation equilibrium distribution of free cytochrome
¢, which was then combined with the distributions in terms
of Cq(r) and Ca(r) (Figure 2b) to evaluate the binding
function (eq 8) as a function dEg(r). Results from that

reference radial positiomg) must be chosen to coincide with
the hinge point. From the intersection point of the initial
(horizontal line) and equilibrium distributions at 410 nm
(Figure 2a),ry = 7.095 cm, a value confirmed in this

sedimentation equilibrium experiment as well as 14 others Particular example by the corresponding intersection point

are presented as a binding curve in Figure 4, where, for the h
sake of clarity, the plot contains every tenth experimental t_

point. Nonlinear curve-fitting of the entire data set to the
rectangular hyperbolic relationship for 1:1 complex formation
(eq 9 withK; = 0) yields an association constant of 63 000
(& 2000) M1, where twice the standard deviation is used
to express the uncertainty. No improvement in fit is

for the two distributions recorded at 280 nm. Analysis of
e ligand constituent distribution in terms of eq 7 with
= ry = 7.095 cm (Figure 6a) yields @s(ry) of 7.16 &
0.04) uM in a mixture withCg(ry) = 9.77 uM and Ca(rn)
= 7.16 uM (the composition of the mixture placed in the
centrifuge cell). Evaluation of2s(r) as ys(r)Cs(re) and

CA(r) as wA(r)CA(r.:) with CA(r,:) = CA(r,:) — Cs(r,:) +

accomplished by regression analysis in terms of the untrun-Csg(rg) throughout the distribution allowis to be determined
cated version of eq 9; and fitting to the general rectangular from the plot of results according to eq 10 (Figure 6b): the

hyperbolic relationship, vizy(r) = nKCs(r)/[1 + KCg(r)],
leads to an estimate of 0.9-(0.1) forn, the number of sites
for cytochromec on ovalbumin. We therefore conclude that

the electrostatic interaction between ovalbumin and cyto-

chromec under the present conditions (pH 6130.03) is

association constant of 63 008- (4000) M* agrees well
with the value of 57 0004 3000) M deduced from Figure
3, which also refers to this particular experiment.
Analysis of an Equilibrium Distribution Reflecting Both
Constituents This most unfavorable situation entails char-

confined to 1:1 stoichiometry and governed by an association acterization of the ovalbumincytochromec interaction

constant of approximately 63 000 ¥

solely from the sedimentation equilibrium distribution at 280

The fact that the interaction being characterized is nm. The application of eq 11 to obtain the absorbance
described adequately by 1:1 stoichiometry opens up thecontribution of smallest solute species (cytochran8), is
possibility that a reasonable characterization might also arisepresented @) in Figure 7, for whichrg = 7.095 cm (the
from nonlinear regression analysis of the distributions in hinge point as in Figure 6a). In contrast with its predecessors

terms of eq 17 wittp = 3.2 (the experimentally determined
value) to obtainCs(rg) andCas(rg) as the two curve-fitting

(Figures 3 and 6a), thig plot is curvilinear—an indication
that the distribution reflects the contribution of more than

parameters for each distribution. Global analysis of those one species (A as well as AS) in addition to that of free
results from the 15 experiments in accordance with eq 19 isligand. Linear regression analysis of data in the range 0.3
summarized in Figure 5, from which an association constant < [ys(r)]P~* < 0.7 yields an estimate of 0.203-(0.007)

of 60 000 @& 12 000) M is obtained. In that regard the

for As(rg), which is then used to evaluadg(r) for subtraction

greater uncertainty in this estimate compared with that from from the total absorbancéy(r), to obtain a revised distribu-
Figure 4 simply reflects the smaller number of observations tion, A/(r) versusr, in which acceptor (ovalbumin) now
as the result of summarizing each sedimentation equilibrium becomes the smallest species. The corresponding analysis
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Ficure 6: Characterization of the ovalbumimytochromec
interaction by analysis of the sedimentation equilibrium distribution
recorded at 410 nm. (&) plot for determination ofCs(ry) via eq

7 with the hinge pointry) chosen as the fixed radial positiorg);

(b) Consequent plot of the results in accordance with eq 10 for
evaluation of the equilibrium constant.
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Ficure 7: Characterization of the ovalbumitytochromec
interaction by analysis of the sedimentation equilibrium distribution
recorded at 280 nm®, analysis of the distribution in accordance
with eq 11 to obtain the absorbance contributidg(rg), of free
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cytochromec; O, corresponding analysis of the residual absorbance

distribution in accordance with eq 13 to obta#f(rF) andAas(rg)

Winzor et al.

deduced from the correspondiggplot of the A410 distribu-

tion (Figure 6a). Calculated values for tAgr) distribution

also reflect this discrepancy, which is then incorporated as
a systematic error into the revised distributiég(r) versus

r, upon which the evaluations & (rg) andCas(rg) are based.
Such incorporation of systematic error into the analysis is
clearly undesirable and should be avoided whenever possible.
However, as demonstrated in a recent sedimentation equi-
librium study of the interaction between electron transferring
flavoprotein and trimethylamine dehydrogenad®)( cir-
cumstances do arise in which all other options are precluded.
In that light it is comforting to note that, despite its
shortcomings, this least-desirable procedure has still provided
a reasonable estimate of the equilibrium constant.

DISCUSSION

As noted in the introduction, the aim of this investigation
has been to develop direct, rather than iterative curve-fitting,
approaches to the characterization of interactions between
dissimilar macromolecular reactants by sedimentation equi-
librium, thereby resuming an endeava) that had lan-
guished for two decades. To that end, improved procedures
have been suggested for various situations that are likely to
be encountered experimentally. From the viewpoints of
accuracy and precision of the resulting estimates, the
preferred situation entails analysis of separate equilibrium
distributions for the two constituents: the experiment then
generates the maximum amount of data on which to base
the characterization. For the benefit of those engaged in
studies of proteirrpolysaccharide interactions by ultracen-
trifugation in the XL-A, a comparable analysis can be used
in instances where the equilibrium distribution of only one
constituent is available by taking advantage of the fact that
the total concentration of nonrecorded reactant is of defined
magnitude at the hinge point. The least desirable situation
entails sedimentation equilibrium of an interacting system
for which the only distribution available is in terms of
combined contributions from both constituents.

The optimal procedure used to characterize the interaction
between cytochromeand ovalbumin (Figures-24) differs
markedly from its recent counterparts for analysis of
heterogeneous associatidh @) in that the emphasis is on
the extraction of interaction parameters from the experimental

from the ordinate intercept and slope, respectively. The broken line distributions rather than on their evaluation by iterative

is a continuation of the limiting tangent used for the estimation of

As(re).

of that distribution in terms of eq 12 is also showd) (in

simulation of distributions to seek solutions that match the
experimental records. Establishment of the feasibility of

employing a simple and direct analysis of tﬁg(r) distri-

Figure 7. On the grounds that the revised distribution reflects bution, and hence corresponding analysis of M)
only A and AS, the results have been subjected to linear distribution if required, is an important outcome because such

regression analysis to obtain values of 0.2820.012) for
An(rg) and 0.070 £ 0.015) for Aas(rg) from the ordinate

procedures are prerequisites for extending studies of hetero-
geneous associations to include the consequences of ther-

intercept and slope, respectively. Substitution of the three modynamic nonideality in complex formation between two

species concentrations so obtain€d(fr) = 8.8 (& 0.3)uM,
Ca(re) = 6.8 (= 0.4)uM, andCas(rg) = 2.6 (& 0.6)uM] in

dissimilar macromolecular reactants. For the thermodynami-
cally nonideal case the analysis must be changed slightly

the expression for the association equilibrium constant yields from that used above, because the above evaluatios of

K = 43 000 & 13,000) ML,

have relied upon identification of thermodynamic activities,

The source of the discrepancy between this estimate andz(r), with molar concentrationsZi(r). However, the way

the earlier values of the equilibrium constant is readily traced

. how seems clear for adaptation of the statisticakchanical

Analysis of the total absorbance distribution at 280 nm has approach used previoush)( for the characterization of

led to an estimate dEs(rg) that is 18% higher than the value

thermodynamically nonideal solute self-association.
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