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Reconsideration of sedimentation equilibrium distributions reflecting the
effects of small inert cosolutes on the dimerization of α-chymotrypsin
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Abstract

A reported discrepancy between quantitative estimates of the extent of enhanced α-chymotrypsin dimerization in the presence of sucrose is
traced to different consequences of using an incorrect value of the buoyant molecular weight in the analysis of sedimentation equilibrium
distributions. Support is thereby provided for the earlier contention that the effect of sucrose, as well as of glucose and raffinose, on dimerization
may be rationalized quantitatively in terms of molecular crowding by an inert cosolute.
© 2007 Elsevier B.V. All rights reserved.
Keywords: Chymotrypsin; Molecular crowding; Sedimentation equilibrium; Thermodynamic nonideality
1. Introduction

In the initial examination by sedimentation equilibrium of
the effect of sucrose on the dimerization of α-chymotrypsin [1]
the increase in apparent dimerization constant was shown to
agree with that predicted by excluded-volume interpretation of
the resulting thermodynamic nonideality [2]. However, a
subsequent sedimentation equilibrium study of the same system
[3] gave poorer agreement between predicted and experimen-
tally observed enhancement because of a much lower value for
the measured estimate. The purpose of the present communi-
cation is to identify the source of this disparity.

2. Theoretical considerations

2.1. A self-associating single-solute system

Consider a protein undergoing reversible dimerization (2A⇆C)
that is dialyzed against solvent (buffer) before being subjected to
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ultracentrifugation at angular velocity ω and absolute temperature
T. At sedimentation equilibrium the distribution of monomer is
given by [4]

zA rð Þ ¼ zA rFð ÞwA rð Þ ð1aÞ

wA rð Þ ¼ exp MA 1� PmAqð Þx2 r2 � r2F
� �

= 2RTð Þ� � ð1bÞ

which relates the molar thermodynamic activity of monomer at
radial distance r, zA(r), to that at a selected reference radial
position, zA(rF). MA is the monomer molecular weight and ν̄A
its partial specific volume (taken as that for the protein), ρ is the
buffer density and R the universal gas constant. ψA(r) is a
renormalization of the independent variable r for a specified
buoyant molecular weight [MA(1− ν̄Aρ)], rotor speed and
temperature. As shown previously [4], the radial dependence of
base-molar protein concentration (weight-concentration divided
by MA), C̄(r), is described by the relationship

P
C rð Þ ¼ zA rFð ÞwA rð Þ þ 2 K2 � BAAð Þ zA rFð ÞwA rð Þ½ �2 þ N ð2Þ

where K2= zC (r) / [zA(r)]
2 is the thermodynamic dimerization

constant, and BAA is the osmotic second virial coefficient for
monomer self-interaction. Nonlinear regression analysis of the
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[ψA(r), C̄(r)] data set in terms of Eq. (2) thus yields zA(rF) and a
constant, (K2−BAA), as the two curve-fitting parameters.

For many proteins the self-association can be quantified
in sufficiently dilute solution for the characterization to be
conducted under conditions that are usually described as
approaching thermodynamic ideality. In fact, such neglect of
thermodynamic nonideality is merely an implicit assumption
that K2≫BAA for the system under consideration [5], where-
upon Eq. (2) becomes

P
C rð ÞczA rFð ÞwA rð Þ þ 2K2 zA rFð ÞwA rð Þ½ �2: ð3Þ
This simplified expression may justifiably be applied to the
present α-chymotrypsin system (pH 3.9, I 0.2 M), for which
K2=50,000 M−1 [1,3] compared with a value of only 200 M−1

for BAA [4].
2.2. Protein dimerization in the presence of a small cosolute

We now consider the situation inwhich the protein undergoing
reversible dimerization is dialyzed exhaustively against buffer
supplemented with a molar concentration CM of small inert
cosolute (M) before being subjected to ultracentrifugation. In this
situation the distribution of monomer activity at sedimentation
equilibrium continues to be given by Eqs. (1a) and (1b); and a
corresponding expression (withM instead ofA subscripts) applies
to the distribution of cosolute. Provided that the buoyant
molecular weight of cosolute, MM(1− ν̄Mρ), is sufficiently small
for only minor redistribution of M to occur at sedimentation
equilibrium, the cosolute may be regarded as part of the solvent.
However, the equilibrium distribution of molar monomer
concentration (CA) is then described by the expression [6–8]

CA rð ÞcCA rFð Þw VA rð Þ ð4aÞ

w VA rð Þ ¼ exp MA 1� / VAqdð Þx2 r2 � r2F
� �

= 2RTð Þ� � ð4bÞ

qd ¼ qþ 1� PmMqð ÞMMCM ð4cÞ
in which the buoyancy factor is described in terms of the density
of cosolute-supplemented diffusate (ρd) and the apparent partial
specific volume of the protein (ϕ′A).

From an experimental viewpoint the preferable course of
action is to determine MA(1−ϕ′Aρd) as the buoyant molecular
weight in the limit of zero protein concentration [6,8]; but for
the present retrospective circumstance we shall take advantage
of the theoretical relationship [6]

MA 1� / VAqdð Þ ¼ MA 1� PmAqð Þ
� 1� PmMqð ÞBAMMMCM rFð Þ þ N ð5Þ

in which CM (rF), the molar cosolute concentration at the chosen
reference radial position, may reasonably be approximated by
CM, its concentration in the diffusate. For an uncharged cosolute
such as sucrose the second virial coefficient for the monomer−
cosolute interaction (BAM) may be calculated as

BAM ¼ 4pN RA þ RMð Þ3=3 ð6Þ
where RA and RM denote the respective radii of monomer and
cosolute. Avogadro's number (N) is required in Eq. (6) to con-
vert the second virial coefficient (excluded volume) from a
molecular to a molar basis.

As before, the extent of dimerization may be quantified on
the basis of the counterpart of Eq. (3),

P
C rð Þ ¼ CA rFð Þw VA rð Þ þ 2Kapp

2 CA rFð Þw VA rð Þ½ �2 þ N ð7Þ
where [1,3]

Kapp
2 ¼ K2exp 2BAM � BCMð ÞCM þ N½ �: ð8Þ

Whereas Eq. (7) is the expression for nonlinear curve-fitting to
evaluate K2

app and CA(rF), Eq. (8) renders possible the
comparison of experimental findings with predictions based
on the excluded volume concept of thermodynamic nonideality
[2].

2.3. The omega approach

Prior to development of the characterization of self-
association based on ψA(r) [4], the direct evaluation of K2 for
a single-solute system was effected by means of the omega
function [9]

XA rð Þ ¼ P
C rð Þ=PC rFð Þ� �

exp MA 1� PmAqð Þx2 r2F � r2
� �

= 2RTð Þ� ð9aÞ
which we can now write [cf Eq. (1b)] as

XA rð Þ ¼ P
C rð Þ=PC rFð Þ� �

=wA rð Þ: ð9bÞ
The omega function provided the first means of evaluating
directly the thermodynamic activity of monomer from
sedimentation equilibrium distributions for a self-associating
solute. On the grounds that

lim
P
C rð ÞY0

XA rð Þ ¼ Xo ¼ zA rFð Þ=PC rFð Þ ð10Þ

the combination ofΩo, the ordinate intercept of the dependence
of ΩA(r) upon C̄(r), with C̄(rF) yielded the monomer activity
at the reference radial position, zA(rF), and hence zA(r) for all C̄
(r) as zA(rF)ψA(r) [9].

By analogy with the above reasoning for the psi analysis, the
application of the same approach to sedimentation equilibrium
distributions reflecting protein dimerization in the presence of a
small cosolute requires the rewriting of Eq. (9b) as

X VA rð Þ ¼ P
C rð Þ=PC rFð Þ� �

=w VA rð Þ ð11Þ
with ψ′A(r) defined by Eq. (4a) and (4c), as well as the
replacement of Eq. (10) by [1]

lim
P
C rð ÞY0

X VA rð Þ ¼ X Vo ¼ CA rFð Þ=PC rFð Þ: ð12Þ

The consequent evaluation of CA(rF) fromΩ′o, and hence of CA

(r) throughout the sedimentation equilibrium distribution, then
allows the determination of K2

app as the best-fit value of [C̄
(r)−CA(r)] / [CA(r)]

2.



Fig. 1. Psi plots of an experimental sedimentation equilibrium distribution
for α-chymotrypsin in acetate−chloride buffer (pH 3.9, I 0.2 M) supple-
mented with 0.15 M sucrose. Solid and open symbols refer to the respective
analyses of the experimental [r, C̄(r)] distribution according to Eqs. (7) and
(14).

91D.J. Winzor et al. / Biophysical Chemistry 130 (2007) 89–92
3. Consideration of experimental results

In both sedimentation equilibrium studies of the effect of
sucrose on the dimerization of α-chymotrypsin in acetate—
chloride buffer, pH 3.9, I 0.2 M, the buoyant molecular weight
was calculated incorrectly as MA(1− ν̄Aρd) [1,3]. The normal-
ized radius parameter in both investigations was therefore

wW
A rð Þ ¼ exp MA 1� PmAqdð Þx2 r2 � r2F

� �
= 2RTð Þ� � ð13Þ

instead of ψ′A(r) as defined by Eq. (4b). Because the later study
[3] merely incorporated the incorrect substitution of ψ″A(r)for
ψ′A(r) into the treatment of results according to Eq. (7), the
actual expression used in that analysis was

P
C rð Þ ¼ CA rFð Þ w VA rð Þ½ �y þ 2Kapp

2 CA rð Þ w VA rð Þ½ �yf g2 þ N ð14Þ
where y=(1−ν­Aρd) / (1−ϕ′Aρd). Discussion of the quantitative
consequences of that mistake on the determination of K2

app is
delayed until consideration has also been given to the
corresponding problem in the earlier investigation [1], which
preceded development of the psi analysis [4].

On the grounds that the omega function in that investigation
[1] was defined incorrectly as Ω″A(r)= [C̄(r) / C̄ (rF)] / [ψ′A(r)]

y it
follows that the ordinate intercept (Ω″o) of the resulting
dependence of Ω″A(r) upon C̄(r) was given by

XW
o rð Þ ¼ CA rFð Þ=PC rFð Þ� �

= w VA rð Þ½ �y�1: ð15Þ

Although the ordinate intercept was mistakenly taken as [CA

(rF) / C̄(rF)], Shearwin and Winzor [1] then obtained CA(r)
throughout the distribution as

CA rð Þ ¼ XW
o rð ÞPC rFð ÞwW

A rð Þ ¼ X Vo
P
C rFð Þ w VA rð Þ½ �1�y w VA rð Þ½ �y

¼ X Vo
P
C rFð Þw VA rð Þ ð16Þ

which is correct. Self-cancellation of the error has thus led to a
situation wherein correct values of K2

app were obtained despite
invalidity of the interpretation accorded the omega plot upon
which they were based.

At this stage we have established the probable correctness of
K2
app values upon which the assertion was made [1] that the

observed enhancement of α-chymotrypsin dimerization in the
presence of sucrose is entirely consistent with interpretation in
terms of thermodynamic nonideality arising from themonomer−
sucrose excluded-volume interaction. It now remains to
ascertain the quantitative manifestations of employing Eq. (14)
instead of Eq. (7) for the evaluation of apparent dimerization
constants by psi analysis in the subsequent investigation [3]. For
that purpose we compare results from the two analyses of a
sedimentation equilibrium distribution, [r, C̄(r)], at 22,000 rev/
min and 20°C for α-chymotrypsin in 0.15 M sucrose [3]. As on
that occasion, monomeric enzyme has been assigned amolecular
weight of 25,200, a partial specific volume of 0.736 ml/g, and a
molecular radius of 2.44 nm, the corresponding values for
sucrose being taken as 342, 0.616ml/g and 0.34 nm. On the basis
of an unsupplemented buffer density of 1.0055 g/ml [4], that of
the sucrose-containing diffusate is calculated [Eq. (4c)] to be
1.0250 g/ml. From Eq. (5) the correct buoyant molecular weight
of monomer is 5493, whereas that derived from the product of
partial specific volume (ν̄A) and supplemented diffusate density
(ρd) is 6189: the value of y in Eq. (14) is thus 1.127.

Analysis of the experimental [r, C̄(r)] distribution according to
the correct expression [Eq. (7)] is summarized in Fig. 1 by the
solid symbols, which signify an apparent equilibrium constant of
170,000 (±10,000) M−1. However, analysis of the same
distribution according to Eq. (14) leads to the open symbols in
Fig. 1 and an apparent dimerization constant of 64,000 (±3000)
M−1. Use of an incorrect value for the buoyant molecular weight
of monomer [3] thus led to substantial underestimation of K2

app.
The consequence of this error on the dependence of apparent
dimerization constant upon sucrose concentration is presented in
Fig. 2, which plots the results from all of the earlier sedimentation
equilibrium distributions [3] in accordance with the logarithmic
form of Eq. (8). Values of K2

app obtained using the correct
buoyancy term (●) signify a covolume difference, (2BAM−BCM),
of 9.0 (±1.6) L/mol, which is significantly higher than the earlier
estimate [3] of 1.9 (±0.3) L/mol obtained from the open symbols
in Fig. 2. Furthermore, the revised estimate, which confirms the
earlier report [1] of 8.0 (±1.2) L/mol for the covolume difference,
encompasses the theoretical prediction of 8.3 L/mol for
(2BAM−BCM) that is calculated from Eq. (8) on the statistical-
mechanical basis of excluded volume [2]. The disparity
between results from the two sedimentation equilibrium
investigations of α-chymotrypsin dimerization in the presence
of sucrose [1,3] is thus resolved.

Reanalysis of sedimentation equilibrium distributions for
α-chymotrypsin in the presence of 0−0.5 M glucose [3]
increases the estimate of dln K2

app / dCM from the earlier value
of 1.0 (±0.3) to 4.9 (±1.4) L/mol, the revised value being in
much better agreement with the statistical-mechanical predic-
tion of 5.9 L/mol for (2BAM−BCM) based on spherical



Fig. 2. Effect of sucrose concentration on apparent dimerization constants obtained
from experimental sedimentation equilibrium distributions for α-chymotrypsin
(pH 3.9, I 0.2 M). Solid symbols denote values of K2

app obtained by applying
Eq. (7), whereas open symbols signify corresponding estimates from analysis
according to Eq. (14), which incorporates an erroneous buoyancy term that was
used in the experimental investigations [1,3]. The solid line is the theoretical
dependence predicted by Eq. (8).
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geometry for all species. A detailed comparison of findings
from reanalysis of enzyme distributions in the presence of 0−
0.2 M raffinose [3] is precluded by upward curvilinearity of the
dependence of ln K2

app upon saccharide concentration (an
exacerbation of a trend already evident in the original plot [3]).
What is therefore required is the slope of the limiting tangent to
the dependence as CM→0. To that end the revised estimate of
12 L/mol for dln K2

app / dCM inferred from the apparent
dimerization constant at lowest raffinose concentration
(0.05 M) is again reasonably close to the predicted slope of
11.1 L/mol that stems from excluded-volume considerations.

4. Concluding remarks

In summary, the present study has established the theoretical
validity of apparent dimerization constants obtained by omega
analysis [9] in the original sedimentation equilibrium study [1] of
α-chymotrypsin in the presence of sucrose (M), despite the use of
an incorrect buoyancy term in their determination. However, the
use of that erroneous buoyancy term in a subsequent investigation
of the same system [3] has led to underestimation of K2

app in the
presence of various saccharidic cosolutes (including sucrose)
because of the different method (psi analysis [4]) employed to
analyze the sedimentation equilibrium distributions.We therefore
conclude that the disparities between experimental values of
dlnK2

app /dCM in the later study [3] and predictions based on
excluded-volume calculations reflect this error in analysis rather
than nonconformity with the behaviour predicted by the
statistical-mechanical treatment of thermodynamic nonideality
[2] arising from molecular crowding by the cosolute.
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