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LIGAND-INDUCED PROTEIN SELF-ASSOCIATION

biophysical chemists, but it does have a niche to fill. Any potential (or
current) EXAFS practitioners must be aware of both the strengths and
the limitations of the lechnique. It is hoped that this chapter has made
some small contribution toward a more rational use of the EXAFS tech-
nique in the study of biological systems.

[24] Velocity Sedimentation Study of Ligand-Induced
Protein Self-Association

By GEORGE C. NA and SERGE N. TIMASHEFF

A large number of protein reactions are regulated through the revers-
ible stoichiometric interactions with small molecules or ligands. Within
this wide spectrum of protein reactions, the reversible association and
dissociation of protein subunits have drawn considerable research inter-
est. The biological significance of such interactions is evident. Subunit
associations are ubiquitous in key enzymes regulating metabolic path-
ways, in the formation of cellular organelles, and in regulatory and trans-
porting proteins.

This chapter is devoted to the methodology of studying ligand-induced
protein self-associations using the velocity sedimentation technique. The
type of study described here is aimed at characterizing macromolecular
associations in terms of their stoichiometries and equilibrium constants,
as well as at elucidating ligand bindings to macromolecules and the equi-
librium linkages between the ligand binding and the self-association reac-
tions. The discussion is restricted to fast and reversible self-association
systems. Special emphasis is given to the experimental considerations
and the methods of data analysis. Theoretical treatments are minimized
and limited to providis g a basic conceptual framework for the data analy-
sis. There have been several excellent articles in previous volumes of this
series and elsewhere dealing with similar subjects.!-* The readers should
consult them for references.

This chapter is divided into four sections. The first section consists of
a general consideration of the experimental approach in the velocity sedi-
mentation of ligand-induced self-association system. The second section
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describes preliminary diagnosces of a ligand-induced sclf-association using
velocity sedimentation. It can be used by those whose interest is limited
to a qualitative understanding of a ligand-induced self-association system.
The third section of the chapter deals with more quantitative and in-depth
analyses of the velocity sedimentation data including model fitting. The
last section details linked function analyses of the association systems.
The methods described throughout the chapter are derived from our expe-
rience on a number of self-association systems, particularly the self-asso-
ciations of the microtubule protein tubulin, which are used as examples
throughout the chapter. The methods, however, should be generally ap-
plicable to other systems within the confinements of a fast, reversible self-
association.

The ligand-induced dissociations of proteins into their subunits, al-
though as interesting as the ligand-induced association, are not digcussed
in the present chapter. As far as the experimental approach and data
analysis are concerned, they should be quite similar to the ligand-induced
self-associations. One should be able to analyze such systems by making
minor modifications of what is described in this chapter.

Velocity Sedimentation

Numerous review articles have been published dealing with both the
theoretical and experimental aspects of velocity sedimentation. To avoid
redundancy, only a few points which are less frequently mentioned and
are immediately pertinent to ligand-induced self-association systems will
be emphasized here.

Advantages and Limitations of Velocity Sedimentation

Many physical techniques are available for probing protein self-associ-
ation. The choice of velocity sedimentation is based on its advantages,
namely, that it can generate a wealth of information on the association
stoichiometry and equilibrium constant through a few experimental runs
and within a short time span. The shapes of the velocity sedimentation
boundaries of a ligand-induced self-association are frequently diagnostic
of the ligand-protein affinity. The short duration of a velocity sedimenta-
tion experiment often makes it the best choice for unstable proteins which
will deteriorate if long hours of study are needed. On the other hand, it is
true that the data analysis, and thus the conclusions derived from velocity
sedimentation, are usually not as rigorous as for some of the other avail-
able techniques, for instance equilibrium ultracentrifugation. This, as will
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become evident in the latter part of this chapter, is due mostly to the fact
that in addition to the molécular weight, the size and shape of g macro-
molecule affect its hydrodynamic properties and, thus, both influence the
sedimentation velocity of the macromolecule, This drawback sometimes
can turn into an advantage when information on the size and shape of the
macromolecule is desired. Notwithstanding these considerations, the
ease of the experiment makes it a good choice as a preliminary probe of a
system before more rigorous and time-consuming studies are undertaken.
The magnitude of the association constant measurable by velocity
sedimentation is limited and these limitations should be a factor to be
considered before adopting the technique. Frequently, the limiting factor
is the concentration range of macromolecules that can be handled by the
instrument. With schlieren optics, the protein concentration needed to-
obtain a usable sedimentation boundary usually lies in the range of 2 to 20
mg/ml. When using interference optics, the applicable concentration
~ range can be extended approximately one order of magnitude at the lower
end of the limit. With the optical scanner, this range depends on the
extinction coefficient of the protein and it frequently can be extended
down to 20-100 ug/ml.*’ Considering a typical protein with a molecular
weight of 1 x 10°, th: measurable range corresponds to molar concentra-
tions of 2 X 1077 to 2 X 10~* M. Since self-association reactions are best
examined at or near 50% completion, this means that velocity sedimenta-
tion is suitable for measuring macromolecular interactions with associa-
tion constants in the range of 5 X 10° to 5§ X 10® M ~!, corresponding to
standard free energy changes of —5 to —9 kcal/mole. The actual range is
flexible to a certain extent and is dependent on the molecular weight, the
association stoichiometry, and the existence of cooperativity. However,
if a self-association is much stronger than the upper limit, the system will
essentially behave as a nondissociating system in velocity sedimentation.
Likewise, if an association is much weaker than the lower limit, it will
essentially look like a nonassociating system in velocity sedimentation.
These detection limits have two implications. First, experimentally, a
strongly associated species frequently can be considered as nondissociat-
ing within the concentration range used in a velocity sedimentation study
of its further associations. This is exemplified by the microtubule protein,
tubulin. The a-8 heterodimer of tubulin has an association constant of
1.25 x 105 M 1.6 Within the protein concentration ranges employed in the
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velocity sedimentation studies of the magnesium and vinblastine-induced
tubulin self-associations,” ' the dissociation of the a-f dimer is negligible.
Second, one should not lose sight of the fact that the in vivo concentration
of a given protein may not coincide with the concentration range that is
suitable for velocity sedimentation study. Consequently, there will be
significant self-association reactions that are not measurable by velocity
sedimentation and conversely there will also be self-association reactions
measurable by velocity sedimentation that are not really biologically sig-
nificant.

Fast and Reversible Self-Association

As stated carlier, this chapter deals only with fast and reversible self-
association systems. The velocity sedimentation of extremely slow or
irreversible association systems can be interpreted in a straightforward
manner and will not be discussed here. In fact, such systems frequently
lend themselves better to other methods of attack, such as column gel
filtration. Those systems with intermediate reaction rates, i.c., a reaction
half time ranging from approximately 1 min to an hour, cannot be studied
quantitatively by velocity sedimentation. It is, therefore, essential to as-
certain ‘that the reaction of interest is a fast and reversible one before
proceeding with velocity sedimentation studies, as described below. The
kinetics of a macromolecular association reaction are usually best deter-
mined by using a spectroscopic technique, such as the monitoring of the
light scattering or fluorescence of the macromolecule. For the purpose of
establishing that the reaction half time is short enough for velocity sedi-
mentation studies, a fast-kinetic device, such as temperature jump or
stopped-flow attachment, is usually not necessary. The reversibility of the
reaction can be tested by determining whether the same equilibrium is
reached from both the association of protomers and the dissociation of
polymers. In the case of ligand-induced association systems, this can be
achieved by either increasing or decreasing the solution ligand concentra-
tion, as described in the sample preparation section below.

Strong and Weak Ligand-Induced Self-Associations

In velocity sedimentation studies, ligand-induced selt-association has
been classified into strong ligand-induced and weak ligand-induced. The
terms ‘‘strong’’ and ‘‘weak’’ used here refer to the ligand—protein affinity
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and not to the protein self-association. Such classification has.emerged
out of the observation that ligand-induced self-associations withdifferent
ligand affinities display characteristic sedimentation boundaries and de-
mand different experimental approaches. The affinity of the ligand in the
present context is actually gauged against the total concentration of the
macromolecule used. A strong ligand-induced self-association comprises
systems with apparent ligand binding constants, K#P?, greater than the
reciprocal of the molar concentration of the macromolecule by one order
of magnitude or more. Likewise, weak ligand-induced self-associations
can be taken as those systems where KPP is less than the reciprocal of the
molar concentration of the macromolecule by two orders of magnitude or
more. Taking a macromolecule with a molecular weight of 1 X 10° at a
concentration of 10 mg/ml, the reciprocal of the macromolecular concen-
tration is 104 M ~!. Thus, K2 must be 105 M ~! or higher to be considered
a strong ligand-induced association system and 10° M~! or lower to be
considered a weak ligand-induced association system. If the K2P value
falls in between these two extremes, the system belongs to neither cate-
gory and will be referred to as intermediate ligand-induced self-associa-
tion hereon. The need for such classifications and the different experi-
mental approaches called for, for these systems, will be detailed later.

Sample Preparation and Maintenance of a Constant
Ligand Concentration

In quantitative velocity sedimentation studies of a ligand-induced self-
association, the data analysis dictates that the sedimentations be carried
out under a constant free ligand concentration. This is because the equi-
librium constants of a ligand-induced self-association system measured by
velocity sedimentation are only apparent values, due to the fact that the
velocity sedimentation technique cannot differentiate between macromol-
ecules with identical sedimentation coefficients, but with different num-
bers of bound ligand molecules. This can be illustrated by the simple
ligand-induced dimerization reaction shown below:
ky k2
2AX /= A,X (n

ky
2A +2X ——AX + A+ X

where the macromolecule A binds the ligand X and two liganded macro-
molecules then associate to form a dimer. We adopted the convention of
using lower case k’s for the intrinsic or microscopic equilibrium constants
and upper case K’s for the apparent or macroscopic equilibrium constant.
Equilibrium constants are usually expressed in units of M~!. Certain
calculations lend themselves better to the use of the equilibrium constants
in units of ml/mg. They are denoted by the same k’s or K's with the
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superscript prime. k; and , are the respective intrinsic association con-
stants. The apparent dimerization constant of the reaction can be ex-
pressed as

Karp — [(AX)2] - k2
: (IA] + [AXD? (1 + U(k[XD]

where [X] is the concentration of the free or unbound ligand. The numera-
tor contains all the dimer species present in the solution whereas the
denominator contains all the monomer species in the solution. Assuming
that the intrinsic or microscopic equilibrium constants, &, and &, remain
unchanged, the apparent equilibrium constant will be dependent only on
the free ligand concentration. Thus, one can maintain a constant apparent
association constant only by working at a constant free ligand concen-
tration.

For a weak ligand-induced self-association, no extra care needs to be
taken to achieve a constant free ligand concentration. Since the concen-
tration of the ligand added to the solution will be much higher than the
~ concentration of the macromolecule, the free ligand concentration will
not be significantly different from the total ligand concentration. This is
exemplified by the magnesium ion-induced tubulin self-association.”¥
Since the magnesium ion-tubulin binding constant is 10> M ', the study
was carried out within the range of magnesium ion concentrations of 103
to 1.6 x 1072 M. This is much higher than the protein concentration used.
Consequently, the zweition was introduced into the protein solution sim-
ply by adding small aliquots of a high concentration stock solution.

For a strong or intermediate ligand-induced self-association, a con-
stant free ligand concentration can be maintained by equilibrating the
protein at a known concentration of the ligand, using a method such as gel
filtration or equilibrium dialysis.?'® The gel filtration method is more suit-
able for handling proteins or ligands that are available only in small quan-
tities. For unstable proteins, the short duration of gel filtration is also
advantageous over the equilibrium dialysis method. Usually a column
with dimensions of 1 X 10 cm, packed with a gel such as Sephadex G-25 is
sufficient for equilibrating a 20-mg protein sample. To eliminate the effect
of temperature variation, it is best to jacket the column and regulate its
temperature by a circulating water bath. Before applying the protein, the
column should be washed thoroughly with the experimental buffer con-
taining the ligand. Small aliquots of 0.5 ml can be collected from the
column and used directly in the velocity sedimentation cxperiments. Ali-
quots collected in different regions of the eluting peak usually can provide
a range of protein concentrations. Since the ligand binding of such a
system is dependent on the total protein concentration, once the ligand
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equilibration is achieved there should be no further attempt to adjust the
protein concentration by dilution with the experimental buffer, since this
would release bound ligand and disturb the solution free ligand concentra-
tion. An indication of satisfactory ligand equilibration is given by the
identity of sedimentation boundaries obtained from fractions in the lead-
ing edge of the eluting peak and in the trailing edge of the peak, provided
that they are of the same protein concentration. Since the transport of
macromolecules in a gel column is similar to that in velocity sedimenta-
tion, it is likely that depletion of free ligand at the trailing edge of the
eluting peak will occur for strong ligand-induced self-associations. If, in
the particular gel used, the partition coefficients of the protein species
vary with the degree of polymerization, the above ligand depletion effect
could be significant at low ligand concentrations. This is usually indicated
by consistently different sedimentation boundaries obtained from aliquots
taken at the leading edge and the trailing edge of the eluting peak, despite
the fact that they are of the same protein concentration, and that efforts,
such as increasing the size of the column and decreasing the rate of
elution, have been made to achieve equilibration. Under such conditions,
one can either use only fractions in the leading edge of the peak where
ligand depletion is expected to be less severe, or switch to equilibrium
dialysis for achieving the ligand-protein equilibration.

An advantage of using gel filtration or equilibrium dialysis to equili-
brate the protein with the ligand is that the ligand concentration is in-
creased gradually rather than abruptly as in the introduction of aliquots of
concentrated stock solution of the ligand. Frequently, this can avoid the
formation of irreversible aggregates.

Another measure which can sometimes effectively prevent the deteri-
oration of the protein sample is to introduce the ligand to the protein
solution at the earliest stage of the sample preparation. Many proteins,
including allosteric enzymes, are known to be stabilized by their ligand
effectors.

Selection of Optics

As mentioned earlier, the concentration range of the protein and the
optics of the centrifuge to be used depend on the magnitude of the self-
association constant to be determined. Schlieren optics are suitable for
high protein concentrations up to 20 mg/ml, while interference optics are
applicable in the concentration range below 5 mg/ml. The applicable con-
centration range for the optical scanner depends on the extinction coeffi-
cient of the protein at the particular wavelength used. For a wide range of
coverage, more than one type of optics should be employed. The readabil-



MACROMOLECULES: LIGANDS AND LINKAGES

ity of the schlieren boundaries usually deteriorates below 4 mg/ml of
protein; at that point, the interference optics should take over. If the
optical scanner is used in a system where the ligand of interest also
absorbs light, one must choose the scanning wavelength judiciously to
assure that the boundaries obtained correspond to that of the protein and
not the ligand.

Calculation of the Weight-Average Sedimentation Cocefficient

For rigorous quantitative analysis of velocity sedimentation data, the
second moment of the sedimentation boundary should be used in the
calculation of the weight-average sedimentation coefficient. This is partic-
ularly true for those strongly skewed or bimodal boundaries where the
second moment could differ substantially from the apex of the boundary.
Traditionally, schlieren boundaries recorded on glass plates are measured
manually with a microcomparator, such as the Nikon Model-6C. To sim-
plify the plate measurement, the manual type micrometers on the micro-
comparator can be replaced with an electronic type, such as the Elk
Model 9200 precision digital positioner. As one turns the positioner, it
sends out digital pulses which can be counted by a digital counting device.
An LED then displays the digital count directly. The x-interval between
two readings should depend on the sharpness of the boundary. For a
boundary that spans approximately 0.5 cm on the plate, an interval of 10—
20 um per reading can be used outside the apex of the boundary and § um
per reading is usually sufficient around the apex. The second moment of
the boundary can be calculated from these readings through numerical
integration, using the trapezoidal rule:

woadn
f'mr dr dr
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where 7 is the second moment of the boundary, r is the radius, and (dn/dr)
is the refractive index gradient obtained from the schlieren boundary. The
integration should be carried out from a point in the supernatant to a point
in the plateau. For sedimentation boundaries obtained through either in-
terference optics or with an optical scanner, the second moment can be
calculated according to
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where c is the weight concentration of the macromolecule. With interfer-
ence optics, since the vertical distance between two fringes represents a
fixed concentration increment, the measurement of the second moment
can be simplified by taking the x axis readings where the hairline of the
microcomparator intersects the fringes. A programmable hand calculator
is sufficient for the numerical integration. However, the entire process of
data acquisition and analysis can be greatly simplified if the digitized
results, either from a microcomparator or directly from an electronic
optical scanner, are processed directly by a computer. From the second
moments of the boundaries, the weight-average sedimentation coeffi-
cients can be calculated, converted to the condition of water at 20°, and
plotted against the total protein concentration. It is important to empha-
size here that the weight-average sedimentation coefficient obtained is a
rigorous measure of the sedimentation of the macromolecules in the pla-
teau region.!! This fact has two implications. First, this sedimentation
coefficient is independent of the protein or ligand concentration gradient
present at the boundary. Second, one should use the protein concentra-
tion at the plateau region in the above plot. If the sedimentation coeffi-
cients were obtained from boundaries that have traveled a substantial
distance from the miniscus, it is prudent to take into consideration the
radial dilution effect and calculate the actual protein concentration by
using the average of the second moments used in calculating the sedimen-
tation coefficient.

Qualitative Diagnosis of a Ligand-Induced Self-Association

Velocity Sedimentation in the Absénce of the Ligand Effector

When confronted with a protein without any prior knowledge of its
self-association properties, the initial work involves a characterization of
the velocity sedimentation of the protein in the absence of the ligand
effector, i.e., usually in a buffer that contains the minimum ingredients
necessary to maintain the pH and the integrity of the protein. The protein
under such conditions can be taken as the ‘‘ground state’’ of the self-
association reaction. First of all, the protein ought to be examined for its
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FiG. 1. Typical velocity sedimentation patterns of a homogeneous globular protein in its
native state (a) and its partially, but irreversibly self-aggregated state (b). The pictures
shown are those of calf brain tubulin (8 mg/ml) in 0.0t M NaP;, 10 * M GTP, pH 7.0 buffer
sedimented at 60,000 rpm.

homogeneity through analysis of the shape of the sedimentation bound-
ary. A homogeneous globular protein ought to display a single peak with
its trailing edge slightly sharper than the leading edge, as exemplified by
the sedimentation boundary of calf brain tubulin in a phosphate buffer
shown in Fig. la. The sedimentation boundaries should also be closely
examined both during rotor acceleration and throughout the run to assure
that the protein has neither dissociated into smaller species nor aggre-
gated irreversibly during the course of the run. The presence of higher
molecular weight aggregates is usually indicated by the appearance of fast
moving shoulders or spikes. This is exemplified by Fig. 1b, showing a
velocity sedimentation boundary of the same protein sample as Fig. 1a,
except that it had undergone a small degree of self-aggregation. Such
examination is, of course, only complementary to other techniques, such
as gel electrophoresis and equilibrium ultracentrifugation, which are in-
herently more effective in probing the homogeneity of a protein. Sub-
sequently, the weight-average sedimentation coefficient, §.w, of th

protcin ought to be determined as a function of the ¢nte! =~w~tnin
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Fic. 2. Concentration dependence of the sedimentation coefficient of a globular protein
under nonassociating conditions. The results shown are those of tubulin in 0.01 M NaP;, 104
M GTP, pH 7.0 buffer. The straigth line through the data is the linear least-squares fit,
whereas the dashed portion indicates deviation from linearity at high protein concentrations.
The data represented by the filled circles were obtained in the same buffer with the addition
of 0.1 M NaCl. The slight increase of the latter sedimentation coefficients with protein
concentratior: suggested the presence of incipient self-association. (Taken from Frigon and
Timasheff.”)

concentration. For a homogeneous protein under nonassociating condi-
tions, the sedimentation boundaries are usually symmetrical enough so
that the apex of the boundary can be used in place of the second moment
in the calculation of the sedimentation coefficient. The §y, can usually be
fitted by the linear equation'?

Sow = jgo.w(l - gc)

where §%. is the weight-average sedimentation coefficient extrapolated
to zero protein concentration, g is the hydrodynamic nonideality con-
stant, and c, is the total protein concentration in mg/ml. For globular
proteins, the value of g usually ranges from 0.01 to 0.04 ml/mg and it
increases with increasing asymmetry of the protein.'>!® The positive
value of g means that, for nonassociating proteins, $y. decreases with
increasing protein concentration, and an increase of §,w With increasing
protein concentration can be taken as an indication of the presence of a
self-association reaction. These are exemplified by the sedimentation co-
efficients of calf brain tubulin in a phosphate buffer shown in Fig. 2. The

12 4. K. Schachman, *Ultracentrifugation in Biochemistry.” Academic Press, New York,
1959.
1§, L. Trujillo and W. C. Deal, Jr., Biochemistry 16, 3098 (1977).
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data below 10 mg/ml can be fitted well by Eq. (5) using a g value o 0.018
ml/mg. Introduction of 0.1 M NaCl into the buffer caused a slight increase
of $y.w With the protein concentration suggesting the presence of a weak
self-association,

Velocity Sedimentation in the Presence of the Ligand Effector

In the past two decades, extensive studies using computer simulation
technique have generated a wealth of information on the characteristic
shapes of sedimentation boundaries for self-association systems with var-
fous association stoichiometries and ligand affinities.””"*-2 Today, based
on these computer simulation results, one can reach a qualitative diagno-
sis of an association system, including the macromolecular stoichiometry,
the presence or absence of cooperativity in the self-association, and ob-
tain an approximation of the ligand—protein affinity by simply analyzing
the characteristic shapes of a few sedimentation boundaries. Such prelim-
inary analysis of a self-association system is based primarily on two im-
portant features of a reaction boundary:

Asymmetry of the Boundary. As mentioned earlier in this section, a
homogcencous nonassociating macromolecule should display a single peak
with its trailing edge slightly sharper than the lcading edge, duc to the
hydrodynamic nonideality.'® Upon introduction of a ligand effector, the
occurrence of protein self-association is usually reflected by the sedimen-
tation boundary becoming asymmetrical, with its trailing cdge extended.
The degree of such a change usually increases with the self-association
stoichiometry. Self-associations of lower stoichiometries usually display
less skewed boundaries. They are exemplified by the magnesium ion-
induced tubulin self-association shown in Fig. 3. At low magnesium ion
concentrations, small oligomers dominate and the sedimentation bound-
aries arc only slightly skewed with the trailing edge becoming more
diffused than the leading edge. As the weight fractions of the higher
polymers increase, the sedimentation boundaries become increasingly

. Cox, Arch. Biochem. Biophys. 112, 249 (1965).
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% R. R. Holloway and D. J. Cox, Arch. Biochem. Biophys. 160, 595 (1974).

2 1. R. Cann and W. B. Goad, **Interacting Macromolecules.”” Academic Press, New York,
1970.

2 J. R. Cann and W. B. Goad, Science 170, 441 (1970).

#J. R. Cann and ‘W. B. Goad, Arch. Biochem. Biophys. 153, 603 (1972).
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Fic. 3. Typical velocity sedimentation patterns of a weak isodesmic stepwise self-associ-
ation. The results shown are those of magnesium jon-induced tubulin self-association. The
speed was 60,000 rpm. The protein concentration was approximately 8 mg/ml; (a) 41 min
after reaching speed; upper, no magnesium; lower, 0.0027 M MgCl,; (b) 38 min after reach-
ing speed; upper, 0.0055 M MgCl,; lower, 0.0082 M MgCl,. (Taken from Frigon and
Timasheff.”)

skewed.? This is also exemplified by the high concentration vinblastine-
induced isodesmic indefinite self-association of tubulin shown in Fig. 4.

Modality of the Boundary. The most frequently encountered velocity
sedimentation boundaries are usually either unimodal or bimodal. For a
fast reversible self-association system, the bimodality of the sedimenta-
tion boundary usually indicates either the presence of cooperativity in the
macromolecular self-zssociation or the induction of the self-association
by the strong binding of a ligand. The former phenomenon was first de-
scribed by Gilbert?2 and is referred to as a Gilbert system, whereas the
latter one was first reported by Cann and Goad?'- and is termed a Cann—
Goad type sedimentation boundary.

Since a Gilbert type self-association involves some kind of cooperativ-
ity, it contains an association step or steps with a more negative free
energy change than the rest of the association reaction. A moderately
cooperative self-association frequently involves the formation of a looped
structure as the end product. The incorporation of the last monomer to
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F1G. 4. Velocity sedimentation patterns of an isodesmic indefinite self-association. The
results shown are those of the vinblastine-induced tubulin self-association at 60,000 rpm.
The vinblastine concentrations were (a) 2 x 104 M and (b) 2.5 X 10~* M. The protein
concentrations were 6.7 mg/ml for the top pattern of (), 8.3 mg/ml for the bottom pattern of
(a), 8.5 mg/ml for the top pattern of (b), and 6.8 mg/ml for the bottom pattern of (b). (Taken
from Na and Timasheff.?)

enclose the looped structure is energetically more favorable because it is
accompanied by the formation of two bonds instead of one.”® A strongly
cooperative sclf-association can be cnvisioned as resulting from multi-
body collisions which involves no intermediate species. In reality, the
probability of such an event is small, particularly in the formation of
polymers of high stoichiometries. In all likelihood, certain intermediate
species do exist, but their quantities are so small they cannot be detected
by existing physical techniques. In any event, the ditferentiation of the
association pathways must rely on kinetic studies and is beyond the scope
of the equilibrium studies described here. A dimerization system has only
one -association step which apparently would not allow the existence of
any cooperativity in the self-association and it, therefore, cannot belong
to a Gilbert system.

Excellent examples of the Gilbert system are provided by the tetra-
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FiG. 5. Velocity sedimentation patterns of a Gilbert system. The results shown are those
of magnesium ion-induced tubulin self-association to form a double ring structure of 26 * 2-
mer. The pictures were taken 21 min after reaching the speed of 48,000 rpm. The magnesium
ion concentration was 0.01 M, whereas the protein concentrations were (a) 4.7, (b) 10.4, and
(c) 15.5 mg/ml, respectively. (Taken from Frigon and Timasheff.”)

" merization of B-lactoglobulin,? the self-association of myosin,? the mag-
nesium ion-induced self-association of tubulin into a double ring structure
containing 26 = 2 monomers’® and the subunit association of phospho-
fructokinase.’ In a Gilbert self-association system, as exemplified by the
magnesium ion-induced tubultn self-association shown in Fig. 5, the sedi-
mentation boundaries are unimodal at low protein concentrations, where
usually stepwise isodesmically associated species predominate. Once the
protein concentration is increased above a certain threshold value, the
cooperative step for the formation of the favorable end product sets in and
a fast moving peak begins to emerge. From there on, the size of the slow
moving peak should remain constant. Further increases in protein con-
centration only serve to enlarge the fast moving peak. Therefore, in the-
ory, the Gilbert system is very similar to the cooperative helical polymer-
ization formulated by Osawa and Kasai,?® except that in the former case
the polymerization stops after the formation of the energetically favorable
looped structure, whereas in the latter case the self-association continues
on in a helical manner.

% R. Townend, R. J. Winterbottom, and S. N. Timasheff, J. Am. Chem. Soc. 82, 3161
(1960).

21 R, Josephs and W. F. Harrington, Biochemistry 7, 2834 (1968).

¥ p, Qosawa and M. Kasai, Biol. Macromol. 5, 261 (1971).
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In the Cann-Goad systems, the bimodality of the sedimentation
boundary is caused by the strong, stoichiometric ligand-protein interac-
tion which leads to the generation of a concentration gradient of tree
ligand across the sedimentation boundary.?'-2 The formation of the con-
centration gradient can be easily understood by considering a simple as-
ymptotic-sedimentation of a ligand-induced monomer—dimer self-associa-
tion system. At the beginning of the sedimentation, the monomers and
dimers are in equilibrium with each other and with the free ligand. After
application of a centrifugal field for a short interval, some of the macro-
molecules are pelleted at the bottom of the cell. For a self-associating
system, the mass ratio of dimer to monomer pelleted is higher than the
mass ratio of dimer to monomer found in the solution. This is simply
because the dimers sediment faster than the monomers. According to the
Wyman linkage theory, for a unit weight of macromolecule, more ligand is
bound to the dimers than to the monomers.2 Consequently, the molar
ratio of the ligand bound to the macromolecules that pellet at the cell
bottom is higher than that found in the plateau solution. This extra
amount of ligand pelleted must be taken from the region centripetal to the
macromolecule boundary, since in the plateau area neither the macromol-
ecule nor the ligand changes its concentration other than as a result of
radial dilution. Within the boundary, reequilibration of monomers to di-
mers does occur, with the binding of some free ligand. A repetition of the
process, i.€., the transport of the macromolecule and the maintenance of
the reaction equilibrium throughout the boundary, serves essentially as a
ligand pump which constantly removes unbound ligand from the region
centripetal to the boundary to the cell bottom and, thus, generates a free
.igand concentration gradient across the boundary. By the same token, a
similar free ligand gradient across the boundary will also be generated for
a strong ligand-induced dissociation at certain intermediate ligand con-
centrations. However, instead of depletion, one €xpects to observe en-
hancement of the free ligand concentration centripetal to the boundary. A
quantitative account of why a free ligand concentration gradient can lead
to a bimodal sedimentation boundary will be given in the next section
where computer simulation of the sedimentation boundary is discussed.

An excellent example of the Cann—-Goad system is provided by the
low concentration vinblastine-induced self-association of tubulin shown
in Fig. 6. It is characteristic of the Cann-Goad system that, if the self-
association is not a cooperative one; biomodal sedimentation boundaries
are observed at intermediate ligand concentrations whereas unimodal
sedimentation boundaries are observed at either low or high ligand con-
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FiG. 6. Typical velocity sedimentation patterns of a Cann-Goad system. The results
shown are those of tubulin in the presence of | x 10°% M vinblastine. Pictures (a=c) were
taken at 16, 32, and 64 min after reaching the speed of 60,000 rpm. Pictures (d-f) were taken
from a separate run of the same sample except at 32, 64, and 104 min and at the speed of

48,000 rpm. (Taken from Na and Timasheff.%

centrations. Notice also that the bimodal sedimentation boundary of a
Cann-Goad system first emerges from the meniscus as a single peak
which then resolves into a bimodal one after sedimenting a distance
from the meniscus. This contrasts with the Gilbert system where the
boundary emerges from the meniscus as a bimodal one. This difference
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TABLE |
MODALITY OF VELOCITY SEDIMENTATION BOUNDARIES OF VARIOUS LIGAND-INDUCED
PROTEIN SELF-ASSOCIATIONS

Association
Ligand Cooperative with
aftinity Isodesmic favorable end-product
Weak Unimodal Low protein conc.: unimodal

High protein conc.: biomodal
(Gilbert system)

Intermediate Low ligand conc.: unimodal Low ligand and
low or high
protein concs.: unimodal
Strong Intermediate High protein conc.
ligand conc.: biomodal intermediate or
(Cann-Goad system) high ligand conc.: bimodal

(trimodal?)
(due to ligand gradient and/or
cooperativity)
High ligand conc.: unimodal High protein and high ligand
: concs.: bimodal (due to
cooperativity)

can be used to differentiate the two systems. It is also evident from Fig.
6d-f that the establishment of the Cann-Goad type bimodal sedimenta-
tion boundary is dependent on the maintenance of a stable free ligand
concentration gradient across the boundary and is strongly dependent on
the rotor speed. At low rotor speed, the ligand concentration gradient
tends to diffuse out, leading to poorly resolved bimodal boundaries.
Table I presents a flow chart of the procedures to analyze the velocity
sedimentation boundaries and to establish a qualitative characterization
of a ligand-induced self-association. In carrying out the velocity sedimen-
tation study, the most useful solution variables are the protein and ligand
concentrations. In a Gilbert type cooperative self-association, at a given
ligand concentration, the self-association should be examined over a
range of protein concentrations. One expects to observe unimodal sedi-
mentation boundaries at low protein concentrations and bimodal bound-
aries at high protein concentrations. The critical concentration at which
the fast moving peak starts to emerge should decrease with increasing
ligand concentration. Thus, if bimodality cannot be observed, it may be
because the critical concentration is too high. One should then increase
the ligand concentration in order to lower the critical concentration to
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Fi1G. 7. Computer simulated Cann-Goad bimodal sedimentation boundary for a one-
ligand-mediated monomer~dimer-trimer—tetramer isodesmic self-association. The total
protein concentration was 1 X 10-4 M, the total ligand concentration was 6 x 10~% M, and
the initial free ligand concentration was 6.5 x 10-¢ M. The microscopic equilibrium con-
stants were 1.8 x 10 M~! for the binding of the ligand to the monomer and 1.8 X 10° M~ for
the association between liganded macromolecules. The symbols are (——) protein con-
centration gradient, (- --) total ligand concentration, (----) free ligand concentration, and
(=== ) initial free ligand concentration before centrifugation (G. C. Na, J. R. Cann, and
S. N. Timasheff, unpublished).

within a measurable range. A Cann-Goad type strong ligand-induced self-
association can be identified by examining the sedimentation boundaries
over a range of ligand concentrations. With the Cann-Goad bimodal sedi-
mentation boundaries, if the ligand being examined has UV or visible
absorption that does not overlap with the protein absorption, one should
be able to use the electronic optical scanner to measure the total concen-
tration of the ligand across the entire cell. Figure 7 depicts a computer
simulated Cann-Goad type bimodal sedimentation boundary together
with the distribution of the total and free ligand concentrations for a
monomer—dimer—trimer—tetramer isodesmic self-association. There are
two salient features to be noted. First, although the protein boundary is
bimodal, the ligand boundasy is only unimodal. Apparently there is little
ligand bound to the protein in the slow moving peak. Second, there is a
strong depletion of free ligand centripetal to the boundary. The free ligand
concentration found in the supernatant is only 38% of the original free
ligand concentration before the centrifugation. On the other hand, this
depletion comprises only a small percentage of the total ligand concentra-
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tion in the plateau region. A simple demonstration of the presence of a
total ligand concentration gradient across the boundary is apparently not
sufficient evidence for a Cann—Goad system, since even a simple binding
system will show such a gradient of total ligand. For a Cann-Goad sys-
tem, the ligand concentration in the supernatant must be lower than the
original free ligand concentration used in equilibrating the protein. These
characteristics are completely born out in the bimodal sedimentation
boundary of the vinblastine-induced tubulin self-association shown in
Fig. 8.

By changing these solution variables and comparing the resulting
boundaries with the table, one should be able to reach a preliminary
diagnosis of the system of interest. Initially, in probing the effect of a
particular ligand, the presence of other ligand effectors should be avoided
in order to minimize complications. Other variables such as the concen-
tration of the hydronium ion and the solution temperature should also be
kept constant. After the initial characterization, one can then manipulate
the latter variables to obtaiw information, such as the effects of different
ligands and the enthalpy change of the association.

One can notice that there is a type of self-association, shown in Table
I, which we are not aware of having either been encountered in a real
system or having been studied theoretically. It is a cooperative self-asso-
ciation induced by a strong ligand binding reaction, i.e., a Cann-Goad-
type Gilbert system. One would expect it to possess characteristics both
of the Cann-Goad system and of the Gilbert system. It is yet uncertain
whether a trimodal sedimentation boundary can emerge at certain high
protein concentrations and intermediate ligand concentration. This ques-
tion still awaits to be answered by computer simulation studies.

Quantitative Analysis of Ligand-Induced Self-Association

A reversible self-association system can be expressed by the following
generalized equations:

A+A=A; K2=%'%;L]2‘
AA+A=4, K= {23[31\]
[A,]

At A=A K= TR



MACROMOLECULES: LIGANDS AND LINKAGES

where A, and [A,] denote the n-mer and its molar concentration. K,’s arc
the association constants for the formation of successive bonds between
monomer and (n — 1)-mer. For such a self-association, the mass distribu-
tion of the protein among various polymers is reflected in a functional
dependence of MW, the weight-average molecular weight of the macro-
molecule, on the total protein concentration and the association param-
eters:

n

> oMW,
MW =

Cy

where ¢; is the concentration of /-mer in mg/ml, ¢, is the total protein
concentration, and MW; is the molecular weight of the i-mer. In velocity
sedimentation, the mass distribution is reflected by a similar dependence
of the weight-average sedimentation coctficient on the total protein con-
centration and the association parameters:

Doesi 2 es® (1= gicy)
_ it _ it

Gy Gt

where s; and g; are the sedimentation coefficient and hydrodynamic non-
ideality constant of the i-mer, respectively. Thus, by fitting the experi-
mentally determined weight-average sedimentation coefficients with theo-
retical curves, calculated from various association models, one can rule
~ out certain association schemes and determine the association stoichiom-
etry and equilibrium constants that can describe the system best.
Another method for studying quantitatively the velocity sedimentation
of a ligand-induced self-association system is through the computer simu-
lation of the sedimentation boundaries. As mentioned earlier, the sedi-
mentation boundaries of systems undergoing different mechanisms of as-
sociation often possess strikingly different characteristics. As a result, a
comparison of the experimental sedimentation boundaries with those cal-
culated with a computer can also lead to information about the mecha-
nism of the association reaction. These two methods of velocity sedimen-
tation analysis are described in detail in the following section.

Probing the Association Mechanism through Analyzing $»,,

The selection of theoretical models to fit the experimental data is
guided by the preliminary boundary analyses described previously. Fur-
ther hints as to the association mechanism can be obtained from the
dependence of the §y,,, on total protein concentration. For a stepwise sélf-
association without any cooperative event, the weight-average sedimen-
tation coefficient should show a simple parabolic type dependence on
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total protein concentration.”'® On the other hand, if a cooperative step or
steps are present in the self-association, a sigmoidal curve should be
expected.>’8 The degree of inflection of the sigmoidal curve should be
directly related to the cooperativity whereas the number of inflections is
related to the number of cooperative steps present. After examining the
plot of §;w versus the protein concentration, preferably at several free
ligand concentrations, one can set up a theoretical association model.
Following the association model, the concentration of each i-mer can be
calculated by numerically solving the following polynomial using the
Newton-Ralphson rule:

n

=2 =2 KkKi- - Kiei

i=1

where c, is the total protein concentration and ¢, is the concentration of
the monomer, both being in mg/ml; MW is the molecular weight of the
monomer; K/ is the apparent association constant between a monomer
and an (i — 1)-mer in units of ml/mg. It is related to K; in the unit of M~!
by the equation
Ki= . K
T - DMWY

It is important to recognize here that the number of self-association
schemes which can be devisedis limited only by one’s imagination. Thus,
in fitting experimental data with theoretical models, the rule to observe is
to stay with the simplest model that can accommodate the data. On the
practical side, the solution of Eq. (9) can be greatly simplified if one can
minimize the number of variables present. In the generalized expression
of a self-association system, shown in Eq. (6), each of the self-association
constants can assume any value. If there is no sign of cooperativity in the
self-association, one should start with a simple stepwise isodesmic self-
association, i.e., one should assign the same equilibrium constant to each
step of the self-association. For a moderately cooperative association
system, one may assign a higher valued association constant to the coop-
erative step.”® For a strongly cooperative system, one may even set all
the intermediate association constants to zero, which is essentially equiv-
alent to assuming the absence of all intermediate species.’ If the self-
association proceeds indefinitely and the equilibrium constants for each
step of the self-association are identical, then Eq. (9) converges to a
simple binomial

_ G
€= = Kae /MW)P
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and the concentrations of monomer and cach i-mer can be obtained
casily:

Ci = l(Kg/MW)'- 'l‘,'

In the case of a cooperative self-association, both the association scheme
and data analysis can be simplified substantially if it is possible to assign a
single equilibrium constant for all the association steps prior to the forma-
tion of the favorable end product. The mass distributions of the protein
among the various polymers for the above two association schemes can
be calculated. As depicted in Fig. 9A, in the isodesmic indefinite type of
self-association, the small oligomers dominate at low protein concentra-
tions; as the concentration increases, the weight fractions of higher poly-
mers gradually increase. Also, as shown in Fig. 9B, at a given protein
concentration, if the self-associations is weak, the monomer is the domi-
nating species and the weight fractions of the polymers decrcase with

T T 1 T
I
00 8
470
80 4 60
4 50
60 -
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Fi1G. 9. Mass distribution of tubulin among different size polymers for an isodesmic,
indefinite self-association. (A) Dependence on the total protein concentration; Ky? = 5.2
x 10°* M ! (B) Dependence on the polymerization constants; total protein concentration =
10 mg/ml. The number next to each curve is the corresponding degree of polymerization.
(Taken from Ret. 9.)
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increasing degrees of polymerization. As the association, becomes
stronger, the trend reverses itself, i.e., higher molecular weight species
become dominant. On the other hand, for a Gilbert system, such as the
magnesium ion-induced tubulin self-association shown in Fig. 10, below
the critical concentration for the formation of the favorable end polymer,
the weight distribution of the protein is similar to the isodesmic associa-
tion described above. Above the critical concentration, the concentration
of the favorable end product of the self-association, in this case a 26-mer,
departs from zero and increases linearly whereas those of the intermedi-
ate species remain essentially constant.

Once the concentrations of all i-mers are obtained, they are put into
Eq. (8) to calculate the theoretical weight-average sedimentation coeffi-
cient as a function of total protein concentration. The data analyses are
usually carried out under the assumption that the binding of the low-
molecular weight ligand does not affect the sedimentation coefficient of
the macromolecule, either through a slight change of the molecular weight
or a change of the structure of the macromolecule. In Eq. (8), one needs
to know s;, the sedimentation coefficient of the i-mer. In a few instances,
the sedimentation coefficient of the end polymer can be derived by ex-
trapolating the sedimentation coefficients obtained at high protein con-
centration and at a saturating ligand concentration. This is particularly
true for the Gilbert-type strongly cooperative self-association system
where a certain end polymer will dominate at high protein concentra-
tions.578 However, in most cases the sedimentation coefficients of indi-
vidual polymers are unavailable and are not readily measureable. To pro-

1 ! 1 U 1 U

10| -
26

Ci-mer (mg/ml)

o 5 10 15 20 25

Crotar (mg/ml)
F1G. 10. Variations in the concentrations of individual species in the self-association of
tubulin as a function of the total protein concentration in the presence of 0.008 M MgCl,.

The numbers indicate the degree of polymerization of each associated species. (Taken from
Ref. 7.)
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ceed with the calculation, it becomes necessary to use theoretical s;
values obtained by assuming a certain physical shape of the polymer. The
simplest and most frequently used model is a spherical one for which the
sedimentation coefficient of the i-mer can be calculated from

s =28 g0

where s? is the reduced sedimentation coefficient of the i-mer and s{is the
reduced sedimentation coefficient of the monomer. More complicated and
elaborate models can be used, if one has some knowledge of the physical
size and shape of the polymers obtained through other methods, such as
electron microscopy. In this regard, study of the morphology of the poly-
mers using an electron microscope can provide valuable information not
only on the association stoichiometry but also on the size and shape of the
polymer species. Examples of such an approach can be found in the
magnesium-induced tubulin self-association into a double ring struc-
ture,”® as well as in several other multisubunit proteins.®3! In some
cases, the association product was observed vividly under the electron
microscope permitting its sedimentation coefficient to be deduced by the
Kirkwood theory.’? The theoretical values were found to be consistent
with the experimental values obtained from extrapolation.

Another unknown factor in Eq. (8) is g;, the hydrodynamic nonideality
constant of the i-mer. As mentioned earlier, the value of g appears to
increase with the asymmetry of the protein. Currently, there is no solid
formulation of g as a function of the size and shape of a macromolccule.
The usual practice is to assign the value of g, to all g;. The uncertainties in
the quantities of s; and g; must undoubtedly lead to some errors. Such
errors may stay within the experimental uncertainty for those systems
where the polymers are symmetrical in shape and have low association
stoichiometries, but may become significant for those systems that form
asymmetrical polymers of high association stoichiometries. In the latter
case, these uncertainties could prevent an unequivocal deduction of the
association stoichiometry and equilibrium constant.

An association model fitting is carried out through nonlinear least-
squares fitting of the experimental §y,,. This technique is well illustrated
by the magnesium-induced formation of the tubulin double-ring structure
and the vinblastine-induced isodesmic indefinite self-association of tubu-
lin. In the magnesium-induced self-association, the sedimentation bound-
aries shown in Fig. § displayed all the characteristics of the Gilbert system
described above. The weight-average sedimentation coefficicnts depicted
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Fic. 11. Theoretical fitting of the concentration dependence of the weight-average sedi-
mentation coefficient, Sy, of tubulin under self-associating conditions in the presence of

Mg?*. (O) 0.008 M MgCly; (A) 0.016 M MgCl,. The lines are least-squares fits to the data
according to the models described in Ref. 7. (Taken from Ref. 7.)

in Fig. 11 showed sigmoidal dependence on the total protein concentra-
tion and could be fitted well with an initial isodesmic self-association
which then terminated at the 26-mer which formed with a more negative
free energy change. In contrast, the vinblastine-induced tubulin self-asso-
ciation, characterized by the strongly skewed sedimentation boundaries
of Fig. 6, suggested an isodesmic indefinite self-association mechanism.
Further proof of the latter association mechanism was obtained from the
parabolic dependence of the weight-average sedimentation coefficients on
the protein concentration, as depicted in Fig. 12, and the good fit of the-
data by the theoretical curves calculated according to the isodesmic indefi-
nite mechanism at various vinblastine concentrations.

Computer Simulation of Velocity Sedimentation Boundaries

The method of numerical calculation of velocity sedimentation bound-
aries using an asymptotic approach was first introduced by Gilbert three
decades ago.?*? Since then, the numerical simulation technique has been
greatly refined and used fruitfully in the deduction of the mechanisms of
biomacromolecular self-association. Basically, there are two types of sim-
ulation methods. The first method is for those systems where no ligand
gradient is formed across the boundary. They include both weak ligand-
induced self-associations and strong ligand-induced self-associations at
saturating ligand concentrations. With a constant ligand concentration
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FiG. 12, Weight-average sedimentation coefficients ($20.) Of tubulin determined as a
function of total protein concentration. Tubulin was equilibrated with different concentra-
tions of vinblastine |(1) PG (0.01 M NaP; 10 ‘M GTP,pH 7.0)only; (2) | X 10 *M: 3)5 x
10°°M;(4)2.5 X 105M;(5)5 x H03M(6)1 X 104M;(7)2 % 104M;8)S x 10 *M]in
PG buffer, using both a batch and a flow column of Sephadex G-25 gel. Aliquots (0.5 ml)
were collected from the column and used directly for ultracentrit‘ugalion without dilution to
avoid changes in free vinblastine concentration. Solid lines are least-squares fittings of the
experimental data by the isodesmic, indefinite, self-association model. (Taken from Ref. 9.)

throughout the cell, the simulation can be carried out using a constant
apparent association constant. For a Cann-Goad bimodal sedimentation
boundary, where a gradient of free ligand concentration does form around
the boundary, the apparent association constant will vary throughout the
boundary. For the latter systems, one should use the second method,
which is designed to keep track of the free ligand concentration across the
boundary. For those interested in carrying out the numerical simulation
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Fic. 13. Simulated sedimentation velocity profiles of magnesium-induced tubulin self-
association in a sector-shaped cell at 48,000 rpm. (a) The sedimentation time was 1880 sec. A
sharp initial boundary was set at 5.884 cm. The ordinate is the concentration gradient

" calibrated in units of mg/ml/cm and the abscissa indicates radial position in cm from the
center of rotation. The protein concentrations corresponding to the shown patterns are 4.0,
6.0, 8.0, 10.0, 12.0, and 14.0 mg/ml. The association parameters are described in Ref. 7. (b)
The calculated boundary was depicted by the solid curve. The experimental concentration
gradient profile (+), shows at an early sedimentation time of 1260 sec was used as the initial
boundary data. The theoretical profiles were then calculated for an additional sedimentation
time of 720 sec and the curves are shown compared with an experimental profile (+) at 1980
sec. (Taken from Ref. 7.)

study, there have been two excellent review articles dealing with details
of the methods.34

Given a theoretical self-association model, the computer simulation
technique is capable of predicting boundary shapes and showing how they
change in response to variations of certain molecular or association pa-
rameters. This is exemplified by Figs. 13a and 14A where, starting from
synthetic hypersharp boundaries, simulated sedimentation boundaries
were generated for a Gilbert system and an isodesmic indefinite self-
association system. The qualitative agreement of the characteristic
shapes of the simulated boundaries with the experimental boundaries
found in the magnesium ion and vinblastine-induced tubulin self-associa-
tions has led to the initial confirmation of the association schemes. Fur-
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FiG. 14. Computer simulation of the velocity sedimentation profiles of tubulin in a sector-
shaped cell. The ordinates for both parts A and B are in random units, whereas the abscissa
represents the radial distance from the center of rotation. (A) The simulation process was
started with an initial sharp boundary of 10 mg/m! set at 6.09 cm from the center of rotation.
It was then subjected to simulated sedimentation at 52,000 rpm according to the isodesmic,
indefinite self-association model. The resulting schlieren sedimentation patterns were calcu-
lated for 510, 964, and 1475 sec of centrifugation, respectively. (B) The simulation process
was started after 32 min of sedimentation. The dotted line patterns are experimental
schlicren patterns, after 32 and 40 min of sedimentation after reaching speed, of tubulin (12
mg/mb equilibrited with S < 10 Y M vinblastine, 0.01 M Nal’,, 10 M GTP, ptE 7.0 bulter.
The early sedimentation pattern was used as the initial boundary for computer. simulation
according to the isodesmic, indefinite sélf-association model. The simulated sedimentation
was allowed to proceed for 8 min. The resulting simulated sedimentation pattern (solid line)
is to be compared with the second experimentally obtained sedimentation pattern. (Taken
from Ref. 9.)

ther substantiations of the mechanisms were obtained through point-by-
point comparison of the experimental boundaries with the simulated ones
as shown in Figs. 13b and 14B. The latter simulations were carried out by
using as the initial boundary an experimental boundary obtained from the
same run at an earlier time.

The computer simulation studies, useful as they are, usually cannot
‘generate new quantitative insights into the system other than those that
have already been obtained from the analysis of the weight-average sedi-
mentation coefficients. To begin with, in order to carry out the computer
simulation, one needs to have on hand the complete functional depen-
dénce of $y,,, and Dzo‘w on the total protein concentration. In other words,
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the analysis of the weight-average sedimentation coefficient must precede
the boundary simulation. The diftusion coetlicient, another unkpown fac-
tor, can be measured experimentally using techniques such as light scat-
tering. However, in practice, it is usually calculated from the weight-
average sedimentation coefficient using the Svedberg equation. In the
latter case, additional uncertainties will be introduced which further com-
plicate the fitting process. If one accepts the Svedberg equation in calcu-
lating the diffusion coefficient, there should be a one-to-one correspon-
dence between a given shape of §x., versus total protein concentration
plot and a specific shape of sedimentation boundary. Several salient fea-
tures of the sedimentation boundaries can be understood better if one
recognizes these relationships. For instance, both the Gilbert cooperative
self-association and the Cann-Goad-type strong ligand-induced self-asso-
ciation can give bimodal sedimentation boundaries. This is because both
systems show a sigmoidal dependence of their weight-average sedimenta-
tion coefficient on total protein concentration. In the Gilbert system, the
sigmoidal dependence arises from the presence of cooperativity in the
self-association. In the Cann-Goad system, it arises from the generation
of a concentration gradient of free ligand across the boundary. This is
‘exemplified by the vinblastine-induced tubulin self-association, as shown
in Fig. 12. At a given concentration of the free ligand, §»w increases
parabolically with increasing protein concentration. However, if a con-
centration gradient of free ligand is present across the boundary, as
shown in Fig. 7, the actual dependence of 3, on the protein concentra-
tion across the boundary will no longer follow one of the solid curves but
will shift across several curves following the lower ones at low protein
concentration and the higher curves at high protein concentration. If the
free ligand concentration gradient is sharp, the actual dependence of $xo,w
on protein concentration will become sigmoidal. Also, in this particular
system, the self-association plateaus at saturating ligand concentrations.
Thus, at a given protein concentration the increment of $3.w per unit
increase of ligand concentration is maximal at intermediate ligand concen-
trations. As a result, the actual dependence of §y. on the total protein
concentration gradually loses its sigmoidal character at both high and low
ligand concentrations and consequently unimodal sedimentation bound-
aries are observed. Furthermore, for a Cann-Goad system, since the
sigmoidal dependence of §,w on the protein concentration results from
the concentration gradient of the free ligand across the boundary, the
sedimentation boundary first emerges as unimodal and then starts to re-
solve into a bimodal one only after a period of sedimentation sufficient to
allow the establishment of the free ligand concentration gradient.
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Probing the Multiple Equilibria of a Ligand-Induced Self-Association

In the preceding section, we demonstrated that the self-association
constant of a ligand-induced self-associating system obtained from the
velocity sedimentation studies is an apparent one and it is a function of
the ligand activity. In this section, we will discuss the method of analyzing
this function to probe the multiple equilibria of a ligand-induced protein
self-association. From the multiple equilibria, one can then derive infor-
mation, such as the stoichiometry and association constant of the ligand-
binding site(s) linked to the self-association reaction and the mechanism
througk which the ligand-binding reaction brings about the self-associa-
tion of the macromolecule. This method of data analysis is illustrated
below by using a ligand-induced dimcrization reaction as an cxample.
Assuming that both the ligand binding and self-association reactions are
fast and reversible and thus both are constantly in equilibrium, the molec-
ular species present in the solution depends on the association pathway.
Considering the following association pathways:

pathway |
ky ky
l 2A +2X AX + A+ X 2AX
Ky K>

g 2K, ky2
A; +2X A X AXs

pathway 11

k)
A+ X=AX

AX + A 2 AXA
AX + X 2 XAX
XAX + A = XAXA
XAXA + X = XAXAX

where A denotes the macromolecule and X denotes the ligand, the self-
associations designated as pathway I and pathway Il in Eq. (14) have
previously been given the names of ligand-mediated association and li-
gand-facilitated association, respectively.? In the ligand-mediated associ-
ation, the ligand binding to the macromolecule precedes the self-associa-
tion reaction, whereas in the ligand-facilitated association, the ligand
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TABLE 11
Association 2 In K
mechanism K3 (  nlX| )r.p.,,,,.
([A] + [AX])? [t + Uk IXDP 1+ kIX]
[As] + [A:X] + [A:X] 26X + 2k2AX)?

(A Kl + 20lX] + KEXI) TS e
L+ 11 (A2 + [AX) + [AsXa] 1+ 2KIX] + K7IXP WolX) + 263X 2k(X]
([A] + [AX])? S+ KIXD? T+ 20(X] + kIXE T+ k[X]
Crosslink [AsX] + [AXa] + (Aol k7(X] 1 - k(X]
TAT+ [AXT + [AXDT (1 + kX2 T+ RiX]

binding follows the association reaction. If the self-association can pro-
ceed through both pathways I and II then it is called a combined ligand-
mediated and facilitated mechanism. In the self-association reaction de-
scribed by Eq. (15), the ligand is divalent and it serves essentially as a
cross-linker between two macromonomers. This self-association mecha-
nism will be referred to hereon as a cross-linking mechanism. For these
self-association mechanisms, Table 11 lists the apparent dimerization con-
stants measured by the velocity sedimentation technique, both in terms of
the constituent macromolecular concentrations, and in terms of the mi-
croscopic equilibrium constants and ligand activities. Figure 15A presents
plots of the logarithm of these apparent dimerization constants versus the
logarithm of the free ligand concentration. This plot will be referred to as
the Wyman plot, since it is essentially a reflection of the Wyman linked
function®:%:
T.P.mjs,

(10 s, = o)
o X1

= (Xproduct — Xreactant) — TW—’] (Wproducl - Wreaclant)

<6mx>
a'nr T.P,mjy,

= Aproduct — Xreactant = AX

"
where m,, m., m, are the molal concentrations of the ligand, the reactant,
and the product, respectively. [W] is the molal concentration of water in
the solution, [X] is that of free ligand; Wecucum and Wiraaue are the hydra-
tions of the reactant and product, and Xreactant and Xpr;,duc‘ are the respec-
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F1G. 15. Wyman plots of the apparent dimerization constant for the ligand-mediated,
ligand-facilitated, and ligand-mediated plus facilitated mechanisms of self-association. (A) In
AP versus In(X]. The solid line is for ligand-mediated self-association, where ki = 18X
10°M-"and k, = 1.8 x 10° M . The two dashed lines are for ligand-facilitated self-associa-
tion, where the intrinsic equilibrium constants used are (1) &y = 2.7 X 10° M ' and ky =8 x
M 'and (2) ky = 8.5 x 1O°M 'and ky = 80 M 1. The open circles are for the ligand-
‘mediated plus facilitated mechanism of self-association where ki = L8 X 10V M 'k, =
LR HOYM k=27 X 10°M ' andk, = 8 X 10 M ' (B) (0 In Kyve/o Inl X1y, versus
In[X]; the symbols have the same meaning as in (A). (Taken from Ref, 10.)

tive average ligand bindings by the reactant and the product. The Wyman
linked function states that AX, the slope of the above double logarithmic
plot, should be equal to the difference between the average ligand bound
to the product and the average ligand bound to the reactant. For the above
described association mechanisms, these derivatives are listed in the last
column of Table Il and their values are depicted in Fig. 15B. It is evident
that AX is dependent on the ligand concentration and the association
mechanism. For the ligand-mediated self-association defined above, the
slope of the double-logarithm plot at low ligand concentration approaches
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two, the stoichiometry of the ligand in the self-association reagtion. It
approachés zero at saturating ligand concentration. On the other hand, for
a ligand-facilitated self-association, the slope approaches zero at:low li-
gand concentration but reaches two at high ligand concentration. For the
combined ligand-mediated and facilitated self-association, AX approaches
zero at both the high and low ligand concentration ends, while, between
these two extremes, it reaches a maximal value which is a function of the
two ligand binding constants, &, and k3, and is less than two, the ligand
stoichiometry in the dimerization reaction. For the cross-linking mecha-
nism of self-association, the Wyman plot shows an initial increase fol-
lowed by a decrease of In K,,, with increasing free ligand concentration.
This is because, at high ligand concentration, the ligand binding sites tend
to become saturated, which drives the macromolecule to its monomeric
state. Thus, by plotting In K, versus In[X] and fitting the data with
theoretical curves calculated for different association schemes, one can
deduce the mechanism of linkage as well as the intrinsic equilibrium con-
stants of the ligand-induced self-association reaction.
" The procedure of the data analysis is as follows. One should focus on
the apparsnt association constant of a single association step at a time.
For an isodesmic type self-association, the conclusions derived from ana-
lyzing a single apparent association constant should be applicable to all
the association steps with the same association constant. For a given
association mechanism, list out all of the macromolecular species stipu-
lated by the mechanism and express the apparent association constant
accordingly. This is followed by nonlinear least-squares fitting of the ex-
perimentally obtained apparent association constants with the equation.
Examples of such a linkage analysis are provided by the calcium and
hydronium ion effects on hemocyanin subunit association,’” and the mag-
nesium-induced and vinblastine-induced tubulin self-associations.”='* In
order to derive the microscopic equilibrium constants, it is necessary that
the apparent association constant be determined over a wide range of
ligand concentrations, preferably at least one order of magnitude from
both ends of half-saturation, i.e., from one-tenth to 10 times of /K3,
where K®P is the apparent ligand binding constant. This is exemplified by
the vinblastine-induced tubulin self-association shown in Fig. 16A where
curve fitting of the Wyman plot provided the microscopic equilibrium
constants and indicated that the isodesmic indefinite self-association of
tubulin proceeds through a one-ligand-mediated mechanism.'®

A word of caution is needed regarding thé interpretation of the linked
function analysis. It is often said that an equilibrium study cannot be used



MACROMOLECULES: LIGANDS AND LINKAGES

15 14 13 12 B 10 9 8 7
-tn [X]

FiG. 16. Wyman plot of the experimental apparent dimerization constants for the vinblas-
tine-induced se!f-association of tubulin and their least-squares fittings by different reaction
mechanisms. The experimental results are depicted by the open circles. (A) Least-squares
fittings by one-ligand-mediated mechanism (: ) and one-ligand-mediated and facilitated
mechanism (---). (B) Least-squares fittings by two-ligand-mediated mechanism at [vinblas-
tine] =1 x 1076 M ( ) and at [vinblastine] 2.5 x 10 SM, (---) and Mo-ligzmd-mediuled
and facilitated mechanism (---). The dashed lines in (B) are the Wyman plots for self-
association via a cross-linking mechanism. The intrinsic equilibrium constants, k,, used in
this case are (1) 1 X 104, (2) 1 x 105, and (3) § x 10° M~'. (Taken trom Ref. 10.)
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to prove a reaction pathway. Indeed, what the Wyman linked function
analysis provides is a free energy map of the macromolecular states and
the manner in which it is affected by the free ligand concentration. At
equilibrium, the distribution of the macromolecules among the various
states should follow the Boltzmann equation. This molecular distribution
is a static picture and not a dynamic one. It tells nothing about how the
macromolecules are convertedfrom one state to another. However, the
equilibrium distribution of macromolecule as a function of ligand activity
can often be used as evidence to rule out certain reaction pathways. This
usage of the linked function is best expressed in the words of J. Wyman®:
““Although by itself the principle, being thermodynamic, has nothing to
say about mechanism, nevertheless it provides a powerful touchstone for
exploring the implications of any proposed mechanism as well as for
establishing the consistency of underlying observations at a phenomeno-
logical level.”

Concluding Remarks

In the past two decades, both the theory and methodology of velocity
sedimentation have made such significant advances that it has evolved
into a powerful tool for the examination of macromolecular self-associa-
tions. Computer simulation of velocity sedimentation boundaries has con-
tributed significantly to this and it should continue to guide future devel-
opments. On the theoretical front, our knowledge is slowly gaining
ground in the area of predicting the sedimentation coefficient and hydro-
dynamic nonideality based on the size and shape of a macromolecule. It is
evident that further development in this area is needed in order to
strengthen the technique to allow fully quantitative characterization of
macromolecular associations. In this context, it is certain that the poten-
tial of the velocity sedimentation technique can be greatly enhanced by
using it in conjunction with other physical methods, such as electron
microscopy, light scattering, and X-ray diffraction.



