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Abstract Many of the functions of biological macromol-
ecules are based on specific interactions. Extended con-
centration dependent studies of sedimentation coefficients
or molecular masses of biopolymers are highly useful for
describing the different kinds of association phenomena.
These studies allow one to determine the partial concen-
trations of monomers and associates or reactants and com-
plexes in self-associating systems or heterologous associ-
ations, respectively. Furthermore, in combination with cor-
responding measurements of biological activity these data
allow oneto estimate the individual activity parameters of
components involved in equilibrium processes. The study
of self-association and heterologous association using an-
alytical ultracentrifugation, some recent developments
therein, and its application to different examples are out-
lined here.
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Introduction

The properties of biopolymers — in particular proteins —
can depend significantly on their structure or molecular
mass. Particularly those enzymes possessing quaternary
structurecanfrequently vary in their ability to bind or mod-
ify substrates (Durrie et al. 1987; Whiteet al. 1993). Qual-
itativedifferencesin properties between protein monomers
and associates can also be observed (see e.g. Benndorf
et al. 1994). Because monomers are often in equilibrium
with their associates, in such mixtures we observe average
propertieswhich reflect the composition of partial concen-
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trations of the different components. To understand these
events we have to analyze the corresponding equilibria
with respect to the self-association and to determine the
number of subunits or the stoichiometry and the equilib-
rium constant(s). Biological activity can aso be adjusted
by heterologous association with other compounds. This
principle plays an important role in the regulation of cel-
lular as well as biotechnological processes (Gaertner
1978). Such reacting systems can be described by the stoi-
chiometry and binding constant(s). The method of choice
for the study of association equilibriaisthe sedimentation
equilibrium technique. However, valuabl e data can also be
derived from sedimentation velocity experiments. In this
communication we will give some basic equations and a
selection of applicationsfor the analysis of different inter-
acting biopolymer systems.

Materials and methods

The proteins and nucleic acids used for the studies were
purified substancesisol ated asdescribed el sewhereor were
generous gifts e.g. carbonic anhydrase from Dr. H. Schin-
delin (Cal Tech Pasadena) and HSP25 from Dr. M. Gaes-
tel (MDC-Berlin).

To analyze the association behavior of biopolymersthe
Spinco Model E and the XL-A analytical ultracentrifuges
(Beckman Instruments, USA) were used. Depending onthe
problem either Schlieren, Rayleigh interference or UV ab-
sorbance optics were employed. Six-channel cells were
used inthe case of sedimentation equilibrium runsand dou-
ble sector cellsin the case of sedimentation velocity stud-
ies. Sedimentation coefficients were determined from the
time dependent moving boundary measured according to
Eq. (1)
s=In(r/r) a(t—to) (1)

with r being the radial position at time t, r,,, the meniscus
position (time ty) and wthe angular velocity. When using
the Schlieren optical system we obtain the derivative
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r~! (dc/dr) as a Gaussian curve for the concentration distri-
bution. The area below the curve is proportional to thein-
itial concentration. For a monodisperse solution with only
one solute from the time dependent movement of the peak
fraction we can obtain directly the sedimentation coeffi-
cient by Eq. (1). For a solution also containing oligomers
such as dimers, trimers, tetramers etc., the Gaussian curve
becomes more asymmetric because of the somewhat faster
sedimentation of the associates. Their sedimentation coef-
ficientss, (n=2, 3, 4...) can be estimated by means of the
sedimentation coefficient s; of the monomers by Eq. (2)
which assumes all components are spherical.

S=5,-87° @)
If the sedimentation coefficients are relatively small the
total distance travelled by the moving boundary and the
speed used in the experiment are not sufficient to separate
the single oligomer fractions, for which we would also ex-
pect Gaussian curves with areas proportional to their par-
tial concentrations. Therefore, wehaveto analyzean asym-
metric concentration distribution curve. By rearrangement
of Eq. (1) we obtain afunction

=T €XP(Sy - & 1) (3)

which permitsusto calculatetheradial positions of the hy-
pothetical Gaussian maxima of the oligomers according to
their partial concentrations at time t. If the resolution of
the asymmetric Gaussian curve with several speciesisin-
sufficient we have to use the dc/dr values at r,, which ap-
proximate the partial concentration inthetotal weight con-
centration at a given radial position. Considering the mo-
lar mass of the specieswe obtain the molar partial concen-
trations from which we can calculate the association con-
stants according to Eq. (4)

Kn=(Cn)/(Cna) - (C1) (4)
with n=2, 3, 4... for the dimerization (K,), the associa-
tion of one monomer with one dimer (Ky) etc. If desirable,
by means of K,, we can calculate the free energy (AG) for
the different association steps using Eq. (5)

AG,=RT In (K,) ©)

The molecular mass of biopolymers was determined
from the radial concentration distribution (c,) at sedimen-
tation equilibrium by Eq. (6)

C,=Crpyy €XP[M (1—Vp) P (r?—r2)/2RT] (6)

with ¢, the concentration at the meniscus, 1-vp the buoy-
ancy term, wthe angular velocity, R the gas constant and
T the absolute temperature. If there are two or more spe-
cies in solution the concentration and the stoichiometry
must be considered. This also has to be done for experi-
ments of heterologous association. Assuming a reaction:
R+nL - RL,wehaveto fit asum of at least three expo-
nentials to the experimental curve according to Eq. (7).

¢y =cg [exp (M, [F) + ¢, [éxp (M|, [F) +cg
1 OO i .
— Hep, Kq)! exp Mg +jMp) F
DZnJ HE L Ky p (Mg +jIM,

(7)

Thisisthe simplified equation to describe the radial con-
centration distribution curve at sedimentation equilibrium
for such areacting system with the reactants (R = receptor
and L =ligand molecule) and the complex(es) formed, as-
suming equal binding sites. In this equation F equals
[(1-vp)awf(r?—rd)]/2RT. Using the absorbance optical
systemto describethe concentration distribution curveswe
need the extinction coefficients e and ¢ to analyze the
remaining partial concentrations cg and ¢, , or those of the
complexes. If there is a difference in buoyancy between
receptor and ligand mol ecule we also have to consider this
in Eq. (7). To reduce the number of parametersto befit we
have to determine the molecular masses Mg and M, sep-
arately. Further details of the analysis and the fitting pro-
cedure using our program “POLYMOL” have been de-
scribed earlier (Behlke et al. 1994, 1995).

The amount of complex (cg. ) can be calculated from
association constant determined from the initial concen-
trations of reactants by Eqg. (8).

Cr. =[0.5(cg+c. + VK]
—{[0.5(cr+c + LK )]*—cre } 2 (8)

This eguation can also be used for the calculation of
simple self-associating systems. If such equilibria (e.g. a
monomer dimer system) are disturbed by acompetitionre-
action by an inhibitor (I) which binds in the interface re-
gion we have to calculate the overall association constant
Koa by EQ. (9).

Koa: Ka/(]-"'KI 'CI) (9)

Inthisequation ¢, isthefreeinhibitor concentration and K
and K, the association and inhibitor constants, respectively.

Results and discussion
1. Self-associating systems

Self-association can be considered as a closed process to
form a quaternary structure of a protein as well as an open
association with infinite reaction steps to take up a large
number of monomers in the associates. In contrast to the
latter, during the closed association event the monomers
are mostly in a simple equilibrium with the association
products containing a defined number of subunits or
monomers. Both forms of self-association can be discrim-
inated by concentration dependent measurements of the
weight average molecular masses. In special cases we can
also describe these events by weight average sedimenta-
tion coefficients. First we will consider the closed associ-
ation and discuss some problems involved in these pro-
CESSES.

Carbonic anhydrase

A pre-requisitefor theanalysis of self-associating biopoly-
mersis the concentration dependent determination of sed-
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Fig. 1 Concentration dependence of M,, for carbonic anhydrase
from Methanosar cina thermophilain 20 mm K-phosphate buffer, pH
7.0, containing 1 pm ZnS0O,. The solid line describes a trimer-hex-
amer equilibrium. When considering thisasadimerization of trimers
the association constant isK ;= 1.4-10% M2, A dimer-tetramer equi-
librium (dotted line) can be excluded

imentation coefficients or the molecular masses. This has
to be done over awide range of biopolymer concentration
(at least two orders of magnitude) to recognize the atera-
tions involved. If the size of monomers M, is known (of-
ten derived from the amino acid sequence) we have to di-
vide the molecular mass determined by the corresponding
value for monomers. An example for a weak association
reaction is the oligomerization of carbonic anhydrase. In
contrast to many other carbonic anhydrases(McKinlay and
Whitney 1976; Komarova and Doman 1981) the extracel-
lular enzyme produced by Methanosarcina thermophila
growing on acetate and supporting a H*/CH;COO™ sym-
port mechanism and/or converting CO, to HCOj facilitat-
ing the removal of excess CO,, forms trimers, as recently
shown by X-ray crystal structure analysis (Kisker et al.
1996). Thisisin agreement with our molecular mass stud-
ies at very low concentration. Therefore, we have to as-
sume atrimer is the smallest dissociation unit in solution
under non-denaturating conditions. As pointed out by
Kisker et a. (1996), in the crystal two trimers dimerize to
form a hexamer with 32-symmetry by association of the
N-termini of six monomers into a 6-stranded [-structure
with ahydrophobic core. We can clearly recognizethisrel -
atively weak association processin solution by increasing
molecular mass in the higher concentration range up to
10 mg/ml (see Fig. 1). If we reduce the association reac-
tion of two trimers forming one hexamer to a monomer
dimer equilibrium the concentration dependence of molec-
ular masses can be described by K,=1.4-10* M~. A pos-
sible dimer tetramer equilibrium, based on the substruc-
ture of carbonic anhydrase of bean leaves with 45000 Da
and considering the M, dataonly near 1 mg/ml, can be ex-
cluded from the extended concentration dependent molec-
ular mass studies (Fig. 2). In crystal and in solution car-
bonic anhydrase from the archeaon Methanosarcina ther-
mophila exists as trimer and hexamer.
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Fig. 2 a Activity of a specifically modified yeast phosphofructo-
kinase (Bér et al. 1988) in 0.1 M K-phosphate buffer, pH 7.0. b Spe-
cific enzyme activity plotted against either the total protein concen-
tration containing tetramers, dimers and monomers (O, or against
the tetramers and dimers (0) or only against the partial concentra-
tions of tetramers (@)

Phosphofructokinase

Extended concentration dependent molecular mass deter-
minations on enzymes with a quaternary structure can be
helpful for recognizing whether only the associates or also
the subunits possess biological activity. As we were able
to demonstrate earlier (Bér et al. 1988) slightly modified
yeast phosphofructokinase exists as a tetrameric molecule
in solution. Upon dilution its activity becomes unexpect-
edly smaller; however, this occurs in a non-linear manner
(Fig. 28). Molecular mass determinations as a function of
the protein concentration also yield non-linear behavior,
indicating adissociation of tetramers (Fig. 3). Interpreting
the molecular mass data as weight average val ues accord-
ing to Eg. (6) we can estimate the dependence of the par-
tial concentrations of tetramers (c,), dimers (c,) and
monomers (c;) on the total protein concentration
(Fig. 3 insert). When plotting the enzymatic activity of
phosphofructokinase as a function of the total protein
concentration or the amount of tetramer plus dimer we ob-
serve a non-linear dependence. However, when plotting
the same data for the activity only against the amount
of tetramer a concentration independent behavior is ob-
served (Fig. 2b), indicating that only the tetramers are ac-
tive in solution. During dilution these species disappear
quickly and cause a non-linear diminution of the enzyme
activity.
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Fig. 3 Presentation of concentration dependent molecular mass of
yeast phosphofructokinase in 0.1 M K-phosphate, pH 7.0 (m) in-
cluding the partial concentrations of tetramers (T), dimers (D) and
monomers (M) given in the insert. The molecular mass data in the
same buffer with additionally 0.5 M (NH,),SO, (e) are clearly
higher
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Fig. 4 Kinetic constants k given as V5 per monomeric enzyme
concentration (E) for D-amino acid oxidase in dependence on the to-
tal concentration. According to the association constant of 106 M~
the percentage of monomersat different initial concentrationsarein-
dicated. On the average k val ues of 0.95 (monomer) or 0.32 s™* (dim-
er) were estimated

D-amino acid oxidase

Enzymes can possesses activity in the associated as well
as the monomeric state. Thisis observed, for example, in
the D-amino acid oxidase which forms an equilibrium be-
tween monomers and dimers. The association constant is
pH dependent and is about 10° M~ at pH 8. Likewise, the
ability to metabolize substrates varies with the pH, indi-
cating that the dimers possesses two independent binding
sites. Accordingly the kinetic constants for monomers and
dimers are different (Fig. 4). With respect to the K, value
of 106 M™%, micromolar enzyme solutions containing a
mixture of monomers and dimers demonstrate an average
activity corresponding to their partial concentrations,
which can be calculated by Eq. (7). To get conditionsunder
which only monomers or only dimers exist in solution we

have to reduce or increase the protein concentration by at
least two orders of magnitude. However, thisisdifficult to
realize. Nevertheless, the kinetic constants for monomers
or dimers can be easily estimated from at least two data
pairs of the activity and the partial concentrations of both
components (Fig. 4).

Hairpin duplex equilibria

Inadditionto proteins, singlestranded antiparallel oriented
oligonuclectides are also able to undergo a self-associa-
tiontoformaduplex structure. Such equilibriaarestrongly
influenced by the base composition of DNA oligonucleo-
tides, forming an equilibrium mixture of ordered antipar-
alel hairpin and double stranded helical structuresin so-
lution containing 0.1 or 0.5 M NaCl between 5 and 40°C.
Thedimeric duplexisfavored at low temperature and high
salt concentrations (Ross et al. 1991). According to our
studies on parallel stranded oligomers, duplex formation
at 5°C requires high salt concentrations of at least 1.0 M
NaCl (unpublished results).

Nuclei formation

Asaspecial case of self-association with characteristics of
an open association we can consider the nucleation pro-
cess of biological molecules to form crystals. The initial
association events in the process of nucleation are of crit-
ical importance for the crystallization. Usually we start
from a highly concentrated protein solution containing
only monomers. Some collisionsamong the mol ecul eslead
to the temporary formation of dimers. These are unstable
and most of them dissociate after a short period. However,
afew of them survive and can take up another monomer
forming a trimer or an additional monomer to become a
tetramer etc. (see Fig. 5). These small oligomersare of low
stability and therefore are in equilibrium with monomers.
The process continues up to higher associates which occur
in only very small amount. From sedimentation velocity
studies on protein solutions carried out under crystalliza-
tion conditionswe can determinethepartial concentrations
of the different components involved in the association
process as described in the Methods section. The results
demonstrate the highest concentration for monomers and
steadily decreasing amounts of oligomers from dimers up
to n-mers. By calculation of the equilibrium constants for
the various association reactions and comparing the free
energy values it can be recognized that the formation of
the small associates from dimers up to hexamers is unfa-
vorable (positive free energy). This behavior explains the
low stability of the small oligomers. Beyond acertain crit-
ical size of the associatesthe free energy change upon add-
ing amonomer to the associates becomes|ess unfavorable
or even slightly favorable. Such stable associates or nuclei
insolutionareapre-requisitefor successful crystal growth.
Two or three days after their appearance protein crystals
can be observed. Because these association processes can
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Nuclei formation

mation (open association) dur-
ing a nucleation process

beanalyzed by analytical ultracentrifugation after only one
hour we have proposed this technique as an early recogni-
tion method for the successful crystallization of proteins
(Behlke and Knespel 1996).

Peptide competition mapping

In proteins forming a simple monomer dimer equilibrium
only few amino acids are involved in the contact region
between the two polypeptide chains. The peptide compe-
tition mapping method offers a possibility to identify pep-
tide binding regions. Beside knowledge about the primary
structure of the protein this method requires peptide frag-
ments of the total amino acid sequence. Peptideswhich are
able to disturb the association equilibrium are candidates
for the interface region in the dimers. This effect is based
on the fact that the peptides with identical sequence can
bind at the site where the two monomers join together (see
Fig. 6). Peptides from other protein regions are not able to
provoke such an effect. By this method we are able to pre-
dict the peptide which is responsible for the dimerization
reaction in the HIV core protein p24, including its influ-
ence on the overall association constant according to Eq.
(9), (unpublished results).

2. Heterologous association

Interactions between different macromolecules under in
vitro as well as in vivo conditions are significant for mo-
lecular and cell biology. Complex formation of different
proteinsor proteins and nucleic acids or proteins and poly-
saccharidesis a central feature of life processesinvolving
metabolic pathways, gene regulation, transcription, repli-
cation and supramolecular structure. The interactions are
of different binding strength and require various ap-
proachesto analyzethe stoi chiometry and equilibrium con-
stant(s). The sedimentation equilibrium technique allows
one to study strong as well as moderate or weak associa-
tion reactions (see Fig. 7). When analyzing strong interac-
tions with association constants K ,>108 M~ in micromo-

Fig. 6 Schemefor the peptide competition mapping. The monomer
dimer equilibrium is shifted to the monomers if peptides containing
the binding region (small light gray ellipses) are added to associate
withfreemonomersand competewith thedimerization reaction. Pep-
tides (small dark gray ellipses) of other regions from the polypep-
tide chain are ineffective in reducing the protein molecular mass

lar solutionswe need only asmall amount of ligand (L here
also means a macromolecul€) to occupy the binding site
on the receptor molecule (R) and result in a high degree of
complex formation. In sedimentation equilibrium experi-
ments we get molecular mass values corresponding only
to the stable complex, which allow usto calculate the stoi-
chiometry very simply as the sum of the reactants. In con-
trast, when analyzing moderate or weak interactions we
have to add alarger molar excess of ligand to the receptor
to attain complex formation. When using separation meth-
ods to remove the free ligand molecules or the complex
dissociationinto thereactantsis possible. In sedimentation
equilibrium experiments the reactants and complexes
formed exist side by side. Therefore, equilibria of weak
interacting components are also not disturbed and we can
readily determine the partial concentrations of all com-
ponents involved in the reacting system using e-function
analysisaccording to Eg. (7). In thefollowing some exam-
ples of heterologous interaction will be discussed in more
detail.
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Fig. 7 Left side: Two schemes for strong (top) intermolecular and
moderate or weak intermolecular interaction (bottom) between two
different kinds of macromolecules. R: receptor molecule, L: ligand.
Effectors (electrolytes, protons or other small molecules) can influ-
ence the readiness for stronger interaction. Right side: Scale of dif-
ferent actin binding proteins with their association constants. The
data are taken from Kreis and Vale (1993)

G actin-HSP25 interaction

The small heat shock protein HSP25, a cytosolic protein,
is known to inhibit the polymerization of G actin (Miron
et al. 1988, 1991; Benndorf et al. 1994). It is expressed in
all cells under physical stress conditions, mainly at higher
temperature. This behavior raises the question, is HSP25
areal actin binding protein and can we consider this prop-
erty asareal function? To clarify this problem we need to
know more about the binding parameters of both proteins.
Therefore, sedimentation equilibrium experimentson both
proteinsin theisolated state and in different mixtureshave
been carried out. To prevent asalt-induced polymerization
of G actin the electrolyte concentrations of buffer used in
the experiments were kept very small. These conditions
have led to a strong dissociation of the supramolecular
structureof HSP25. Analyzingtheradial concentrationdis-
tribution curves using Eq. (7) we obtained binding con-
stants between 106 and 10’ M2, which are nearly indepen-
dent of the ratio of the proteins involved in the reaction
(Fig. 8). Small differences in the affinity between murine
and human HSP25 are recognizable. From these resultswe
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Fig. 8 Association constantsfor theinteraction of G actin with mu-
rine(m) or human HSP25 (A). Experimental conditions. 2 mm Tris-
HCI, pH 8.0, 0.2 mm ATP, 0.2 mm CaCl,, 0.5 mm 2-mercaptoetha-
nol; temperature 10°C. The solid lines represent average values for
the different species
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Fig. 9 Plot of molar association constants for the adrenodoxin-re-
ductase adrenodoxininteractionin dependence of the phosphate con-
centration. Buffer: K-phosphate, pH 7.4. Temperature 10°C. Theer-
ror bars are given in sd

can conclude that the moderate binding strength of the
small heat shock protein to actin can only lead to a minor
ateration of the G actin-F actin equilibrium.

Adrenodoxin-reductase interaction with adrenodoxin

Both proteins belong to the cytochrome P450-dependent
monooxygenase system transferring electrons to metabo-
lize exogenous drugsand toxinsor endogenously produced
steroids, vitamin D, prostaglandins etc. To analyze the
structure of both proteins, including the interface region
where both components come together during the electron
exchange, a co-crystallization of both proteins was neces-
sary. However, thisproject requiresknowledge of the bind-
ing properties of both proteins in solution. Sedimentation
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Fig. 10 Association constants (@) and weight average molecular
masses (A) for the interaction of HBsu dimers with the double
stranded 10 basepair DNA oligonucleotide CGCACACACG/
CGTGTGTGCG depending on different molar ratios. Buffer: 50 mm
Tris-HCI, pH 7.5, 50 mm NaCl, 1 mm EDTA, Temperature 14.3°C

equilibrium experiments carried out with different ratios
of the proteinsresultedinal:1 complex in every case with
affinities depending on the ionic strength. As can be seen
in Fig. 9 only in low buffer concentrations of 20-50 mm
phosphate are the association constants high and they drop
by about three orders of magnitude at the high salt concen-
tration of 0.5 M phosphate. This behavior requires acom-
plex stabilization by cross-linking before crystallization
under high salt concentrations. To obtain a high yield of
the hetero-complex, suitable conditionswith respect to op-
timal concentrations of the reactants are necessary. These
can be derived using Eq. (8). The hetero-complex between
adrenodoxin-reductase and adrenodoxin obtained in this
way could becrystallized successfully (Behlkeet al. 1995).

Protein-nucleic acid interactions

In cellular systems nucleic acids are usually complexed
withdifferent kindsof binding proteins. Thelatter can have
either specific functions or only protect nucleic acids
against nucleolyic attack. Depending on the protein func-
tion the binding constants can differ by several orders of
magnitude (see also Record et al. 1991). To explain the
DNA-condensing activity of histones or histone-like pro-
teins several models have been suggested where DNA is
wrapped around a core of proteins (Tanaka et al. 1984,
Whiteet al. 1989). These models are based on the assump-
tion that each molecule covers a length of about 10 base-
pairs of DNA. From spectrocopic experiments using such
ahistone-like protein, HBsu, abinding site size of only 3.5
basepairs was determined. To clarify this contradiction we
haveinvestigated the heterol ogous association between the
dimeric HBsu protein (M =19800) and a 10 basepair oli-
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gonucleotide (M =6233) by means of the sedimentation
equilibrium technique. We analysed different mixtures
from afivefold excess of DNA over protein to areversed
ratio. In all experiments complexes between the reactants
are formed. The concentration of the 1:1 complex exceeds
that of the 2:1 complex (two protein dimers per DNA) at
high oligonucl eotide concentration but the opposite behav-
ior isobserved at high protein concentration. From the par-
tial concentrations the association constants and the M,,
values representing all components in the mixtures have
been determined (Fig. 10). The highest molecular mass ob-
tained for the 2:1 stoichiometry reflectsthe strongest inter-
action between both reactants. Because other protein-DNA
ratios contain a higher content of free reactantsareduction
of M,, was observed. The association constant for the bind-
ing of the first protein dimer on the oligonucleotide is
somewhat smaller than 10° M~ (see Timmermann et al.
1995). The maximal number of HBsu dimers bound by the
DNA decamer amounts to two and confirms the value of
(3.5+0.5) basepairsof DNA per HBsu dimer obtained from
fluorescence spectroscopic measurements (Groch et al.
1992).

Concluding remarks

The different examples presented here as asmall subset of
the large number of possibilities for studying the associa-
tion behavior of biopolymer systems. The methods applied
are suitable to analyze the stoichiometry, partial concen-
trations and association constants of self-associating
systems as well as heterologous associations in solution.
The low speed sedimentation equilibrium technique also
allows one to determine moderate and weak interactions
with association constants up to 10° M~1. At present, as-
sociation events of up to 20 mg/ml reactant down to afew
pa/ml can be studied. In order to analyse biopolymers at
lower concentrationsnew optical systems—e.g. highly sen-
sitivefluorescence optics—are necessary to record the con-
centration distribution curves with sufficient accuracy.

In combination with the biological activity datainsight
into structure-function relationships can be derived. These
kind of measurements will also play an important role in
future work.
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