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Abstract

A method for reformulating the thermodynamic (AG) description of complex equilibria is presented. The
purpose of this reformulation is to take a system of N complexes which is completely defined by N AGs, and
recast it in terms of a new set of N AGs. This reformulation is an extension of the concept of interaction
energy (J. Wyman, Adv. Protein Chem. 19 (1964) 223-286). The new AGSs obtained by this reformulation
reflect the intrinsic properties of the binding sites and the hierarchical nature of potential interactions
between them. A simple set of rules are developed which allow for the description of complex protein-ligand
binding schemes and these rules are used to derive schemes for hemoglobin O, binding. This reformulation
represents the foundation for the theoretical description of the coupling of encrgy in protein-ligand systems as
illustrated by the theoretical analysis of allosterism in a dimeric protein presented in the following paper. This
reformulation also provides the foundation for the analysis of data pertaining to complex equilibria.

Keywords: Cooperativity; Protein-ligand binding; Thermodynamics

1. Introduction

The understanding of protein-ligand binding
serves as the foundation for our understanding of
nearly all protein mediated phenomena. The abil-
ity of proteins to couple their interactions with
ligands (cooperatively) is well recognized in bio-
chemistry and serves to optimize the function of
proteins (for example the oxygen transporting
ability of hemoglobin (Hb)), to allow for the regu-
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lation of metabolic pathways (for example the
regulation of pyrimidine biosynthesis by aspartate
transcarbamoylase), and for the regulation of gene
expression (for example the regulation of expres-
sion of tryptophan synthesizing enzymes by the
tryptophan repressor) [1]. Enzymatic catalysis can
in fact be considered as the coupling of ligand
binding energy with the lowering of the transition
state energy of a reaction [2]. The manifestations
of such phenomena are widespread and are gen-
erally referred to as allosteric or cooperative in-
teractions. There is an extensive literature on all
aspects of this subject reflecting its importance to
an understanding of many biochemical phenom-
ena.
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A serious impediment to progress in under-
standing cooperativity is the limitation of current
methods of formulating complex physical models
for either theoretical analysis or for the analysis
of data. For example, the two major physical
models for allosteric interaction, the Monod-Wy-
man-Changeux (MWC) [3] and the Koshland-
Nemethy—Filmer (KNF) [4] models, are both sub-
sets of a more complete thermodynamic model
which includes all possible conformational and
ligand bound states [5]. It would be of consider-
able theoretical interest to devise a method which
would unify both of these extreme views into a
common model. For the rigorous analysis of equi-
librium binding data pertaining to protein ligand
systems the most sophisticated method available
is non-linear least squares fitting of data to the
Adair equation [6-8]. This method of data analy-
sis is hampered by the number of terms to be fit
for complicated systems. There is also continuing
debate concerning the statistical and physical sig-
nificance of the resulting parameters [7,8].

This paper presents a method for describing a
complex protein-ligand binding scheme in terms
of a set of unique and independent AGs, suitable
as parameters for both the theoretical analysis of
complex thermodynamic models and for the sta-
tistical analysis of data pertaining to such models,
and discusses what physical interpretation can be
ascribed to these parameters. This reformulation
is essentially an extension of the concept of inter-
action energy [9,10]. The presentation of these
ideas will begin from first principles to facilitate
an understanding of this reformulation. The ap-
plication of this reformulation to the rigorous
analysis of cooperativity in a dimeric protein is
presented in the following paper [11].

2. Theory and discussion

2.1 Simple systems and statistical terms relating
macroscopic and microscopic constants

The simplest protein-ligand system is a one
site protein

Ka
P+L—5PL (1)
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where K, is the association constant and is de-
fined as

[PL]
=PI @

This discussion is based on equilibrium thermo-
dynamics with the assumption of ideal behavior,
In terms of the Gibbs free energy of association

AG,= —RT In K, (3)

The AGs discussed throughout this paper can be
treated as any other AGs and we will not discuss
further expansion of this parameter, for example
into AHs, ASs, and ACs for temperature de-
pendent studies, except to note that the reformu-
lation presented here can be easily expanded to
handle such cases [12].

There are several alternative formulations
available to describe equilibrium systems. In the
following discussion association parameters (K,s
and AG,s) will be used. The corresponding disso-
ciation constants could also be used. The rela-
tionships between these are as follows

Ky=1/K,, AGy=—-AG,,
AG,= —RT In K, =RT In K, (4)

A distinction must be drawn between intrinsic or
microscopic constants and extrinsic or macro-
scopic constants. The former describe the behav-
ior of individual sites on the protein while the
later describe the aggregate behavior of the sys-
tem in the experimental frame of reference. To
illustrate this point consider the system dia-
grammed in Fig. 1. In this model there are two
identical binding sites for ligand L on protein P.
The Ks and AGs shown in Fig. 1 are designated
as either intrinsic association constants or macro-
scopic association constants. The infrinsic con-
stants describe the behavior of each site indepen-
dently and are associated with the fundamental
properties of the individual sites. However, on a
macroscopic level we cannot distinguish between
PL and LP. What we observe macroscopically is
PL + LP which is described by the macroscopic
association constants shown in Fig. 1C and 1D.
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The relationships between the macroscopic and
intrinsic association constants in this case are

K"=2Ki and KI=3K} (5)

The simple rationale for such a result is that
there are two ways for the first ligand to associate
cn and only one way to dissociate off so the
observed association constant will be twice the
intrinsic association constant. A similar argument
applies to K" This point is casily derived alge-
braically and is important in maintaining the in-
ternal consistency of the mathematical formula-
tion of such systems [13]. The equivalent AG
formulation of the above result is also included in
Fig. 1. The RT In(x) terms are equivaient to the
relationships between the intrinsic and macro-
scopic cquilibrium constants discussed above in
logarithmic form and can be considered as the
entropic contribution of multiple binding sites.

2.2 Cooperativity and interaction terms

Cooperativity and allosteric interactions oc-
cupy an important place in a wide variety of

A i B. i
: K AG
P —' —PL p L_.pL
K| K) AGH AG!
Kl 4G
LP PL, LP———-PL,
C. _ ,
m: Kl m=]KI
PK‘ 2 ‘PLKZ % 2pL,
D.

m__ i m_ i 1
p 8G7=AGI-RTIn2 , AG7= AG-RTIn:

2

Fig. 1. Equivalent thermodynamic formulations for a ho-
motropic two site protein. Panel A: microscopic formulation
in terms of intrinsic equilibrium constants. Panel B: formula-
tion in terms of intrinsic AGs. Panel C: equilibrium constant
formulation defining the relationship between the intrinsic
and macroscopic equilibrium constants as denoted by super-
scripted ‘i’ and ‘m’, respectively, Panel D: AG formulation
illustrating the relationship between microscopic and macro-
scopic AGs. Note in panels C and D that PL represents
PL+LP from panels A and B. The Ks and the AGs are
relatedby AG=—-RT In K.
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Fig. 2. Equivalent thermodynamic formulations for a ho-
motropic two sitc protein incorporating the concept of inter-
action terms. Panels as in Fig. 1.

2

biochemical systems. A cooperative interaction is
where an event at one site on a protein exerts an
effect on events at other sites on the protein. The
simplest system in which cooperative interactions
can be discussed is for a homotropic two site
protein as diagrammed in Fig. 1. If the binding of
the first ligand has an effect on the second ligand’s
binding then the intrinsic AGs of binding, AGi1
and AG}, will not be equal. If AG) is decreased
(i.e. more negative; tighter binding) relative to
AGi then we have positive cooperativity and if it
is increased (i.e. more positive; weaker binding)
this is negative cooperativity. Note in Fig. 1 that
if there is no cooperative interaction AG} and
AG), are equal. If we consider that AG) is in a
sense the same as AG) plus or minus some
perturbation we can reformulate AG) as

AG) =AGi + AG,,, (6)

where AG,, 1s the AG of interaction, Using this
definition we obtain the equivalent representa-
tions shown in Fig. 2. This reformulation results
in two independent parameters (AG! and AG ).
The AG,, is the actual amount of cooperative
interaction expresscd as a defined thermody-
namic quantity. A positive AG;,, means negative
cooperativity and vice versa. This formulation is
well known [9,10] and has been applied to the
study of many systems.

Now consider a protein with two binding sites
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each for a different ligand, A and B, as depicted
in Fig. 3. In this scheme Weber’s formulation is
adopted where AG, p, Tepresents the AG of B
binding to its site when the A site is already
occupied [10]. We can reparameterize by noting
that AG, g, is the same as the AG of binding of
B, b, plus a perturbation, eb. Also note that
because of the conservation of energy require-
ment both pathways from P to PAB must have
equal sums. Note that ab must appear as the
interaction term on both pathways (i.c. both path-
ways must have equal sums) and this reformula-
tion reflects the fact that whatever effect A bind-
ing has on B binding must be reciprocated. Our
original scheme with four non-unique parameters
is now reduced to a uniquely defined three pa-
rameter scheme.

Figure 4 illustrates the necessary thermody-
namic formulation for three heterotropic interact-
ing sites. Note that all terms are written starting
from the free protein in the direction of increas-
ing complexity. We wish to find terms which
when substituted for la, Ib, and Ic will satisfy
the requirement that all pathways leading be-
tween any two states must have equal sums, Start-

A p K PR B. p AGg PB
K. K s AG, AG

PA——®% _pAR PA—20BM_pip

c p—25  _pg D. P b__ .8
A£G,  AG,+4G,, a a+ab

pa L5t 200, PA—LY pag

Fig. 3. Equivalent thermodynamic formulations for a het-
erotropic two site protein. Panel A: equilibrium constant
formulation using conditional equilibrium constant formula-
tion {10). Panel B: equivalent AG formulation. Panel C:
redefined AG formulation incorporating concept of interac-
tion terms. Panel D: equivalent formulation introducing the
abbreviated formulation where italicized lower case letters
represent UIP formulation AGSs.
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PAB
b+ab1a:ab\PB c+le
b/c+}\
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C+"‘°Ja+a: \PC/ bilb
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Fig. 4. Incomplete thermodynamic formulation for a het-
erotropic three site protein using interaction terms and the
abbreviated formulation, The terms fa, /b, and /¢ must be
replaced with other terms which are derived in the text. As
formulated here the model is unnecessarily overdetermined,
since the seven complexes (relative to the free components)
are described by nine terms; only seven terms are necessary to
uniquely define the seven complexes.

ing from P and selecting pathways passing through
the three terms of interest to PABC we get

a+b+c+ab+Ilc=a+b+c+bc+1a

=a+b+c+ac+Ib (7
Canceling common terms gives
bct+la=actIb=ab+Ic (8)
One solution to this set of equations is if

la=ab+ac, Ib=ab+bc, and Ic=ac+bc
9

but six terms cannot uniquely relate the seven
complexes in this model to the standard state of
the free components; seven terms are required. A
unique solution can be obtained by adding an-
other parameter, abc.

la =ab + ac + abc (10)
Ib = ab + bc + abc (11)
Ic =ac + bc + abc (12)

Substituting back into the scheme gives Fig. S.
Note that, for example C binding to PAB, the AG
of binding appears as a combination of terms
equal to the unperturbed binding of C to P (c),
two terms of interaction of C with the ligands
already on the protein (ac + be), and a third term
common to all the pathways leading to the triply
ligated species (the third order interaction term;
abc), This reparameterization provides the mini-
mal number of terms which uniquely defines each
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species in the above scheme and still satisfies the
requirement that the AG between any two species
must be path independent. Reinhart appears to
have first introduced the concept of a higher than
second order interaction term in his analysis of
allosterically regulated enzymes [14].

2.3 Hierarchical nature of the formulation

How does one add to an already existing model
the presence of another ligand binding site? In
Fig. 6 is shown a representation of Fig. 5 which
illustrates the effect of the third ligand, C, on the
A and B ligand binding pattern. The term abc
can be seen to represent the difference in inter-
action between A and B with C bound (ab + abc)
as opposed to unbound (ab) exactly in the same
sense that ab represents the difference in the
protein binding A with B bound (a + ab) as op-
posed to unbound (a). This illustrates the hierar-
chical nature of this formulation which should
prove useful in those situations where an al-
losteric modifier for a protein ligand system is
discovered after initial work on a system has been
conducted. This allows for the analysis of the
effect of the new ligand within the previously
established framework (i.e. the discovery of 23-
diphosphoglycerate as an allosteric modifier of

PAB AB
\ ctac+be+abe P AB PB

P 8 ABC
PA<LP 7 PBCIIEY T pARC pAJ—P/‘—’E-PBc PABC

Bbe ac+abe
| N &
avae- b+ab+betabe ic PC

PAC 7 PAC
a =4 A =a
b =8 B =b
¢ =C C =¢
ab =AB-A-B AR =a+h+ab
ac =ACA-C AC =a+ctac
be =BC-B-C

BC = btct+be

abe = ABC-AB-AC-BC+A+B+C ABC = atb+c+abrac+ibc+abc

Fig. 5. Above left; reformulated heterotropic three site pro-
tein from Fig. 4. The model is uniquely defined by seven
terms for the seven complexes. Above right: equivalent ther-
modynamic formulation where the capitalized italicized terms
represent the total AG of formulation for a given complex
relative to the free components. Below: interrelationships
between the UIP formulation as shown on the above left and
the total AG formulation on the above right illustrating the
one-to-one correspondence between the formulations.
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VPA\E-HIb sat [EL (n+ac)/¢PAC\\(b+bc)+(ab+abC)
PAB| —- PC PABC

PBC {a+ac) +(ab+abc)

P
N .
b PR a+ab (b+bc)

Fig. 6. Same model as Fig. 5 but from the perspective of
illustrating the effect of a saturating (sat.) third ligand (C) on
the observed thermodynamic model of A and B interactions.
Note the similarity in the patterns between the left and right
panels, Also note that with C bound our observed terms are
all in a sense incremented by an interaction term with C (as if
terms on the left are multiplied by a factor of 1+ ¢ to obtain
terms on the right). This figure illustrates that the presence of
a third ligand, whether known or not, does not change the
pattern of terms for the other two ligands, but does change
the apparent values for thc primary and second order terms
as shown. This illustrates the hierarchical nature of the UIP
formulation and its flexibility in handling complex system for
which all the potential allosterically modulating ligands may
not yet be known,

hemoglobin [15]). It also allows phenomena such
as the Root effect to be explained within the
context of a thermodynamic model [16] and pro-
vides insight into the meaning of the higher order
terms. (The Root effect is the decrease in cooper-
ativity observed in the hemoglobin from teleost
fish upon going from a higher to lower pH.)
Notice that what we are looking at in these dia-
grams can be considered slices of the complete
model in much the same fashion as a plane of
atoms in a crystal. However, our models have as
many dimensions as ligand binding sites. We can
subdivide the model into simpler “planes” by
freezing out “dimensions”. Similarly we can add
new “dimensions” relatively easily when re-
quired.

2.4 Equilibrium constant equivalents of the interac-
tion terms

There is a facile conversion between the nu-
merical values of the AGs and equilibrium con-
stants in the thermodynamic models discussed
above. Equilibrium association constants are also
defined symbolically as the ratio of product to
reactant concentrations (assuming ideal behavior)
for a given reaction. Referring to Fig. 5 we can
define the equilibrium constant equivalents for
all of the AGs in the UIP formulated model as
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follows using the fact that addition of AG's corre-
sponds to multiplication of equilibrium constants.

K,=K =F[I3]w (13)
@ 4 [PI[A]

. K _ [pAB] [PI(A] [P)[B]
® K,Ks [PIIA][B] [PA] [PB]
_ [PaB]P] (14

[PA][PB]
KAKBKC
Kabc

= K _—
APC KapKacKces

[PABC]  [PA] [PB] [PC]

~ [P)lA](B][C] [P][A] [P][B] [P][C]
[PNAIB] [PJIAJIC] [PIBIIC]
[PAB] [PAC] [PBC]
[PABC][PA][PB][PC]
~ [PAB][PAC][PBC][P]
As a final point, consider the homotropic two site

model from Fig. 2 as defined using the abbrevi-
ated formulation

(15)

P 1-RT In(2) PL 1+8—RT In(}) PL, (16)
The total AGs for PL and PL, are, respectively
L =1-RT In(2) 17
LL=I1-RT In(2) +!+ Ul - RT ln(%)

=21+l (18)

By definition the equilibrium constant equiva-
lents for L and LL are

[PL]
T )
Ky - 2] (20)
Py

From these relationships the equilibrium con-
stant equivalents for I and I can be derived as

[PL] 1
BT 2 )
L -

[PLT
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The constants appearing in eqs. (21) and (22) are
important in maintaining the internal consistency
of UIP equilibrium constant formulated schemes
for theoretical applications of the reformulation
as shown in the following paper.

2.5 Physical significance of higher order interaction
terms

The primary terms have an obvious physical
significance representing the AG (or K) of ligand
binding to an unperturbed site, The second order
terms represent the mutual effect of one ligand
on another; ab represents the effect of A binding
on B binding and vice versa. The equivalent K,
has a form which describes the equilibrium distri-
bution of the ligands on the protein. If it is equal
to unity (ab = 0; no cooperativity) then A and B
will be distributed randomly among their respec-
tive binding sites. The higher order terms present
more of a conceptual enigma. abc can be consid-
ered the mutual effect A has on bc, B has on ac,
and C has on ab. The corresponding equilibrium
constant, K, is more complex than K, reflect-
ing the more complex nature of the distribution
of ligands associated with this term. One way to
look at what physical interpretation can be as-
cribed to this term is to divide it into simpler
constituents. One way to do this for K, is as
follows

[PABC][PA]  [PBC][P]
“ " [PAB][PAC] ~ [PB][PC]
K. (with A already bound)
- Kbc
[PABC][PB]  [PAC][P]
~ [PAB][PBC] ~ [PA][PC]
K,. (with B already bound)
Kac
[PABC][PC]  [PAB][P]
~ [PAC][PBC] ~ [PA][PB]
K,, (with C already bound)
B K

abc

(23)
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This analysis illustrates that the higher order
terms reflect the modulation of the lower order
terms upon binding of ligands in a hierarchical
fashion.

2.6 First set of generalized rules for constructing
UIP defined schemes

The above formalization for obtaining UIP
formulated schemes for multiple ligand binding
schemes can be summarized in the following set
of rules.

(1) To simplify the schemes for multiple iden-
tical binding sites the macroscopic AG of ligand
binding is obtained in terms of the intrinsic AG
of ligand binding as

AG™ = AG!
No. of ways forward to product
—RT In
No. of ways back from product
(24)
or
AG™=AG'-RT In(p/t—n+1) (25)

where ¢ denotes the total number of identical
sites for the current ligand, and » is the number
of unoccupied sites for the current ligand; i.e
number of ways forward, and t—n+1 is the
number of ways back from the product of the
step. For example, in a three identical site pro-
tein the macroscopic AGs are (ignoring interac-
tion terms)

{—RT In(}) [~ RT In(1)
PL

PL,

I~RT In(})
—_—

PL, (26)

(2) Interaction terms are determined in a hier-
archical fashion including increasingly higher or-
der terms until the highest term, which is equal in
order to the number of ligands bound to the
product of the step. In doing this each possible
assortment with ligands already on the protein
must be included. As an example consider the
scheme above. The AG™ for the first ligand bind-
ing will be, {, plus the statistical term, —~RT In(3).
The AG™ for the second ligand binding will be

equal to the primary term, /, plus a second order
interaction term /I, plus the statistical correction
which in this case is 0. The AG™ for the third
ligand binding will contain the base term, /, plus
the second order interaction terms with each of
the already bound ligands, il + I, plus the triple
interaction term, [/, plus the statistical correction
which in this case is —RT In(3). The complete
scheme will be;

{—RT In(3) 1+
5 PL PL,

{+i+l+ill -RT In(})
> PL, (27

Note that the number of terms, three (/, I, and
1), is exactly equal to the number of complexes
in the system and therefore represents the mini-
mal number necessary to “uniquely” relate each
complex to the “standard state” of free protein
and free ligand. Also note that all the interaction
terms will be zero if there is no interaction be-
tween binding events. This parameterization is
not the only one available. A AG could simply be
assigned to cach complex relative to the free
components as illustrated in Fig. 5. The purpose
of the reparameterization is twofold. First, it pro-
vides a set of parameters which will be uniquely
defined and independent whether or not any
cooperative interaction is present. Second, it pro-
vides a formulation based upon the inherent sym-
metry of the system, the intrinsic properties of
the individual binding sites, and the potential
hierarchy of interactions between them.

P

2.7 Example derivations of microscopic and macro-
scopic models of hemoglobin oxygen binding

Consider as an example hemoglobin with two
a and two B chains. The construction of the
model starts from the free components. In a
thermodynamic sense these are our standard
states. Note that if one is dealing with a protein
which can oligomerize then there will be the
option of formulating with the free subunits as
the standard state, or to ignore the oligomeriza-
tion equilibrium and start with the oligomer as
the standard state. In this analysis oligomeriza-
tion equilibria will be ignored and the tetrameric
state will be the standard state. Hemoglobin will
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a+aa —Rnn/' %:M +aba —RTin2

b+ab ﬂ+ﬂa+b¢=+ab¢ d b+bb+ab+ba+aba
+2bab+aabb -RTinY:

. / btba @
N a+ab

b-KR

ataa +ab+aba

btbb+ba +bab

a+taa +ab+ba +bab

ol b+bb+ab+bab l“1 +2aba-+aabh -RTnls

b+bb —RTnY> atab+ba +bab-RTin2

Fig. 7. A microscopic model of oxygen binding to hemoglobin

with discrimination between the « and 8 chains to illustrate

the derivation of terms for sequential ligand binding in a

complex system. Note that the number of terms is equal to the

number of complexes and that the total AG between any two
species is independent of path.

be represented to distinguish between the a and
B chains.

The scheme in Fig. 7 can be derived. There
are several assumptions implicit in this model.
One is that the interaction terms ab and ba are
different as might be expected based upon the
asymmetry of the protein [1]. Another is that we
can distinguish each of the binding events in
terms of the individual species in the mixture.
Notice that for the complete description of even
moderately complex schemes a large number of
terms appear. It is not expected that all of these
will be determinable, at least at the outset of an
experimental investigation. If no distinction is
possible between the binding sites or of the geo-
metric relationship of the bound ligands in the
complexes the appropriate model would be

0+00—RT In(3)

o—~RT In4 HbO 2 Hb02

Hb

04200+ 000—RT In(3)

—> HbO

0 +300+3000 +ovoo —RT In(3)

> HbO, (28)

where o is the primary AG of binding, oo is the
second order interaction term, ooo is the third
order interaction term, and oooo is the fourth
order interaction term. The total AGs of forma-
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tion for each complex in the above model from
components are

AGypo=0-RT In(4)=0—RT In4  (29)

AG o, = AGypo + 0 +00 = RT In(3)
=20+00—-RT In6 (30)

AG 10, = AG g0, + 0 + 200 + 000 — RT In(%)

=30+ 300+ 000 — RT In 4 (31)
AGyy0,

= AG g0, + 0 + 300 + 3000 + 0000 — RT In(5)

=40 + 600 + 4000 + 0000 (32)

2.8 Second set of rules for constructing UIP defined
schemes

It is now possible to state a straightforward
method for determining what the appropriate
term will be for either a single step in a complex
protein ligand binding scheme or for the total
AG of formation of any complex by inspection.
Note that the pattern which emerges above for
hemoglobin is that the association of the new
ligand at a particular step is represented by a
term equal to the primary term, plus terms for
combinations of the new ligand with previously
bound ligands, minus the statistical correction
term for the step. Similarly the total AG of
formation of a given complex from the standard
state is represented by a set of terms equal to all
possible associations of the ligands, starting with
one ligand taken at a time and increasing step-
wise up to the total number of ligands, minus a
statistical correction term equal to the number of
ways the complex can be described. For example
consider the total AG of formation of the triply
ligated hemoglobin species as shown in Fig. 7
with two a subunits and one B subunit ligated to
oxygen. First we consider all base terms, so we
have

2a+b (33)
Then we consider the second order terms

aa +ab + ba (34)
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Next we have the third order term
aba (35)

Finally we need the statistical correction term. In
this case therc arc two ways of describing the
complex, with the B8 oxygen on either of the two
B subunits so we get

~RT In2 (36)
All these together give
2a+b+taa+ab+ba+aba—RT In2 37

This result is easily validated by adding up terms
along the pathways leading from the free protein
to this complex shown in Fig. 7.

3. Conclusions

We describe here a method for reformulating
protein ligand binding equilibria in terms of a set
of unique and independent AGs. This reformula-
tion recasts the N AGs necessary to completely
define a model with N complexes (a complex
being defined as any states other than the stan-
dard state)} into a new set of N AGSs. These new
AGs are composed of a set of base (primary)
terms which describe the unperturbed AG of
ligand binding and a hierarchy of higher order
terms reflecting possible interactions between the
binding of ligands. The concept of interaction
energy, as shown in Figs. 2B and 3C, was first
proposed by Wyman [9] and developed addition-
ally by Weber [10]. That more complex models
than two ligands (conformations) require more
than second order interaction terms appears to
have gone essentially unnoticed except for the
analysis of allosterically regulated enzymes by
Reinhart [14] where the concept of third order
interaction term was introduced. The purpose of
the analysis presented here is to extend the con-
cept of interaction energy to the general case of
N ligands. In the following paper this formalism
is extended to include conformational transitions
as well as ligand binding [11]. This formalism has

a number of important applications ranging from
the theoretical analysis of the thermodynamics of
complex systems, as demonstrated in the follow-
ing paper, to the analysis of cquilibrium binding
data pertaining to complex systems [17]. This
reformulation is not specific to biochemical sys-
tems but is generally applicable to any physical
system at equilibrium. Given their intrinsic com-
plexity the analysis is particularly pertinent to
biochemical systems.
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