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There aremany examples in the literature that deal explicitly with the coupling of ligand oligomerization with
receptor binding. For example, many transcription factors dimerize and this plays a fundamental role in
sequence specific DNA recognition. However, many biological macromolecules undergo reversible, large scale
aggregation processes, some of which are indefinite. The thermodynamic coupling of these aggregation
processes to other processes, such as protein–protein and protein–DNA interactions, has not been explored in
depth. Here we consider the thermodynamic consequences of large scale ligand aggregation on the
determination of fundamental thermodynamic parameters, such as equilibrium binding constants and
ligand–receptor stoichiometries. We find that a fundamental consequence of an aggregating ligand is that the
free ligand concentration (ligand that is not found in aggregates) is buffered over a wide total ligand
concentration range. In general, the larger the size of the aggregates, the wider the range over which the free
ligand concentration is buffered. An additional consequence of this observation is that an upper limit is set on
the fractional occupancy of the ligand's receptor, such that even if the ligand is over-expressed to very high
levels in the cell, this will not necessarily ensure that 100% of the ligand's receptors will be occupied. The
implications of these results for sequence specific DNA binding proteins will be discussed.
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1. Introduction

Many proteins are difficult to study in vitro due to their propensity
to self aggregate (1). In most cases, investigators attempt to limit this
aggregation experimentally, typically by studying truncated proteins.
The potential role that reversible protein aggregation may play in the
mechanisms of action of these proteins is often ignored, or only
studied when the protein forms relatively small, well defined
aggregates, such as dimers [2,3]. For example, several DNA binding
proteins have been shown to reversibly assemble into large
aggregates [4–8], and many transcription factors have been shown
to posses one of the most common protein domains observed in
nature, Sterile Alpha Motif (SAM) [9], which has been shown in many
cases to confer the ability to polymerize in a head to tail fashion
[5,6,10–12].

A fundamental consequence of large scale protein aggregation is
that the free concentration of the smallest polymerizing unit (e.g. the
monomer), will be buffered over a wide total protein concentration
range [8]. This observation has significant consequences when
considering a wide range of biological processes, since the fractional
occupancy of the receptor is determined solely by the free ligand
concentration [13], where the free ligand is defined as the smallest
polymerizing protein unit. Thus, cells could conceivably overexpress a
self-assembling protein ligand to high levels, while simultaneously
maintaining a constant free ligand concentration, and guarantee a
fixed fractional saturation of the ligand's receptor. Importantly, the
fractional saturationmay be set at a value less than 100%, even when a
large excess of total ligand is produced. Previous seminal works that
consider the linkage of large scale ligand aggregation with receptor
binding have not explicitly dealt with this phenomena [4,14]. We
show here that if a ligand aggregates reversibly, the linkage of ligand
aggregation with receptor binding must be accounted for to deduce
the equilibrium binding mechanism. Failure to do so in model
development will result in incorrect measurements of equilibrium
binding constants, cooperativities and ligand–receptor stoichiome-
tries. Furthermore, consideration of this linkage suggests novel
regulation mechanisms for control of cellular processes.
2. Theory and results

2.1. Large aggregation processes buffer the free monomer concentration

Our objective here is to study the dependence of the freemonomer
concentration, or equivalently, the free concentration of the smallest
polymerizing unit, on the total monomer concentration for reversible,
large scale aggregation processes. To begin this investigation, we have
used an isodesmic assembly model (Scheme 1), where the affinity for
addition of each monomer to the growing aggregate is described by
the same equilibrium constant, L [15,16].
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Scheme 1. Isodesmic assembly which terminates at a stoichiometry of N.
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We use the term “large scale aggregation processes” to describe
the formation of aggregates with stoichiometries larger than around
30. Using the isodesmic model, we can obtain an expression that
relates the total monomer concentration, [AT], to the free monomer
concentration, [A1]. For an aggregation process that terminates at a
stoichiometry of N, the total monomer concentration (in mole/L) is
given by:

AT½ � = A1½ � + 2 A2½ � + 3 A3½ � + ⋯ + N AN½ � ð1Þ

The equilibrium constant for the formation of each stoichiometric
species is given by:

L =
½Aj�

½Aj−1� A1½ � ð2Þ

Substitution of Eq. (2) into Eq. (1) yields:

AT½ � = A1½ � + 2L A1½ �2 + 3L2 A1½ �3 + ⋯ + NLN−1 A1½ �N ð3Þ

Multiplying Eq. (3) by L, and defining L[A1]≡x yields:

L AT½ � = x + 2x2 + 3x3 + ⋯ + NxN ð4Þ

Dividing Eq. (4) by x yields:

L AT½ �
x

= 1 + 2x + 3x2 + ⋯ + NxN−1 ð5Þ

Subtracting Eq. (4) from Eq. (5) yields:

L AT½ �
x

−L AT½ � + NxN = 1 + x + x2 + ⋯ + xN−1 ð6Þ

Now we multiply the right hand side (RHS) of Eq. (6) by x, and
then subtract this result from the RHS of Eq. (6):

RHS−RHS⋅x = 1−xN ð7Þ

Solving Eq. (7) for RHS yields:

RHS =
1−xN

1−x
ð8Þ

Substituting Eq. (8) into the RHS of Eq. (6), inserting L[A1] in for x,
and finally solving for [AT] yields:

AT½ � =
A1½ � 1− L A1½ �ð ÞN

� �
1−L A1½ �ð Þ2 −N L A1½ �ð ÞN + 1

L 1−L A1½ �ð Þ ð9Þ

Taking the limit of Eq. (9), whenN approaches infinity and L[A1]b1
yields:

AT½ � = A1½ �
1−L A1½ �ð Þ2 ð10Þ

which is the well known result for the indefinite, isodesmic
aggregation case [15,16], i.e. when there is no upper limit on the
stoichiometry of the highest aggregation state (and Scheme 1
represents an infinite series). For the indefinite case, it can be seen
that the product L[A1] must be less than one; otherwise the infinite
sum shown in Eq. (4) will be guaranteed to diverge. For the definite
case, i.e. when N is equal to a finite value (the aggregation terminates
at a stoichiometry of N), there is no such requirement. However,
inspection of Eq. (9) reveals that it is undefined when L[A1]=1, or
equivalently, when [A1]=1/L. To determine the value of [AT] when
L[A1]=1,we evaluated Eq. (4)when x=1(i.e. L[A1]=1),which yields:

AT½ � = N N + 1ð Þ
2L

ð11Þ

Thus, the function [AT] is correctly defined as piecewise continu-
ous, where it takes the form of Eq. (9) for the domain 0b [A1]b1/L and
[A1]N1/L, and it takes on the form of Eq. (11) for [A1]=1/L.

Fig. 1A shows simulations using Eqs. 9–11. In these simulations, L
was fixed at 100 μM−1, and [AT] was calculated over a wide range of
[A1]. In Fig. 1, we have plotted [A1] as a function of [AT] to illustrate the
“buffering capacity” of the large aggregates with respect to the free
monomer concentration. Fig. 1A shows that for an isodesmic
aggregation process that terminates at a stoichiometry of 30 or greater,
the free monomer concentration changes very little between 0.5 and
10 μM total monomer. Even for smaller aggregation processes, e.g.
when N=10, we see that [A1] only increases from ~10 nM to ~14 nM
upon increasing the total monomer concentration, [AT] from 0.5 μM to
10 μM. In other words, a 20 fold increase in the total monomer
concentration only results in a 1.4 fold increase in the free monomer
concentration. Fig. 1B shows the same simulations plotted on a log
scale. For aggregation processes that terminate atN=30or greater, we
see that the dependence of [A1] on [AT] is weak over a very wide total
monomer concentration range. For example, for N=30, it takes a four
order of magnitude increase in [AT] to increase [A1] from ~9.2 nM to
14 nM. Thus, for most practical considerations, we see that large
aggregation processes behave similarly to indefinite aggregation
processes (N→∞) in terms of placing an upper limit on the free
monomer concentration that is practically achievable in solution. For
the isodesmic case, this upper limit is given to a very good
approximation by 1/L. We conclude that over physiologically relevant
concentration ranges, the freemonomer concentration can be buffered
at around 1/L, if the monomer participates in a reversible, isodesmic
large scale aggregation process.

2.2. Linkage of ligand aggregation with receptor binding for large
aggregation processes

To investigate the effect of free ligand buffering on the fractional
saturation of a ligand's receptor, we have performed a series of
simulations according to Scheme 2. In this scheme, a ligand monomer
can bind reversibly to its receptor, or it can reversibly aggregate up to
a maximal stoichiometry of N. The total ligand monomer concentra-
tion, for Scheme 2, is given by:

AT½ � = AR½ � + A1½ � + 2 A2½ � + 3 A3½ � + ⋯ + N AN½ � ð12Þ

The equilibrium association constant for free monomer binding to
receptor is given by:

K =
AR½ �

A1½ �½Rf �
ð13Þ

where [Rf] is the free receptor concentration. The total receptor
concentration is given by:

RT½ � = ½Rf � + AR½ � = ½Rf � + K½A1�½Rf � = ½Rf � 1 + K A1½ �ð Þ ð14Þ



Fig. 1. Dependence of the free monomer concentration, [A1], on the total monomer concentration, [AT], as a function of aggregation termination stoichiometry, N. Eqs. (9)–(11) were
used to generate these simulations, which were derived from Scheme 1. Panel A shows the simulations plotted on a linear scale, while Panel B is plotted on a log-scale. These
simulations show that as N increases, the variation in [A1] with [AT] decreases markedly. Even for aggregation stoichiometries as small as 30, the [A1] is buffered over a wide range of
[AT]. Note that the shape of these simulations is not affected by the choice of L; i.e. the exact same figure can be drawn for any value of L by multiplying the x and y axis by a constant.
This can be seen by multiplying both sides of Eq. (9) by L, then plotting L[A1] as a function of L[AT].
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Solving Eq. (14) for [Rf] yields:

½Rf � =
RT½ �

1 + K A1½ � ð15Þ

Substituting Eqs. (2), (13) and (15) into Eq. (12) yields:

AT½ �− K A1½ � RT½ �
1 + K A1½ � = A1½ � + 2L A1½ �2 + 3L2 A1½ �3 + ⋯ + NLN−1 A1½ �N ð16Þ

Recognizing that the RHS of Eq. (16) is identical to the RHS of
Eq. (9), we arrive at:

AT½ � = K A1½ � RT½ �
1 + K A1½ � +

A1½ � 1− L A1½ �ð ÞN
� �
1−L A1½ �ð Þ2 −N L A1½ �ð ÞN + 1

L 1−L A1½ �ð Þ ð17Þ

For the indefinite case (i.e. when N→∞, and [A1]b1/L), we obtain:

AT½ � = K A1½ � RT½ �
1 + K A1½ � +

A1½ �
1−L A1½ �ð Þ2 ð18Þ

For the definite case (when N takes on a finite value), we again see
that Eq. (17) is undefined for [A1]=1/L. To determine the value of [AT]
when [A1]=1/L, we multiplied Eq. (16) by L, then set x=1. This
resulted in:

AT½ � = N N + 1ð Þ
2L

+
K RT½ �
L + K

ð19Þ
+
R

(N-1)A + A (N-2)A + A2 (N-3)A + A3
... AN

L L L L

AR

K

Scheme 2. Linkage of large scale ligand aggregation with receptor binding, when the
ligand monomer is the active binding species.
Thus, we see that for finite N, [AT] is again a piecewise continuous
function, which takes the form of Eq. (17) for the domain 0b [A1]b1/L
and [A1]N1/L, and takes the form of Eq. (19) for [A1]=1/L.

For Scheme 2, the fractional saturation of the ligand's receptor is
given by:

fAR =
AR½ �
RT½ � =

K A1½ �½Rf �
½Rf � + K A1½ �½Rf �

=
K A1½ �

1 + K A1½ � ð20Þ

We imagine that the signal we are experimentally monitoring
originates from the receptor. For example, if the receptor is a DNA
molecule, and the ligand is a sequence specific DNA binding protein,
the signal may correspond to the fraction of radiolabeled DNA that is
retained on a nitrocellulose filter as a function of the total protein
concentration. Another possibility is that the total signal may
correspond to the change in the fluorescence anisotropy that
originates from a fluorescently labeled DNA molecule upon binding
to its protein ligand. To quantify the change in the intrinsic receptor
signal that is brought about due to ligand binding, we write [13]:

Sobs = SR 1−fARð Þ + SARfAR ð21Þ

where Sobs is the total observed signal, SR is the intrinsic signal that
originates from the unligated receptor and SAR is the intrinsic signal
that originates from the receptor–ligand complex. Substituting
Eq. (20) into Eq. (21), we obtain:

Sobs−SRð Þ = SAR−SRð Þ K A1½ �
1 + K A1½ � ð22Þ

Defining ΔSobs≡Sobs−SR, and ΔSAR≡SAR−SR, i.e. as the change in
receptor signal upon ligand binding, we obtain:

ΔSobs = ΔSAR
K A1½ �

1 + K A1½ � ð23Þ

Determination of SR simply requires measuring the total signal
before any ligand has been added to solution. Determination of SAR is
also straightforward, for the case where no significant ligand
aggregation occurs. In this case, SAR is simply taken as the value of
the total signal upon complete saturation of all the receptor binding
sites in solution, so that the only signal that is measured originates
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from the receptor–ligand complex. However, in the case of significant
ligand aggregation, we show that SAR is not reliably determined from
the plateau value of the observed signal change.

Fig. 2 shows a series of simulations for ΔSobs as a function of [AT],
carried out for two different total receptor concentrations, over a
range of ligand aggregation termination stoichiometries, with
ΔSAR=1, L=100 μM−1 and K=200 μM−1. For simulations carried
out at [RT]=1 pM, the free ligand concentration is unaffected by
receptor binding, since [A1]NN [RT]. For simulations carried out at
[RT] =10 μM, the free ligand concentration is much smaller than the
ligand–receptor concentration, since the vast majority of added [A1]
binds the receptor.

First we discuss the simulations carried out at [RT]=1 pM
(Fig. 2A). When these simulations were carried out as a function of
the aggregation termination stoichiometry, N, we see that for
increasing N, more total ligand must be added to solution to drive
full saturation of the receptor. However, for the indefinite case (when
N→∞), we see that no matter how much total ligand is added, full
saturation of the receptor can never be achieved, at a constant
receptor concentration. This is due to the requirement that [A1]b1/L.
Thus, due to the particular values chosen for L and K, the maximal
saturation of the receptor,ΔSobs* , will be given by substituting 1/L in for
[A1] in Eq. (23), which yields:

ΔS�obs = ΔSAR
K

K + L
ð24Þ

For the values chosen for L and K, Eq. (24) predicts an apparent
maximal signal of ΔSobs* =200/(100+200)=2/3 (where ΔSAR≡1).
However, even though an apparent plateau has been reached for the
indefinite case, this does not mean that all the receptor molecules are
bound by ligand. In fact, this means that a fraction of the receptor
molecules are guaranteed to be unoccupied by ligand, regardless of
the quantity of total ligand that is added to solution. This fraction of
free receptor is simply 1–2/3=1/3. Eq. (24) also points out that if
L≪K, ligand aggregation will not affect quantitatively the plateau
value.

While these conclusions are strictly valid only for the indefinite
case, we can see that for large values of N (≥~30), an apparent plateau
value is obtained that is essentially identical to what is observed for
the indefinite case, i.e. it is well approximated by Eq. (24). For
Fig. 2. Effect of free ligand buffering on receptor fractional saturation. Eqs. (17)–(19) and (2
K=200 μM−1 and L=100 μM−1. Panel A shows simulations performed at [RT]=1 pM, wh
increasing N, more total ligandmust be added to reach 100% fractional saturation of the recep
due to the requirement that [A1]b1/L. In fact, for NN~30, we see that impractical concentratio
B we see that under stoichiometric conditions, the apparent breakpoint is shifted to a v
stoichiometry, while the dashed gray line indicates the apparent stoichiometry, calculated
example, for N=30, we see that for total ligand concentrations from 1
to 100 μM, very little change is observed inΔSobs. This is due to the free
ligand buffering effect discussed in the preceding section. It is clear
that a small amount of experimental uncertainty could easily mask a
slowly increasing plateau value.

A second consequence of the ligand buffering effect is that the
ligand concentration at 50% of the total observed signal change
cannot be strictly interpreted as the equilibrium dissociation
constant, KD. To see this quantitatively, we solved Eq. (23) for [A1]
when ΔSobs=0.5*ΔSobs* :

A1½ �0:5 =
1

K + 2L
ð25Þ

where [A1]0.5 refers to the value of the free ligand concentration at
50% of the observed plateau in ΔSobs. It is important to point out that
[A1]0.5 is not the free ligand concentration that is required to achieve
50% receptor saturation; it is simply the [A1] at 50% of the observed
total signal change upon receptor binding. Since experimentally we
have direct access to the total ligand monomer concentration, it is
most useful to evaluate [AT]0.5, which is analogously defined as the
value of [AT] at 50% of the observed plateau in ΔSobs. To evaluate
[AT]0.5 we substitute Eq. (25) into Eq. (10), which yields:

AT½ �0:5 =
K + 2L
K + Lð Þ2 ð26Þ

Note that when L≪K (i.e. we can ignore the linkage between
ligand aggregation and ligand–receptor binding), Eqs. (25) and (26)
both reduce to 1/K, where 1/K≡KD. Thus, in the absence of ligand
assembly, and under conditions where the total receptor concentra-
tion, [RT], is much less than the KD, we see that the free ligand
concentration is essentially equal to the total ligand concentration,
and the point where we observe 50% of the total signal change is
identical to the point where 50% of the receptors are bound by ligand.
However, when significant ligand aggregation occurs (i.e. when K is
not much greater than L), the free ligand concentration is not equal to
the total ligand concentration, and we cannot interpret the total
ligand concentration that is required to achieve 50% of the total signal
change as the equilibrium dissociation constant for the ligand–
receptor binding reaction. For the specific case of isodesmic ligand
3), which were derived from Scheme 2, were used in these simulations, with ΔSAR=1,
ile Panel B shows simulations performed at [RT]=10 μM. In Panel A, we see that for
tor. However, for N=infinity, we see that 100% receptor saturation cannot be achieved,
ns of [AT] are required to increase receptor saturation by only modest amounts. In Panel
alue smaller than 1:1 for large N. The solid gray arrow indicates the true reaction
using Eq. (28).

image of Fig.�2
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+
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Scheme 4. Linkage of large scale ligand aggregation with receptor binding, when both
the ligand monomer and dimer can bind the receptor.
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aggregation, we interpret the apparent KD using Eq. (26), and note
that Eq. (26) is a good approximation for ligand termination
stoichiometries ≥~30.

We next investigated the free ligand buffering effect on the
determination of ligand binding stoichiometries.We performed a series
of simulations at high total receptor concentrations ([RT]=10 μM), i.e.
when [RT]NN1/K (Fig. 2B). The apparent breakpoints in these simula-
tions are generally interpreted as quantifying the amount of ligand that
is required to bind all the receptor; in this way, the ligand–receptor
stoichiometry can bemeasured. For example, in the case ofN=1, i.e. no
ligand aggregation, we see that 10 μM of added ligand is required to
completely bind all 10 μM of receptor; thus, the stoichiometry of this
interaction is 1:1, exactly as predicted according to Scheme 2. However,
when ligand aggregation is taken into account, we see that the apparent
stoichiometric breakpoint shifts to smaller total ligand concentrations,
while the initial regions of these simulations are all linear, with identical
slopes. Based on this observation, we can write:

ΔSobs = ΔSAR
AT½ �
RT½ � ð27Þ

for the linear part of Fig. 2B. To evaluate the breakpoint, we simply
need to extrapolate Eq. (27) to the observed plateau value, which we
have already determined is given by Eq. (24) for the indefinite case.
This extrapolation yields:

AT½ �
RT½ �

� �
App

=
K

K + L
ð28Þ

where ([AT]/[RT])App is the apparent stoichiometric breakpoint. From
Fig. 2B, we see that this extrapolation is valid for NN~30. The vertical
dashed arrow shows the calculated break point using Eq. (28), with
K=200 μM−1 and L=100 μM−1. Using these values, Eq. (28) yields
([AT]/[RT])App=2/3. These simulations show that if significant ligand
aggregation occurs, stoichiometric breakpoints cannot be reliably
interpreted as reaction stoichiometries, since they will always
underestimate the true reaction stoichiometry.

To illustrate this further, we have carried out simulations for the
cases shown in Schemes 3 and 4, where ligand aggregation has been
modeled using the indefinite isodesmic case (i.e. when N=infinity).
As we have found above, the indefinite case is a good model for large
ligand termination stoichiometries. In Scheme 3, we consider the case
where a preformed ligand dimer is required to bind to its receptor
(e.g. a dimeric transcription factor binding to its cognate DNA
sequence). In this case, we consider that the binding is highly
cooperative; i.e. we do not see significant levels of monomers bound
to the receptor. Following an analogous approach to that presented
above, we obtain the following expressions for the maximal observed
signal change, ΔSobs* , and the apparent stoichiometry, ([AT] / [RT])App:

ΔS�obs = ΔSA2R
K

K + L
ð29Þ

AT½ �
RT½ �

� �
App

=
2K

K + L
ð30Þ
+
R

(N-1)A + A (N-2)A + A2 (N-3)A + A3
... AN

L L L L

A2R

K

Scheme 3. Linkage of large scale ligand aggregation with receptor binding, when the
ligand dimer is the active binding species.
Fig. 3A shows a stoichiometric binding simulation carried out using
Scheme 3, with L=100 μM−1, K=200 μM−1, ΔSA2R=1 and [RT]=
10 μM. The apparent ligand binding stoichiometry was calculated
using Eq. (30), and is shown by the vertical dashed arrow.

Scheme 4 considers a case where both ligand monomers and
dimers can bind their receptor, each generating a different signal
change upon binding, given by ΔSAR and ΔSA2R, respectively. In this
scheme, K1 is the equilibrium association constant for the monomer–
Fig. 3. Effect of free ligand buffering on determination of reaction stoichiometries. Panel
A shows stoichiometric simulations using Scheme 3, while Panel B shows simulations
using Scheme 4. In both cases, Nwas set at infinity. For Scheme 3, the values used in the
simulation were [RT]=10 μM, ΔSA2R=1, K=200 μM−1 and L=100 μM−1. The
horizontal gray line corresponds to the ΔSobs*calculated using Eq. (29). The vertical
dashed gray arrow is the true reaction stoichiometry from Scheme 3, while the black
dashed arrow corresponds to the apparent stoichiometry calculated using Eq. (30). For
Scheme 4, the values used in the simulation were [RT]=10 μM, L=100 μM−1,
K1=450 μM−1, K2=50 μM−1, ΔSAR=0.3 and ΔSA2R=4. The horizontal gray line
corresponds to the ΔSobs*calculated using Eq. (31), while the dashed black arrow
corresponds to the apparent reaction stoichiometry calculated using Eq. (32).

image of Scheme�3
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receptor binding reaction, while K2 is the equilibrium association
constant for the dimer–receptor binding reaction. The expressions for
ΔSobs* and ([AT] / [RT])App are:

ΔS�obs =
ΔSARK1 + ΔSA2R

K2

L + K1 + K2
ð31Þ

½AT �
½RT �

� �
App

=
K1 + 2K2

L + K1 + K2
ð32Þ

Fig. 3B shows a stoichiometric binding simulation carried out using
Scheme 4, with L=100 μM−1, K1=450 μM−1, K2=50 μM−1,
ΔSAR=0.3, ΔSA2R=4 and [RT]=10 μM. The apparent ligand binding
stoichiometry was calculated using Eq. (32), and is shown by the
vertical dashed arrow. The non-linear nature of this stoichiometric
simulation is due to the assignment of different signal changes for
monomer and dimer binding [13].

It can be seen from these simulations that it is impossible to
determine the true stoichiometry if knowledge of the ligand
aggregation state is not taken into account. For example, in the case
of Scheme 3, even though the true ligand binding stoichiometry is
known to be 2:1, the apparent value that would be measured from an
experiment is intermediate between 1:1 and 2:1. For the particular
values chosen for the equilibrium constants and signal changes used
to simulate Scheme 4, we see that the apparent stoichiometry is close
to 1:1, even though the true stoichiometry is 2:1. In all cases, we see
that the true reaction stoichiometry is in fact the upper limit for the
observed break point; thus if the affinity of ligand aggregation is
comparable to the affinity of receptor binding, this will result in an
underestimate of the true reaction stoichiometry.

2.3. Consequences of large scale ligand aggregation for the interpretation
of ligand binding competition reactions

It is often observed that transcriptional activators and repressors
compete in a mutually exclusive manner for the same DNA binding
site [17]. Here we consider a simple system where two proteins
compete for the same DNA binding site, where one of the protein
ligands undergoes large scale aggregation, while the other does not
(Scheme 5). In this scheme, the ligand A undergoes aggregation, while
the ligand B is a stable monomer, and D represents the specific DNA
sequence for which the two ligands compete. Based on Scheme 5, the
total concentrations of A, B and D are given by:

AT½ � = AD½ � + A1½ � + 2 A2½ � + 3 A3½ � + ⋯ + N AN½ � ð33Þ

BT½ � = ½Bf � + BD½ � ð34Þ

DT½ � = ½Df � + AD½ � + BD½ � ð35Þ

The equilibrium association constants for A and B binding to D are
given by:

KA =
AD½ �

A1½ �½Df �
ð36Þ
B + D

(N-1)A + A (N-2)A + A2 (N-3)A + A3
... AN

L L L L

AD

KA

BD

+ KB

Scheme 5. Effect of large scale ligand aggregation on competition for receptor binding.
KB =
BD½ �

½Bf �½Df �
ð37Þ

where [Bf] is the free concentration of B. Substituting Eq. (36) into
Eq. (33), Eq. (37) into Eq. (34), and Eqs. (36) and (37) into Eq. (35)
yields:

AT½ �−KA A1½ �½Df � = A1½ � + 2 A2½ � + 3 A3½ � + ⋯ + N AN½ � ð38Þ

½Bf � =
BT½ �

1 + KB½Df �
ð39Þ

½Df � =
DT½ �

1 + KA A1½ � + KB½Bf �
ð40Þ

Substituting Eqs. (39) and (40) into Eq. (38), and recognizing that
for the indefinite case (N→∞), the RHS of Eq. (38) is given by Eq. (10),
we arrive at:

AT½ � =
KA A1½ � DT½ � 1 + KB½Df �

� �
1 + KB ½Df � + BT½ �

� �
+ KA A1½ � 1 + KB½Df �

� � +
A1½ �

1−L A1½ �ð Þ2 ð41Þ

Finally, combining Eqs. (39) and (40) provides a relationship
between [Df] and [A1]:

½Df �2 +
ð1 + KA½A1� + KBð½BT �−½DT �ÞÞ

ðKAKB½A1� + KBÞ
½Df �−

½DT �
KAKB½A1� + KB

= 0 ð42Þ

Solving the quadratic and recognizing that the positive root
guarantees that [Df] is positive yields:

½Df � =
1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + KA½A1� + KBð½BT �−½DT �Þ

KAKB½A1� + KB

� �2
+

4½DT �
KAKB½A1� + KB

s

− 1 + KA½A1� + KBð½BT �−½DT �Þ
2ðKAKB½A1� + KBÞ

� � ð43Þ

Note that the [Bf] variable does not appear in Eqs. (42) and (43).
The fractional occupancy of the DNA site by either ligand A or B is

defined as follows:

fAD =
½AD�
½DT �

=
KA½A1�ð1 + KB½Df �Þ

1 + KBð½Df � + ½BT �Þ + KA½A1�ð1 + KB½Df �Þ
ð44Þ

fBD =
½BD�
½DT �

=
KB½BT �

1 + KBð½Df � + ½BT �Þ + KA½A1�ð1 + KB½Df �Þ
ð45Þ

To simulate the fractional occupancy of the DNA site by either
ligand A or B, Eq. (43) was substituted into Eq. (41), and the [A1] was
calculated implicitly (for any particular set of parameters KA, KB, [DT],
[BT] and [AT]) using the constraint 0b [A1] b1/L. Next, the calculated
value of [A1] was substituted into Eq. (43) to calculate [Df]. Finally, the
entire set of values was substituted into Eqs. (44) and (45) to calculate
fAD and fBD.

Fig. 4 shows the results of a representative set of simulations with
L=100 μM−1, KA=200 μM−1, KB=20 μM−1. In these simulations we
set the affinity for ligand B binding to be 10-fold weaker than the
affinity for ligand A. In Fig. 4A, we first simulated the fractional
occupancy of the DNA upon titration with ligand A, in the absence of
ligand B. This simulation shows that the maximal fractional saturation
observed occurs at fAD=2/3, as expected based on Eq. (24), since
Scheme 5 reduces to Scheme 2 for [BT]=0. Thus, due to the free ligand
buffering effect, we see that 1/3 of the DNA sites are not bound by
ligand A. For the indefinite case, as [AT]→∞, fAD→2/3. For large
enough finite aggregation termination stoichiometries (N≥~30),

image of Scheme�5


Fig. 4. Effect of free ligand buffering on competitive binding to a specific DNA sequence. The simulations were carried out as described in the text according to Scheme 5, with
N=infinity, KA=200 μM−1, KB=20 μM−1, and L=100 μM−1. In Panel A, [BT]=0, and the simulation was carried out as a function of [AT] up to 10 μM. In Panel B, the [AT] was kept
fixed at 10 μM, while the simulation was carried out as a function of [BT]. In Panel A, we see that a fraction of DNA remains unoccupied by ligand A, due to the free ligand buffering
effect. In Panel B, we see that ligand B can bind the remaining DNA, even though ligand A is in a large excess and binds the DNA with 10 fold higher affinity.
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the apparent plateau value of fAD is well approximated by Eq. (24), and
is stable over an increase in [AT] of greater than four orders of
magnitude (see Figs. 1 and 2). The simulation in Fig. 4A was carried
out up to [AT]=10 μM. Next, we continued this simulation by keeping
[AT] constant at 10 μM, and increasing [BT] from 0 to 100 μM (Fig. 4B).
This simulation shows that even though ligand A binds DNA with 10
fold stronger affinity than ligand B, and even though 10 μM total A is
present to compete with ligand B for binding to the DNA, the
remaining 1/3 of the DNA is titrated with ligand B with a saturation
midpoint of [BT]0.5=0.15 μM. Thus, since ligand A participates in a
large aggregation process, this ensures a fraction of DNA sites will be
apportioned for ligand B binding, even if A binds with higher affinity
than B and is present in an excess over B. This provides the cell with a
potential mechanism to apportion a fraction of receptor sites for a
particular competitive ligand, regardless of the ratio of affinities for
the competitors.

3. Discussion

In this work we have shown that failure to account for the linkage
of receptor binding with large scale ligand aggregation processes can
result in incorrect measurements of fundamental equilibrium ther-
modynamic parameters. In addition to this practical concern, the
realization that large scale ligand aggregation buffers the free ligand
concentration suggests novel control mechanisms to explain biolog-
ical function. A fundamental observation is that if the ligand
polymerization equilibrium constant rivals the intrinsic affinity of
the ligand (or a finite number of its smaller aggregates) for its
receptor, then even overexpression of the ligand will not completely
saturate all the receptors in the cell. This provides the cell with a
mechanism to apportion a fraction of the receptor sites to remain free
of the ligand, which would have major implications for a variety of
biological processes. For example, this consequence may play a role in
the competitive binding of transcription factors, since it is often
observed that transcriptional activators and repressors will compete
for identical DNA binding sequences [17].

A specific example that is relevant to this discussion are the
Drosophila melanogaster transcription factors Pnt-P2 (an activator),
and Yan (a repressor) [9,10]. As members of the ETS family of
transcription factors, they both bind the consensus DNA binding motif
5′-GGA(A/T)-3′ [9]. In addition, they both contain the so-called SAM
domains (Sterile Alpha Motif). SAM domains are ubiquitous and often
(but not always) confer a head-to-tail polymerization function to
proteins [9]. The Yan protein has been shown to polymerize reversibly
in vitro and also to polymerize in vivo [11,12], while the Pnt-P2 protein
has been shown to be monomeric [18]. Thus, depending upon the
relative affinities for DNA binding and polymerization (aggregation), a
possible consequence of Yan polymerization is that it will not be able
to saturate all DNA binding sites, even if the protein is overexpressed
in the cell. This would imply that complete transcriptional repression
would not be guaranteed by simply increasing levels of the repressor,
unless the aggregates retain repressor activity. Thus, a fraction of the
DNA binding sites would be available for other ETS family transcrip-
tion factors, including the Pnt-P2 activator. In this way, some
transcriptional activation could occur even in the presence of a large
background concentration of the Yan repressor.

Another example where large scale aggregation of a sequence
specific DNA binding protein may play a fundamental regulatory
role is the Adenoviral L4-22 K protein [8]. Two viral proteins, L4-22 K
and IVa2, bind to conserved sequences, called A repeats, in the
viral genome, and these reactions are required for viral genome
encapsulation [19–22]. IVa2 exists as a monomer in solution [23],
while L4-22 K aggregates reversibly via an indefinite, isodesmic
mechanism [8]. While by itself IVa2 can bind with high affinity to
DNA [19,21,23], sequence specific DNA binding of L4-22 K requires
IVa2 [19]. As pointed out by us previously [8], a consequence of the
fact that the L4-22 K protein assembles indefinitely is that saturation
of the A repeats is not guaranteed by solely increasing cellular levels of
the L4-22 K protein.

In general viral systems must ensure the production of optimal
levels of structural components for the construction of infectious viral
particles, otherwise entry into the virus assembly stage of the lifecycle
will result in mis-assembled, non-infectious viral particles [22,24–27].
Consequently, the entry into virus assemblymust be tightly regulated.
Since during the late phase of the viral lifecycle, the L4-22 K protein is
expressed to high levels [28], and likely undergoes a large scale
aggregation process [8], this implies that IVa2 levels will control
fractional occupancy of the A repeats. This simplifies a multi-
component molecular switch by assigning a single ligand, in this
case the IVa2 protein monomer, to be the primary decision maker for
entry into the virus assembly stage of the infection.

The observations presented here may have implications for a
number of other large scale aggregating systems, such as human
RAD52 [7], FOXL2 [29] and p-bodies [30], to name just a few. In
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addition, it has been pointed out that drug self association equilibria
must be accounted for to properly quantify drug–DNA binding
interactions [31], and the framework provide here will be useful in
this regard. In general, a careful study of the aggregation properties of
all components in a particular system is necessary to properly deduce
its equilibrium binding mechanism.
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