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Cooperativity enhances the responsiveness of biomolecular recep-
tors to small changes in the concentration of their target ligand,
albeit with a concomitant reduction in affinity. The binding midpoint
of a two-site receptor with a Hill coefficient of 1.9, for example, must
be at least 19 times higher than the dissociation constant of the higher
affinity of its two binding sites. This trade-off can be overcome, how-
ever, by the extra binding energy provided by the addition of more
binding sites, which can be used to achieve highly cooperative recep-
tors that still retain high affinity. Exploring this experimentally, we
have employed an “intrinsic disorder” mechanism to design two co-
operative, three-binding-site receptors starting from a single-site—and
thus noncooperative—doxorubicin-binding aptamer. The first receptor
follows a binding energy landscape that partitions the energy pro-
vided by the additional binding event to favor affinity, achieving a
Hill coefficient of 1.9 but affinity within a factor of 2 of the parent
aptamer. The binding energy landscape of the second receptor,
in contrast, partitions more of this energy toward cooperativity, achieving
a Hill coefficient of 2.3, but at the cost of 4-fold poorer affinity than that
of the parent aptamer. The switch between these two behaviors is
driven primarily by the affinity of the receptors’ second binding event,
which serves as an allosteric “gatekeeper” defining the extent to which
the system is weighted toward higher cooperativity or higher affinity.

cooperativity | allostery | intrinsic disorder | aptamers | biosensors

Cooperativity is a property by which biomolecules achieve a
steeper, more “all-or-none” response to changes in the con-

centration of their target ligand. Biology employs this effect in a
wide range of processes, including not only the “historic” example
of oxygen binding to hemoglobin, but also in the regulation of
metabolism (1–4), ion transport (5, 6), neurotransmitter reuptake
(7), transcription (8, 9), and translation (10). Appreciating the
widespread utilization of cooperativity to improve the sensitivity of
naturally occurring receptors to small changes in ligand concen-
tration, we have recently noted that this property could also be of
utility in biotechnologies, where it can be used to improve, for ex-
ample, the precision with which biosensors measure small
changes in the concentration of their target (11, 12).
Cooperativity (i.e., positive, homotropic allostery) occurs when

a higher-affinity site on a multisite receptor binds its target only
after a binding site with lower affinity for the same ligand is already
occupied. Both natural (13) and artificial (11, 12, 14) systems
achieve this effect by coupling the first binding event to a structural
rearrangement that enhances the affinity of following binding
events, leading to a higher-order dependence on ligand concen-
tration first described by Hill over a century ago (in a single-author
paper that, notably, he published while still an undergraduate) (15)
before being later described in more mechanistic terms (16–18):

θ = L[ ]nH
L[ ]nH + KnH

1=2

. [1]

Here, the fraction of receptors that are occupied (θ) is deter-
mined by the concentration of ligand ([L]), the concentration of

ligand at which half of the receptors are occupied (K1/2, which for
a single binding site corresponds to the dissociation constant, Kd),
and the Hill coefficient (nH), which is a measure of the degree of
cooperativity. Specifically, while a noncooperative receptor exhibits
a Hill coefficient of 1, as the cooperativity increases the Hill coeffi-
cient asymptotically approaches the number of binding sites.
The cooperativity of a receptor (i.e., the magnitude of the Hill

coefficient) determines the steepness of its binding curve, and
thus the narrowness of its useful dynamic range (defined here as
the span of ligand concentrations over which receptor occupancy
varies from 10 to 90%). Specifically, the width of the dynamic
range goes as follows (19):

DynamicߙRange = 81
1
=nH . [2]

The dynamic range thus transitions from 81-fold at a Hill
coefficient of 1, through 9-fold at a Hill coefficient of 2, down
to 3-fold when the Hill coefficient reaches 4.
Although cooperativity improves a receptor’s responsiveness

to small changes in ligand concentration, this useful property is not
achieved without cost: it necessarily reduces the overall affinity
relative to that of an equivalent noncooperative receptor. That
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is, because the first binding event must be of poorer affinity than
at least some of the subsequent binding events, the overall affinity
of the system must be poorer than the affinity of its highest-affinity
site. Put more quantitatively, the overall affinity (K1/2, the mid-
point of the binding curve) of a cooperative receptor with n
binding sites goes approximately as the geometric mean of the
affinities of the individual binding events (Kd,i) (19):

K1=2 = [∏n
i=1

Kd,i]
1
=n

. [3]

This occurs because the overall binding free energy is given by
arithmetic average of the individual binding free energies, ΔGb:

ΔGb = 1
=n [∑n

i=1
ΔGb,i] = RT

n
[∑n

i=1
ln(Kd,i)]. [4]

For the specific example of a cooperative, two-site receptor the Hill
coefficient is related to the ratio of the affinities for each site (19):

nH = 2

1 + ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Kd,2/Kd,1

√ . [5]

From where we can reorder the terms to obtain the following:

Kd,1 = Kd,2
nH

2–nH
( )2, [6]

an expression that we can now use to directly relate the overall affinity
of a two-site receptor—which, again, is given by the geometric mean of
the affinities of its binding sites (Eq. 3)—to its Hill coefficient:

K1=2 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Kd,1Kd,2

√ = Kd,2
nH

2–nH
. [7]

Given these relationships, a two-site receptor achieving a Hill
coefficient of 1.98 exhibits a dynamic range narrowed from the
81-fold seen in the absence of cooperativity to just 9.2-fold (Eq.
2), but it does so at the expense of decreasing its overall affinity
by at least a factor of 99 relative to that of its higher-affinity
binding site (Eq. 7, SI Appendix, Table S1, and Fig. 1).

The above arguments notwithstanding, the inherent trade-off
between affinity and cooperativity can, in theory, be overcome by
increasing the number of binding sites. Specifically, while the
addition of more binding sites is generally thought of in terms of
its ability to produce higher Hill coefficients, it should also be
useful in improving affinity in scenarios in which less than maximal
cooperativity is acceptable. For example, the overall affinity of a
three-site receptor with a Hill coefficient of 1.98 need only be
three times poorer than that of its highest-affinity binding site
(Fig. 1B and SI Appendix). This contrasts sharply with the (at
least) 99-fold reduction in affinity required in order for a two-site
receptor to achieve an equivalent Hill coefficient.
Building on the above hypothesis, in this paper we describe an

experimental demonstration of our ability to “tune” the trade-off
between affinity and cooperativity in multisite receptors. To
achieve this, we have rationally altered the binding energy land-
scape of a cooperative, three-site doxorubicin-targeting aptamer
so as to tune the extent to which it partitions its binding energy
between improved affinity and improved cooperativity. We se-
lected this cancer chemotherapeutic as our target because it suf-
fers from a narrow therapeutic window due to hepatic and cardiac
toxicity. Given this, the higher precision measurements produced
by a narrower dynamic range would be of significant clinical value,
provided that the affinity of the receptor remains high enough to
match the concentrations seen clinically.

Results
We have previously demonstrated an “intrinsic disorder” strategy
by which we can rationally introduce cooperativity into normally
uncooperative aptamers (11). This intrinsic disorder mechanism,
which until then had only been described for heterotropic allo-
steric control of molecular recognition (20–22), has more recently
been found to be employed by nature to generate cooperativity
(homotropic allostery), such as the binding of calcium by the two
intrinsically disordered domains of calmodulin (23) and the binding
of the intrinsically disordered nuclear receptor corepressor (N-CoR)
to the transcription factor retinoic acid receptor (RAR) (9). To
achieve this effect by design, we split an aptamer into two halves,
generated tandem repeats of each half, and then connected these
via a flexible, unstructured loop. The first binding event requires
closure of this loop, and thus its affinity is reduced by the entropy
associated with the closure. The second binding event, in contrast,
occurs after loop closure has “preformed” the second binding site,
thus increasing its affinity as is required to induce cooperativity.
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Fig. 1. Trade-off between cooperativity and affinity. Cooperativity improves a receptor’s responsiveness to small changes in target concentration
(i.e., increases the steepness of its binding curve, narrowing the dynamic range), but at the expense of reducing its affinity. (A) For example, the 9.2-fold
dynamic range of a two-site cooperative receptor with a Hill coefficient (nH) of 1.98 (in purple) is almost 9-fold narrower than that of its noncooperative
parent receptor (black). This narrowing is achieved, however, at the cost of at least a 99-fold reduction in affinity (K1/2) with respect to the maximum affinity
of the noncooperative, parent receptor (Kd). (B) A cooperative receptor with three binding sites, in contrast, can achieve the same cooperativity (same nH) as a
two-site receptor while maintaining much higher affinity (black line). Alternatively, it can achieve a higher Hill coefficient (shown, in red, is a three-site
receptor of nH = 2.96) with the same loss of affinity seen for a less cooperative two-site receptor (nH = 1.98, purple line). (C) A three-site receptor (red line) can
thus achieve much higher cooperativity values, asymptotically approaching the maximum of nH = 3, than a two-site receptor (blue line), whose maximum
cooperativity is nH = 2, or achieve the same degree of cooperativity without taking as great a “hit” in overall affinity.
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Using this approach, we have produced two-site cooperative
aptamers binding cocaine and doxorubicin, the most cooperative
of which achieves a Hill coefficient of 1.98 (11). Achieving the
resulting near-9-fold narrowing of the dynamic range, however,
comes at the cost of pushing the midpoint of the binding curve
∼100-fold higher than that of the unmodified parent aptamer
(Fig. 1 and SI Appendix, Table S1).
Building on our prior work, here we have explored the design

of cooperative, three-site doxorubicin aptamers. To achieve a
degree of cooperativity similar to that of the above-described,
two-site aptamer while retaining better overall affinity, we first
designed a three-site aptamer for which the affinity of its first
binding event is poorer than that of its second and third (Fig. 2,
black trace), thus producing the binding energy landscape pre-
dicted to maximize overall affinity. Conversely, to bias the
landscape toward a higher Hill coefficient (at the cost of less
than maximal affinity), we designed a second three-site aptamer
for which the affinities of its first and second binding events are
low and only that of its third is high (Fig. 2, red trace). This
produces highly cooperative, “all-or-none” binding only upon the
third binding event, thus achieving higher cooperativity than the
previous energy landscape but at the cost of poorer overall af-
finity. Thus, we have based the design of our receptors on the
idea that the affinity of the second binding event acts as a
“gatekeeper,” allosterically tuning the extent to which the energy
provided by the third binding event is partitioned toward im-
proving affinity or improving cooperativity.
To explore our strategy for improving affinity, we first designed

doxorubicin-binding constructs containing one, two, or three half-
site tandem repeats separated by a 30-thymine disordered loop
(Fig. 2B). We modified each of these with an Alexa 488 fluo-
rophore at the 5′ terminus and a BHQ1 quencher at the 3′ end,
and then determined their cooperativity and overall affinity by
performing doxorubicin titrations (Fig. 3 and SI Appendix, Table
S2). As expected, the construct consisting of a single, loop-split
binding site exhibits a Hill coefficient within error of unity (nH =
0.95 ± 0.09, reported uncertainties correspond to 95% confidence
intervals derived from independent experimental replicates) and a
K1/2 some 7.5-fold poorer than that of the unmodified parent
aptamer (SI Appendix, Fig. S1). The addition of a second binding
site then introduces significant cooperativity (nH = 1.6 ± 0.1), but
only at the cost of reducing the overall affinity by a factor of 3
relative to that of the parent aptamer. In contrast, the addition of
a third binding site increases cooperativity slightly (nH = 1.9 ± 0.1)

while simultaneously improving its affinity to within a factor of 2
of that of the parent aptamer, rendering its affinity at least 9-fold
better than that of a two-site receptor achieving the same Hill
coefficient (Fig. 1 and SI Appendix, Table S1).
While the addition of a second high-affinity binding site biases

the landscape toward improved affinity, the addition of a second
low-affinity binding site, in contrast, produces an energy landscape
biased toward higher cooperativity (Fig. 2A). To design such a
three-site aptamer, we employed a construct that introduces ad-
ditional, unstructured loops between the first and second binding
sites, reducing the affinity of the second binding event relative to
that of the third (Fig. 2C). As expected, while the cooperativity of
this construct is significantly enhanced (nH = 2.3 ± 0.1), its affinity
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Fig. 2. The binding energy landscape determines the trade-off between cooperativity and overall affinity. (A) Here, we illustrate two (out of the many
possible) binding energy landscapes for a three-site cooperative receptor. A landscape for which the increase in affinity occurs at the second binding event
(black lines) produces near all-or-none binding at the second binding event, thus tilting the system toward lower cooperativity and higher affinity. Alter-
natively, a landscape for which the increase in affinity occurs at the third binding event (in red) produces near all-or-none binding at the third binding event,
tilting the system toward greater cooperativity but poorer affinity. The affinity of the second binding event thus controls the trade-off between cooperativity
and affinity. (B) To realize the former binding energy landscape, we introduce an unstructured loop that, upon closure, leads to the concerted formation of all
three binding sites. This imposes an entropic penalty on the first binding event, which reduces its affinity relative to those of both subsequent binding events.
(C) In contrast, a construct in which separate disordered loops must close to form the first and second binding sites reduces the affinity of the first two binding
events relative to the third.
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aptamer. We have explored experimentally the trade-off between cooper-
ativity and affinity by introducing various levels of cooperativity into a
normally noncooperative doxorubicin-binding aptamer. The introduction of
cooperativity always comes at a cost in affinity; compare, for example, the
affinity of the noncooperative parent aptamer (open circles) with that of a
cooperative, two-site aptamer (blue). The addition of a third binding site,
however, provides an opportunity to tune this trade-off by regulating the
extent to which the additional energy provided by the third binding event is
partitioned between improving affinity or cooperativity. That is, depending
on the details of its binding energy landscape, a three-site receptor can be
tuned to achieve either high cooperativity at the cost of lower affinity (red),
or somewhat lower cooperativity but with improved affinity (black).
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is poorer (2-fold) than that of the less cooperative three-site con-
struct (Fig. 3, red curve).
Experimental dissection of the binding energy landscapes of

our constructs adds credence to our design strategies. To extract
the individual affinities at each binding event, we fit our binding
data to a Monod–Wyman–Changeux (MWC) model of three-site
cooperative binding (see SI Appendix for a detailed description
of the model). This model assumes that the affinity of each site is
modulated by the energetic cost of closing its associated loops,
and not by any differences in the intrinsic affinity of the three
formed sites. Fitting the binding data of our three-site, single-
loop construct to a MWC model requiring one switching event
(SI Appendix, Fig. S2 and Eqs. S2–S5) produces a Hill coefficient
and overall affinity within error of those derived via a fit to the
empirical Hill equation (Table 1 and SI Appendix, Tables S2 and
S3 and Fig. S4). The model also produces estimated individual
affinities that reproduce the energy landscape expected to pro-
duce improved affinity (compare the black traces in Figs. 2 and
4), with the affinity of the “formed-upon-binding” first binding
site being 20-fold poorer (equivalent to 7.5 ± 0.6 kJ·mol−1 less
favorable binding energy) than that of the “preformed” second
and third binding sites. Consistent with our design strategy, the
affinities of the latter are within error of that of the parent
aptamer (SI Appendix, Table S3). Following a similar approach,
we have also characterized the binding energy landscape of the
two-loop, three-site aptamer using a MWC model requiring two
switching events to fully form all three binding sites (Table 1 and
SI Appendix, Figs. S3 and S4, Table S3, and Eqs. S6–S9). As again
expected, the affinities of the first and second binding events for
this construct are poorer than that of the third (11 ± 1 kJ·mol−1

less favorable binding energy; SI Appendix, Table S3), thus pro-
ducing the expected energy landscape biased toward cooperativity
(compare the red traces in Figs. 2 and 4). Our results thus confirm
that, by using intrinsic disorder to modulate the affinity of the
second binding event, we can shape the binding energy landscape
to rationally tune the trade-off between affinity and cooperativity.

Discussion
Here, we present a strategy to control the trade-off between the
affinity and cooperativity of biomolecular receptors, which we
have applied to the problem of rationally tuning the cooperativity
and affinity of an aptamer. Specifically, we have shown that the
extra binding energy provided by the addition of a third binding
site to a previously described, two-site doxorubicin aptamer can
be rationally partitioned between improving its cooperativity,
its affinity, or both.
Nature selects biomolecular receptors with binding properties

tailored to their specific functions. Cooperativity, for example,
evolved in response to the need to increase the responsiveness of
biomolecules to small changes in the concentration of their ligand.
As it often happens, however, this improvement comes at an ex-
pense: poorer affinity. Here, we have investigated the thermody-
namics underlying this trade-off by designing binding energy
landscapes of controlled cooperativity and affinity. We find that, as
predicated, the inclusion of additional binding sites can compensate
for this trade-off by improving both cooperativity and affinity. We

have likewise shown that the trade-off between the two is controlled
by the relative affinities of these additional binding sites. Specifi-
cally, while the addition of high affinity binding sites maximizes
overall affinity, the addition of low-affinity binding sites maximizes
cooperativity and thus the responsiveness of the binding curve.
Given the modular nature of our design approach, and the

generality of intrinsic disorder as a mechanism for allosteric
control (20–22), we believe the strategies described here could be
applicable to other systems for which the molecular recognition
site can be separated in multiple domains. These include, for
example, periplasmic binding proteins (24), DNA-binding pep-
tides (25), and coiled-coil peptide motifs (26). Our work thus
expands our ability to design cooperative receptors and tailor their
affinity and cooperativity to, for example, support biotechnologi-
cal applications such as biosensors (27), drug delivery (28), im-
aging (29), or biomolecule-based logic gates (30, 31).

Materials and Methods
Chemicals. Sodium chloride, sodium hydrogen phosphate, and potassium
dihydrogen phosphate were ordered from Fisher Scientific. Doxorubicin
hydrochloride was ordered from LC Laboratories. All chemicals were used
as received.

Construct Design. The DNA constructs employed were purchased from IBA
Lifesciences with an Alexa 488 fluorophore at the 5′ end and a black hole
quencher (BHQ1) at the 3′ end. All were purified by high-performance liquid
chromatography and mass verified by matrix-assisted laser desorption/ionization
mass spectrometry. Their sequences were as follows: parent doxorubicin aptamer
(28 nt), 5′-Alexa488-ACCATCTGTGTAAGGGGTAAGGGGTGGT-BHQ1-3′; one-binding
site aptamer with 30-thymine loop (58 nt), 5′-Alexa488-ACCATCTGTGTAAGG-T30-
GGTAAGGGGTGGT-BHQ1-3′; two-binding site cooperative aptamer (86 nt), 5′-
Alexa488-(ACCATCTGTGTAAGG)2-T30-(GGTAAGGGGTGGT)2-BHQ1-3′; three-binding
site cooperative aptamer with one loop (114 nt), 5′-Alexa488-(ACCATCTGTG-
TAAGG)3-T30-(GGTAAGGGGTGGT)3-BHQ1-3′; and three-binding site coopera-
tive aptamer with two loops (114 nt), 5′-Alexa488-(ACCATCTGTGTAAGG)2-T7-
ACCATCTGTGTAAGG-T15-GGTAAGGGGTGGT-T8-(GGTAAGGGGTGGT)2-BHQ1-3′.

Doxorubicin Titrations Monitored by Fluorescence Spectroscopy. To determine
the dissociation constants and Hill coefficients of our receptors, we per-
formed doxorubicin titrations monitored by fluorescence spectroscopy.
Specifically, we titrated 1mL of 10 nMof the corresponding aptamer receptor
construct in buffer 50 mM sodium phosphate (pH 7.0) at 37 °C with a stock

Table 1. Tuning the trade-off between cooperativity and
affinity for a three-site receptor

Hill MWC

Three-site,
one-loop

nH 1.9 ± 0.1 1.9 ± 0.1
K1/2, nM 460 ± 20 470 ± 30

ΔGb, kJ·mol−1 −36.2 ± 0.2 −36.1 ± 0.3
Three-site,

two-loops
nH 2.3 ± 0.1 2.3 ± 0.1

K1/2, nM 860 ± 20 860 ± 20
ΔGb, kJ·mol−1 −34.6 ± 0.1 −34.6 ± 0.1
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Fig. 4. Binding energy landscape for the described receptors. For our
higher-affinity, lower-cooperativity construct (black trace), the affinity (Left
axis) of the first binding event is much lower than those of the second and
third, which are quite close to that of the parent aptamer, thus reproducing
the binding energy landscape (Right axis) predicted to be biased toward
affinity over cooperativity. In contrast, the energy landscape of our second,
lower-affinity, higher-cooperativity construct features first and second
binding events that are much lower in affinity than that of the third (red
trace), biasing it toward cooperativity at the expense of affinity. Reported
uncertainties correspond to 95% confidence intervals derived from
experimental replicates.
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solution of doxorubicin hydrochloride. To monitor binding, we measured
the quenching of the fluorescence of Alexa 488 by BHQ1 (excitation, 490 ±
5 nm; emission, 520 ± 5 nm) with a Varian Cary Eclipse fluorescence spec-
trophotometer. At each addition, we waited 1 min for mixing, measured the
fluorescence kinetics for 3 min (to ensure that equilibration was effectively
complete), and then reported the average of the last five points (corre-
sponding to 1 min). To extract the apparent dissociation constants (K1/2) and
Hill coefficients (nH), we fit the experimental data to the Hill equation using
in house coded Matlab scripts:

F = Fsat L[ ]nH + F0K
nH
1=2

KnH
1=2 + L[ ]nH

+msat L[ ], [8]

where F are the fluorescence values measured as function of ligand con-
centration (L); F0 and Fsat, the fluorescence values in the absence of ligand

and at saturation; and msat, a linear baseline to account for the background
fluorescence of doxorubicin (identical K1/2 and nH values were obtained by
fitting the fluorescence corrected by the fluorescence of doxorubicin in
buffer). For each titration, we measured at least three independent experi-
mental replicates and reported uncertainties as the 95% confidence intervals.

Data Availability.
All materials, protocols, data, models, and parameters neces-

sary to reproduce the work are reported in the main text and the
associated SI Appendix. Raw fluorescence data is accessible in the
GitHub public repository: https://github.com/gabodabo/Cooperativity-
affinity-trade-off-PNAS2020.
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