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ABSTRACT: Here we report the rational design of a
synthetic molecular nanodevice that is directly inspired from
hemoglobin, a highly evolved protein whose oxygen-carrying
activity is ﬁnely regulated by a sophisticated network of control
mechanisms. Inspired by the impressive performance of
hemoglobin we have designed and engineered in vitro a
synthetic DNA-based nanodevice containing up to four
interacting binding sites that, like hemoglobin, can load and
release a cargo over narrow concentration ranges, and whose
aﬃnity can be ﬁnely controlled via both allosteric eﬀectors
and environmental cues like pH and temperature. As the ﬁrst
example of a synthetic DNA nanodevice that undergoes a complex network of nature-inspired control mechanisms, this
represents an important step toward the use of similar nanodevices for diagnostic and drug-delivery applications.
KEYWORDS: DNA nanotechnology, molecular devices, DNA nanoswitches, DNA nanomachines, cooperativity
ne of the most exciting research paths in the ﬁeld of
nanotechnology and supramolecular chemistry is aimed
at the rational design of responsive molecular machines that,
like naturally occurring proteins, can perform speciﬁc, highly
optimized functions in response to a given molecular input.1−6 In
this vein, several nanodevices and nanomotors of increasing
chemical complexity have been described in recent years. Such
systems, inspired by the motors and machines found in nature
(proteins, enzymes, receptors, etc.), can move,7 rotate,4 or
transport a cargo8 and ultimately ﬁnd applications in the ﬁelds
of drug delivery,8 sensing,9 and diagnostics.10 Crucial to the
engineering of such nanomechanical devices is the ability to
precisely control the thermodynamics and geometry of the
molecular interactions that deﬁne their function. It is thus not
surprising that DNA, with its highly predictable base pairing,
its convenient, low-cost synthetic accessibility, and its excellent
solubility and biocompatibility, has become the material of
choice for the fabrication of such devices.11−15 Consistent with
this, a large number of DNA-based nanodevices have been
reported that, in response to speciﬁc molecular cues, produce
an output signal, release a cargo, or perform a directional
motion.16−21
Despite the ﬁeld’s impressive achievements,22−27 the performance of molecular nanodevices still pales in comparison with
those of the naturally occurring biomolecular machines they seek
to mimic. A key step toward reaching the sophisticated level
of function displayed by proteins would be to recapitulate in
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synthetic nanodevices more of the regulatory mechanisms and
strategies that nature has evolved for controlling and enhancing
their function. We have recently done so by designing simple
synthetic nanodevices whose activity can be ﬁnely modulated by
mimicking naturally occurring regulatory mechanisms (heterotropic and homotropic allostery, sequestration, etc.).28−31 In
contrast to naturally occurring proteins, however, which are often
under the simultaneous control of a complex network of regulatory
mechanisms, each of our previous examples of design relied on just
a single control mechanism, ultimately limiting their performance.
Thus motivated, we have focused our attention here on
recapitulating on a synthetic nanodevice multiple, simultaneous
control mechanisms. As a source of inspiration we have chosen
hemoglobin, one of the most evolved (and studied) biomolecular
transporters.32−38 Hemoglobin’s activity is controlled through a
sophisticated network of control mechanisms. Hemoglobin, for
example, undergoes homotropic allosteric control, also named
cooperativity, which serves to alter (steepen) the shape of its
binding curve toward oxygen. Hemoglobin’s aﬃnity for oxygen is
also controlled, through heterotropic allostery, by a series of
physiological eﬀectors or environmental cues (such as pH and
temperature). All of these mechanisms allow hemoglobin to
Received: February 24, 2017
Revised: April 6, 2017
Published: April 7, 2017
A

DOI: 10.1021/acs.nanolett.7b00814
Nano Lett. XXXX, XXX, XXX−XXX

Letter

Nano Letters
transport its cargo (i.e., oxygen) with great and ﬁnely tuned
eﬃciency over even the narrow oxygen concentration gradients
found in the body.
Here, inspired by the impressive performance of hemoglobin,
we have engineered in vitro a single DNA nanodevice that
features both hemoglobin’s cooperative cargo binding (and
release) ability and its eﬃcient heterotropic allosteric regulation
(by several physiological eﬀectors). Speciﬁcally, we have
developed a class of DNA-based nanodevices containing up to
four interacting binding sites that load and release a molecular
cargo over narrow concentration ranges, the midpoint placements of which are controlled via both allosteric eﬀectors and by
environmental cues (i.e., temperature and pH).
Results and Discussion. Perhaps the most challenging
property of hemoglobin to mimic is the homotropic allosteric
control (i.e., cooperativity) with which it binds and releases
oxygen. That is, the capacity of hemoglobin to load and release its
cargo of oxygen over the narrow, ∼3-fold diﬀerence in partial
pressure that occurs between the lungs and the peripheral tissues.
This eﬀect is generated by the presence of four interacting
oxygen-binding sites that work together such that binding to one
improves binding to the others. This produces a high-order,
nonlinear dependence of occupancy on oxygen concentration
resulting in a steeper, sigmoidal binding curve. The physics
of such cooperativity can be understood using the allosteric
model ﬁrst formulated by Monod et al.,39 which describes the
cooperative receptor as populating an equilibrium between two
conformational states, one with low aﬃnity (the “tense” state)
and the other with high (the “relaxed” state) (in Figure 1A is

in which K1/2 is the ligand concentration at which half of maximal
occupancy is observed and nH is the “Hill coeﬃcient,” which deﬁnes
the degree of cooperativity.41 When nH equals the number of
binding sites, the receptor behaves as an ideally cooperative receptor
exhibiting “all-or-none” ligand binding. The steeper dependence on
concentration produced by this eﬀect narrows the useful dynamic
range of a receptor (here deﬁned as the ratio between the free-ligand
concentration that produces 10% occupancy, C0.1, and that that
produces 90% occupancy, C0.9) with this range going as
dynamic range =

C0.9
C0.1

= 811/nH

(2)

For an ideally cooperative two-site receptor the useful dynamic
range is thus narrowed to just 9-fold (as compared to the 81-fold
of a noncooperative receptor), producing a much steeper binding
curve (Figure 1B). To engineer hemoglobin-like allosteric
cooperativity into a DNA-based nanodevice we initially
considered a “minimalistic” model containing two binding
sites recognizing a single-stranded DNA sequence as its ligand.
As binding site we employed a clamp-like DNA sequence42 that
binds its ligand to form a triple helix via simultaneous Watson−
Crick and Hoogsteen base-pairing interactions (Figure 2A).
To generate a cooperative nanodevice, we synthesized a construct consisting of two sequential copies of one-half of this
binding site linked via a ﬂexible 22-base, single-stranded loop to
two sequential copies of its other half (Figure 2B). The entropic
cost of closing this loop ensures that, in the absence of the target
ligand, the construct is unfolded, with neither of its two binding
sites being formed. The ﬁrst binding event must thus pay the
entropic cost of closing the loop, reducing its aﬃnity. The second
binding event, in contrast, occurs on a preformed binding
site, improving its aﬃnity as needed to generate a cooperative
response. Our two-site construct exhibits cooperative binding.
To see this we modiﬁed the two termini of the construct with a
quencher/ﬂuorophore pair, which reports ligand’s binding via an
easily measured decrease in ﬂuorescence signal. Titrating this
construct with a speciﬁc, 9-base target we obtain a binding curve
with a Hill coeﬃcient of 2.1 ± 0.1, which is within error of the 2.0
expected for an ideal two-site cooperative receptor (Figure 2B,
right). This causes the useful dynamic range of the cooperative
nanodevice to narrow to just 8.1(±0.9)-fold, rendering it much
more sensitive to small changes in ligand concentration than
would be a noncooperative receptor. In contrast, a control construct containing only a single recognition element (the second
recognition element being altered so that it does not bind the
same ligand) produces a Hill coeﬃcient of 1.1 ± 0.1 and a
dynamic range of 55 ± 20-fold, reﬂecting the expected, noncooperative binding (Figure 2C).
The relationship among cooperativity, the aﬃnities of the
high- and low-aﬃnity states (KDR and KDT, respectively), and the
equilibrium constant for the conformational shift between the
two (Kconf) is given in the MWC model by

Figure 1. Two-site cooperative receptor. (A) The Monod, Wyman, and
Changeux (MWC) model for a two-site cooperative receptor39
describes an equilibrium between two diﬀerent conformations, one
with low aﬃnity for the ligand (called the “tense” state, T) and another
with higher aﬃnity (called the “relaxed” state, R). Cooperativity arises
when binding shifts this conformational equilibrium toward the higher
aﬃnity state with each successive binding event. This produces a steeper
binding curve (ligand concentration versus occupancy) and a narrower
dynamic range than that observed for simple, single-site binding.
(B) Speciﬁcally, while a noncooperative receptor (nH = 1, gray curve; see
eq 2) requires an 81-fold change in ligand concentration to go from 10%
occupancy to 90% occupancy, the same jump in occupancy for an ideal
two-site cooperative receptor (nH = 2, black curve) is achieved over only
a 9-fold change in ligand concentration.

occupancy

shown a minimalistic two-site example). Ligand binding to the low
aﬃnity state pushes this equilibrium toward the higher aﬃnity
state, increasing the likelihood of subsequent binding events and
producing a steeper, higher-order dependence on ligand concentration. The resultant occupancy versus ligand concentration
response can be conveniently ﬁtted using the Hill equation:40

=

[ligand]
+ [ligand]nH

nH
K1/2

(
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)

)

(3)

where [L] is the ligand concentration and n is the number of
binding sites. To determine KDR, KDT, and Kconf for our system,
we designed several control nanodevices (Figure 3). The ﬁrst

nH

occupancy =

[L]
KDR

(1)
B
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Figure 2. Cooperative DNA-nanodevice. (A) To rationally design our cooperative DNA nanodevice we employed as the recognition element a triplex
forming DNA sequence. This behaves like a “clamp” that binds a speciﬁc 9-base DNA ligand via the formation of both Watson−Crick and Hoogsteen
base-pair interactions. (B) The cooperative DNA nanodevice is obtained by joining together two sequential copies of one-half of such recognition
element linked via a ﬂexible 22-base, single-stranded loop (gray portion) to two sequential copies of its other half. Binding of the ligand to the ﬁrst
receptor decreases the entropic cost associated with the binding to the second receptor (and thus improves its aﬃnity for the ligand). As a result, this
nanodevice shows a Hill-type cooperative response. In contrast, a similar nanodevice containing only a single binding site does not exhibit cooperativity
(panel C, nH = 1.1 ± 0.1). The binding curves presented here and in the following ﬁgures were obtained using a DNA nanodevice (either cooperative or
control) at 3 nM concentration and adding increasing concentrations of ligand DNA at pH 7.5 and 35 °C unless otherwise noted. Here and in the
following ﬁgures, the experimental values represent averages of three separate measurements, and the error bars reﬂect the standard deviations.

Figure 3. Modeling the cooperative DNA nanodevices. To dissect the cooperative behavior of our DNA nanodevice using the MWC model, we have
characterized a number of “control” constructs. (A) The ﬁrst contains only a single binding site (the “upper” binding site) and thus can be used to
estimate the aﬃnity of lower-aﬃnity state of the cooperative nanodevice (KDT). (B) We used a nanodevice containing two diﬀerent binding siteswith
the lower binding site recognizing the same ligand as the cooperative nanodeviceto estimate the aﬃnity of higher-aﬃnity state of the cooperative
nanodevice (KDR) by making the measurement in the presence of a high concentration of the upper binding site’s ligand. (C) Plugging these estimated
aﬃnities into the MWC model recapitulates the cooperative behavior (solid curves) of our nanodevice without the use of any ﬁtted parameters.

control employed the loop and ﬁrst recognition element of the
cooperative nanodevice but replaced the second recognition
element with sequences that do not bind the ligand (Figure 3A).
This provides a means of determining the aﬃnity of the loweraﬃnity “tense” state (KDT = 560 ± 30 nM). The second control
nanodevice contains two recognition elements (Figure 3B), with

one (red) recognizing the same ligand sequence of our cooperative nanodevice and the other recognizing a second, diﬀerent
ligand. By adding a high concentration of such alternative ligand
(blue strand) we forced the system into its high-aﬃnity “relaxed”
state, providing a means of measuring its aﬃnity. Doing so
we found that the aﬃnity of this state, KDR, is 6.8 ± 0.6 nM.
C
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Figure 4. Allosteric control of the DNA nanodevice. (A) The binding of the nanodevice can be controlled via the introduction of allosteric eﬀectors in a
manner similar to that seen for hemoglobin. (B) For example, when bound to the nanodevice a DNA sequence complementary to the loop increases the
entropic cost associate with ligand binding. (C) As a result, the eﬀector shifts the equilibrium of the nanodevice toward the lower aﬃnity state, pushing
the midpoint of the ligand binding curve to higher concentrations. (D) Binding of the allosteric modulator also aﬀects the cooperativity of the
nanodevice. (E) The Bohr eﬀect describes the pH dependency of hemoglobin, which exhibits poorer oxygen binding aﬃnity at lower pH. (F) The
binding of our DNA nanodevice is similarly under pH control, albeit in this case we observe an “inverted” Bohr eﬀect as aﬃnity increases at lower pH.
(G) By modulating the pH of the solution, we can thus ﬁnely tune both the aﬃnity of the nanodevice and (H) its cooperativity. (I) Finally, like the
binding eﬃciency of hemoglobin for oxygen is regulated by temperature, also the aﬃnity (J−K) and cooperativity (L) of the nanodevice is likewise
temperature-dependent.

Finally, we estimated Kconf, the conformational equilibrium
constant between the two states, from the ratio of the aﬃnity
constants of the cooperative, two-site nanodevice described
above to that of a nanodevice where the 20-base loop is substituted with a 5-base loop (Figure S1); this short loop minimizes
the entropic cost associated with the closure of the nanodevice
upon the ﬁrst binding event, enhancing the population of
the high aﬃnity state. From the aﬃnity constant of this control
system, 5.1 ± 1.1 nM, we estimated that Kconf = 67 ± 17.
Together these parameters describe our cooperative nanodevice.
Speciﬁcally, the K1/2, 58 ± 20 nM, and the Hill coeﬃcient, 1.6 ±
0.2, predicted by placing these values into eq 3 (the MWC
model) are in reasonably good agreement with the values, 57 ±
2 nM and 2.1 ± 0.1, respectively, experimentally observed for our
cooperative nanodevice (Figure 3C).
To better mimic the hemoglobin-like cooperativity, we have
also designed nanodevices containing as many as four binding
sites. The maximum Hill coeﬃcient these have achieved, however, is just 2.4 ± 0.2 (for a 3 binding site construct; Figure S2).
The fact that our nanomachine does not reach the ideal maximum Hill coeﬃcient (i.e., corresponding to the total number of
binding sites) is not too surprising. Nature, in fact, also struggles
with multisite receptors. For example, the Hill coeﬃcient of
hemoglobin, with only 3.2, is far from the optimal value predicted
with four binding sites.43 We suspect that in the case of our
nanomachine the deviation from the ideal behavior might be due
to nonspeciﬁc interactions among the binding elements in the
construct which would inevitably disrupt the delicate balance
required to achieve optimal cooperativity.
In addition to cooperativity (homotropic allostery, in which
the binding of oxygen modulates further oxygen binding),
hemoglobin also exhibits heterotropic allostery, in which its

oxygen aﬃnity is modulated via the binding of other molecular
eﬀectors at sites distal from the oxygen binding sites. The eﬀector
2,3-bisphosphoglycerate (2,3-BPG), for example, binds mammalian hemoglobin stabilizing its low aﬃnity state and thus shifting
the oxygen-binding curve to higher concentrations (Figure 4A).
We have produced a similar eﬀect on a variant of our DNA
nanodevice by designing a DNA strand complementary to the
unstructured loop (which is, of course, distal from the ligand
binding site; Figure 4B). The binding of this eﬀector renders the
formation of the binding competent conformation more diﬃcult,
thus aﬀecting its aﬃnity for the ligand (Figure 4C). Speciﬁcally,
the K1/2 of the nanodevice shifts from 17 ± 1 nM to 335 ± 40 nM
as the concentration of the eﬀector rises from 0 to 10 nM
(Figure 4C and Figure S3). Because eﬀector binding alters the
device’s conformational equilibrium constant (Kconf), the eﬀector
also alters the cooperativity of the nanodevice (see eq 3 above),
shifting nH from 1.6 ± 0.1 to 1.2 ± 0.1 over the same range of
eﬀector concentrations (Figure 4D).
In addition to being modulated by oxygen and BPG, hemoglobin’s activity is also controlled by pH via the Bohr eﬀect, ﬁrst
described by Bohr et al. in 1904.44 Speciﬁcally, hemoglobin’s
oxygen aﬃnity is inversely related to acidity (Figure 4E). Because
triplex formation requires the protonation of cytosines (pKa =
6.5),42,45−48 the aﬃnity of our DNA cooperative nanodevices is
likewise pH-dependent, albeit in an opposite sense to hemoglobin. That is, our nanodevice exhibits an “inverted” Bohr eﬀect
in which its aﬃnity is directly, rather than inversely, related to
acidity (Figure 4F). For example, shifting the pH from 8.0 to
5.5 reduces K1/2 from 600 ± 30 nM to 1.6 ± 0.3 nM (Figure 4G
and Figure S4). Finally, as it occurs with some hemoglobins
(such as those found in ﬁsh49 and cats50), the cooperativity of our
nanodevice is also pH-dependent, with maximum cooperativity
D
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-Cooperative DNA-nanodevice (three binding sites):
5′-(Alexa488) ATC TTC TTT TCC TTT TCT TCT TCT
TCT TTT CAG TTA TTA TTA GTT ATT ATT CTT TTC
TTC TTC TTC TTT TCC TTT TCT TCT G (BHQ1)-3′.
-Cooperative DNA-nanodevice (four binding sites):
5′-(Alexa488) ACT TTT CTT CTT CTT CTT TTC CTT
TTC TTC TTC TTC TTT TCA GTT ATT ATT AGT TAT
TAT TCT TTT CTT CTT CTT CTT TTC CTT TTC TTC
TTC TTC TTT TCG (BHQ1)-3′.
-DNA nanodevice (control also used to measure KDT):
5′-(Alexa488) AGT GGA GGA GTT CTT CTT TTC AGT
TAT TAT TAG TTA TTA TTC TTT TCT TCT CTT TTC
TTC TG (BHQ1)-3′.
-DNA nanodevice (used to measure KDR): 5′-(Alexa488) ACT
TTT CTT CTC CTT CCC TTT AGT TAT TAT TAG TTA
TTA TTT TTC CCT TCC TCT TCT TTT CG (BHQ1)-3′.
-DNA ligand 9-base: 5′-AGA AGA AAA-3′.
-DNA ligand 10-base (used to measure KDR): 5′-GGA AGG
GAA A-3′.
-Cooperative DNA-nanodevice (allosteric ef fect): 5′-(Alexa488)
ACT TTT CTT CTT CTT CTT TTC AAG TTA TTA TTC
TCT TTT CTT CTT CTT CTT TTC G (BHQ1)-3′.
-DNA allosteric ef fector 15 base: 5′-GAG AAT AAT AAC
TTG-3′.
-DNA nanodevice (loop 5 base): 5′-(Alexa488) ACT TTT CTT
CTT CTT CTT TTC AGT TAC TTT TCT TCT TCT TCT
TTT CG (BHQ1)-3′.
Fluorescent Experiments. Fluorescent experiments were
conducted in 10 mM Tris, 2 mM MgCl2 at 25 °C (unless
otherwise noted). Equilibrium ﬂuorescence measurements were
obtained using a Cary Eclipse ﬂuorimeter with excitation at
490 (±5) nm (for DNA strands labeled with Alexa Fluor 488)
and acquisition at 517 (±5) nm. Binding curves were obtained in
a 800 μL solution containing 3 or 10 nM of DNA-nanodevices
and sequentially adding increasing concentrations of the DNA
ligand. For each concentration the ﬂuorescence signal was
recorded every 20 min until it reached equilibrium. The signals
obtained have been normalized on a 0−1 scale to allow for more
ready interpretation of the results. More speciﬁcally, the relative
occupancy (deﬁned as the fraction of nanomachine bound to the
ligand) was plotted against the ligand concentration. To obtain
the relative occupancy, we considered the maximum signal of
the nanomachine as the signal of the unbound nanomachine
(occupancy = 0), while the minimum signal was considered as
the signal of the completely bound nanomachine at saturating
concentration of ligand (occupancy = 1).
To determine the Hill coeﬃcient, we measured ﬂuorescence of
ﬁve replicate points per titration. We used KaleidaGraph plotting
software to ﬁt the traces to the Hill equation. Error bars represent
95% conﬁdence intervals based on standard errors derived from
the ﬁts.
The observed ﬂuorescence, F[ligand], was ﬁtted using the following
four-parameter logistic equation:

occurring under alkaline conditions (Figure 4H). This is likely
due to the fact that, under acidic conditions, even the lower
aﬃnity state binds the ligand with a rather high aﬃnity, reducing
cooperativity.
Hemoglobin’s aﬃnity for oxygen is also modulated by
temperature,43 with its oxygen aﬃnity decreasing as the
temperature rises (Figure 4I). This improves the eﬃciency of
oxygen release in metabolizing tissues, where the temperature is
usually elevated. Our nanodevice shows similar temperature dependence, with both its ligand aﬃnity and cooperativity
falling as the temperature rises (Figure 4J−L and Figure S5),
presumably due to the increase of the entropic contribution cost
of closing the loop during the ﬁrst binding event.
Conclusions. Inspired by one of the most highly optimized
biomolecular machines found in living systems, hemoglobin, we
have rationally designed a synthetic, DNA-based nanodevice
that simultaneously exhibits both homotropic cooperativity and
heterotropic allosteric control. Speciﬁcally, we have developed a
class of DNA-based nanodevices containing up to four
allosterically interacting binding sites that can load and release
a speciﬁc DNA strand cargo and whose binding eﬃciency can be
ﬁnely controlled via both allosteric molecular eﬀectors and
environmental cues. For example, the high Hill coeﬃcients of our
DNA-based nanodevice allow the loading and release of its ligand
over narrow concentration ranges, as is true for the oxygen
carrying capacity of hemoglobin. Likewise, we can ﬁnely control
the binding aﬃnity of the DNA-based nanodevice for its ligand
via the introduction of speciﬁc allosteric eﬀectors. Finally, like
hemoglobin, the cooperative response and binding eﬃciency of
our DNA-based nanodevice is controlled by both temperature
and pH.
Hemoglobin relies on a highly complex multimeric structure
comprising in total more than 570 amino acids (and four ironcontaining heme prostetic groups) to generate homotropic and
heterotropic allostery and is the result of millions of years of
evolutionary optimization. Here, by taking advantage of the
predictability of DNA base-pairing interactions, we have
engineered a much smaller, minimalistic model that achieves
many of the same features. Despite the fact that the performance
of our DNA-based nanodevice is still not comparable to that of
hemoglobin, the results we have achieved represent a promising
indication that DNA nanotechnology might be a preferred route
to recapitulate in synthetic nanodevices regulatory mechanisms
and strategies that nature has evolved for controlling and enhancing
biomolecular function. Because DNA sequences can be selected
or modiﬁed to speciﬁcally bind targets other than DNA (small
molecules, proteins, antibodies, etc.), the strategy we have
demonstrated here could be generalized to design highly
controlled DNA-based nanodevices that can load and release a
wide range of molecular cargoes.
Materials and Methods. Chemicals, Oligonucleotides,
and DNA-Based Nanodevice. All reagent-grade chemicals,
including Tris HCl and MgCl2 (all from Sigma-Aldrich, St. Louis,
Missouri), were used as received. HPLC puriﬁed oligonucleotides were purchased from IBA (Gottingen, Germany) or
Biosearch Technologies (Risskov, Denmark). The DNA strand
for the nanodevices were modiﬁed with Alexa Fluor 488 and
BHQ-1 (black hole quencher 1). The sequences and modiﬁcation schemes are as follows.
-Cooperative DNA-nanodevice (two binding sites): 5′-(Alexa488)
ACT TTT CTT CTT CTT CTT TTC AGT TAT TAT TAG
TTA TTA TTC TTT TCT TCT TCT TCT TTT CG (BHQ1)-3′.

F[ligand] = Fmin +

(Fmax[ligand]nH )
[(K1/2)nH + [ligand]nH ]

where Fmin and Fmax are the minimum and maximum ﬂuorescence
values, K1/2 is the equilibrium ligand concentration at halfmaximum signal, nH is the Hill coeﬃcient, and [ligand] is the
concentration of the ligand oligonucleotide added.
E
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