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ABSTRACT: Life on Earth depends on chemical communication
and the ability of biomolecular switches to integrate various
chemical signals that trigger their activation or deactivation over
time scales ranging from microseconds to days. The ability to
similarly program and control the kinetics of artificial switches
would greatly assist the design and optimization of future chemical
and nanotechnological systems. Two distinct structure-switching
mechanisms are typically employed by biomolecular switches:
induced fit (IF) and conformational selection (CS). Despite 60
years of experimental and theoretical investigations, the kinetic and
evolutive advantages of these two mechanisms remain unclear.
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Here, we have created a simple modular DNA switch that can operate through both mechanisms and be easily tuned and adapted to
characterize its thermodynamic and kinetic parameters. We show that the fastest activation rate of a switch occurs when the ligand is
able to bind its inactive conformation (IF). In contrast, we show that when the ligand can only bind the active conformation of the
switch (CS), its activation rate can be easily programmed over many orders of magnitude by a simple tuning of its conformational
equilibrium. We demonstrate the programming ability of both these mechanisms by designing a drug delivery vessel that can be
programmed to release a drug over different time scales (>1000-fold). Overall, these findings provide a programmable strategy to
optimize the kinetics of molecular systems and nanomachines while also illustrating how evolution may have taken advantage of IF
and CS mechanisms to optimize the kinetics of biomolecular switches.

B INTRODUCTION

Life is built on biomolecular switches, proteins, or nucleic acids
that are activated or deactivated over a wide range of time scales
(from milliseconds to months) in response to various stimuli."”
The interaction between biomolecular switches and their ligand
is typically achieved through allostery, via two distinct binding-
induced conformational change mechanisms: induced fit (IF)
and conformational selection (CS).>* These two mechanisms
can be easily pictured with the metaphor of an individual
opening a door (Figure 1a). In the IF mechanism, the individual
grabs the door handle and actively induces its opening (Figure
1a, top). In contrast, in the CS mechanism, the individual must
wait for the spontaneous opening of the door before grabbing
the handle, thus blocking the door into its open conformation
(Figure la, bottom). Similarly, biomolecular switches can also be
activated via analogous mechanisms (Figure 1b). More
specifically, a switch activated by IF proceeds through ligand
binding to the inactive conformation of the switch (bound-
inactive), which triggers a structural transition into its bound-
active state (Figure 1b, top).s_7 In contrast, a switch activated by
CS proceeds through the binding and the stabilization of the
active state present among the conformational ensemble of the
biomolecular switch (Figure 1b, bottom).>®" Over the last 60
years, both mechanisms have been observed in natural
biomolecular switches,”'°™"> but their advantages and limi-
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tations remain unclear.”~'® While mathematical simulations
have suggested that these mechanisms proceed at different
rates,”* one main limitation hindering their comprehension is
that the natural biomolecular switches that have been
characterized so far remain too limited (e.g., different structures,
ligands, stabilities, or kinetics). Therefore, they cannot serve as a
common ground to identify the structural and thermodynamic
determinants of switch performance.'”

To understand the kinetic and evolutive advantages of the IF
and CS mechanisms, here we have engineered a simple artificial
biomolecular switch that can be programmed to function via
either mechanism. Similar approaches have recently enabled us
and others to characterize and better understand the
thermodynamic basis of various biochemical mechanisms
(e.g., biomolecular switches, homotropic and heterotropic
allostery, sequestration mechanism, multivalency, etc.).'® >
Briefly, this strategy takes advantage of the high simplicity and
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Figure 1. Simple biomolecular switch can function either through an induced fit (IF) or a conformational selection (CS) mechanism. (a) Metaphor of
an individual opening a door helps to picture both mechanisms. In the IF mechanism, the individual opens the door by grabbing and pulling its handle.
In the CS mechanism, the individual waits for the spontaneous opening of the door and simply keeps it open by grabbing the handle. (b) Four-state
thermodynamic cycle of IF and CS mechanisms applied to biomolecular switches. In the IF mechanism, the ligand binds the inactive state of the switch
before inducing a conformational change. In the CS mechanism, the ligand only binds and stabilizes the active state present among the conformational

ensemble of the biomolecular switch.

programmability of DNA switches, that can be easily designed
into various architectures with predictable thermodynamics
using simple Watson—Crick base pairs.”*~° Here, we extend
this approach to understand the kinetic determinants of the IF
and CS mechanisms to fully exploit their advantages to optimize
the design of chemical and nanotechnological systems.

B RESULTS

DNA-Based Model. To compare the kinetic performance of
CS and IF mechanisms, we have designed a modular DNA
switch that can be programmed to activate through either
mechanism (Figure 2). The switch adopts a simple bulge duplex
conformation in its inactive state and switches into its active
conformation upon duplex dissociation. This modular archi-
tecture allows for independent tuning, through simple sequence
modifications, of three thermodynamic parameters controlling
the system (Figure 2a). We can tune the dissociation constant
between the ligand and the active conformation, K", by varying
the ligand length (red strand). We can tune the conformational
equilibrium between the active and inactive conformations, Kj,
by varying the hybridization length between the loop (blue) and
the reporter (yellow) strands. Most importantly for our analysis,
we can also tune the dissociation constant between the ligand
and the inactive conformation, Kp,°%, by varying the loop length
(n = number of nucleotides in the loop of the switch). We expect
Kp°f to be the main determinant of the mechanism since a
higher affinity between the inactive state and the ligand (lower
Kp°®) will favor ligand binding before structure-switching thus
favoring the induced fit mechanism (Figure 2a, bound-inactive
intermediate). Using mfold,”” a nucleic acid secondary structure
predictor, we engineered our switches so that the ligand-loop
complex (red-blue) displays roughly 1000-fold more affinity
than the loop-reporter duplex (blue-yellow) thus ensuring a
robust response upon ligand addition (Table S1). Real-time
monitoring of the activation/deactivation processes can be
readily obtained using a fluorophore and quencher pair located
at the opposite ends of either the reporting DNA strand
(activation, see Figure 2b) or the ligand (deactivation, see Figure
2¢).

Switch Stabilities. To compare the IF and CS mechanisms,
we created two switches differing only in their affinities between
the ligand and the inactive state of the switch (different Kp°f).

We did so by designing two switches with similar Kg and Kp™"
(same 17 nucleotides recognition element) but with different
loop lengths (1 and 10 nucleotides) thus providing different
levels of accessibility of the recognition element in the inactive
state (different Kp°%) (Figure S1 and Table S1). A 10-nucleotide
loop (low Kp°F) should display sufficient affinity to enable ligand
binding to the inactive conformation in the nanomolar
concentration range (Figure 2a, top).28 In contrast, we expect
that the 1 nucleotide loop switch (high Kp°%) should display an
insufficient affinity for the ligand in its inactive conformation
thus requiring switch dissociation before ligand binding (Figure
la, bottom). Using urea denaturation curves, ? we confirmed
that both switches display similar Kg (—13.1 + 0.4 and —12.2 +
0.3 kcal mol™" for loop-1 and loop-10 switches, respectively,
Figure S1), and similar affinity for their respective ligands (Kp")
(—=20.5 £ 0.7 and —20.9 + 0.7 kcal mol™" for loop-1 and loop-10
switches, respectively, Figure S2). We also confirmed that they
display similar rates of opening and closing in the absence of
ligand (within 3-fold, see Figure S3 and Table S2), and similar
hybridization rates between the ligand and the active state k,,
(within 3-fold, see Figure S4). In these conditions, any further
kinetic variation observed between these switches should be
attributable to variation between the ligand and the inactive state
affinity (Kp°®).

Activation Kinetics. We compared the activation kinetics of
both switches by measuring the activation rates in the presence
of varying concentrations of ligand (Figure 2b). The kinetic time
courses of the loop-1 and loop-10 switches are well fit using a
single exponential function (Figure S5). We found that the loop-
10 switch (kqps = 40 min™") is activated roughly 1000-fold faster
than the loop-1 switch (k. = 0.025 min™") at their highest
concentration of ligand (50 zM). The activation rates of both
switches increase proportionally with the concentration of
ligand (Figure 2b bottom). This indicates that ligand binding
(and not reporter dissociation) represents the rate-limiting step
of the activation mechanism. Therefore, the faster activation of
the loop-10 switch likely results from ligand binding to the
highly populated, higher affinity inactive state (see bound-
inactive state in Figure 2a).

Deactivation Kinetics. According to the detailed balance
principle, two switches of similar equilibrium but different
activation rates must also deactivate with proportionally
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Figure 2. Increasing the accessibility of the binding site in the inactive
state (e.g., 10 nucleotides versus 1 nucleotide) accelerates the activation
and deactivation rates of the switch. (a) A model DNA switch with
tunable thermodynamics. We hypothesize that the level of accessibility
of the recognition site (length of the loop: [ ],) in the inactive state will
determine whether the switch is activated through induced fit (high
accessibility) or conformational selection (low accessibility) mecha-
nisms. Fluorophore (F) and quencher (Q) are positioned at locations
enabling switch activation monitoring. (b) Top. Activation time courses
of switches with a loop containing 1 nucleotide (n = 1, blue) or 10
nucleotides (1 = 10, red) in the presence of 50 uM of ligand (perfectly
matched 17 nucleotides DNA ligand) fit to a single exponential
function (Figure SS). Bottom. Observed rates of activation (ko) of both
switches increase with ligand concentration, suggesting that ligand
binding is rate-limiting for both switches. (c) Top. Deactivation time
courses of the different switches (n = 1 and n = 10) in the presence of 50
UM of unlabeled reporter strand fit a stretched exponential function
(see Figure S6). Bottom. Observed rates of deactivation (k) of the
loop-10 switch, and not the loop-1 switch, increase with ligand
concentration. Each kinetic experiment was performed once (n = 1).

different rates (Figure 2c). The deactivation process can be
initiated by adding an excess of unlabeled reporter strand
(yellow) to a solution of active complex (i.e., loop hybridize to
fluorescently labeled ligand) (see Figure S6). We found that the

loop-10 switch (ko = 5.3 min™"') indeed deactivates roughly
8000-fold faster than the loop-1 switch (k, = 0.00063 min™").
We also found that the deactivation rate of the loop-1 switch is
independent of the reporter strand concentration, indicating
that ligand dissociation is rate-limiting. In contrast, the
deactivation rate of loop-10 switch is proportional to the
reporter concentration (Figure 2¢, bottom). This indicates that
the reporter binding (i.e., the conformational change) is rate
limiting and that ligand dissociation is accelerated following
reporter binding through the formation of an induced fit
intermediate similar to the one suggested by the activation
kinetics (see bound-inactive state in Figure 1b).

Effect of K5 on the Activation Kinetics. Distinguishing
between IF and CS solely based on concentration-dependent
experiments, however, cannot be an unequivocal proof,
especially for the IF mechanism.”® Therefore, to confirm that
the large kinetic variation observed between both switches is
attributable to the use of distinct intermediate states, we
examined how their kinetic is affected by their stability (Figure 3,
top). To do so, we designed several variants of the loop-1 and
loop-10 switches with different conformational equilibriums
(Ks) by varying the hybridization length between the reporter
and loop strands (see Methods). In the present case, where
switch activation is limited by the rate of ligand binding (Figure
2a, bottom), the kinetic model of CS (Figure S7) predicts that
the rate of this mechanism will decrease proportionally with the
active state concentration (Figure S8), i.e., the ligand does not
bind the inactive state (Figure S9). Indeed, decreasing Kj
reduces the unbound-active state concentration and decreases
the CS reaction rate by over 1000-fold, thus supporting the CS
mechanism in the case of loop-1 (Figure 3, top, blue). In contrast,
the kinetic model of IF (Figure S7) predicts that the rate of
activation is proportional to the inactive state concentration,
which remains relatively independent of Kg in the useful
switching range (Figure S9). Indeed, we observe that the
activation rate of the loop-10 switch is independent of K, and
thus independent of the [unbound-active], confirming that
ligand binding does not occur on the active state but rather binds
the inactive conformation, thus supporting the IF mechanism
(Figure 3, top, red). As anticipated, the activation rate of both
mechanisms converges at a higher K value where a significant
fraction of the switch is already in the active conformation
(~20%) in the absence of ligands (Figure S8).

We have also designed and measured the activation kinetics of
three other switches (loop-4, loop-7, and loop-13), displaying
different loop lengths (Figure S11). As expected, the smaller
loop-4 proceeds via a CS mechanism like loop-1, with its
activation kinetics being dependent on K. In contrast, the
longer loop-7 and loop-13 activation kinetics were found
independent of K, suggesting that they proceed via an IF
mechanism like loop-10. Of note, the transition between a CS
mechanism (short loop) and an IF mechanism (long loop)
happens close to seven nucleotides, reminiscent of the “rule of
seven” in base pairing.”® Overall, all these activation kinetics
results demonstrate that the IF mechanism enables fast ligand-
responsive switches, even for highly stable switches that display
low background activity. They also highlight that the activation
rates of CS switches can be easily programmed over more than 3
orders of magnitude (>1000x) by simply varying their stability
(Ks).

Effect of K; on the Deactivation Kinetics. To confirm
that the deactivation proceeds through the same mechanism and
thus through the same intermediate state as in the activation, we
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Figure 3. Increasing the stability of the inactive state decreases the
activation rate of the CS mechanism and increases the deactivation rate
of the IF mechanism. Top. Activation rate (k) of the loop-1 switch (n
= 1, blue) increases linearly as the inactive state is destabilized. In
contrast, the activation rate of the loop-10 switch (n = 10, red) remains
independent of the switching equilibrium (Kg). See Figure S10 for the
kinetic traces. Bottom. Deactivation rate (k) of the loop-10 switch (n
= 10, red) decreases linearly as the inactive state is destabilized. In
contrast, the deactivation rate of the loop-1 switch (n = 1, blue) remains
independent of the switching equilibrium (Kj). See Figure S13 for the
kinetic traces. Activation experiments were performed in the presence
of 10 uM of ligand while deactivation experiments were performed in
the presence of 10 uM of unlabeled reporter strand. Each kinetic
experiment was performed once (n = 1).

also analyzed the effect of varying the conformational
equilibrium (K;) on the deactivation rates (Figure 3, bottom).
The kinetic model of CS (Figure S7) predicts that the

deactivation rate of this mechanism will remain unaffected by
the conformational equilibrium since the deactivation is limited
by ligand dissociation (Figure S12). Indeed, we observe that
stabilizing the reporter-loop duplex (i.e., the inactive state) does
not affect the deactivation rate of the loop-1 switch (kg =
0.0043 + 0.004 min~") (Figure 3, top, red). In contrast, the
kinetic model of IF (Figure S7) predicts that the deactivation is
triggered by the association of the reporter strand. The
deactivation rate therefore increases when stabilizing the
conformational equilibrium (Kg). As expected, we observe that
stabilizing the reporter-loop duplex (i.e., the inactive state)
increases the deactivation rate by 1000-fold when varying K by
a similar extent (Figure 3, bottom, red). This confirms that the
added/removed base pairs in the loop-10 switch become
hybridized in the bound-inactive intermediate, which lowers the
deactivation energy barrier (i.e., these added/removed base
pairs are not present in the bound-active conformation).
Furthermore, by analyzing the effect of mutating the tails of
the loop-10 switch (Figure S14), we confirmed that both tails of
the switch are hybridized in the inactive-bound intermediate.
These results also suggest that the activation and deactivation of
the IF switch proceeds through the same inactive-bound
intermediate conformation.

Mechanism Principles. Overall, these results demonstrate
that the fast activation and deactivation rates of the IF
mechanism (loop-10) is attributable to the presence of a
relatively stable bound-inactive transition state (Figure 4). By
stabilizing the inactive state (Kj), the bound-inactive transition
state is stabilized to the same extent (black arrows). Therefore,
the activation rate of an IF switch cannot be programmed to be
faster or slower since the activation energy (E,) remains the
same. However, since the deactivation proceeds from the active
state, the lower energy barrier of the bound-inactive transition
state provided by a stabilization of Ky enables to accelerate its
deactivation. In contrast, in the CS mechanism (loop-1), the
switch cannot have access to the inactive-bound transition state
because this latter is too unstable (not enough nucleotides
available in the loop to interact with the ligand strand).
Therefore, the deactivation remains relatively slow and cannot
be programmed by tuning the stability of the inactive state (K).
However, its activation rate can be slowed down (or
accelerated) by stabilizing (or destabilizing) the inactive state.

Kinetically Programmed Drug Delivery Nanoma-
chines. In this study, the DNA-based loop-reporter switch
served as a simple, programmable system to understand the
kinetic and evolutive advantages of the IF and CS mechanisms.
To enable a stringent test of our understanding of these
mechanisms, we have designed a nanomachine that can be
programmed to deliver drugs at a specific time scale (Figure 5).
This nanomachine contains two modules. The first “timer”
module consists of the same loop-reporter switch that enables
the precise programming of the release rate of a reporter strand
(Figure Sa, left). This reporter strand then activates a drug-
transporting module that enables the release of a specific drug
(quinine) (Figure Sa right). Briefly, we have designed the
reporter strand to be fully complementary to a drug-binding
aptamer (i.e., quinine aptamer) (see Figure S1S for aptamer
design).31 A 10-time excess of ligands is used to activate the
loop-reporter complex, ensuring the reporter strand does not
bind back to the loop and specifically hybridizes with the
aptamer, thus releasing the quinine. Conveniently, the release of
quinine can be directly monitored by an increase in its
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Figure S. Kinetically programmed induced fit (IF) or conformational selection (CS) drug-releasing nanomachines. (a) Drug-releasing nanomachine is
composed of two modules: 1) a DNA switch with programmable kinetic (IF or CS) and 2) an aptamer-based drug-releasing switch. Reporter (yellow)
is first sequestered by the loop (blue) and its release is kinetically triggered by the addition of a ligand (red) via either IF or CS mechanisms. When
freed, the reporter can hybridize with the aptamer (black) and release the drug (green, quinine). Liberation of quinine is followed by an increase in
fluorescence. (b) Left. IF (loop-10—32, red) allows for a faster release of drugs compared to the CS mechanism (i.e., 30-fold) with switches of similar
stabilities (K, Tables S7 and S8). Right. As expected, the rate of drug release can be easily programmed by tuning of K of the CS switch, while the rate
of an IF switch remains relatively constant over different K (Figure S19). Error bars represent the standard deviation of three replicates (n = 3). (c)
While a stable IF switch allows for rapid drug release without drug leakage (red), CS switches allow the precise tuning of the drug release rate over
1000-fold variation by simply tuning their K, (blue). Of note, for an easy comparison of the time scale difference between IF and CS, the x-axis scaling
changes from linear to logarithmic after the addition of the ligand (see Figure S20 for a linear representation).

fluorescence (see Figure S16 for the fluorescent monitoring and rapid hybridization rate with its fully complementary
workflow).** sequence, the reporter strand (aptamer 32 nt, Figure S15).%' We

We first designed an IF and a CS drug-releasing nano- then designed the IF loop with tails that are fully complementary
machines exhibiting similar conformational equilibrium. More to this reporter strand (loop-10—32) and measured its
specifically, we started by selecting a quinine aptamer displaying conformational equilibrium (Kgjz = 8 X 107*%, Figure S17).

stability that offers an ideal trade-off between high drug affinity Finally, we designed a ligand strand that can hybridize with the
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exposed loop with a sufficient affinity to displace the reporter
strand (a perfectly matched 22 nucleotide sequence, see Tables
S7 and S8). Of note, we designed a different reporter strand for
the CS system to avoid significant interaction between the ligand
and the aptamer due to their high sequence complementarity
(loop-1—32, see SI for more details). We found that a DNA
reporter containing two perfectly complementary 16-nucleotide
tails separated by a one-nucleotide loop displays a similar
conformational equilibrium than the loop-10—32 switch (Kj cs
=1X 1073 Figure S18). As expected from switches with similar
conformational equilibrium (Kj), we found that the IF switch
allows for a much faster drug release rate compared to the CS
switch (i.e., 30-fold, Figure Sb, left).

We then took advantage of the programming ability of these
two switching mechanisms to design nanomachines with
different drug-releasing rates (Figure S19). As expected, when
employing nanomachines activated through IF (i.e., loop-10),
stabilizing the unbound-inactive conformation by over 12.2
kcal/mol ™" had only a small effect on the release rate of quinine
(i.e., less than 10-fold variation). In contrast, stabilizing the
unbound-inactive conformation of the nanomachine activated
by CS (i.e., loop-1) by up to 8.9 kcal/mol™" allows to decrease
the kinetic of drug release by over 1000-fold (Figure Sb, right).

An important consideration in the design of these two
mechanisms is also the impact that the conformation
equilibrium (Kg) has on the basal activity of the nanomachine.
For example, we found that IF and CS nanomachines with low
conformational equilibrium (Kg > 1072° M) also display
significant drug leakage as shown by the increase of fluorescence
in the absence of ligand (see light red and light blue curves
Figure Sc). This is due to the low affinity of the loop-reporter
duplex, which allows for the spontaneous dissociation of the
reporter strand. Therefore, since the aptamer and the loop are
competing for the reporter, the aptamer can hybridize the
reporter and release the drug. One obvious advantage of the IF
nanomachine over a CS nanomachine is that the loop-reporter
complex can be further stabilized to reduce aptamer competition
for the reporter, and that, without reducing the kinetic of drug
release (Figure Sc). In contrast, since the rate of a CS switch
relies on the concentration of the unbound-active state, faster CS
switches will always result in higher drug leakage (i.e., low drug
leakage leads to slower drug release). Overall, these experiments
exemplify how we can take advantage of the IF and CS
mechanisms to program the activity of nanomachines.

B DISCUSSION

To expand our understanding of the kinetic programming at the
basis of chemical communication, here, we compared the kinetic
performance of two binding-induced conformational change
mechanisms, IF and CS, on similar DNA biomolecular switches.
Based on previous theoretical studies,” we hypothesized that
the key design feature differentiating those mechanisms resides
in the accessibility of their binding sites in their inactive state,
quantified by Kp°". We found that the switch with the least
accessible binding site (loop-1: only one nucleotide available for
binding in the inactive state) requires switching (dissociation)
into its highly accessible active state before ligand binding, thus
operating through a CS mechanism. Using the door analogy, this
mechanism requires spontaneous opening of the door before the
individual/target can bind and block the door into its open
conformation. Upon increasing the accessibility of the binding
site using a loop of 10 nucleotides, we found that the favored
path to ligand binding now proceeds via the formation of a three-

strand induced fit intermediate, which accelerates the activation
of the switch by up to 1000-folds. Using the door analogy, this
mechanism implies that the individual/target grabs the handle
and actively induces the opening of the door, thus resulting in
faster activation. Following the principle of detailed balance, we
also found that the deactivation of the loop-10 switch is also 800-
fold faster than the corresponding loop-1 switch. Investigation of
the mechanism underlying this kinetic difference revealed that
loop-10 switch is also deactivated via an induced fit mechanism
while loop-1 switch still employs a conformational selection
mechanism. This kinetic difference can be explained by the fact
that conformational switching to the bound inactive state allows
the ligand to dissociate faster from the lower affinity inactive
state of loop-10 by induced fit (Figure 4, left). In contrast, the
dissociation of the ligand from the higher affinity active state of
loop-1 resulted in a slower deactivation through conformational
selection (Figure 4, right). Overall, increasing the accessibility of
the binding site in the inactive state (Kp°%) increases the kinetics
of its binding-induced activation via a change of mechanism (CS
to IF).

Other approaches for programming the activation/deactiva-
tion rates of biomolecular switches exist. One involves kinetic
traps to program the activation of DNA-based assembly or
protein complexes.”’ However, kinetic trapping, as the name
implies, is not a viable method for accelerating activation.
Instead, it serves to postpone the activation until a later point in
time. Acceleration could instead be achieved by using a
programmable toehold domain that promotes strand displace-
ment reaction and, thus, switch activation.*>** However, this
strategy is limited to DNA-based nanosystems, while IF and CS
are protein-inspired strategies that could potentially be
implemented into the design of de novo protein switches.
Finally, multivalency is another mechanism that differs from the
ligand-induced allosteric mechanism presented herein.”” While
this strategy is easier to implement design-wise compared to
these allosteric strategies, it only allows for the programming of
the deactivation kinetics of molecular switches. Thus, in addition
to the strategies mentioned above, CS and IF offer a
complementary design strategy to program either the activation
or deactivation rate of biomolecular switches by carefully
designing the accessibility of the ligand binding domain.

These findings also have wide implications for our ability to
rationally tune the kinetics of therapeutic molecules and man-
made nanomachines. The residence time of a drug, for example,
is an important parameter in the development of efficient
therapeutic molecules.” However, the rational optimization of
residence times remains tedious due to the lack of understanding
of the “structure-kinetic relationships”.’® Considering that the
efficiency of drugs is typically enhanced by slower dissociation
rates,”>® our results, therefore, suggest that compounds
designed to interact with their protein target via a conforma-
tional selection mechanism should see their activity enhanced.
On the other hand, compounds targeting selectively the inactive
state are also susceptible to genetic or adaptive mechanisms of
resistance.’”*® For instance, selective inhibitors that target the
inactive state of RAS-GTPase are susceptible to perturbations
that drive the equilibrium toward the active state.’” In such
cases, compounds that target and inhibit the active state could be
developed to counteract this issue. For example, ON-state KRAS
inhibitors were recently developed that display faster
inactivation rates, while OFF-state selective inhibitors are
often found to be rate-limited by GTP hydrolysis (i.e., switching
into the GDP-bound inactive state).”®*’
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We also believe that artificial nanomachines used for drug
delivery could benefit from a better understanding of the IF and
CF mechanisms. Using quinine and its aptamer as a model drug
delivery vessel (Figure S) ,*! we showed that the IF mechanism,
for example, could be employed to design artificial nano-
machines that allow for a fast release of drug with minimized
drug leakages. In contrast, the CS mechanism allows for a slower
ligand-mediated release of a molecular cargo which could help
maintain the concentration of drugs under the therapeutic
window over an extended period.”""** We believe that the next
generation of drug delivery systems could benefit from the
slower kinetics properties provided by a CS mechanism or from
the fast, immediate-release kinetics properties provided by an IF
mechanism.

Overall, the distinct evolutionary roles and advantages of
these two signaling mechanisms begin to emerge. Biomolecules
involved in processes requiring rapid equilibration (e.g., proteins
involved in sensing processes or that trigger rapid movement or
responses) would benefit from the induced fit kinetic properties.
In contrast, some processes must operate on slower time scales,
like the inhibition of certain proteases which can last up to three
months.** In such cases, the conformational selection
mechanism could have been evolutionarily favored to allow
regulation on such a slow time scale. In addition, single point
mutations that stabilize or destabilize the conformational
equilibrium (K) of a biomolecular switch could have also
served as a path to evolve the deactivation rate or the activation
rate of biomolecular switches under the IF or CS mechanisms,
respectively. For example, studies on protein** and DNA-
based**® switches have demonstrated how the rate of ligand
binding could be optimized through simple mutagenesis
analysis. In perspective, we believe that a better understanding
of the IF and CS mechanisms can provide protein engineers and
nanoengineers with a kinetic framework to create responsive
nanosystems with highly controlled kinetics, while also
providing new insights to better understand the evolution of
biomolecular systems.
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