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Design and Thermodynamics Principles to Program the Cooperativity

of Molecular Assemblies

Dominic Lauzon and Alexis Vallée-Bélisle*

Abstract: Most functional nanosystems in living organ-
isms are constructed using multimeric assemblies that
provide multiple advantages over their monomeric
counterparts such as cooperative or anti-cooperative
responses, integration of multiple signals and self-
regulation. Inspired by these natural nanosystems,
chemists have been synthesizing self-assembled
supramolecular systems over the last 50 years with
increasing complexity with applications ranging from
biosensing, drug delivery, synthetic biology, and system
chemistry. Although many advances have been made
concerning the design principles of novel molecular
architectures and chemistries, little is still known,
however, about how to program their dynamic of
assembly so that they can assemble at the required
concentration and with the right sensitivity. Here, we
used synthetic DNA assemblies and double-mutant
cycle analysis to explore the thermodynamic basis to
program the cooperativity of molecular assemblies. The
results presented here exemplify how programmable
molecular assemblies can be efficiently built by fusing
interacting domains and optimizing their compaction.
They may also provide the rational basis for under-
standing the thermodynamic and mechanistic principles
driving the evolution of multimeric biological com-

plexes.
J

Introduction

Nanomachines in living organisms are at the basis of life,["
and are inspiring the development of many self-assembled
nanotechnologies with numerous applications.”! The major-
ity of natural biomolecular nanomachines are composed of
multiple molecular components that need to self-assemble
to trigger specific functions and cellular responses.”! Molec-
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ular assemblies have been shown to provide both structural
and functional advantages. These advantages include the
creation™ or stabilization® of active sites, as well as the
creation of new self-regulated mechanisms through
allostery®¥ and/or configurational cooperativity.[’ Inspired
by these natural nanomachines, numerous researchers are
designing artificial assemblies with similar properties using
biomolecules such as proteins,” peptides,®! DNA I RNA,!
or by using chemically synthesized molecules such as crown
ethers,"! calixarenes,'”” or foldamers."” For example, Lim
et al. have demonstrated how multi-domain protein recep-
tors can help programming the level of cooperativity of an
output response.’ Similarly, Ricci et al. have demonstrated
how to optimize the input/output response of DNA-based
unimolecular pH-dependent switches® and dimeric DNA-
based nanodevices.” Stoddard et al. have shown that pH-
responsive nanomachines can also be synthesized from
synthetic macrocycles.!""!

Although constructing novel molecular assemblies re-
mains an interesting challenge, programming their dynamics
of assembly represents the next challenge to develop
efficient artificial biotechnologies. In biosensing and drug
delivery, for example, it remains important to have precise
control over the transduction of a binding event, or
assembly, into a specific output (i.e., detection of an analyte
or liberation of drugs). In such nanosystems, the output
response is typically programmed to activate at the required
concentration and with the right sensitivity. In exploring this
effect, Plaxco et al., for example, have applied many nature-
inspired strategies to program the “useful dynamic range” of
biological recognition elements.* Fesik et al. have demon-
strated how bidentate ligands can considerably improve the
host—guest affinity between a ligand and its specific protein
receptor,™ while Schalley et al. have shown how to program
the affinity and cooperativity in divalent crown ether
nanosystem."”) However, even though the programmability
potential of self-assembled nanosystems has been previously
demonstrated, most of these examples remain focused on
the optimization of monomeric entities or dimeric host—
guest systems. Since nanosystems involving more than two
components have been shown to display various functional
advantages over their monomeric or dimeric counterparts®’
and are becoming increasingly important in the development
of future nanotechnologies,m a better understanding of how
these self-assembled nanosystems can be designed, pro-
grammed, and optimized is needed.

One strategy employed by nature and chemists to create
new functional assemblies consists of fusing interacting
domains to promote their complexation. (Figure 1-I, left)."”
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Figure 1. Programming molecular assemblies by connecting interacting domains. I. Design. Left. A trimeric assembly can be engineered through
the assembly of three components built by linking two interacting domains (blue and green) together using a linker (black). Right. Our model
system consists of a DNA interacting domains (10 nucleotides) connected via a linker that specifically form a trimeric assembly. Of note, binding
domains were specifically designed to favour trimeric assembly over monomers or dimers (see DNA sequences in Supporting Information). II.
Library of different assemblies. We prepared a library of trimeric assemblies with different stability (AG,,) by varying the linker connection (e.g.,
poly-T, PEG, length, ...), with shorter linkers expected to prevent some interaction due to steric hindrance and longer linkers expected to
compromise assembly due to higher entropic cost. I1l. Assembly characterization. Each assembly are thoroughly characterized to identify the main
parameter that favours their assembly: cooperativity, thermodynamic contributions, or level of compaction. IV. Programming assembly. Numerical
simulations of a trimeric assembly reveal the programming potential of stabilizing or destabilizing the assembly. More stable assemblies produce
system assembling at lower concentration with narrow dynamic ranges while less stable assemblies produce system assembling at higher
concentration with extended dynamic ranges. See the Supporting Information for the details regarding the simulation.

Here, we used synthetic DNA assemblies to explore the
thermodynamic basis of trimeric assemblies and strategies to
efficiently evolve their function (Figure 1-1, right). Our
simple model system was designed by fusing modular DNA
interacting domains with a set of different linkers (e.g., poly-
T, PEG, different lengths, etc.) to promote their complex-
ation (Figure 1-1I). We then employed double-mutant cycle
(DMC) analysis to determine how connectivity between the
interacting domains affects their assembly mechanism
through either allosteric cooperativity or configurational
cooperativity (also known as the chelate effect) (Figure 1-
I11).1*"¥1 Using unfolding experiments, we also determined
the origin of the thermodynamic contribution of the linkers
(i.e., entropic and/or enthalpic) to the cooperativity of
assembly. In agreement with our mathematical simulations,
our results demonstrate that fine-tuning the chemical linkers
between the interacting domains is an efficient approach to
program the cooperativity of multimeric nanosystems (Fig-
ure 1-1V).
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Results and Discussion
DNA-based model

To understand the design and thermodynamic principles to
create cooperative molecular assembly from fusing interact-
ing domains we designed a simple three-component assem-
bly using the high programmability and versatility of DNA-
DNA interactions.” As our model system, we have selected
a trimeric three-way junction made of 6 binding domains
fused in pair using unstructured linkers. We have designed
these interacting domains to be complementary and selec-
tive for one another with similar A—T/G—C content, thereby
ensuring similar stability for all interacting domains. More
specifically, all our interacting domains contain 10 nucleo-
bases (5 AT/S GC) connected by an unstructured polythymi-
dine or PEG linker.
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Simulations reveal a link between stability and cooperativity of
assembly

To demonstrate the potential of this strategy and its
programmability, we first performed various numerical
simulations, which explored the impact of varying the
trimeric energy. The trimeric energies were varied from —20
to —25 kcalmol ™, while keeping constant the binding energy
of the dimeric binding interfaces (—7 kcalmol™). These
simulations revealed two important trends regarding the
midpoint of the transition ([Alsys,), and the dynamic range
of assembly (DR, or sensitivity), the concentration window
over which the assembly occupancy shifts from 10% to
90%. First, the most stable assembly (AGp,=
—25 kcalmol ™, Figure 1-1V, blue curve) is triggered at lower
component concentrations ([A]syy,=15nM) and displayed
the narrowest dynamic range (DR =9). In contrast, destabi-
lizing this assembly by only 5kcalmol! (AG,=
—20 kcalmol™, red curve) shifted the assembly at a 40-fold
higher component concentration ([A]sy, =592 nM) while
extending its dynamic range by up to 81-fold (DR =729).
These results suggest that varying the trimeric assembly
stability can provide an easy path to optimize the coopera-
tivity level of a molecular assembly and thus to evolve its
function.

Programming the stability and cooperativity of assemblies
through linker optimization

We hypothesized that varying the linker length, or its
composition, should specifically impact the trimeric energy
given that the association between two binding domains
(dimer) should, in principle, remain independent of the
linker (Figure S1). To confirm that varying the connection
between binding domains can provide a way to program the
cooperativity of assembly, we created a library of various
three-way junctions containing different linker lengths (Fig-
ure 2a). Using thermal denaturation, we first measured the
stability of the assembly (AG,) of our trimeric assemblies
(Figure 2b). For example, while a 2T linker provided the
most  stable  trimeric  assembly = (AGp=-23.5+
0.2 kcal'mol "), shorter and longer linkers led to less stable
assemblies (AG aqor=—20.0£0.5 kcalmol™' and AGugsr=
—22.240.3 kcal'mol ™). As predicted by the simulation, we
found a direct correlation between the stabilities (AG,g),
the [A]sp, and the dynamic ranges (DR) of the assemblies.
For example, the most stable 2T linkers displayed the
smallest [Alspq, (24+1 nM) and the narrowest dynamic
range (34+5) (Figure 2¢). In contrast, the least stable 0T
shifted the assembly at a 14-fold higher component concen-
tration ([A]so, =336+57 nM) while extending its dynamic
range by up to 10-fold (DR =358+75). Of note, this 0T
system also displays a self-inhibited “none-all-none” mecha-
nism, where the percentage of assembled trimers increases
up to 60 % when [A] equals 1000 nM and then decreases as
[A] is further increased. This self-inhibition is due to the
small difference in energy between the dimeric intermedi-
ates and the trimeric assembly, thus resulting in the OT
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Figure 2. Programming the stability and cooperativity of molecular
assemblies through linker optimization. (a) The stability of assembly of
our model trimeric system, AG,,,, can be tuned by varying the linker
length (xT: the number of thymidines) connecting two 10 nucleotides
interacting domains. (b) Maximal stability is achieved with a linker
length of two thymidines (AGagor=—23.5+0.2 kcal-mol ™). Shorter
(0T) and longer (8T) linkers provide lest stable assembly
(AGpgsor=—20.0£0.5 kcal-mol™" and AG g gr=—22.2+0.3 kcal'mol™).
(c) The stability of the assembly impacts the assembly profile of our
different trimeric nanosystems. (d) For example, the [A]so, the
midpoint of the assembly transition, and the dynamic range (DR), the
concentration window over which the assembly occupancy shift from
10% to 90%, follow the same dependence to linker length than AG,,,
(left) and correlate well with our numerical simulations (right).
Assemblies were performed in triplicate using 30 nM of strand B and C
with increasing concentration of A in PBS buffer (50 mM Na,HPO,,
100 mM NaCl, pH =7.00) at 37°C. See Figure S2 for raw data leading
to AGy,, and Figure S3 for raw binding curves data.

system favoring the formation of dimers AB and AC at high
excess of strand A ([A]>>[B] & [C]=30nM).’? Overall,
these results suggest that programming the stability of
assemblies through linker variation provides an easy path to
tune their assembly dynamic range as well as creating more
complex assembly profiles displaying self-inhibition mecha-
nisms.

Assessing the nature of cooperativity in molecular assembly

The cooperativity of assembly can be tuned through a
change in assembly energy provided by variation of the
linkers attaching two binding domains. Two mechanisms are
typically involved to help rationalizing stabilizing effects in
molecular assemblies: allostery or configurational coopera-
tivity (Figure 3a).*'®! In the allostery mechanism, the bind-
ing of a domain to its interacting partner is altered by the
binding of an additional interacting domain (Figure 3a, lef?).
This energetic connection between both interacting domains
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Figure 3. Assessing the contributions of allostery and configurational cooperativity using a double mutant cycle analysis. (a) In allostery, the first
binding event induces a change in the state of the receptor that improves the affinity for the second binding event. In configurational cooperativity,
the first binding event improves the affinity of the second binding event through an increase in effective molarity. (b) We designed a double-mutant
cycle (DMC) to assess the contribution of each mechanism. The cycle starts by first measuring the intrinsic affinity of both interacting domains
(state A). Then, we introduced the linkers on strand A (state B) and strand BC (state C) to address the allosteric contribution of the linker after
subsequent binding of both domains (ug and ac, respectively). Finally, we added all linkers to the system (state D) to address the impact of
bringing one interacting domain near another through an increase in effective molarity (EM). (c) The allosteric cooperativity (ag and ac) and the
configurational cooperativity (B) can be estimated by measuring all the experimentally accessible equilibrium constants of each state (K,, Kg, Kc
and Kp). All equilibrium constants presented here are defined as dissociation constants. Notably, for the K. and Ky, equilibrium, strands B (green)
and C (blue) were covalently linked together using a 4T loop to ensure that they remained in a dimeric state and did not disassemble during the

analysis.

is typically considered to occur through a conformational
change, but it can also be mediated through changes in
dynamic properties.”! The binding of oxygen to haemoglo-
bin, for instance, represents a well-known example of
allostery where the binding of the first oxygen molecule to
haemoglobin increases the affinity of the three other binding
sites through a global dynamic conformational change.” In
the configurational cooperativity mechanism, the binding of
a domain to its binding partner is enhanced by an increase
in effective molarity caused by its attachment to a second
interacting domain nearby (Figure 3a, right). Such coopera-
tive binding is often exploited in drug design where, for
example, two drugs are chemically linked together to
increase the strength of interaction with a protein receptor
containing two close binding sites.!

Distinguishing allostery from configurational cooperativity with
double-mutant cycles

To explore the relative contributions of allostery and
configurational cooperativity to the assembly of our model
systems, we performed a double-mutant cycle (DMC)
analysis."®! This type of cycle is often used to dissect the
specific energetic contribution of a mutation, a motif or a

Angew. Chem. Int. Ed. 2024, 202313944 (4 of 11)

structure from all the interactions typically present in a
system.!"® 22 Here, we simplified the DMC analysis of our
DNA assemblies to the binding on the last strand (i.e.,
binding of strand A to the dimer BC) given that all DNA
interacting domains are energetically equivalent and that the
overall stability of the assembly (AG,,) is directly propor-
tional to this last assembly step (Figure S1). DMC analysis
(Figure 3b) began with assessing the intrinsic affinity of each
individual interacting domain between strand A and its
respective binding partners in the preformed dimer BC
(state A). We then introduced the linker on strand A (state
B) and on the preformed dimer BC (state C) to address the
allosteric contributions of these linkers to the subsequent
binding of both interacting domains (og and o, respec-
tively). Finally, we introduced both linkers into the system
(state D) to address the impact of bringing one interacting
domain near another through configurational cooperativity
(B). For all these cooperative parameters (og, 0 and B), a
value higher than unity indicates a positive cooperative
effect, while values lower than unity indicate a negative
cooperative effect.

All thermodynamic parameters of the cycle can be
directly measured by determining the dissociation constants
involved in each state of the cycle (see equations in
Figure 3c). We started the cycle by measuring the intrinsic

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U807 SUOWILLIOD) BAea1D 3|qedljdde 8Ly Aq pausenob ale sapiie VO ‘8sn 4O Sa|ni Joj ARIqIT 8UIIUO AB|1M UO (SUO I pUOD-pUe-SWLsHWI0d" &S| 1M Afe.q 1 BUI|UO//:SANY) SUORIPUD PUe SWwie 1 83 88S *[7202/20/.0] Uo AreiqiTauliuo A8|iMm ‘feeiuo N 84 81SeAIUN AQ #76ETEZ0Z @ 1Ue/Z00T OT/I0P/ W00’ A3 | 1M ATeq [pulJuoj/Sdny wouy papeo|umoq ‘0 ‘€LLETZST



GDCh
=

binding affinity between the individual interacting domains
without the presence of the linkers, K., i-€., the 10 bp
duplex containing 5 AT and 5 GC (state A). As expected,
we found that the two interacting domains involved in the
closing of the DNA assembly display similar affinities of
8.5+0.8nM (Kp,) and 9.2+0.5nM (Ky,) (Figure 4a, State
A), thus providing an average K., of 8.8+0.7 nM.

Allosteric contributions are negligeable. We then charac-
terized the allosteric contribution of linking the two
interacting domains of strand A to the successive binding of
its respective binding partners on strand B (Kg;) and strand
C (Kg,) (Figure 4b, State B). For example, we found that
the first binding event (Kg;) of the 2T system displayed a
higher binding constant of 96+2 nM compared to Koo,
corresponding to a destabilization of 1.540.1 kcal-mol™'.
Increased destabilization was also observed when employing
longer linkers with K, varying from 77 +4 nM (0T) to 139+
6nM (8T). This increase in Kg; is likely attributable to
additional charge repulsion and steric hindrance created by
the presence of additional nucleotides in the vicinity of the
interacting domain. In contrast, the second binding event
(Kg,) of the 2T system displayed a binding constant similar
to Kpono (4.3£0.3nM), suggesting that the double helix
minimizes charge repulsion and/or improves the accessibility
of the second interacting domain. Interestingly, all linkers
displayed a binding constant of approximately 4.1+0.3 nM
(1T to 8T), except for the OT system, which showed a much
lower binding constant of 0.7+0.1 nM. This is likely
attributable to potential base-stacking interactions between
the nucleotides at the extremities of both duplexes.””!
Overall, these stabilizing or destabilizing effects are not
large enough to significantly impact the stability of the
assembly. Indeed, the allosteric contribution quantified by
ag remains slightly below unity (0.1 <ag<3) for all assem-
blies (Figure 4b, left). From these ay values, we calculated
that the allosteric contribution of the linker on strand A
destabilizes the assembly of the three-way junction by 0.93 +
0.05 kcal-mol ™ (1T) to 1.2240.02 kcal'mol ' (8T), while the
absence of a linker (0T) has a negligible contribution of
—0.2£0.1 kcal'mol ..

We then characterized the allosteric contributions of the
linkers on the preformed dimer BC to the successive binding
of its two respective binding partners (K and Kc,) on
strand A (Figure 4c, State C). For example, we found that
the first binding event (K¢;) of the 2T system displayed a
higher binding constant of 58+13 nM than K, corre-
sponding to a destabilization of 1.240.2 kcal-mol™ for the
hybridization of the first DNA binding domain. Similarly, all
systems containing thymidine linkers (1T to 8T) displayed
binding constants higher than K, starting from 98+ 6 nM
(1T) and plateauing at approximately 33+8 nM (8T). This
decrease in K, may be attributable to the increased distance
between the interacting domain and the bulky negatively
charged stem loop of the preformed dimer. In contrast, the
absence of linkers (0T) resulted in a more stable system with
a binding constant of 284+4 nM (K¢ 4r), which suggests
potential base stacking between the two duplexes.” In
contrast, the second binding event (Kc,), which takes place
near two double helices, displayed binding constants similar

Angew. Chem. Int. Ed. 2024, 202313944 (5 of 11)
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to Kono for linkers ranging from 2T to 8T (7.8+0.4 nM).
Interestingly, the shorter linkers (0T and 1T) behaved in the
opposite manner to their first binding events. While the first
binding event of the 0T system displayed a higher affinity
than its second binding event (K¢, gr <Kcygr), the opposite
trend was observed for the 1T system (Kcy 1 <Keypr). This
discrepancy, however, cancels out and provides allosteric
factors displaying small negative contributions (0.1 <oc<1),
with oc remaining below unity with an upwards trend when
the length of the linker was increased (Figure 4c, middle).
The allosteric impact of linking the blue and green domains
together, therefore, destabilizes the assembly of the three-
way junction by 1.24+40.09 kcalmol™ (0T) to 0.7+
0.2 kcalmol ™ (8T). Overall, we found that both allosteric
factors (ag and o¢) remain too small to rationalize the large
impact of the linker length on the stability of the assembly.
This suggests that the addition of these linkers did not
induce a change in conformation significant enough to affect
their binding affinities. Indeed, the two allosteric contribu-
tions (o and ac) contribute less than 5% of the stability of
the assembly (Table S1-S2).

Configurational cooperativity is the key contributor.
Given that the allosteric contributions of the linkers were
found to be relatively small, we determined the contribution
of configurational cooperativity coming from bringing two
interacting domains into such close proximity. To do so, we
determined the effective molarity (EM) of all systems by
measuring the affinity of strand A towards the preformed
dimer BC containing its respective binding partners (Kp)
using thermal denaturation (Figure 4a, State D). We found
that K, showed a bell-shaped distribution, with the 2T
system being the most stable (1.84+0.2 pM) by two orders of
magnitude compared to the less stable 8T system (170+
85 pM). This translates into an effective molarity of 0.3+
0.1 mM for the 2T system compared to 5+ 1 pM for the 8T
system. We then calculated the contributions of the config-
urational cooperativity (B) and found that it follows a similar
trend to AG . (Figure 2b), varying between (542)x10* (8T)
and (4+2)x10* (2T) (Figure 4c, right). In contrast to the
allosteric contributions, which have negligible effects on the
assembly (0.1 <ag, oc<3), the configurational cooperativity
contribution § was found to be 2 to 5 orders of magnitude
larger (500<p <40 000). This represents, for example, a
configurational = cooperativity contribution of 7.4+
0.2 kcal-mol™" for the 2T system and 4.4 +0.2 kcal-mol™" for
the 8T system (Table S1-S2). Overall, these results indicate
that configurational cooperativity is the major determinant
in stabilizing our DNA-based assemblies.

The most stable and cooperative linkers optimize enthalpy

Having identified configurational cooperativity as the main
determinant of cooperative assembly of our DNA-based
model, we then explored whether this effect arises more
from an enthalpic or an entropic contribution. To do so, we
performed thermal denaturation of our assemblies and
determined their AH,, and AS i, (Figure 5a). We found that
the variation in enthalpy of our systems correlated well with
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Figure 4. Configurational cooperativity (B) is the main determinant of the difference in assembly stability (AG,,,) observed among all molecular
assemblies built with various linker lengths. (a) State A. Characterization of the intrinsic affinity of the two interacting domains without linkers (Ky,
and Ky,). State B. Characterization of the allosteric contribution of linking together two interacting domains of strand A on the successive binding
of its respective binding partners on strand B (Kg;) and strand C (Kg,). State C. Characterization of the allosteric contribution of the linkers on the
preformed dimer BC to the successive binding of its two respective binding partners (K, and Kg,) on strand A. State D. Characterization of the
configurational cooperativity contribution of both linkers on the final assembly measured by thermal denaturation (K;). (b) The DMC analysis
reveals that the allosteric contribution of linking two interacting domains remains mainly negligible (0.1 <0z <3 and 0.1 <o <1). Configurational
cooperativity (B), in contrast, remains the main determinant of the stability improvement of the assembly (10%< B < 10°), with a contribution up to
5 orders of magnitude higher than the allosteric contributions. Refer to Figure 3 for the calculation of each parameter (og, oc, EM and B). For
clarity, only the binding curves and the melting curves of the 2T system are shown; see Figure S4 (Ku-Ka,), Figure S5 (Kg-Kg,), Figure S6 (K-Ke)
and Figure S7 (Kp) for the full dataset. Each binding constant corresponds to the average and standard deviation of three independent binding
curves (see Table ST for values). All DNA strands are chemically labelled with either a fluorophore moiety (FAM, yellow circle) or a quencher moiety
(BHQ-T, black circle). All equilibrium constants are reported as dissociation constants. Experiments were performed at 37°C in PBS (50 mM
Na,HPO,, 100 mM NaCl, pH =7.00).
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Figure 5. High stability arises from the increase in enthalpy and level of compaction. (a) AH,,, and AS,,, measured through thermal denaturation
(Figure S2) showed that the contribution of the linkers is not purely entropic when the length of the linker is increased. (b) To facilitate assembly,
we increased the ionic strength to overcome the electrostatic repulsion between the negatively charged polythymidine linkers and the interacting
domains (Figure S10). For longer linkers (> 2T), we found that higher ionic strength led to stronger enthalpic contributions and less favourable
entropic contributions. In contrast, we found that both the enthalpic and entropic contributions of the 1T system decreased with increasing ionic
strength, suggesting that this assembly displays fewer interactions and becomes less ordered at high salt concentrations. Interestingly, the AH
and the AS, of the individual interacting domains remain relatively unchanged with increasing ionic strength (Figure S9, Table S3), suggesting
that the variation observed in the trimeric assemblies is likely attributable to the structural variation taking place upon the formation of the three-
way junction. (c) Urea denaturation (Figure S11) showed that the higher stability of the 2T system comes from its ability to bury more surfaces
upon assembly, i.e., a larger m-value. (d) A less bulky linker, such as PEG (Figure S12), also led to trends and observations similar to those of the
polythymidine linkers. See Tables S3-S6 for all values. All thermal denaturation experiments were performed in PBS with varying NaCl
concentrations, and all urea denaturation experiments were performed at 37°C in PBS (50 mM Na,HPO,, 100 mM NaCl, pH=7.00).

the variation in free energy, with the 2T linker system
displaying both the strongest AH,, (—15542 kcal-mol™)
and AG, (—23.540.3 kcal'mol ). In contrast, the entropic
contribution displayed an opposite correlation with AG 4.
For example, the assembly of the most stable 2T system was
found to be the most entropically unfavourable (131+
2 kcal'mol™"). Since the interacting domains remain constant
among our different assemblies, these enthalpic and entropic
variations likely originate from the different linkers and
their impact on the conformation of the junction. As
observed in other systems, we also observed enthalpy-
entropy compensation among our different assemblies (Fig-
ure S8).”*! This suggests that the enthalpically favourable
interactions arising from varying linker length also produce
an unfavourable entropic contribution, likely via mobility
restriction.

We decided to further explore the nature of the
enthalpic contribution. Since the linkers are negatively
charged and increasing their length may lead to further
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charge repulsion, we hypothesized that increasing the ionic
strength may improve stability by minimizing charge
repulsion. Using thermal denaturation, we measured the
AH,, and the AS,, of all our systems (1T to 8T) at various
sodium chloride concentrations (Figure 5b). We first meas-
ured the impact of ionic strength on the interacting domains
in the absence of the linker and found that their AH and AS
of assembly remained relatively unchanged (Figure S9). This
implies that any variations measured on the trimeric
assemblies are likely attributable to the structural variations
taking place upon the formation of the three-way junction.
We thus determined the AH and AS of our trimeric
assemblies and found that increasing the ionic strength of
the solvent generally increased both AH,, and AS,, (Fig-
ure 5b). As expected, increasing the ionic strength resulted
in a higher AH,, likely by reducing charge repulsion
between the linkers and the DNA binding domains. The
observed increase in AS, with ionic strength, on the other
hand, suggests that the three-way junction becomes more

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U807 SUOWILLIOD) BAea1D 3|qedljdde 8Ly Aq pausenob ale sapiie VO ‘8sn 4O Sa|ni Joj ARIqIT 8UIIUO AB|1M UO (SUO I pUOD-pUe-SWLsHWI0d" &S| 1M Afe.q 1 BUI|UO//:SANY) SUORIPUD PUe SWwie 1 83 88S *[7202/20/.0] Uo AreiqiTauliuo A8|iMm ‘feeiuo N 84 81SeAIUN AQ #76ETEZ0Z @ 1Ue/Z00T OT/I0P/ W00’ A3 | 1M ATeq [pulJuoj/Sdny wouy papeo|umoq ‘0 ‘€LLETZST



GDCh
=

ordered as charge repulsion decreases. Interestingly, how-
ever, we noted that despite having the most favourable
AH g, the optimal 2T system displays only a small decrease
in AH,, with increasing ionic strength and almost no
variation in AS,. This result suggests that the 2T junction
probably remains similarly ordered at various ionic
strengths, perhaps due to an already optimal compaction of
its junction. In comparison, junctions made with longer
linkers displayed increased AS,, with increasing ionic
strength, suggesting that the assembly becomes more
ordered at high salt concentrations. In contrast, we found
that both the enthalpic and entropic contributions of the 1T
decreased with increasing ionic strength, suggesting that this
assembly displays fewer interactions and becomes less
ordered at high salt concentrations. Given that the linker
length for the 1T system is too short for optimal stability,
one hypothesis explaining this behaviour may be that
increasing the salt concentration stabilizes the formation of
an optimal “2T-like” junction leading to the dissociation of
one base pair in the interacting domains (9 bp vs. 10 bp).
Overall, these results demonstrate that the 2T linker
optimizes the stability of the trimeric assembly by max-
imizing its AH 5.

High stability and cooperativity of assembly correlates with
high level of compaction

We wanted to further explore the physical determinants
behind the strong enthalpic contribution of the 2T assembly.
For this purpose, we performed urea denaturation experi-
ments to measure the variation in accessible surface area
(AASA) or level of compaction of each assembly (Fig-
ure 5¢).”*! This was done by determining the m-value of
each unfolding transition, a parameter that measures how
AG varies with the urea concentration, which correlates with
the accessible surface area. Surprisingly, we found that the
2T system buries 17 % more surface area during its assembly
(m-value = 1.481 £0.009 kcal-mol M, Figure 5c, left) than
the 4T, 6T and 8T systems (average m-value=1.23+
0.02 kcal-mol "M ").*! This suggests that the 2T linker
stabilizes a more compact assembly that maximizes solvent
exclusion upon assembly.’! In contrast, assemblies with
longer linkers (>2T) displayed lower m-values, suggesting
that their junctions are more exposed to solvent molecules.
This result is also consistent with the ionic strength experi-
ments: water-filled junctions (4T, 6T, 8T) were more
sensitive to salt concentrations (Figure 5b). In contrast, we
observed that the 0T and 1T assemblies displayed lower m-
values, with the OT system displaying the least compact
conformation. This is likely due to the possibility that these
assemblies are not able to form the same number of
interactions as the 2T system due to steric hindrance
between the interacting domains at the branchpoint.™
Opverall, these results provide strong evidence that the extra
enthalpic contribution at the origin of the high cooperativity
of the 2T assembly is due to additional interactions at the
junction providing optimal packing between the interacting
domains.
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Similar conclusions were also reached by employing
PEG linkers instead of polythymidine linkers to link the
interacting domains. The same thermal and urea denatura-
tion experiments (Figure S12) revealed that the stability of
the PEG linker systems followed the same bell-shaped
behaviour as the polythymidine linker systems, with the
optimal PEG system being slightly less stable (—16.1+
0.1 kcalmol ™) than its thymidine counterpart (—16.8+
0.2 kcalmol ™) (Figure 5d). Similarly, we found that the
stability of all PEG systems correlated well with their level
of compaction (Table S5-S6). Interestingly, we also found
that the PEG linker system requires a slightly longer linker
for optimal stability (1.34+0.03 nm) compared to its poly-
thymidine counterpart (1.00£0.07 nm). The improved
stability provided by polythymidine linkers compared to
PEG linkers may be rationalized by stronger intermolecular
interactions between the thymidine linkers (e.g., H-bonding,
and base stacking). In combination, these results suggest
that the linker properties (length or nature) are important
determinants in creating compact junctions in molecular
assemblies. This also suggests that the cooperativity level of
molecular assemblies could be easily tuned or evolved
through simple optimization of the length of a linker
connecting two interacting domains (e.g., insertion/deletion
mutations).

Optimizing assembly profiles through linker design

We confirmed that tuning the linker length and therefore
the level of compaction of our model trimeric assembly
provide a relatively simple and straightforward strategy to
program the cooperativity of molecular assemblies by
stabilizing or destabilizing the assembly (Figure 6). For
example, we have demonstrated the relationships between
the stability (AGy,), the [Alsye, and the dynamic range as
suggested by the strong overlapping of the experimental and
simulated data (Figure 2). In these experiments, however, all
the linkers were changed simultaneously, which did not
provide a predictable way to tune the stability of the
assembly (i.e., the stability was found maximal for an
intermediate length of 2T). We thus hypothesized that
varying only one linker while keeping the other constant
may enhanced our ability to precisely control both the
[Alsoe, and the dynamic range via slight variations in the
level of compaction of the assembly (Figure 6a). For
example, we found that increasing the length of only one
linker enabled precise and linear programming of AG,g,
which also correlated well with the level of compaction and
the assembly parameters ([A]soq, and DR) (Figure 6a). Of
note the optimal stability and level of compaction was
reached using an asymmetrical trimer that contains two 2T
linkers and one OT linker.

The link between AG,g, [Alsy,, and the dynamic range
was further confirmed by varying the temperature (i.e.,
lower temperature stabilizes the assembly while higher
temperature destabilizes it). Using the 2T (Figure 6b) and
8T (Figure 6¢) linker assemblies, we also confirmed that an
increase in 10°C provided a programming ability ([A]sge,
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Figure 6. Programming the assembly profile of trimeric assemblies by tuning stability via various linker lengths. (a) A more precise way to program
the level of compaction, and thus the stability of the assembly consists of changing only one linker while keeping the two others at the optimal
length of 2T (see Figure S13 and Figure S14). The assembly properties ([Also, and DR) correlate well with the stability of the assembly (AG,,,) and
our mathematical simulation (black line). (c-d) The stability of the assemblies (here, the 2T and 8T systems) can also be programmed by tuning the
temperature, thus also enabling precise programming of the assembly properties. All binding experiments were performed in triplicate in PBS

(50 mM Na,HPO,, 100 mM NaCl, pH=7.00) at 37°C if not mentioned otherwise. For all raw binding curves, see Figure S15 (panel a), Figure S16

(panel b) and Figure S17 (panel c).

and DR) similar to that of linker variation (nearly two
orders of magnitude). These results exemplify the simplicity
with which the assembly profile of molecular assemblies can
be optimized and evolved by simply shortening (deletion
mutation) or increasing (insertion mutation) the linkers
between their interacting domains, thereby adjusting the
level of compaction of the assembly and thus its stability.
This ability to program the cooperativity and the stability of
molecular assemblies can also be useful in synthetic biology
or system chemistry to develop self-sorting nanosystems that
distinguish between components solely based on their
respective stabilities.””!

Conclusion

Here, we have demonstrated how cooperative molecular
assemblies can be readily created by fusing interacting
domains, and their assembly profile precisely programmed
by tuning their level of compaction through linker optimiza-
tion between the interacting domains. We have demon-
strated this by exploiting the high programmability and
versatility of DNA-DNA interactions to create a simple
trimeric “three-way junction” model system. As expected,
we have first shown that the optimal cooperativity of
assembly can be reached through an intermediate linker
length that offers optimal stability (not too short, not too
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long). Using a double-mutant cycle analysis, we determined
that the effect provided by the optimal linker (2T) was
mainly attributable to high configurational cooperativity
(B>1000) despite displaying negative allosteric contribu-
tions (0.1 <ag, ac<3) (Figure 3 and 4). By further exploring
the thermodynamic basis of these assemblies, we were,
however, surprised to discover that the high cooperativity
was mainly attributable to a maximization of the enthalpic
contribution rather than a minimization of the entropic
contribution as this has been suggested in other previous
studies.”? Indeed, we found that the 2T system produces the
largest enthalpic contribution due to its ability to bury larger
interacting surfaces at the interface of all components
(Figure 5). This suggests that the optimal linker helps to
form favorable intermolecular interactions at the centre of
the junction, therefore removing water molecules while
forming a more compact assembly. Finally, we showed that
simple variation in the linker length between two interacting
domains in a trimeric assembly also enables easy program-
ming of its assembly profile ([A]sy, and DR) (Figure 6).
Engineering molecular assemblies by connecting inter-
acting domains through various linker length and composi-
tion provides a simple and programmable chemical strategy
to optimize the assembly cooperativity of any self-assembled
nanosystem. Here, we have demonstrated this concept using
a DNA-based model system through simple variation of the
length of an unstructured polythymidine linker. The univer-
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sality of this design concept was further validated by
replacing the polythymidine linker with a more flexible, less
bulky PEG linker. Furthermore, all assembly profiles with
different dynamic ranges and [A]sq, Were also well modelled
mathematically as a simple function of their stability,
demonstrating the programmable and quantitative nature of
this strategy. We believe that the ability to program the
stability and cooperativity of the assembly of small self-
assembled building blocks may also find applications to
simplify the assembly of larger nanostructures. DNA three-
way junctions, for example, are a simple building block for
the assembly of the larger DNA tetrahedron, a common
DNA nanostructure used in biosensing and drug delivery.””
These are typically assembled through a long and time-
consuming annealing protocol favoring the most thermody-
namically stable structure. But such protocol also typically
prevents the incorporation of temperature-sensitive
components.’!! We have also shown that the efficient
assembly of a trimeric nanostructure requires a large differ-
ence in energy between the dimeric intermediates and the
trimeric assembly. For example, the yield of assembly of our
0T three-way junction (Figure 2c) was only about 60 % and
could not be improved by increasing the concentration of
one of its components. The controlled self-assembly of small
building blocks, or “developmental” self-assembly, has
become a promising avenue and has recently been reported
for the isothermal assembly of larger DNA
nanostructures.’” This strategy is also reminiscent of “self-
sorting” in system chemistry,” and the self-assembly of
protein components in cell, which happens sequentially and
isothermally in a crowded environment.'¥ We thus believe
that a better thermodynamic control on the smaller building
blocks could help researchers to better design self-assembled
nanosystems with precise control and sophisticated func-
tions.

Although we have employed nucleic acids and PEG
molecules as a model system to demonstrate the thermody-
namic rules to program the assembly of cooperative (or not)
nanosystems, our conclusion may also apply to other
chemical systems. Indeed, scientists have shown that fusing
protein interacting domains using intrinsically disordered
linkers can create a variety of molecular assemblies with
different stabilities.™*! For example, by changing the length
of a flexible peptide linker between two DHFR proteins,
researchers  have  observed  different levels  of
oligomerization.'” Varying the linker length in fused
proteins® or fused ligands™' was also shown to improve
affinity through the avidity effect. More specifically, PRO-
TAC drugs could benefit from linker optimization that
maximizes compaction and cooperative PPI interactions to
promote the assembly of the ternary complex, thus prevent-
ing self-inhibition and the Hook effect.”® This linker
optimization strategy could also be applied for the design of
supramolecular systems to obtain optimized assembly char-
acteristics, which better mimic the functional diversity and
complexity of biological multimeric systems.**7¥ Further-
more, since AG , i intrinsically related to the cooperativity
of assembly (Figure 6), we anticipate that recent progress in

Angew. Chem. Int. Ed. 2024, 202313944 (10 of 11)

Research Articles

Angewandte

intemationaldition’y) Chemie

computational design may assist the discovery of the linker
that provide the optimal dynamic range.””

The ability to narrow or broaden the dynamic range of
molecular functions remains important both for living
organisms and for the development of various biotechnolo-
gies. One well-known alternative strategy to program the
dynamic range of functional nanosystems consists of creating
allosteric systems.['***! One limitation of allosteric strategies,
however, remains its design complexity, since it typically
requires the creation of energetically interconnected binding
sites into single- or multidomain nanosystems.® In contrast,
we have shown here that multiple interacting domains can
readily form in a cooperatively self-assembled nanosystem
through a simple optimization of the linkers connecting the
interacting domains. This strategy seems to have occurred
extensively during evolution to create functional protein
complexes through, for example, gene fusion events where
the genes coding for two interaction domains are fused into
one open reading frame.*! During evolution, these fused
complexes can often acquire long interdomain linkers that
can play a key role in their function.*!! In summary, we
believe that our findings can provide chemists and bio-
chemists with a simple thermodynamic framework to create
self-assembled nanosystems with programmable assemblies
while improving our understanding of mechanisms that may
have driven the evolution of multidomain protein com-
plexes.
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Molecular assembly can be designed by
fusing binding domains. A precise opti-
mization of the level of compaction of
the assembly using linker of different
lengths or compositions can provide a
simple strategy to program their assem-
bly properties (e.g., midpoint, dynamic
range, and inhibition). The thermody-
namic and mechanistic principles dem-
onstrated herein also shine light behind
the evolution of biological molecular
assembly.
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