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of Chemistry In biopolymers such as proteins and nucleic acids, monomer sequence encodes for highly specific intra- and
intermolecular interactions that direct self-assembly into complex architectures with high fidelity. This
remarkable structural control translates into precise control over the properties of the biopolymer. Polymer
scientists have sought to achieve similarly precise control over the structure and function of synthetic
assemblies. A common strategy for achieving this goal has been to exploit existing biopolymers, known to
associate with specific geometries and stoichiometries, for the assembly of synthetic building blocks.
However, such systems are neither scalable nor amenable to the relatively harsh conditions required by
various materials science applications, particularly those involving non-aqueous environments. To
overcome these limitations, we have synthesized sequence-defined oligocarbamates (SeDOCs) that
assemble into duplexes through complementary hydrogen bonds between thymine (T) and diaminotriazine
(D) pendant groups. The SeDOC platform makes it simple to incorporate hon-hydrogen-bonding sites into
an oligomer's array of recognition motifs, thereby enabling an investigation into this unexplored handle for
controlling the hybridization of complementary ligands. We successfully synthesized monovalent, divalent,
and trivalent SeDOCs and characterized their self-assembly via diffusion ordered spectroscopy, *H-NMR

titration, and isothermal titration calorimetry. Our findings reveal that the binding strength of monovalent
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Accepted 11th May 2024 oligomers with complementary pendant groups is entropically driven and independent of monomer

sequence. The results further show that the hybridization of multivalent oligomers is cooperative, that their
DOI: 10.1039/d4sc00242¢ [
binding enthalpy (AH) and entropy (TAS) depend on monomer sequence, and that sequence-dependent

rsc.li/chemical-science changes in AH and TAS occur in tandem to minimize the overall change in binding free energy.

via programmable self-assembly. DNA in particular has emerged
as a powerful tool for constructing highly complex architectures,

Introduction

The precise placement of functional groups along a polymer chain
plays a key role in encoding specific intra- and intermolecular
interactions that direct self-assembly into discrete architectures.
Directed folding and self-assembly in biopolymers like proteins
and nucleic acids result in a wide array of properties that facilitate
various biological functions, including cell scaffolding, templated
synthesis, formation of biomolecular condensates, and informa-
tion storage. Remarkably, these complex tasks are accomplished
using polymers composed of a relatively small number of building
blocks. Significant research efforts have been dedicated to
producing synthetic systems that replicate the exquisite control
over structure and function observed in their natural counter-
parts. An effective approach has been to exploit interactions
optimized by nature to direct the assembly of various building
blocks. Both protein-protein™* and nucleic acid interactions®?
have been utilized to create precisely engineered nanostructures
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such as DNA origami,*” because its base-pair specificity allows
oligonucleotides to assemble with nanometer-scale precision.®
This has been leveraged for directing the assembly of nano-
particles (NPs) into well-organized structures® with applications as
diagnostic'*** and therapeutic agents.''* NP assemblies also hold
significant promise for applications beyond the realm of biology,
as they provide opportunities to precisely tailor material proper-
ties by manipulating NP size, shape, and the local arrangement of
interacting ligands.>®

Unfortunately, the widespread adoption of DNA-directed self-
assembly for materials science applications is hindered by DNA's
insolubility in organic solvents and the prohibitive cost of
synthesizing DNA at the scale required for most nonbiological
applications.? One approach to overcoming these limitations
involves the synthesis of recognition-encoded oligomers with
various chemistries that are soluble in the organic phase.*
Similar to DNA, these ligands possess precisely positioned
recognition sites along a sequence-defined backbone, enabling
sequence-selective hybridization. Both dynamic-covalent bonds,
such as imine,'*® boronic ester,>*>* and Diels-Alder,> and
noncovalent interactions such as hydrogen bonds,**?*
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coordination bonds, and salt bridges,**** have been used to
program self-assembly. The key feature of these bonds and
interactions is their reversibility, which results in an equilibrium
between unbound and hybridized ligands allowing mismatched
complexes to reorganize into a preferred, low energy thermody-
namic state. This equilibrium is characterized by an association
constant, K,, that quantifies the stability of the assembled
structure. K, is also a valuable metric for assessing selectivity by
comparing the binding strengths of competing complexes. It is
therefore important to understand the design principles that
govern K, in oligomeric assemblies, as this knowledge forms the
foundation for leveraging recognition-encoded oligomers as
building blocks for complex architectures.

In this study, we introduce a synthetic platform designed to
generate sequence-defined oligomers capable of forming
hybridized duplexes through complementary hydrogen bonding
pendant groups. In contrast with previous studies that exclusively
employ arrays of hydrogen bonding pendant groups to guide
assembly,”?*** we have incorporated non-hydrogen bonding
sites into our oligomer's array of hydrogen bonding moieties to
investigate their effect on hybridization. We show that these
oligomers readily undergo duplex formation, and intriguingly, we
observe that the number and location of nonbonding sites have
a significant impact on the thermodynamics of binding.

Results and discussion

Recognition-encoded oligomers were produced with slight
modifications to a scheme previously reported by the Alabi group
for the gram-scale synthesis of sequence-defined oligocarba-
mates (SeDOCs) (Fig. 1).** In contrast to synthetic pathways
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where oligomers are synthesized from pre-existing monomers
containing the recognition site, the platform employed in this
study utilizes iterative reductive amination and carbamation
reactions that enable independent tuning of each pendant group
with a diverse array of compatible functionalities. The first
generation of recognition encoded SeDOCs contain nonbonding
methyl units (m) and complementary thymine (T) and dia-
minotriazine (D) pendant groups. D and T have been shown to
form triple hydrogen bonds with a K, of ~10° M ™" in chloro-
form.*>*¢ The selection of the D-T motif was based on its K,
which allows fine-tuning of the overall binding affinity through
incremental adjustment of the D-T valency (i.e., the number of
D-T interactions between a pair of oligomers). Furthermore,
both D and T exhibit minimal self-dimerization, and their
compact steric profiles ensure that they will not impede oligomer
binding or negatively impact the synthesis of multivalent chains.

Synthesis

Primary amine-terminated diaminotriazine 2 and thymine 3
monomers were synthesized according to the reaction scheme
in Fig. 1a and b. To obtain compound 2, 2-chloro-4,6-diamino-
1,3,5-triazine was refluxed with 2-(boc-amino)ethanethiol and
potassium hydroxide. The resulting intermediate 1 was purified
via flash chromatography and deprotected with trifluoroacetic
acid. Compound 3 was synthesized by benzoyl-protecting the
N(3) nitrogen® on thymine and reacting the N(1) nitrogen with
2-(boc-amino)ethyl bromide. Deprotection with trifluoroacetic
acid afforded 3 in good yield. A library of ten SeDOC 3-mers
(Fig. 2), each bearing three pendant groups, was generated to
facilitate investigations into the effect of monovalent monomer
sequence and D-T valency on the binding strength of

a Boc b
NH )
Boc SH N
Cl ”/\/ S S HNAS HL\i A Boc \/\E/\I My
ﬁ*‘ﬁ LN EAE — MAE O%\NTO — NO o*NTo o*NN‘(o
HNONA N, O HNNANH, @ NN N, H . (i) @0 (i) o W N
1 2 3
c |
o 5, TSRO
0 RyNH NH R,"NH
o ) N Do D @N o{j o 2 NHy /O\QVN‘KO\Q\/ ‘Q\/O
(i) ! (i) (i), (ii)
4 5

F
FAF QO
F]/\::OJLO::)
F

R3-NH,

oo o
! \
1
d HB, _
N HB, Y
S< N---—HN
7~N
HH_B_C__O
12 13

R4 Ra Rs

O NOLA N i
0 0o 0o
\

0]

NH
NAN O*)\

RNH, = HCNH, N NAg~oNH: HNEN‘/\NHZ
m-NH, D-NH, T-NH,
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divanillin carbonate, triethylamine, NH,OH. (d), Watson-Crick-type hydrogen bond paring between a diaminotriazine (compound 12) and

thymine (compound 13).
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Fig. 2 Structures of (a), monovalent (b), divalent and (c), trivalent SeDOC oligomers.

complementary oligomers. SeDOC 3-mers were synthesized
according to the iterative reaction pathway shown in Fig. 1c. 3,4-
Dimethoxybenzaldehyde 4 was reacted with a primary amine-
terminated m, D, or T (R-NH,, Fig. 1c) and reduced with
sodium borohydride. The resulting secondary-amine-
terminated molecule 5 was reacted with divanillin carbonate 6
to regenerate the aldehyde end group 7 required for the addi-
tion of a second pendant group. Following a second reductive
amination with the desired pendant group, the aldehyde was
regenerated once again via acylation with 6 to give 8. A final
reductive amination was used to install the third desired
pendant group and the ensuing secondary amine terminated
oligomer 9 was reacted with pentafluorophenyl guaiacol
carbonate 10 to generate the desired SeDOC 11.

Detection of monovalent SeDOC hybridization via diffusion-
ordered spectroscopy (DOSY)

Monovalent SeDOCs (i.e., bearing a single diaminotriazine or
thymine pendant group) were synthesized to study the effect of
monovalent monomer sequence on K,. We first confirmed via
diffusion-ordered spectroscopy (DOSY) that SeDOCs with
complementary pendant groups could hybridize.*® According to
the Stokes-Einstein equation, the diffusion coefficient scales
with size. As such, unhybridized SeDOCs are expected to exhibit
faster diffusion compared to the larger hybrid. The formation of
a slow-diffusing species when ligands with complementary
pendant groups are mixed is therefore indicative of hybridiza-
tion. However, since rapid exchange between the unbound and

9140 | Chem. Sci,, 2024, 15, 9138-9146

bound ligands outpaces the NMR timescale, the calculated
diffusion coefficient from a specific peak in the NMR spectrum
represents an ensemble average, incorporating contributions
from both the hybrid and unbound ligand depending on their
respective populations. To overcome this limitation, pairwise
mixtures of oligomers with complementary pendant groups
were prepared with an excess of one ligand (~3 : 1 mole ratio) to
bias the limiting component towards the hybridized state. The
diffusion coefficient was then calculated using resonances
specific to the limiting component. Results of the DOSY
experiments are shown in Fig. 3. The Stejskal-Tanner equation
describes the relationship between the NMR signal strength (1),
parameters related to the NMR experiment (b), and the diffu-
sion coefficient (D):

1= IoeoibD (1)
where

b = y*G*5*(4 — 6/3) (2)

v is the gyromagnetic ratio, G is the gradient strength, ¢ is
the gradient pulse length, and 4 is the mixing time. According
to eqn (1), a plot of In(I/I,) versus b should give a line with
a negative slope that can be used to obtain the diffusion coef-
ficient (Fig. 3a-d). The DOSY results in Fig. 3a-h show that the
diffusion coefficients of the pure ligands were similar, as
anticipated given their similar size (mDm or mmD = 872 ¢

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Stesjkal-Tanner plots of (a), mmD-mmT; (b), mDm mTm; (c), mDm mmT; (d), mmD-mTm and their corresponding diffusion coefficients
in (e—h). All DOSY experiments were performed in duplicates. Data are displayed as mean + SD by one-way ANOVA. *p < 0.033, **p < 0.0021,

***p < 0.0002, ****p < 0.0001.

mol ™', mTm or mmT = 855 g mol™"). The data further reveals
that within each mixture, the resonance specific to the limiting
component exhibited a smaller diffusion coefficient than the
corresponding pure ligand (Fig. 3e-h). This suggests that
hybridization occurred between each complementary SeDOC
pair. The diffusion coefficient of chloroform was the same
across all samples, indicating that the observed reduction in
SeDOC diffusion coefficient is not due to an elevated sample
viscosity (Fig. 3a-d).

Hydrogen bonding between D and T confirmed via "H-NMR
titration experiments

Having confirmed that monovalent SeDOCs with complemen-
tary pendant groups were assembling into larger hybrids, 'H-
NMR titration experiments were performed in CDCl; to deter-
mine whether hybridization was due to Watson-Crick hydrogen
bonding between D and T. In these experiments, a D ligand (the
titrant, mDm or mmD) was titrated into a T ligand (the titrand,
mTm or mmT), and changes in the chemical shift of protons at
the titrand's binding site were monitored as a function of mole
ratio. A downfield shift upon titration is a classic indicator of
hydrogen bonding between the titrand and titrant.** The T
ligand was used as the titrand given the convenient location of
thymine's NH peak, which appeared in a region of the spectrum
with minimal spectral overlap. The NH peak in mmT alone gave
rise to double signals which we attribute either to the presence
of rotamers resulting from hindered rotation along the oligo-
carbamate backbone, or keto/enol thymine tautomers in rela-
tively equal populations. Titrations were performed for each
pairwise combination of monovalent oligomers with comple-
mentary pendant groups. In every experiment, the thymine NH
proton shifted downfield from approximately 8.4 ppm in pure T
ligand to approximately 12 ppm in a 3.5 : 1 D : T mixture (Fig. 4a,
S42-S527%). The downfield shift of the thymine NH resonance
was evidence that HBy, (Fig. 1d) was forming. This indicated that

© 2024 The Author(s). Published by the Royal Society of Chemistry

the slower diffusing species attributed to the hybridized oligo-
mers in the DOSY experiments was due, at least in part, to
hydrogen bonding between the T pendant group and D ligand.
However, these titrations did not reveal the identity of thymine's
hydrogen bonding partner, which could be the expected D
pendant group, or the SeDOC backbone. To confirm that asso-
ciation was not caused by nonspecific hydrogen bonds with
backbone acceptor sites, an additional experiment was per-
formed in which mmm was titrated into mmT. The mmm
SeDOC lacks hydrogen bonding pendant groups, so a downfield
shift in T's donor proton upon titration would indicate the
presence of hydrogen bonds with the oligocarbamate backbone.
Fig. S531 shows that the addition of mmm did not cause
a change in the chemical shift of thymine's NH, indicating that
the downfield shift observed in titrations with complementary
pendant groups (Fig. 4a, S42-S52%1) could only be due to
hydrogen bonds between D and T. While T does not hydrogen
bond nonspecifically, "H-NMR titration (with mmm) and dilu-
tion experiments showed that D forms weak hydrogen bonds
with the SeDOC backbone. However, these interactions have
minimal impact on SeDOC hybridization because they are
much weaker than the hydrogen bonds between D and T
(Fig. S55-S58 and S657).

Effect of monovalent monomer sequence on K, assessed via
isothermal titration calorimetry (ITC)

After establishing that monovalent SeDOCs undergo hybrid-
ization primarily driven by hydrogen bonding interactions
between complementary D and T pendant groups, our next
objective was to quantify the strength of hybridization and
investigate how it varies with monomer sequence. As the
exchange between the labile protons at the D-T binding site
(including thymine's NH) could introduce errors in estimating
binding strength via NMR titration (Fig. S44, S47, S50 and S527),
we opted instead for isothermal titration calorimetry (ITC),

Chem. Sci., 2024, 15, 9138-9146 | 9141
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which quantifies the heat absorbed or released during a binding
event.*® ITC experiments in this work were performed in chlo-
roform and the resulting data were fit to an independent
binding model to calculate K,, AH, and the binding stoichi-
ometry (n). This model describes the association of ligands due
to interactions at a single recognition site or multiple equivalent
sites. AG and AS were then calculated from eqn (3).

—RTInK, = AG = AH — TAS (3)

ITC revealed that monovalent SeDOCs with complementary
pendant groups formed 1:1 duplexes (Fig. $631). The binding
strength of these duplexes (log K, = 3.2 M~ ') was independent
of monomer sequence (Fig. 4b). In other words, a monovalent
SeDOC, such as mDm, did not exhibit a strong preference for
independent equilibrium binding to one sequence isomer, like
mTm, over another, such as mmT. This suggests that there were
no significant conformational differences between each pair of
monovalent sequence isomers. ITC also showed that hybrid-
ization was both enthalpically (AH < 0) and entropically (AS > 0)
favorable (Fig. 4c). While we expected that AH would be negative
given the formation of hydrogen bonds between D and T
pendant groups, the positive AS was unexpected. Hybridization
typically leads to a decrease in entropy because it reduces the
translational and conformational entropy of the binding part-
ners. However, in the case of monovalent SeDOCs, hybridiza-
tion was not only entropically favorable but also entropically
driven. The value of |TAS| was approximately three to four times
greater than |AH|. While it is unusual to observe an increase in
entropy upon hybridization, there are examples of systems that
display this phenomenon.***> A common feature of these
systems is that they have small binding enthalpies (AH >
—15 kJ mol™"), which is theorized to limit the loss of trans-
lational and conformational entropy experienced by the binding
partners upon hybridization.*>** If this decrease is sufficiently
small, it can be overcome by favorable sources of entropy so that
the overall AS is positive.

Given that ITC measures the change in entropy of the entire
system (i.e., oligomers and solvent), the observed increase in
entropy could arise from an increase in the solvent's entropy,
the oligomer(s)’ entropy, or a combination of both. An increase
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in solvent entropy could occur upon hybridization if solvent
ordering was present around the SeDOCs in the unbound state.

Solvent release upon hybridization would then contribute to
an increase in both translational and configurational entropy. To
investigate further, an ITC experiment was performed in aceto-
nitrile to determine whether hybridization remained entropically
favorable (Fig. S667). Interestingly, the ITC results showed that
binding of mDm to mTm in acetonitrile still led to an increase in
entropy. Acetonitrile, like chloroform, can hydrogen bond> with
the oligomers and so this experiment does not rule out solvent
effects as the source of AS > 0. However, it demonstrated that the
phenomenon is not unique to chloroform. Unfortunately, limited
SeDOC solubility in inert solvents prevented hybridization
experiments from being investigated more broadly.

To investigate the SeDOC backbone's role in hybridization,
free-standing thymine (compound 12, T) and diaminotriazine
(compound 13, D) monomers were synthesized (Fig. 1D).
Hybridization of these monomers was analyzed by ITC experi-
ments in chloroform. The results showed that hybridization was
still entropically favorable (Fig. S671) indicating that the posi-
tive change in entropy cannot be solely attributed to backbone
effects. Additional computational studies are underway to shed
light on the factors that contribute to the entropically driven
hybridization of monovalent SeDOCs.

Assessing K,, AH and AS of multivalent ligands

Divalent and trivalent SeDOCs (Fig. 2) were synthesized to
investigate the impact of valency and sequence on K,. In cases
where interactions between a pair of ligands are cooperative,
increasing the valency can lead to a substantial increase in
binding strength of an order of magnitude or more. Hybrid-
ization of mDD with mTT, DmD with TmT, and DDD with TTT
was confirmed via DOSY in CDCl; for mDD-mTT and
DmD-TmT, and in CDCI3/MeOD (9:1, v/v) for DDD-TTT. Stej-
skal-Tanner plots revealed that the hybrids diffused slower
than their pure, unbound constituents, as evidenced by the
hybrids' shallower slope (Fig. 5a-c) and the resulting quantified
diffusion coefficients (Fig. 5e-g). ITC experiments in chloro-
form were used to measure the thermodynamic parameters of
each binding event. Fitting the ITC data to an independent
binding model revealed that mDD and mTT formed 1:1
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Fig. 4 (a). 'H-NMR titration experiment between mmT and mmD in CDCls showed a downfield shift in mmT's NH proton. (b). Binding strength,
i.e. association constants (K,), of monovalent hybrids measured by ITC. (c). Thermodynamic binding parameters of monovalent SeDOCs with

complementary pendant groups measured via ITC in chloroform.
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Fig. 5 Characterization of di- and trivalent SeDOC hybrids. Stejskal-Tanner plots comparing diffusion coefficients of (a), mDD, mTT, and
mDD-mTT. (b), DmD, TmT, and DmD-TmT. (c), DDD, TTT, and DDD-TTT. (d), log K, values of di- and trivalent SeDOC hybrids measured by ITC.
(e—q), Diffusion coefficients of pure mono, di- and trivalent SeDOCs and the corresponding hybrids. Diffusion coefficients obtained from slopes
in plots in (a—c). (h), Thermodynamic binding parameters of multivalent SeDOCs with complementary pendant groups measured via ITC. Data are
displayed as mean 4+ SD by one-way ANOVA. *p < 0.033, **p < 0.0021, ***p < 0.0002, ****p < 0.0001.

duplexes with a log K, of 3.8 M * (Fig. 5d). AH decreased from
approximately —4 kJ mol™' in the monovalent hybrids to
—20.8 k] mol~" in mDD-mTT (Fig. 5h). This significant decrease
in binding enthalpy points to the formation of an additional set
of hydrogen bonds between mDD and mTT relative to their
monovalent counterparts. However, the strengthening of the
enthalpic term did not lead to as large increase in K, as expected
because mDD-mTT had a diminished entropic driving force.
TAS was significantly reduced, from roughly 14 k] mol " in the
monovalent hybrids to 0.9 k] mol™" in mDD-mTT.

Log K, values of DmD-TmT and mDD-TmT were similar to
that of mDD-mTT (log K, = 3.8 M~ '). DmD-mTT (log K, = 3.6
M ') was slightly less stable than the other divalent duplexes,
however this difference was not statistically significant (Fig. 5f).
Though log K, did not vary with sequence, there were sequence-
dependent differences in the entropic and enthalpic contribu-
tions to their binding free energies. The complexes were equally
stable despite these differences because stronger enthalpic
interactions were offset by increased entropic penalties. For
example, DmD-TmT had both the strongest enthalpic interac-
tions (AH = —37.2 k] mol™ ") of the three and the greatest
adverse entropy (TAS = —15.4 k] mol ™). Similarly, mDD-TmT
(AH = —34.2 kJ mol™') had both a weaker enthalpic driving
force than DmD-TmT and a smaller entropic cost (TAS =
—12.2 kJ mol ") (Fig. 5f). These differences in AH and AS were
observed despite each complex having the same maximum
number of D-T interactions, and could be attributed to elec-
tronic or conformational effects that vary with sequence.

Adding a third D-T interaction between the 3-mers, as rep-
resented in DDD-TTT, increased the logK, to 4.9 M~ '. This
large increase in binding strength was indicative of a coopera-
tive binding mechanism as K, was over an order of magnitude
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greater than that of mDD-mTT. The increase in K, was due to
a substantial decrease in AH, from —20.8 k] mol™' in
mDD-mTT and —37.2 k] mol ™! in DmD-TmT to —61.3 k] mol™*
in DDD-TTT. The large change in AH suggests that DDD and
TTT formed three sets of hydrogen bonds to give a fully zipped-
up duplex. The formation of this duplex came with a significant
entropic penalty, with TAS = —33.4 k] mol ™" (Fig. 5h).

We hypothesize that TAS was diminished in the divalent
duplexes compared to the monovalent hybrids because the
second D-T interaction created an additional anchor point
between the ligands which limited the conformations acces-
sible to the duplex. The enhanced enthalpic interactions also
rigidified the structure by limiting vibrations between the
hybridized ligands.>® For similar reasons, AS decreased even
further in the trivalent case. The reduction in conformational
flexibility of the di- and trivalent duplexes compared to their
unbound states, along with the presence of strong hydrogen
bonds, significantly outweighed other effects likely responsible
for the positive entropy observed in the monovalent ligands.

Formation of mixed-mode hybrids

Mixed-mode ITC experiments were performed to assess how K,
AH, and TAS varied in hybrids of ligands with differing valency
(Fig. 6). As expected, increasing the total number of D-T units in
a hybridized duplex led to an increase in K, (Fig. 6a). However,
the relative size of K, was dependent on the magnitudes of AH
and TAS. By comparing the AH values of “matched” complexes
(e.g., mmD-mmT, mDD-mTT) with those of “mismatched”
complexes (e.g., mmD-mTT, mDD-TTT), we determined that
matched hybrids were indeed engaging in the maximum
number of available hydrogen bonds. Hybridization of mmD

Chem. Sci., 2024, 15, 9138-9146 | 9143


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00242c

Open Access Article. Published on 13 May 2024. Downloaded on 12/6/2025 5:14:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

a b

4.

Log K (M)
AH (kJ mol™)

ﬁﬂﬂ L

View Article Online

Edge Article
c d
** kil * R
1 | — 20+ r 20 é
B = H | ®
-20: . D El el 0 /,eyl
= s ©
] £
5 -20] 2 2 ,,‘E&
-404 -
-40
mr;\D mrInD mr:1D mIIDD mI‘DD mE}D DSD mr:1D mr:1D mrlnD mISD mIE)D mISD DéD —8‘0 —éO —1;0 —2‘0 !I)

mmD mmD mmD mDD mDD mDD DDD
mmT mTT TTT mTT TmT TTT TTT

Fig. 6

mmT mTT TIT mTT TmT TTT TTT

mmT mTT TIT mTT TmT TTT TTT AH (kJ mol')

(a—c), Binding thermodynamics of mixed-mode hybrids compared to complementary mono-, di-, and trivalent complexes. (d), Enthalpy

versus entropy plot of D—T and SeDOC complexes in chloroform. Data are displayed as mean + SD by one-way ANOVA. *p < 0.033, **p <

0.0021, ***p < 0.0002, ****p < 0.0001.

with divalent mTT or trivalent TTT was expected to have
a slightly stronger enthalpic term than the mmD-mmT hybrid
(AH = —4.4 k] mol %) due to the presence of a neighboring T
binding site. We also anticipated that mmD-mTT (AH =
—11.8 k] mol ") would have a weaker AH than mDD-mTT (AH =
—20.8 k] mol ') and mDD-TmT (AH = —34.2 k] mol ") because
mmbD can only form a single set of hydrogen bonds. While it
appeared that these trends were observed, the error associated
with the measurements prevented the binding enthalpy of
mmD-mTT from being statistically different from those of
mmD-mmT or mDD-mTT (Fig. 6b). Similarly, the AH of
mDD-mTT and mDD-TmT was weaker than mDD-TTT (AH =
—33.6 k] mol™") due to the latter's additional T site. Finally,
a statistically significant difference was observed between the
enthalpic terms of mDD-TTT and DDD-TTT, thus confirming
that DDD-TTT had formed a three-rung molecular ladder. We
also examined the entropic favorability of both matched and
mismatched hybrids. We observed minimal changes in TAS in
duplexes formed between mmbD and thymine-containing
SeDOCs, ie., mmT, mTT and TTT (Fig. 6¢). In contrast,
a significant decrease in entropy was observed in duplexes
formed between two multivalent SeDOCs. Since strengthening
the enthalpic interactions reduces the amount of residual
motion retained by the complex, we expected the binding
entropy of mDD-mTT to be more positive than mDD-TTT, and
this was observed. Similarly, DDD-TTT was predicted to be the
least conformationally flexible oligomer, ie., most negative
TAS, because it has the greatest number of interactions between
binding partners.

A plot of all AH values against TAS is shown in Fig. 6d. This
data shows that SeDOCs exhibit enthalpy-entropy compensa-
tion, a phenomenon characterized by a linear relationship
between AH and TAS.***” Enthalpy-entropy compensation is
observed within a family of similar compounds, as seen here
with our SeDOCs, when an increase in the exothermicity of
a noncovalent association leads to a decrease in entropy (or vice
versa) that offsets the resulting change in binding free energy.*®
This compensation effect has been observed in a number of
other systems, including in the binding of neutral molecules to
macrocycles in dichloromethane,** the binding of protein-
ligand complexes,* and the gas-phase complexation of iodine
with organic donor molecules,” just to name a few. The
molecular basis of this phenomenon is still under debate, with

9144 | Chem. Sci., 2024, 15, 9138-9146

possible explanations invoking solvent structure, a conse-
quence of finite specific heat capacities, multiple weak inter-
actions, or even an evolutionary driven condition for
thermodynamic homeostasis. Molecular dynamic simulations
are key to providing the connection between these macroscopic
extra-thermodynamic correlations and their molecular struc-
ture and dynamic determinants.

Conclusions

This body of work demonstrates that SeDOCs encoded with D
and T moieties have the capacity to assemble into macromo-
lecular duplexes through the formation of hydrogen bonds
between complementary pendant groups. Hybridization of
mono-, di-, and trivalent SeDOC 3-mers with complementary
pendant groups was first identified using DOSY, as evidenced by
a reduction in the diffusion coefficient of the duplex. 'H-NMR
titration experiments provided further evidence that these
hybrids resulted from hydrogen bonding interactions between
D and T units, rather than non-specific interactions with the
SeDOC backbone. Thermodynamic binding parameters
measured via ITC revealed that K,, AH, and AS did not vary with
monovalent monomer sequence. Surprisingly, hybridization of
monovalent oligomers was entropically driven (TAS > |AH]|).
Divalent oligomers formed stronger hybrids that were facili-
tated by the second set of hydrogen bonds that formed between
the ligands. There were sequence-dependent differences in the
enthalpic and entropic contributions to the binding free ener-
gies of divalent hybrids though their log K, remained similar.
The K, of the trivalent SeDOC hybrids, DDD-TTT (log K, = 4.9
M), was over an order of magnitude greater than that of the
divalent duplexes, indicative of a cooperative binding mecha-
nism. Mixed-mode ITC experiments provided evidence that the
duplexes were forming the maximum possible number of
available hydrogen bonds. Increasing the number of hydrogen
bonding motifs in a duplex eventually led to a decrease in
entropy upon hybridization. We attribute this negative AS to the
increased rigidity of the duplex and the strong collective
hydrogen bonds that limit residual motion. Finally, we observe
a linear relationship between AH and TAS, commonly charac-
terized as enthalpy-entropy compensation, which minimizes
large changes to the resulting free energy term. In conclusion,
this study offers a comprehensive exploration of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thermodynamic principles governing SeDOC association
through D-T interactions and establishes a solid groundwork
for harnessing recognition-encoded SeDOCs as fundamental
building blocks for the assembly of higher-order architectures.
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