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By using a combination of readily accessible experimental and computational experiments in water, we
explored the factors governing the association between polyanionic dyn[4]larene and a series of
a,w-alkyldiammonium ions of increasing chain length. We found that the lock-and-key concept based on
the best match between the apolar and polar regions of the molecular partners failed to explain the
observed selectivities. Instead, the dissection of the energetic and structural contributions demonstrated that
the binding events were actually guided by two crucial solvent-related phenomena as the chain length of
the guest increases: the expected decrease of the enthalpic cost of guest desolvation and the unexpected
increase of the favourable enthalpy of complex solvation. By bringing to light the decisive enthalpic impact
of complex solvation during the binding of polyelectrolytes by inclusion, this study may provide a missing
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Introduction

Medicinal chemistry predominantly relies on the design and
screening of synthetic guests to efficiently bind to the solvent-
shielded cavities of biomacromolecular hosts, mostly proteins.*
While numerous lifesaving drugs have successfully been elab-
orated following this strategy over the past century, the reports
of highly efficient artificial hosts targeting biomolecules are
more seldom.? Indeed, the design of synthetic hosts working in
highly dissociative aqueous media requires not only the antic-
ipation of the nature and strength of the non-covalent interac-
tions with the target guest molecules, but also grasping the
crucial role of the multiple water molecules surrounding the
binding partners during the process.® In the past few years,
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piece to a puzzle that one day could display the global picture of molecular recognition in water.

cucurbiturils have joined the restricted circle of cavitands, such
as cyclodextrins and functionalized cyclophanes, successfully
operating in water.”* These objects are made of two uncharged
hydrophilic rims decorating a concave hydrophobic pocket.
Efficient guest binding was proved to obey the lock-and-key
principle, with a perfect match between the apolar and polar
regions of the partners upon substantial water removal. In fact,
the efficiency of these associations appeared to rely on two
desolvation-based driving forces: an enthalpic gain due to the
expulsion of high-energy water molecules from the cavity (so-
called non-classical hydrophobic effect) and the entropically
favoured release of the solvation layers from the rims into bulk
water (so-called classical hydrophobic effect).* In addition, Lee
et al. recently exposed an additional role of water in the binding
of a,w-alkyldiammonium ions to cucurbiturils, where the
structural mismatch between hosts and guests is compensated
by supplemental hydrogen bonds between the guests and water
molecules rather than by the distortion of the alkyl chains to
maximize ion-dipole interactions.’

The factors controlling the inclusion binding events between
anionic or cationic cyclophanes with guest molecules of oppo-
site polarity in water have similarly been extensively examined
in the literature.® In these studies, water was reported to
agonistically contribute to the binding mostly through classical
hydrophobic effects, i.e. via the entropically favourable release
of water from the binding partners. Apart from the non-classical
hydrophobic effect, desolvation of the partners is known to
potentially dramatically hamper the binding enthalpy between
charged species.” For instance, the strength of the association
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between linear polyelectrolytes was reported to linearly increase
with the number of salt bridges formed upon binding, but the
corresponding enthalpic increment was shown to be two orders
of magnitude lower in water than in the gas phase (i.e. 1.2 kcal
mol " instead of 120 kcal mol ').* This penalty is commonly
perceived as the inevitable enthalpic cost to remove water from
the hydrophilic zones of the reactants, allowing their solvent-
free pairing into a dry and stable complex. This scenario
involves an enthalpy-entropy trade-off which results in an
entropically driven association. Water and binding partners are
therefore pictured to have an exclusive relationship: full des-
olvation of the hydrophobic zones maximizes the binding, while
the full desolvation of the polar zones is the inevitable price to
pay for maximizing their association. Careful examination of
the X-ray structures of anionic p-sulfonatocalix[4]arene bound
to lysine residues in proteins by McGovern et al.® revealed that
some water molecules are involved in the direct coordination
environment of the host/guest ensemble. Beyond the classical
hydrophobic effect which favourably contributes to the associ-
ation, these specific solvent molecules also seem to participate
in the binding as a true partner by playing the role of “bridging
water”, a term coined for water mediating the assembly between
biomolecules.* Rationalizing and predicting the role of water in
such a context require moving from a host/guest-centric to
a solvent-centric point of view of the binding phenomena, or at
least consideration of the solvent as a true binding partner.*>**

Herein, we collected experimental and computational data
on the formation of inclusion complexes between dyn[4]arene
1, - displaying two polyanionic rims surrounded by a concave
hydrophobic pocket as a charged analogue of cucurbiturils —
and a series of a,w-alkyldiammonium ions 2-8 of various chain
lengths in water (Fig. 1). By dissecting the information gener-
ated from readily accessible tools, we elucidated for the first
time the enthalpic contribution of water molecules to both the
efficiency and the selectivity of the binding events, providing an
unexpected and new solvent-centric binding scenario for the
formation of tightly bound inclusion complexes between
charged partners in water.

Results and discussion
Experimental data

Dyn[4]arene 14, which could be isolated on a gram-scale and
without chromatographic purification from a dynamic
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combinatorial library made from bisthiophenol 1, was re-
ported by some of us to display promising biological properties
such as the ability to modulate polyamine-mediated DNA hel-
icity and aggregation states'* and also to detect and discrimi-
nate lysine derivatives through induced circular dichroism.*
Both properties were directly related to the sub-micromolar
affinity of 1, for biogenic polyamines in water at neutral pH,
where these strong binding constants were imputed to the
formation of pseudorotaxane-type complexes that optimize the
formation of salt bridges between the molecular partners. New
experiments allowed us to further characterize dyn[4]arene 1,
and its corresponding complexes with polyaminated guests.
First, potentiometric titrations revealed that the macrocycle is
fully deprotonated at a physiological pH of 7.4 as previously
postulated (degree of protonation ® < 0.5%, see the ESIT). The
proof of the formation of inclusion complexes between fully
deprotonated 1, and aliphatic guests bearing hydrophilic end
groups was provided by the X-ray diffraction analyses of a rac-
Lys-NH, C 1, complex (see the ESIT). It confirms that the strong
ring-current shielding effect (i.e. a Ad of —2.5 ppm on average)
observed by NMR for the central protons of guest molecules
upon binding is symptomatic of this inclusion phenomenon.*®
From a naive lock-and-key perspective based on only the best
distance match occurring between partner-borne charges, we
expected that — among a,w-alkyldiammonium ions 2-8 - guest 4
or 5 should display a higher affinity for macrocyclic 1, (Fig. 1).
Isothermal calorimetry titrations (ITC) actually revealed that the
association constants increased from 1,2-diaminobutane 2 until
reaching an optimum value for 1,6-diaminohexane 6. Further
elongation of the carbon chain surprisingly did not result in
significant variation of the binding constant. Examination of
the individual thermodynamic parameters indicated that the
binding enthalpy (i.e. AH°) continuously increased with the
chain length of the guest. In turn, the binding entropy (i.e.
—TAS®) followed an opposite trend, suggesting a traditional
enthalpy-entropy compensation effect at first sight."”

Experimental vs. computed data

In order to obtain some structural and energetic information
that could explain these experimental trends, we performed
molecular dynamics (MD) simulations on dyn[4]arene 1, and its
various complexes with guests 2-8. MD trajectories of 100 ns
within a truncated octahedral box of ~8000 water molecules
(10 A buffer) were collected with the Amber 12 software
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Fig.1 Dynl4]arene 14, bisthiophenol 1, a,w-alkyldiammonium ions 2-8,
ITC in 200 mM TRIS buffer at a physiological pH of 7.4.

278 | Chem. Sci., 2019, 10, 277-283

and their respective thermodynamic binding parameters measured by
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package,'® using the GAFF" and parm99 (ref. 20) force-field
parameters. Our dynamics were post-processed for the last
converged 10 ns of the trajectories in order to extract free
energies of binding using the MM/GBSA method (see the ESIT
for full details).”*** Such calculations are known to provide
inaccurate absolute energies of complex formation, since the
MM/GBSA approach includes two major thermodynamic
approximations. Indeed, it does not provide information about
the evolution of the entropy from water molecules during the
binding processes and also does not take into account any
potential conformational induced fit upon complexation.
Therefore, the only valid comparison between such computed
data from MD trajectories with the experimental data from ITC
titrations must be drawn on the relative thermodynamic
parameters (i.e. AAH®° and —TAAS®) between guests 2-8 and
guest 5 as a reference of intermediate chain length. In this
respect, an excellent agreement between computed and exper-
imental differential energies could be observed (Fig. 2), sug-
gesting that both the entropy from water molecules and the
energetic penalties associated with conformational induced fit
upon complexation - although they certainly contributed to the
binding events - remained constant along the series of guests
(vide infra). Therefore, readily accessible MD trajectories on dyn
[4]arene 1, and its various complexes with guests 2-8 could be
exploited for an in-depth structural analysis of the binding
events.

Assessing the lock-and-key model

First, the time-averaged solvent-accessible surface areas (SASAs)
of the complexes, as well as the time-averaged ammonium-
carboxylate distances between the partners, were extracted
along the trajectories (Fig. 3, left). Such parameters were chosen
for their ability to further apprehend the structural comple-
mentarity between the host and the guests. Accordingly, the
enthalpy of association between charged partners was predicted
to be optimal when both the SASA and the mean distance
between the cationic and anionic centres are at their lowest. As
first intuitively anticipated, guest 4 displayed an optimal
structural complementarity for host 1,, marking the frontier
between a “filling” and a “protruding” regime, while its exper-
imental binding enthalpy was surprisingly higher by 13 kJ
mol ' in comparison to the longest guest 8 (Fig. 1).
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Fig. 2 Comparison between the experimental (red) and computed
(blue) relative free energies of binding between host 1, and guests
2-8. Guest 5 was selected as a reference.
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Fig.3 Left: Time-averaged solvent-accessible surface area (SASA) and
sum of the time-averaged mean distances between the cationic and
anionic centres (inverse function) of the complexes between 1, and 2—
8. Right: ASASA = SASA of the complex — SASA of the host — SASA of
the guest.

Further structural analysis of the X-ray and computed
structures established that the perfect match between the
rectangular cross sections of both the aliphatic linear guests
and the host's cavity in the complexed state strongly limited the
extent of guest-dependent induced fit of the partners during the
binding. Energetically speaking, the most contributing
phenomenon appears to be the guest-independent transition of
1, from an empty diamond to a filled parallelepipedic shape
accompanied by the expulsion of high-energy water.>® On the
host, although bending, tilting or twisting of terephthalic units
could be observed in snapshots to improve the contact with
short chain guests, it clearly does not lead to significant
enthalpic contribution to the binding in favour of these species.
On the guest side, the cross section match rules out any spring-
like compression of the guest within the cavity. Instead, an
excessive chain length was structurally compensated by end-
chain gauche conformations (e.g. with torsion angles of 178°
and 74° in 4C1, and 8C1,, respectively) that maintained the
protruding polar groups of the guest in contact with the axial
part of the rims of the host. Hence one may hypothesize that the
enthalpic preference for long chain guests may partly be due to
a stronger syn vs. anti salt bridge.**

The lock and key picture does not only imply an optimized
match between the binding sites of opposite polarities, but it
also encompasses the classical hydrophobic effect. In this
respect, long-chain diamines bending toward the axial regions
of the host's rim may be expected to display a stronger hydro-
phobic effect than the short homologues upon binding. Since
the decrease in the SASA of the complex during the host “filling”
regime (i.e. for guests 2-4) was twice as important as its increase
during the guest “protruding” regime (i.e. for guests 5-8), it
demonstrated, in terms of the surface, an incremental growth of
the key within the lock. As witnessed by the ASASA which is the
standard metric for the classical hydrophobic effect (Fig. 3,
right),” it can consequently be considered as constant during
the protruding regime.

In summary, even when incorporating some potential
induced fit, the lock-and-key concept based on the best match
between the apolar and polar regions of the molecular partners
failed to explain the observed association constants, and the
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thermodynamics of inclusion complexation should follow an
unknown scenario, which may involve water as a third and
overwhelming binding partner.

Thermodynamic deconvolution of the binding events

In order to appreciate the role of water, the binding process
(Fig. 4, A) was divided into the following thermodynamic cycle:
the desolvation of the isolated partners (Fig. 4, B), their subse-
quent association in the gas phase (Fig. 4, C), and the resolva-
tion of the resulting complex (Fig. 4, D). An enthalpic (i.e. AH)
and an entropic (i.e. —TAS°) term which may be favourable or
unfavourable to the global process were assigned to each step
(Fig. 4, A), according to eqn (1) and (2).

+AH,

assoc.

AH = AH,

desolv.

+ AH:esolv, (1)

_TASO = (_TASZlesolv.) + (_TAS;SSOC,) + (_TAS:esolv.) (2)

The increasing entropic penalty with the guest chain length
principally resulted from the increasing loss of degrees of
freedom of the guest upon binding (e.g. translational freedom
or internal rotation freedom) and not from the host. As
mentioned above, the MM/GBSA approach did not provide any
access to the entropic parameters of the desolvation/resolvation
steps. Nevertheless, the strong correspondence observed
between the experimental relative entropy of complex formation
in solution (i.e. —TAAS®) and the computed relative entropy of
association in the gas phase (i.e. —TAAS°) seems to indicate that
(=TASyeeon.) + (=TAS... ;. ), Which encompasses the classical
hydrophobic effect and the release of water molecules from the
polar areas remained constant along the series of guests (Fig. 2).

G i

( B) AH °desoh/.
-TAS <>dz-}solv.
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e
TAS?

AH°
D re:o!v.
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o
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| (©)
—
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Fig.4 Schematic representation of the binding process between host
1, and guest 2—-8 (A), divided along a thermodynamic cycle into the
desolvation of the partners (B), their association in the gas phase (C),
and the solvation of the complexes (D). Each step was associated with
the corresponding enthalpic (ie. AH°) and entropic (ie. AS®°)
contributions.
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Regarding the binding enthalpy in the gas phase (ie.
AH, . ), it was mainly of electrostatic nature (Fig. 5, light grey),
and decreased in amplitude with the chain length of the guest.
This trend could be explained by the increase of the inductive
effect exerted by the hydrocarbon spacing chain on the
ammonium end groups, which progressively attenuated the
carboxylate-ammonium interactions. As a compensation effect,
the van der Waals interactions between the central moieties of
the partners increased with the length of the guest, presumably
through the multiplication of CH-7 interactions between the
aliphatic axle and the aromatic wheel (Fig. 5, dark grey).
Nevertheless, this latter contribution remained marginal, even
for the complex formed with the most lipophilic guest 8 (i.e. <
2%). Overall, AH, . decreased with the chain length of the
guest, while the experimental enthalpy of complex formation
exactly followed the opposite trend. Although being counter-
intuitive, solvent-solute interactions (i.e. AHy.;, and AH,. ., )
should therefore be the discriminant contribution to the global
enthalpy AH° of complexation between polyelectrolytes 1,
and 2-8.

Following Hess's law, the relative enthalpy of solvation
between the bound and unbound states is the sum of the
enthalpy of desolvation of the free polyelectrolytes (AHg ..., )
and the enthalpy of solvation of the resulting complex
(AH, ., )- As deduced from the comparison between the trends
in the gas-phase and in solution, the experimental enthalpy of
binding followed the relative enthalpy of solvation between
bound and unbound states. These computed values decreased
with the size of the guest and were markedly dominated by polar
contributions (i.e. >99.8%), corresponding to the desolvation/
solvation of the polar areas of the different partners (Fig. 6, blue).
Regarding the individual species, the enthalpic cost of des-
olvation of the receptor is independent of the nature of the
guest, and the enthalpic penalty of desolvation of the guest
decreased linearly with its chain length, correlating with

i
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-4400 —
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Fig. 5 Evolution of the computed enthalpy of association in the gas
phase between host 15 and guest 2—-8 from MD trajectories. The
coulombic and van der Waals contributions to AH,.. are highlighted
in light and dark grey, respectively. Each guest is displayed with its
corresponding electrostatic potential surface calculated using
Spartan'14 software. Color scale from 720 (red) to 980 (blue) kJ mol™;

isovalue = 0.002 au.
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its hydrophobicity (ie. hydrocarbon chain elongation and
concomitant reduction of the effective charge on the ammonium
groups) (Fig. 6, red). Interestingly, the desolvation of the guest
alone could not account for the steep decrease in the relative
enthalpy of solvation between bound and unbound states
induced by the chain elongation. Mathematically, the difference
corresponds to the increasingly favourable enthalpy of solvation
of the complex with the guest's chain length, despite its
progressive protrusion from the cavity and the consequent
exposure of its hydrophobic surface to the bulk solution.

Solvation picture of the complexes

The guest-dependent evolution of the solvation for the
complexes' polar areas could be visualized. To put it simply,
a mesh incorporating the positions of each oxygen atom from
the solvent molecules was extracted for each complex from their
respective MD trajectory. Then, a continuum of values corre-
sponding to the water molecule density was interpolated from
this mesh. From a plane intersecting the carboxylate rims or the
facing ammonium heads, we summed these values on a 3
A-thick vertical slice of the water box. The isodensity contours of
the slice were finally plotted using the average bulk density as
a reference (Fig. 7, see the ESI{ for the full set). A distance of 3 A
is generally considered as the maximum length for an inter-
molecular hydrogen bond in water. Therefore, the slices
encompass the first solvation layer around the partners.>® It
turned out that the density of water molecules in these solvation
layers became higher around the polar heads as the chain
length of the guest increased, with densities reaching ca. twice
that of bulk water for 8C1,. In addition, the percentage of
overlapping for the computed slices from the carboxylate rim
and its facing ammonium head was 55% for 2C1,4, 93% for
4C1,4, and 59% for 8 C1,. Since the enthalpy of ion-water and
water-water interactions respectively display an inverse distance
dependence,” the increased density of water molecules around
the ionic heads of the complexes should result in both stronger
and more numerous solute-solvent and solvent-solvent interac-
tions (i.e. related to a more favourable enthalpy of solvation
AH, ..., )- To summarize, a lock-and-key model represented by
complex 4C1, did not lead to the ideal resolvation scenario for
the inclusion binding of charged partners, which seemed to
require exclusive solvation layers, and consequently maximized
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Fig. 6 Evolution of the computed enthalpy of desolvation of guests
2-8, and of the corresponding relative enthalpy of solvation between
bound and unbound states with host 14.
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Fig. 7 Time-averaged density of water molecules around the
complexes formed between the dyn[4]larene 14 and o,w-alkyldiam-
monium ions 2, 4 and 8 from the MD trajectories (see the ESIT for the
full set). Left and right maps correspond to the first solvation layers of
the carboxylate rims and the ammonium heads, respectively. Corre-
sponding snapshots from the MD trajectories are displayed in the
middle. Bottom: increased water density scale from dark blue (0%) to
dark red (200%), with respect to the bulk (green) as the average value
(100%).

the solvent exposure of the polar heads for both partners. Finally,
this increased density of water molecules engaged in the first
solvation layers of the complex should come with an increased
entropic cost, which should be counterbalanced by the entropic
benefit in the desolvation of the guest as its chain length
increased (i.e. corresponding to a classical hydrophobic effect),
potentially explaining the compensation between —TAS.;, and
~TAS, observed along the series of guests.

resolv.

Conclusions

We demonstrated that a solvent-centric analysis may be con-
ducted with basic tools, allowing us to decipher the energetic
and structural contributions that govern the formation of
inclusion complexes between polyanionic dyn[4]arene and o,w-
alkyldiammonium ions in water at physiological pH. Despite
a pairing through multiple salt bridges, which is often consid-
ered as one of the strongest non-covalent bonds in the supra-
molecular toolbox, these associations do not follow a classical
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lock-and-key model. While the binding enthalpy is more
favourable for the smallest guests in the gas phase, the trend is
completely reversed in solution, with a marked preference for
long diamines whose end groups protrude from the cavity.
Dissection of the various enthalpic contributions indicates that
this counter-intuitive selectivity was dictated by two crucial
solvent-related phenomena as the chain length of the guest
increases: the expected decrease of the enthalpic cost of guest
desolvation and the unexpected increase of the favourable
enthalpy of complex solvation. Remarkably, this latter
phenomenon could be qualitatively appreciated by comparing
the densities of water layers around the binding sites of the
different complexes. Such a picture, which gathers not two but
three essential molecular components, points out the need for
a fresh perspective when it comes to the inclusion binding of
charged molecular partners in water.
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