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Free Energy Simulations on a Biomimetic Glucose Receptor:
Understanding the Selectivity of GIUHUT

Ryan Eades,® Marko Hanzevacki,? Adrian J. Mulholland,™® Anthony P. Davis*2

The bicyclic glucose receptor GIUHUT represents a significant advance in supramolecular chemistry, binding glucose in water
with an association constant of approximately 18,000 M-! and exhibiting exceptional selectivity. Elucidating the molecular
basis of this selectivity could be valuable for the rational design of receptors for other carbohydrate targets. In this study,
we investigate the binding dynamics of GIuUHUT through extensive molecular dynamics simulations and enhanced sampling
techniques, focusing on its complexation with glucose, galactose, and fructose in water. Umbrella sampling along a
predefined reaction coordinate provides an atomistic view of the entire binding process, revealing the thermodynamic
determinants of selectivity and the corresponding free energy profiles. Detailed analysis of hydrogen bonding networks,
noncovalent interactions, and solvent reorganization demonstrate that even minor structural variations among sugars can
lead to significant differences in binding affinity. These findings, together with the computed binding free energies that
qualitatively agree with experimental trends, provide a mechanistic rationale for GIuHUT's remarkable specificity toward
glucose.

The selective binding of carbohydrates in aqueous solution
presents a significant challenge. Saccharides are highly
hydrophilic, interacting strongly with water, and share generally
similar structures. A useful receptor must differentiate between
subtly different targets, whilst also overcoming competition
from solvent. Glucose is a ligand of particular biological
importance, due to its central role in metabolism and,
medically, its relevance to diabetes. Effective glucose receptors
can lead to sensing systems which can help to advance the next
generation of diabetes therapies.'™3 With nature as inspiration,
our group in Bristol has synthesised a variety of carbohydrate
receptors with a focus on glucose and other “all-equatorial”
carbohydrates. The central design architecture has been
christened a “temple”, with pillars rich in hydrogen bonding
functionalities such as ureas or amides, combined with
hydrophobic ‘roof’ and ‘floor’ units to accommodate the non-
polar regions of the carbohydrates.*'! The most recent, and
successful, iteration of this architecture is GIUHUT (Glucose
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binding HexaUrea Temple, Fig. 1a).12 With binding constants to

glucose of K, = 17,300-18,300 M-t in phosphate buffered saline
solution, GIUHUT was a major breakthrough, surpassing
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Fig. 1. (a) Chemical structure of GIUHUT. (b) Structure of the truncated GIuUHUT receptor model used in this work. (c) Carbohydrate substrate molecules studied in this work.
The binding constant K, values in water were obtained from Tromans et al.,*? and converted to binding free energies (AGyina) at 300 K. All three carbohydrates exist as mixtures
of tautomers. For glucose and galactose, the major forms are the B-pyranose as shown. For fructose, both pyranose and furanose forms are significant; the major anomer is
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shown here for each.*

previous systems by two orders of magnitude. It is also highly
selective, favouring glucose over galactose by a factor of 100
and showing negligible affinities for non-carbohydrate targets.
This meant that the molecule could be considered for use in
medicine, both sensing therapeutic
applications. Its potential has recently been demonstrated in a
glucose-responsive insulin which protects against
hypoglycaemia in animal studies.’® Glucose sensitivity was
achieved by attaching a GIUHUT receptor to an insulin peptide
at one end, and a B-glucoside to the other. Intramolecular
binding dominates at low glucose concentrations, depressing
insulin  activity, whilst at higher concentrations the
intramolecular interaction is overcome by glucose binding and
insulin activity is restored.

Computational modelling was important in the design of
GluHUT, but was limited to Monte Carlo molecular mechanics
(MM) implemented through a standard commercial package.*
The calculations predicted an “all -NH in” conformation for the
receptor core (Fig. 1a-b), and this was supported by 2D NMR
experiments.1? It is understood that this well-defined structure
is key to the binding properties of GIUHUT, but detailed further
investigation is needed to study the more intricate features that
create such an ideal microenvironment for glucose, and also
why other sugars bind much less strongly (see Fig. 1c for
experimental binding affinities).’> Understanding why, for
instance, galactose binds with 100-fold lower affinity than
glucose, will help in designing the next generation of
carbohydrate receptors targeting other biologically important
ligands.

Host-guest binding has been investigated in various systems
using a range of computational methods, including quantum
mechanical (QM) calculations,'® MM Monte Carlo, and

suitable for and
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molecular dynamics (MD) simulations.2®-23 A key advantage of
MD simulations is the ability to combine them with enhanced
sampling techniques in explicitly solvated environments,
enabling the study of larger systems such as macromolecular
complexes in water. Examples of such techniques include the
adaptive string method, often applied to explore protein-ligand
binding along the minimum free energy path,242> and
metadynamics.2®27 In this work, we employed umbrella
sampling, a path-based enhanced sampling method in which
harmonic restraints are imposed across a series of overlapping
windows along a predefined reaction coordinate, to obtain the
potential of mean force (PMF), from which binding free
energies were derived.?8-31 This technique provides transparent
and well-controlled convergence for one-dimensional collective
variables (such as centre of mass distances), making it
particularly suitable for studying binding and unbinding events
of small-molecule guests. Umbrella sampling has been
successfully applied to both relatively simple host-guest
systems such as B-cyclodextrin,?®323% and more complex
biomolecules.313%3¢ We found that the relative computed
binding free energies qualitatively reproduced the experimental
trends for the monosaccharides studied in this work. Analysis of
the trajectories shows that hydrogen bonding and solvent
effects explain the origins of the binding selectivity. The results
suggest that these methods can be used to inform the design of
new receptors aimed at other targets of biological importance.

Methods

System Preparation. An open-cage structure of GIUHUT was
built in Avogadro 1.2.0,3” with all urea protons pointing into the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. Graphical representation of the collective variable (CV) used as the reaction
coordinate in this work. The atoms used to define the centres of mass (COM) of the
GIUHUT host, and the carbohydrate guest are shown as black (carbon) and red
(oxygen) circles, respectively, with each COM indicated by a purple circle. The CV is
defined as the distance between the host and guest COMs, illustrated by the green
dashed line.

cavity, as suggested by 2D NMR data.’? The structure was
truncated at the outer amide linker, replacing the
polycarboxylate dendrimer with a methyl group to allow for
smaller simulation boxes and thus more extensive sampling
(Fig. 1b). The resulting structure was first energy-minimised in
Avogadro 1.2.0 using the general amber force field (GAFF).38
This structure was then optimised at the QM level using the
B3LYP/6-31G(d) method in Gaussian 16.3°40 Partial atomic
charges for the host were obtained using a standard RESP fitting
procedure based on ESP calculations at the HF/6-31G(d) level of
theory.*143 All bonded and nonbonded parameters for GIUHUT
were described using GAFF.3® Force field parameters for
carbohydrate guests (glucose, galactose, and fructose) were
taken from GLYCAMO06.44

Molecular Dynamics Simulations. The host-guest complexes of
GIUHUT with the three sugars were explored using all-atom
molecular dynamics (MD) simulations. The TIP3P water model
was used to simulate explicit water.*546 For comparison, the
TIP4P water model was also tested yielding very similar results
but at higher computational cost. The solute (empty host and
host-guest complex) was placed in a 15 A octahedral box
containing = 4,000 water molecules, giving an approximate
simulation concentration of 14 mm All MD simulations were
performed with the pmemd.cuda module of AMBER 24
program,*’48 under periodic boundary conditions (PBC) in all
directions. Long-range electrostatic interactions were treated
with the particle mesh Ewald (PME) method using a real-space
cutoff of 10 A, which was also applied for Lennard-Jones
interactions.

Each system was minimised for 5,000 steps, including 250
steepest descent steps and the remaining steps using the
conjugate gradient algorithm. The systems were then
equilibrated by gradual heating from 100 K to 300 K under NVT
conditions during 2 ns, followed by density equilibration under
NPT ensemble for 2 ns at 300 K. The temperature was controlled
using Langevin dynamics with a collision frequency of 1.0 ps?,
and a time step of 2 fs was used. Bonds involving hydrogen
atoms were constrained using the SHAKE algorithm, and all

This journal is © The Royal Society of Chemistry 20xx
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production simulations were carried out \unRdet.NRT
conditions.*® For each system, three indépeRdeAY rafdUictidh
runs of 100 ns each were performed, yielding a total of 300 ns
of unrestrained MD per system.

Steered and Umbrella Sampling Simulations. Initial host-guest
unbinding trajectories were generated using steered molecular
dynamics (SMD) simulations.>%>! The starting structures for
these simulations were the final snapshots from the
unrestrained MD simulations of each sugar complexed with
GIuHUT. For each guest, we performed five independent SMD
simulations, using the reaction coordinate (RC) as the distance
between the centre of mass (COM) of the guest ring atoms and
the COM of the host cavity (defined as the COM of twelve
carbon atoms from the benzene “roof” and “floor” units). See
Fig. 2 for details. Unbinding was induced by increasing this
distance from 0 to 15 A over 30 ns with a harmonic restraint of
200 kcal mol- A-2. Due to a lack of convergence within these
SMD simulations, conclusions regarding free energies were not
drawn. Their use therefore was to provide diverse structures
across the reaction coordinate, including multiple sugar exit
paths from the cavity.

Potentials of mean force (PMFs) for guest binding to GIUHUT
were calculated using umbrella sampling simulations along the
predefined reaction coordinate. Three SMD trajectories were
used per sugar as starting points for the umbrella sampling
simulations. The choice of these trajectories was based on
sampling different pathways that the sugar exited the cavity
(three main routes possible). For the pyranose tautomers, two
main pathways were observed. In path A, the sugar ring oxygen
atoms exited the cavity first. In path B, the sugar exited the
cavity leading with the CH,OH group. Each trajectory yielded a
total of 51 umbrella windows with a spacing of 0.3 A and a force
constant of 50 kcal mol~t A-2. Each window was subjected to 10
ps relaxation keeping the restraints and then simulated for 30
ns under NVT conditions at 300 K. PMFs were reconstructed at
300 K using the weighted histogram analysis method (WHAM)
with 400 bins per window (Fig. $1).52>3 Binding free energies
were determined from each PMF as the difference between the
global free energy minimum (bound basin) and the mean free
energy in the bulk region (RC = 13-15 A). Reported values
represent the mean binding free energy * standard deviation
from three independent PMFs per sugar. The time evolution of
the reaction coordinate during the initial unrestrained
simulations was monitored for each species, and the resulting
RC values corresponded closely to the global PMF minima (Fig.
S2). The two types of pathways produced similar PMFs, except
for galactose where the shape of the free energy landscape
differed significantly across the reaction coordinate (Fig. S3).
Radial Distribution Function. To investigate the solvent
distribution around the solutes, radial distribution functions
(RDFs) and average solvent occupancy were computed. RDFs of
water oxygen atoms were calculated from each urea proton. To
compute the number of water molecules in the cavity, we used
the watershell option available in cpptraj, which counts the per-
frame number of water molecules in the first solvation shell
based on the distance criteria. The cutoff for the first water shell
was determined from the first minimum in the RDF at 2.65 A.

J. Name., 2013, 00, 1-3 | 3
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The average numbers of water molecules within this distance
for empty and complexed GIuHUT, taken from three 100 ns
unrestrained simulations, were then reported as water
occupancy. Uncertainties were reported as standard errors of
the mean, from the three replicates.

Grid Inhomogeneous Solvation Theory. For more detailed
insight into water thermodynamics, grid inhomogeneous
solvation theory (GIST)**°°> was employed to compute spatially
resolved water properties around the empty GIUHUT receptor.
GIST divides space around the receptor into 3D grid (0.5 A
spacing was used here) and calculates water density, energy
and entropy for water molecules in each grid cell relative to
bulk. Similar analyses have been previously carried out to study
host-guest complexes of cyclodextrins and cucurbit[n]urils.>®
The plotted quantity here is the total normalised entropy per
water molecule, =TAStot = =T(AStrans + ASori) in kcal mol™ per
water, where negative values indicate water more ordered than
bulk. Regions of low water entropy indicate sites where water
molecules are more ordered than in bulk solvent, contributing
an unfavourable free energy penalty. Displacement of these
ordered waters by sugar binding provides a thermodynamic
driving force for host-guest complexation.

The empty GIUHUT receptor in a large water box (= 25,000
water molecules) was first equilibrated for 2 ns of NPT
simulation, followed by a 100 ns unrestrained NVT production
simulation. A representative structure was extracted from the
free energy minimum, identified via principal component
analysis of all nonhydrogen GIUHUT atoms. This structure was
further equilibrated by 2 ns of NVT simulation with harmonic
positional restraints (100 kcal mol-! A-2) on the heavy atoms of
GIuHUT, followed by 50 ns of restrained NVT simulation. From
this trajectory, 2,500 snapshots were processed using the GIST
analysis in the cpptraj program.>” The key outputs are the
translational (AStans) and orientational (ASori) water entropies
per water molecule relative to bulk, reported as normalised
entropy terms. The main limitations of GIST are that it relies on
classical force fields and assumes water molecules are
independent within each grid cell, potentially underestimating
water-water cooperativity. It provides per-water properties
rather than absolute energies.

Linear Interaction Energy. Electrostatic and van der Waals
contributions to binding were investigated using the linear
interaction energy (LIE) method across umbrella sampling
windows spaced at 0.3 A along the RC from 0 A to 15 A, using
the cpptraj module of AMBER 24.%7

Unrestrained Simulations of the Bound States. To sample
distinct binding orientations, three additional 100 ns
unrestrained MD simulations, equilibrated using the same
protocol as described above, were performed for each complex.
Starting structures were selected from the initial unrestrained
simulations and rotated about the z-axis relative to the host
COM (rotation angles: 0°, 120° and 240°). This created three
unique binding orientations which enabled sampling of a more
diverse set of complexes.

Hydrogen Bonds Analysis. Hydrogen bonds were analysed
using cpptraj, defined by the following criteria: -NH and -OH
groups could act as donors, while C=0 and C-OH groups could

4| J. Name., 2012, 00, 1-3

act as acceptors. The donor-acceptor distance cutoff was 304,
with a minimum angle of 150° for directionalt{0FoPHydrdgen
bonds involving water molecules, a more permissive angle
cutoff of 135° was used to better capture their transient nature.
Hydrogen bonding analysis revealed that the sugar hydroxyl
oxygens acted exclusively as acceptors with the receptor, whilst
they served primarily as acceptors and occasionally as donors
with water molecules.

Noncovalent Interaction. Noncovalent interaction (NCI)
analysis was performed using the independent gradient model
(IGM),>8 a real-space method that identifies and quantifies
noncovalent interactions by analysing gradients in electron
density. This analysis was based on promolecular densities
derived from 100 representative MD snapshots of glucose and
galactose bound to GIUHUT. The sign(Az)p function was
visualised as blue-green-red isosurfaces (isovalue = 0.02 a.u.),
with blue indicating strong attractive interactions, green
denoting weaker noncovalent interactions and red representing
steric clashes. IGM analysis was carried out using the Multiwfn
program.>® All structures were visualised in VMD,®® and plots
were generated with Matplotlib.5?

Results and Discussion

Selectivity of GIUHUT for Binding Glucose Reproduced with
Free Energy Simulations. To study GluHUT’s binding properties,
four different guest molecules were investigated in this work:
B-D-glucose, B-D-galactose, PB-D-fructopyranose, and pB-D-
fructofuranose (further referred to as glucose, galactose,
fructopyranose, and fructofuranose). For glucose and galactose,
the tautomers chosen for study were the B-pyranose forms,
which predominate in aqueous solution (Fig. 1c). In the case of
glucose there is evidence that the B-pyranose is the major
substrate for GIUHUT, and it seems likely that the same is true
for galactose.!? In the case of fructose, the form which is bound
is less certain as both furanose and pyranose tautomers are
present in water. We therefore chose to study both, as the
major (B) anomers (Fig. 1c).1®

Prior to umbrella sampling, a series of steered MD (SMD)
simulations of the unbinding process of each sugar from the
receptor were carried out. Starting with a bound conformation,
these simulations involved ‘pulling’ the monosaccharide out of
the GIUHUT host at a constant speed. Due to the high pulling
speed, convergence in the free energy (or work) was not
obtained and no differentiation between sugars was observed
in SMD simulations. The primary use of these trajectories was
to generate snapshots for subsequent umbrella sampling
simulations.

The potentials of mean force (PMFs) obtained from these
simulations show qualitative agreement with the trends in the
experimentally derived binding free energy values (Fig. 3 and
Table 1). The computed binding free energy for glucose was
-12.5 + 0.9 kcal mol~%, compared to the experimental value of
-5.9 kcal mol~1. For galactose, the binding free energy along
path B was calculated to be -8.1 + 1.9 kcal mol~?, in comparison
to the experimental value of -3.1 kcal molt. Notably, the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. The average potential of mean force (PMF) for (a) glucose, (b) galactose, (c) fructopyranose, and (d) fructofuranose binding to GIUHUT obtained from three independent

umbrella sampling simulations at 300 K, along with a representative structure of the bound state. Shaded regions correspond to errors across the PMF, determined by the
standard deviation of the three independent PMFs per sugar. See Fig. S1 for independent PMFs used to construct average PMFs. The binding free energies are calculated by
subtracting the energy of the global minimum in the PMF from the energy in the bulk. For clarity, only PMFs for galactose path B were reported here, with path A also possible
as shown in Fig. S3 and Fig. S4. The simulation concentration was 14 mM and concentration corrected affinities were calculated using Equation S1: glucose =-10.0 kcal mol?,
galactose = -5.6 kcal mol™, fructofuranose = -5.2 kcal mol™, and fructopyranose = -2.5 kcal mol=.

alternative path A for galactose yields a slightly weaker binding
affinity of -6.9 + 0.3 kcal mol.

For fructose, fructopyranose interacts relatively weakly with the
GIUHUT cavity, exhibiting a computed binding free energy of
-5.0 + 1.3 kcal mol. It also shows greater mobility within the
cavity compared to glucose or galactose, consistent with its
weaker affinity. In contrast, umbrella sampling simulations for
fructofuranose yielded a significantly more negative binding
free energy of —7.7 + 0.5 kcal mol. These results suggest that
fructofuranose, although present only as 20% of the tautomeric
mixture at equilibrium, might be the predominant binding form
of fructose with GIUHUT in solution.

PMFs Reveal Multiple Minima. The galactose PMF exhibited a
pronounced local free energy minimum at RC = 3.9 A, observed
only along unbinding path B (CH,OH exits first; Fig. S3). This
metastable state was absent in path A (ring oxygens exit first),
while glucose PMFs showed no path dependence, yielding more
similar free energy profiles. To study the stability of this
metastable state, extensive unrestrained MD simulations
starting from RC = 3.9 A were carried out using the same
conditions as the simulations of the bound states. These
simulations confirmed path B's relative stability for galactose:

This journal is © The Royal Society of Chemistry 20xx

two replicates returned to the global bound minimum, while
one persisted in the metastable state; path A structures
collapsed immediately, indicating no true minimum.

Despite similar PMF values for glucose and galactose at RC = 3-
4 A, this path dependence is unique to galactose. We therefore
compared structures of both sugars in this RC range.
Representative snapshots are shown in Fig. S4. Glucose forms
multiple hydrogen bonds with GIUHUT in both paths, adopting
a parallel orientation relative to the receptor’s “temples”.
Galactose path B achieves similar ring-oxygen hydrogen
bonding. However, path A requires substantial sugar rotation

Table 1. Experimental, computed, and concentration-corrected binding free
energies (AGpina) for each sugar bound to GIUHUT. Values are given in kcal mol-.

. Conc.
Sugar Experimental Computed
Corrected
Glucose -5.9 -12.5+0.9 -10.0
-6.91 0.3 (Path A) -44
Galactose -3.1
-8.1+ 1.9 (Path B) -5.6
Fructopyranose 24 -5.0+13 -2.5
Fructofuranose ' -7.7+0.5 -5.2

J. Name., 2013, 00, 1-3 | 5
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Fig. 4. () Top and side views of the water occupancy in the empty receptor. (b) GIST isosurfaces showing the total entropic contribution to hydration free energy as a sum of
translational and orientational entropic contributions derived from water positional and angular distributions. Isosurfaces represent water sites at two levels of
negative (unfavourable) entropy, (b) the orange surfaces being more negative (-0.1 kcal/mol/water) than the (c) magenta surfaces (-0.06 kcal/mol/water). Both sets of surfaces

are shown from two perspectives.

due to steric clash from the axial C4-OH group, preventing
stable hydrogen bonding and eliminating the local minimum.
The PMF of fructofuranose revealed two clearly defined bound
states, within 1 kcal mol=1. The lowest energy state was at RC =
0.9 A, with the other minimum at RC = 2.1 A. From the time
evolution of the reaction coordinate shown in Fig. S5, it was
found these states interconverted within the duration of
unrestrained simulations.

Experimental kinetic data are not available. We do not draw
conclusions regarding the binding kinetics here, which would
require more consideration of dynamics of binding. Instead, our
analysis focuses on the free energy profiles along the
predefined reaction coordinate, and on how the trends in the
calculated minima compare with the experimentally measured
binding affinities. Our study focuses on equilibrium binding
affinities derived from PMF profiles rather than kinetic rates. It
would be interesting to analyse binding kinetics in detail which
is possible through simulation.®? That study also investigates
electronic polarisation changes during binding through
multiscale QM/MM simulations, an effect not included in
standard MM MD simulations. The systematic overestimation
of the calculated binding free energies (AGyping) relative to
experiment may be in part due to the use of a standard non-
polarisable force field, which neglects electronic polarisation
changes.

To understand the origin of the differences in affinity, the
unrestrained simulations of the complex at the minimum of the
PMF were first analysed using the linear interaction energy (LIE)
method.®3 This showed that electrostatic interactions are the
dominant driver for binding of all four sugars, with glucose
having the largest contribution of -38 + 5 kcal mol? in the

6 | J. Name., 2012, 00, 1-3

bound state, followed by galactose at -33 + 6 kcal mol?,
fructofuranose at —30 + 5 kcal mol™?, and fructopyranose at -27
+ 5 kcal mol™l. Details of the LIE analysis across the entire
unbinding coordinate are shown in Fig. S6. The bound states
were further analysed through computing water occupancy in
the cavity and hydrogen bonding (H-bonding) interactions for
receptor-ligand, receptor-water, and ligand-water.

GIST Uncovers Entropy Cost of Bound Waters in GIuHUT.
Before considering the effects of water on receptor-ligand
complexes, we first examined the empty receptor. Operating in
water, GIUHUT’s binding energetics are profoundly influenced
by solvent reorganisation, where cavity-resident water
molecules act both as competitors and thermodynamic
modulators.646> Number density calculations on unrestrained
simulations of the empty receptor revealed that the cavity
maintains an average hydration shell of seven water molecules,
predominantly arranged in “horseshoe-shaped” distributions
around the urea -NH groups (Fig. 4a). These tightly bound
waters accept hydrogen bonds (total three on average) from
the urea motifs and avoid hydrophobic roof/floor regions.
Displacement of these ordered waters during monosaccharide
binding provides potential entropy gains, as shown by grid
inhomogeneous solvation theory (GIST).%®

The total entropy (ASit) contribution to the hydration free
energy of the receptor derived from GIST analysis quantifies the
first-order entropic penalty experienced by water molecules in
each voxel of the grid, encompassing both translational (AStrans)
and orientational (ASori) components. These values (Fig. 4),
measure how much the ordering of water inside GIUHUT
deviates from bulk behaviour, reflecting the loss of
configurational freedom when water molecules interact with

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. (a) The radial distribution function (RDF) of water oxygen atoms calculated from each of the urea protons (averaged) within GIuHUT’s cavity, for each of the four sugar
complexes, and the empty cavity. (b) Representative glucose complex structure showing glucose in a central binding orientation within the cavity, receiving hydrogen bonds
from a urea whilst donating a H-bond to a nearby water molecule. (c) Representative binding orientation of fructopyranose showing two water molecules competing for the

urea binding sites.

the host. A large negative entropic penalty signifies that water
in that region is more ordered and constrained than in bulk,
possessing fewer accessible microstates. In contrast, positive or
less negative terms indicate water with greater freedom,
behaving more similarly to bulk solvent. Through this analysis,
regions in the host cavity with highly negative total water
entropy can be identified as sites where water molecules are
likely to be favourably displaced upon guest binding. The
analysis reveals six regions of low-entropy water within the
cavity, paired with the six urea groups in GIUHUT and reflecting
H-bonding to the urea -NHs (Fig. 4b, orange and magenta
isosurfaces). A seventh region in the centre of the cavity
appears at the less negative level (magenta isosurface).
Displacement of these ordered waters by a single, relatively
rigid carbohydrate molecule would substantially increase the
system’s entropy, making such replacement thermodynamically
favourable from an entropic perspective.

Glucose Expels Water from GIuHUT’s Cavity. Radial distribution
function (RDF) analysis of the complexes, and the empty
receptor, showed that glucose achieved significant dehydration
of the cavity, with galactose having slightly more water present.
Both tautomers of fructose permitted some water occupancy (=
2.5 molecules) in the cavity (Fig. 5a and Table S1). Whilst RDFs
give an insight into the probability of finding water in the cavity,
measuring the number of H-bonds can help to quantify this. The
H-bond frequency between water oxygens and urea protons
revealed an average 0.46 H-bonds between the cavity and
water when glucose was bound, whilst this number was 0.78 for
galactose and 0.91 for fructofuranose. Fructopyranose had the
most competition with water, at 0.97 H-bonds formed (see
Table S2 for uncertainties, which are small). This can be
visualised by an increased density of water at the edge of the
cavity interacting with two adjacent urea groups, competing for
H-bonds with the sugar (Fig. 5b-c).

Host-guest Hydrogen Bonding Dominates Selectivity. Based on
the original modelling of GIuHUT, H-bonding between host and
guest is expected to be a key determinant of binding
selectivity.’? Given that our simulations are fully solvated, the

This journal is © The Royal Society of Chemistry 20xx

analysis of hydrogen bonding of these systems need not be
limited to host-guest interactions, but also guest-solvent and
host-solvent. This in totality can help rationalise the
phenomena we see here, highlighting the origins of selectivity
for glucose. To start, host-guest H-bonds were characterised
across the entire PMF, using umbrella windows between RC =0
A and 15 A. The results depicted in Fig. 6a show that glucose has
the most H-bonding with the receptor in the bound state,
averaging 4.1 H-bonds between the sugar oxygens and the urea
-NH atoms. Galactose formed 3.1 H-bonds, with fructofuranose
having 3.2, and finally fructopyranose forming only 2.3 H-bonds
in the bound state. See Fig. S7 and Table S3 for more details.
Clearly, the structural differences between the four sugars are
the key to the differences in binding free energy. Our results
indicate that H-bonding is the predominant driver for binding.
Therefore, additional unrestrained simulations of the bound
complexes were performed (see Methods for details). The H-
bonding between each sugar oxygen and the receptor was
characterised, and scores were assigned to each oxygen, based
on the frequency of H-bonds with GIuUHUT. Colour-coded
representations of each sugar show which oxygens interacted
most with the receptor, with orange and green indicating lower
and higher percentages of interaction, respectively (Fig. 6b).
Fructopyranose, which has a more globular structure than the
other sugars, showed relatively low H-bonding: none of the
oxygens show strong H-bonding, suggesting a mismatch with
the cavity. Fructofuranose showed relatively strong H-bonding
to the oxygens directly attached to its furanose ring, while the
CH,0H groups interacted less frequently. This may account for
the tighter complex, given these groups are more flexible and
less sterically hindered within the cavity, than for the bulky
fructopyranose (see Table S4).

The most interesting comparison is between glucose and
galactose, given their structures only vary by the
stereochemistry of -OH in the C4 position (see Fig. 6¢). The axial
-OH of galactose shows a relatively low H-bond frequency with
the receptor, whilst the equatorial -OH of C4 for glucose
frequently engaged in H-bonding. Noncovalent interaction (NCI)

J. Name., 2013, 00, 1-3 | 7
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acceptors) with GIuHUT. (c) Sign(A,)p coloured isosurfaces of 8ginter = 0.02 a.u. from independent gradient model (IGM) analyses of glucose and galactose with GIuHUT. The
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galactose in GIuHUT.

analysis revealed fine differences in the H-bonding of glucose
and galactose to GIUHUT (Fig. 6¢).>8>° Namely, IGM isosurfaces
confirmed strong H-bonding of the C4-OH of glucose with
GIuHUT. In contrast, for galactose this interaction of the axial
C4-OH was much less prevalent. The IGM scatter plots depicted
more negative (blue) values indicating a larger number of
attractive noncovalent interactions (specifically H-bonds) for
glucose compared to galactose.

Insights from Sugar-water Interactions. Host-guest hydrogen
bonds are clearly important in describing selectivity, but
interactions with water must also be considered. Therefore,
per-oxygen H-bond mapping approach was carried out for both
glucose and galactose, where water acted as both the donor
and the acceptor. It was found that the sugar oxygens were
largely H-bond acceptors in the bound state, rarely donating to
water. From unrestrained simulations, glucose formed ~4
hydrogen bonds with water compared to ~3 for galactose.
Furthermore, the axial C4-OH of galactose formed almost no H-
bonds with water, whilst the corresponding -OH for glucose was
0.7 on average (see Table S5 for details). These enhanced
interactions with solvent enable glucose to maintain stronger
simultaneous H-bond networks with both receptor and solvent,
thereby amplifying selectivity.

Conclusions

Our simulations of GIUHUT's sugar binding mechanisms reveal
the molecular basis of glucose recognition and specificity.

8| J. Name., 2012, 00, 1-3

Molecular dynamics simulations reproduce the remarkable
selectivity of this receptor, helping to provide a comprehensive
understanding of how subtle structural differences dramatically
influence binding interactions. They show four critical aspects
of GIuHUT's binding behaviour. First, enhanced sampling
relative binding free energy simulations qualitatively
reproduced experimental trends in binding affinities,
distinguishing between strong binders like glucose and weaker
binders like galactose and fructose. Radial distribution function
analysis, supported by grid inhomogeneous solvation theory,
revealed the important role of water displacement in the
binding process. The role of water in stabilizing complexes
through hydrogen bonding was also revealed, particularly in the
case of glucose where there seems to be a complementary
effect of water, providing around 4 hydrogen bonds to the
bound guest. And finally, hydrogen bonding between the host
and the guest is the predominant driving force for complex
formation. Glucose forms 4 hydrogen bonds with the receptor,
while galactose forms one hydrogen bond less. These findings
not only reproduce experimental selectivity trends but also,
through detailed analyses of hydrogen bonding, noncovalent
interactions, and solvation effects, reveal the subtle
mechanisms driving GIuUHUT's profound selectivity for glucose.
In the longer term, these studies may serve as a basis for
predicting the behaviour of new receptor designs. The lack of
reliable methods for assessing designs presents a major
obstacle to progress in biomimetic carbohydrate recognition,
and to work in related areas. Standard desktop modelling
packages have proved of limited use, probably because they

This journal is © The Royal Society of Chemistry 20xx
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rely on continuum solvation and estimate energies rather than
free energies. Methods based on MM MD could provide a way
forward, greatly extending the scope of receptor design.

Author contributions

R.E.: methodology, data curation, formal analysis, investigation,
visualization, writing of the original draft, review and editing.
M.H.: methodology, supervision, conceptualization, review and
editing, formal and AJ.M.:
conceptualization, supervision, review and editing, funding
acquisition. A.P.D.: conceptualization, supervision, review and
editing, funding acquisition.

analysis visualization.

Conflicts of interest

There are no conflicts to declare.

Data availability

The supplementary figures S1-S8 and tables S1-S5 can be found
in the Supplementary Information. Simulation data is available
on Zenodo: https://doi.org/10.5281/zenodo.19664426.

Acknowledgements

M.H. and A.J.M. thank the Engineering and Physical Sciences
Research Council (EPSRC) for funding (grant number
EP/W013738/1). A.J.M. thanks the European Research Council
under the European Horizon 2020 research and innovation
programme (PREDACTED Advanced Grant Agreement no.
101021207). R.E.,, AJ.M. and A.P.D. acknowledge a UKRI
Frontier Research Grant selected by the ERC and funded by the
Engineering and Physical Sciences Research Council (grant
number EP/Y027779/1). This work was carried out using the
computational and data storage facilities of the Advanced
Computing Research Centre, Bristol —
http://www.bristol.ac.uk/acrc/.

University of

References

1 X. Sun and T. D. James, Glucose sensing in supramolecular
chemistry, Chem. Rev., 2015, 115, 8001-8037.

2 D. Bruen, C. Delaney, L. Florea and D. Diamond, Glucose
sensing for diabetes monitoring: recent developments,
Sensors, 2017, 17, 1866.

3 T. Hoeg-Jensen, Review: glucose-sensitive
Metab., 2021, 46, 101107.

4 A. P. Davis, Biomimetic carbohydrate recognition, Chem. Soc.
Rev., 2020, 49, 2531-2545.

5 E. Klein, M. P. Crump and A. P. Davis, Carbohydrate
recognition in water by a tricyclic polyamide receptor, Angew.
Chem. Int. Ed., 2005, 44, 298—-302.

6 P.Rios, T.S. Carter, T. J. Mooibroek, M. P. Crump, M. Lisbjerg,
M. Pittelkow, N. T. Supekar, G. J. Boons and A. P. Davis,
Synthetic receptors for the high-affinity recognition of O-
GIcNAc derivatives, Angew. Chem. Int. Ed., 2016, 55, 3387—
3392.

insulin, Mol.

This journal is © The Royal Society of Chemistry 20xx

Chemical Science

7 P.Rios, T.J. Mooibroek, T.S. Carter, C. Williams,\}‘\élv.v gﬁ‘\cll\éigncmé
M. P. Crump and A. P. Davis, Enantiose)ectivezcasbahysirate
recognition by synthetic lectins in water, Chem. Sci., 2017, 8,
4056-4061.

8 T. J. Mooibroek, J. M. Casas-Solvas, R. L. Harniman, C. M.
Renney, T. S. Carter, M. P. Crump and A. P. Davis, A threading
receptor for polysaccharides, Nat. Chem., 2016, 8, 69-74.

9 C.Ke, H. Destecroix, M. P. Crump and A. P. Davis, A simple and
accessible synthetic receptor for glucose, Nat. Chem., 2012, 4,
718-723.

10 E. Klein, M. P. Crump and A. P. Davis, Carbohydrate
recognition in water by a tricyclic polyamide receptor, Angew.
Chem. Int. Ed., 2004, 44, 298-302.

11 Y. Ferrand, M. P. Crump and A. P. Davis, A synthetic lectin
analog for biomimetic disaccharide recognition, Science,
2007, 318, 619-622.

12 R. A.Tromans, T.S. Carter, L. Chabanne, M. P. Crump, H. Li, J.
V. Matlock, M. G. Orchard and A. P. Davis, A biomimetic
receptor for glucose, Nat. Chem., 2019, 11, 52-56.

13 T. Hoeg-Jensen, T. Kruse, C. L. Brand, J. Sturis, C. Fledelius, P.
K. Nielsen, E. Nishimura, A. R. Madsen, L. Lykke, K. S. Halskov,
S. Koscova, V. Kotek, A. P. Davis, R. A. Tromans, M. Tomsett,
G. Pefnuelas-Haro, D. J. Leonard, M. G. Orchard, A. Chapman,
G. Invernizzi, E. Johansson, D. Granata, B. F. Hansen, T. A.
Pedersen, J. Kildegaard, K.-M. Pedersen, H. H. F. Refsgaard, L.
Alifrangis, J. J. Fels, A. V. Neutzsky-Wulff, P. Sauerberg and R.
Slaaby, Glucose-sensitive insulin with attenuation of
hypoglycaemia, Nature, 2024, 630, 136—142.

14 Schrodinger Release 2025-1: Maestro, Schrodinger, LLC, New
York, NY, 2025.

15 B. Schneider, F. W. Lichtenthaler, G. Steinle and H. Schiweck,
Studies on Ketoses, 1 Distribution of Furanoid and Pyranoid
Tautomers of D-Fructose in Water, Dimethyl Sulfoxide, and
Pyridine via 1H NMR Intensities of Anomeric Hydroxy Groups
in [D6]DMSO, Liebigs Ann. Chem., 1985, 2443—2453.

16 S. Grimme, Supramolecular Binding Thermodynamics by
Dispersion-Corrected Density Functional Theory, Chem. Eur.
J., 2012, 18, 9955-9964.

17 R. Sure, J. Antony and S. Grimme, Blind prediction of binding
affinities for charged supramolecular host-guest systems:
Achievements and shortcomings of DFT-D3, J. Phys. Chem. B,
2014, 118, 3431-3440.

18 D. King, T. Sumanovac, S. Murkli, P. R. Schreiner, M. Sekutor
and L. Isaacs, Cucurbit[8]uril forms tight inclusion complexes
with cationic triamantanes, New J. Chem., 2023, 47, 5338-
5346.

19 M. Aleskovi¢, S. Roca, R. Jozepovié, N. Bregovi¢ and M.
Sekutor, Unravelling binding effects in cyclodextrin inclusion
complexes with diamondoid ammonium salt guests, New J.
Chem., 2022, 46, 13406-13414

20 Z. Tang and C. E. A. Chang, Binding Thermodynamics and
Kinetics Calculations Using Chemical Host and Guest: A
Comprehensive Picture of Molecular Recognition, J. Chem.
Theory Comput., 2018, 14, 303—-318.

21 N. Homeyer, F. Stoll, A. Hillisch and H. Gohlke, Binding Free
Energy Calculations for Lead Optimization: Assessment of
Their Accuracy in an Industrial Drug Design Context, J. Chem.
Theory Comput., 2014, 10, 3331-3344.

22 L.Wang, Y. Wu, Y. Deng, B. Kim, L. Pierce, G. Krilov, D. Lupyan,
S. Robinson, M. K. Dahlgren, J. Greenwood, D. L. Romero, C.
Masse, J. L. Knight, T. Steinbrecher, T. Beuming, W. Damm, E.
Harder, W. Sherman, M. Brewer, R. Wester, M. Murcko, L.
Frye, R. Farid, T. Lin, D. L. Mobley, W. L. Jorgensen, B. J. Berne,
R. A. Friesner and R. Abel, Accurate and reliable prediction of
relative ligand binding potency in prospective drug discovery
by way of a modern free-energy calculation protocol and
force field, J. Am. Chem. Soc., 2015, 137, 2695-2703.

J. Name., 2013, 00, 1-3 | 9


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00738d

Open Access Article. Published on 21 May 2026. Downloaded on 5/22/2026 2:36:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Chemical Science

R. Abel, L. Wang, E. D. Harder, B. J. Berne and R. A. Friesner,
Advancing Drug Discovery through Enhanced Free Energy
Calculations, Acc. Chem. Res. 2017, 50, 1625-1632

K. Zinovjev and I. Tufién, Adaptive Finite Temperature String
Method in Collective Variables, J. Phys. Chem. A, 2017, 121,
9764-9772

D. Suh, S. Jo, W. Jiang, C. Chipot and B. Roux, String Method
for Protein—Protein Binding Free-Energy Calculations, J. Chem.
Theory Comput. 2019, 15, 5829-5844

L. Pesce, C. Perego, A. B. Grommet, R. Klajn and G. M. Pavan,
Molecular Factors Controlling the Isomerization of
Azobenzenes in the Cavity of a Flexible Coordination Cage, J.
Am. Chem. Soc., 2020, 142, 9792-9802

A. Laio and M. Parrinello, Escaping free-energy minima, Proc.
Natl. Acad. Sci. U.S.A., 2002, 99, 12562-12566,

G. M. Torrie and J. P. Valleau, Nonphysical sampling
distributions in Monte Carlo free-energy estimation: Umbrella
sampling, J. Comput. Phys., 1977, 23, 187—-199.

W. You, Z. Tang and C. E. A. Chang, Potential Mean Force from
Umbrella Sampling Simulations: What Can We Learn and
What Is Missed?, J. Chem. Theory Comput., 2019, 15, 2433—
2443.

D. T. Truong, K. Ho, H. T. Y. Nhi, V. H. Nguyen, T. T. Dang and
M. T. Nguyen, Imidazole[1,5-a]pyridine derivatives as EGFR
tyrosine kinase inhibitors unraveled by umbrella sampling and
steered molecular dynamics simulations, Sci Rep., 2024, 14,
12218

V. Govind Kumar, A. Polasa, S. Agrawal, T. K. S. Kumar and M.
Moradi, Binding affinity estimation from restrained umbrella
sampling simulations, Nat. Comput. Sci., 2023, 3, 46—60.

K. Leko, M. Hanzevacki, Z. Brkljaca, K. Piculjan, R. Ribi¢ and J.
Pozar, Solvophobically Driven Complexation of Adamantyl
Mannoside with B-Cyclodextrin in Water and Structured
Organic Solvents, Chem. Eur. J., 2020, 26, 11476-11481.
A.Stimac, M. Toki¢, A. Ljubeti¢, T. Vuleti¢, M. Sekutor, J. Pozar,
K. Leko, M. HanZevacki, L. Frkanec and R. Frkanec, Functional
self-assembled nanovesicles based on B-cyclodextrin,
liposomes and adamantyl guanidines as potential nonviral
gene delivery vectors, Org. Biomol. Chem., 2019, 17, 4640-
4651.

A. Usenik, K. Leko, V. Petrovi¢ Perokovié, Z. Car, R. Ribié, K.
PiCuljan, M. HanZevacki, J. DraZenovi¢ and J. Pozar,
Hydrophobically driven hosting — What about the guest?, J.
Mol. Lig., 2023, 388, 122774.

J. C. Gumbart, B. Roux and C. Chipot, Standard binding free
energies from computer simulations: What is the best
strategy?, J. Chem. Theory. Comput., 2013, 9, 794-802.

M. Mills and I. Andricioaei, An experimentally guided umbrella
sampling protocol for biomolecules, J. Chem. Phys., 2008, 129,
114101.

M. D. Hanwell, D. E. Curtis, D. C. Lonie, T. Vandermeersch, E.
Zurek and G. R. Hutchison, Avogadro: an advanced semantic
chemical editor, visualization, and analysis platform, J.
Cheminform., 2012, 4, 17.

J. Wang, R. M. Wolf, J. W. Caldwell, P. A. Kollman and D. A.
Case, Development and testing of a general amber force field,
J. Comput. Chem., 2004, 25, 1157-1174

Gaussian 16, Revision C.01, M. J. Frisch, G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G.
Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M.
Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L.
Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi,
J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe,
V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell,
J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark,

10 | J. Name., 2012, 00, 1-3

40

41

42

43

44

45

46

47

48

49

50

51

J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Sta{;%yv roy, gm‘{;\e.
Keith, R. Kobayashi, J. Normand, KpcRaghavaobatisodyzdd
Rendell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, J. M.
Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L.
Martin, K. Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox,
Gaussian, Inc., Wallingford CT, 2016.

J. Tirado-Rives and W. L. Jorgensen, Performance of B3LYP
Density Functional Methods for a Large Set of Organic
Molecules, J. Chem. Theory. Comput., 2008, 4, 297—-306.

C. |. Bayly, P. Cieplak, W. D. Cornell and P. A. Kollman, A well-
behaved electrostatic potential based method using charge
restraints for deriving atomic charges: the RESP model, J.
Phys. Chem., 1993, 97, 10269-10280.

J. C. Slater, The self consistent field and the structure of
atoms, Phys. Rev., 1928, 32, 339-348.

W. J. Hehre, K. Ditchfield and J. A. Pople, Self—Consistent
Molecular Orbital Methods. XIl. Further Extensions of
Gaussian—Type Basis Sets for Use in Molecular Orbital
Studies of Organic Molecules, J. Chem. Phys., 1972, 56, 2257—
2261.

K. N. Kirschner, A. B. Yongye, S. M. Tschampel, J. Gonzalez-
Outeirino, C. R. Daniels, B. L. Foley and R. J. Woods,
GLYCAMOG6: A generalizable biomolecular force field.
Carbohydrates, J. Comput. Chem., 2008, 29, 622—655.

W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey
and M. L. Klein, Comparison of simple potential functions for
simulating liquid water, J. Chem. Phys., 1983, 79, 926-935.

P. Mark and L. Nilsson, Structure and Dynamics of the TIP3P,
SPC, and SPC/E Water Models at 298 K, J. Phys. Chem. A.,
2001, 105, 9954-9960.

D.A. Case, H.M. Aktulga, K. Belfon, LY. Ben-Shalom, J.T.
Berryman, S.R. Brozell, F.S. Carvahol, D.S. Cerutti, T.E.
Cheatham, Ill, G.A. Cisneros, V.W.D. Cruzeiro, T.A. Darden, N.
Forouzesh, M. Ghazimirsaeed, G. Giambasu, T. Giese, M.K.
Gilson, H. Gohlke, A.W. Goetz, J. Harris, Z. Huang, S. Izadi, S.A.
Izmailov, K. Kasavajhala, M.C. Kaymak, |. Kolossv\'a ry, A.
Kovalenko, T. Kurtzman, T.S. Lee, P. Li, Z. Li, C. Lin, J. Liu, T.
Luchko, R. Luo, M. Machado, M. Manathunga, K.M. Merz, Y.
Miao, O. Mikhailovskii, G. Monard, H. Nguyen, K.A. O'Hearn,
A. Onufriev, F. Pan, S. Pantano, A. Rahnamoun, D.R. Roe, A.
Roitberg, C. Sagui, S. Schott-Verdugo, A. Shajan, J. Shen, C.L.
Simmerling, N.R. Skrynnikov, J. Smith, J. Swails, R.C. Walker, J.
Wang, J. Wang, X. Wu, Y. Wu, Y. Xiong, Y. Xue, D.M. York, C.
Zhao, Q. Zhu, and P.A. Kollman, Amber 2025, 2025, University
of California, San Francisco.

D. A. Case, H. M. Aktulga, K. Belfon, D. S. Cerutti, G. A.
Cisneros, V. W. D. Cruzeiro, N. Forouzesh, T. J. Giese, A. W.
Gotz, H. Gohlke, S. Izadi, K. Kasavajhala, M. C. Kaymak, E. King,
T. Kurtzman, T. S. Lee, P. Li, J. Liu, T. Luchko, R. Luo, M.
Manathunga, M. R. Machado, H. M. Nguyen, K. A. O’Hearn, A.
V. Onufriev, F. Pan, S. Pantano, R. Qi, A. Rahnamoun, A.
Risheh, S. Schott-Verdugo, A. Shajan, J. Swails, J. Wang, H.
Wei, X. Wu, Y. Wu, S. Zhang, S. Zhao, Q. Zhu, T. E. Cheatham,
D. R. Roe, A. Roitberg, C. Simmerling, D. M. York, M. C. Nagan
and K. M. Merz, J. Chem. Inf. Model., 2023, 63, 6183—-6191.

J. P. Ryckaert, G. Ciccotti and H. J. C. Berendsen, Numerical
integration of the cartesian equations of motion of a system
with constraints: molecular dynamics of n-alkanes, J. Comput.
Phys., 1977, 23, 327-341.

G. Ozer, E. F. Valecv, S. Quirt and R. Hernandez, Adaptive
Steered Molecular Dynamics of the Long-Distance Unfolding
of Neuropeptide Y, J. Chem. Theory. Comput., 2010, 6, 3026—
3038.

J. S. Patel, A. Berteotti, S. Ronsisvalle, W. Rocchia and A.
Cavalli, Steered Molecular Dynamics Simulations for Studying
Protein—Ligand Interaction in Cyclin-Dependent Kinase 5, J.
Chem. Inf. Model., 2014, 54, 470-480.

This journal is © The Royal Society of Chemistry 20xx

Page 10 of 12


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00738d

== -Chemicat Sciencer- -1

Journal Name ARTICLE

52 S. Kumar, J. M. Rosenberg, D. Bouzida, R. H. Swendsen and P. View Article Online
A. Kollman, THE weighted histogram analysis method for free- DOI: 10.1039/D6SC00738D
energy calculations on biomolecules. I. The method, J.
Comput. Chem., 1992, 13, 1011-1021.

53 A. Grossfield, WHAM: The Weighted Histogram Analysis
Method, version 2.0.11.

54 L. Chen, A. Cruz, D. R. Roe, A. C. Simmonett, L. Wickstrom, N.
Deng and T. Kurtzman, Thermodynamic Decomposition of
Solvation Free Energies with Particle Mesh Ewald and Long-
Range Lennard-Jones Interactions in Grid Inhomogeneous
Solvation Theory, J. Chem. Theory. Comput., 2021, 17, 2714—
2726.

55 C. N. Nguyen, T. Kurtzman Young and M. K. Gilson, Grid
inhomogeneous solvation theory: hydration structure and
thermodynamics of the miniature receptor cucurbit[7]uril, J.
Chem. Phys., 2012, 137, 044101.

56 L. M. Grimm, J. Setiadi, B. Tkachenko, P. R. Schreiner, M. K.
Gilson and F. Biedermann, The temperature-dependence of
host—guest binding thermodynamics: experimental and
simulation studies, Chem. Sci, 2023,14,11818

57 D. R. Roe and T. E. Cheatham, PTRAJ and CPPTRAJ: Software
for Processing and Analysis of Molecular Dynamics Trajectory
Data, J. Chem. Theory. Comput., 2013, 9, 3084-3095.

58 C. Lefebvre, G. Rubez, H. Khartabil, J. C. Boisson, J. Contreras-
Garcia and E. Hénon, Accurately extracting the signature of
intermolecular interactions present in the NCI plot of the
reduced density gradient versus electron density, Phys. Chem.
Chem. Phys., 2017, 19, 17928-17936

59 T. Lu, A comprehensive electron wavefunction analysis
toolbox for chemists, Multiwfn, J. Chem. Phys., 2024, 161,
082503.

60 W. Humphrey, A. Dalke and K. Schulten, VMD: Visual
molecular dynamics, J. Mol. Graph., 1996, 14, 33-38.

61 J. D. Hunter, Matplotlib: A 2D Graphics Environment, Comput.
Sci. Eng., 2007, 9, 90-95

62 S. Haldar, F. Comitani, G. Saladino, C. Woods, M. W. van der
Kamp, A. J. Mulholland and F. L. Gervasio, A multiscale
simulation approach to modeling drug—protein binding
kinetics, J. Chem. Theory Comput., 2018, 14, 6093-6101.

63 J. Aquist, C. Medina and J. E. Samuelsson, A new method for
predicting binding affinity in computer-aided drug design,
Protein Eng., 1994, 7, 385-391.

64 M. A. Beatty and F. Hof, Host-guest binding in water, salty
water, and biofluids: General lessons for synthetic, bio-
targeted molecular recognition, Chem. Soc. Rev., 2021, 50,
4812-4832.

65 J. F. Darby, A. P. Hopkins, S. Shimizu, S. M. Roberts, J. A.
Brannigan, J. P. Turkenburg, G. H. Thomas, R. E. Hubbard and
M. Fischer, Water Networks Can Determine the Affinity of
Ligand Binding to Proteins, J. Am. Chem. Soc., 2019, 141,
15818-15826.

66 S. Ramsey, C. Nguyen, R. Salomon-Ferrer, R. C. Walker, M. K.
Gilson and T. Kurtzman, Solvation thermodynamic mapping of
molecular surfaces in AmberTools: GIST, J. Comput. Chem.
2016, 37, 2029-2037.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 21 May 2026. Downloaded on 5/22/2026 2:36:15 AM.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00738d

Open Access Article. Published on 21 May 2026. Downloaded on 5/22/2026 2:36:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Chemical Science Page 12 of 12

The supplementary figures S1-S9 and tables S1-S5 can be found in the Supplementary Information. Simulation data is available on
Zenodo: https://doi.org/10.5281/zenodo.19664426.
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