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Abstract

Calix[n]arenes selective recognition of protein surface covers a broad range of timely ap-
plications, notably to control protein assembly and crystallization or trap partially disor-
dered proteins. Here, the interaction of para-sulfonated calix-[4]-arenes with cytochrome c

is investigated by all-atom, explicit water molecular dynamics simulations which allow to



characterize two binding sites in neat agreement with experimental evidences. Free energy
calculations based on the MM-PBSA and the attach-pull-release (APR) methods highlight
key residues implicated in the recognition process and provide binding free energy results in
quantitative agreement with the isothermal titration calorimetry. Our study emphasizes the
role of MD simulations to capture the “walk” of sulfonated calix-[4]-arenes on cytochrome c
surface, with R13 as a pivotal interacting residue. Our MD investigation allows, through the
QHMB method, to probe an allosteric reinforcement of several per-residues interactions upon
calixarene binding, which suggest a more complex mode of action of these supramolecular

auxiliaries.

Introduction

Calix[n]arenes have stimulated many applications in Chemistry, Biology and pharmaceuti-
cal fields' ™, notably for chemotherapy delivery strategies”™®. Due to their tunable size and
geometrical structure, and their unique three-dimensional surface, these synthetic macrocy-

cles with a hydrophobic cage are prone to carry selected drug molecules (e.g. dopamine)

7,9-12

towards a given delivery site The ease of chemical functionalization of calixarenes

14-16

offers opportuities for drug-delivery!®, protein inhibition , and very recently embedding

of nanoparticles for cancer therapy'”.
Among calixarenes, para-sulfonato-calix[4]arenes (sclx,) present an interesting bio? and

supramolecular chemistry® features, such as the ability to recognize post-translational mod-

19,20

ificated aminoacids like methylated lysines and arginines. Like lanthanide complexes,

21-23 24,25
)

which act as peptide/protein recognition systems and crystallization auxiliaries

’ 267297 and

para-sulfonato-calix[n]arenes have been reported to function as “molecular glues
Crowley and coworkers use them to explore protein—protein interface chemistry, relying

on rational supramolecular approaches®’ and electrostatic complementarity. Lysines and



arginines, as positively-charged residues, are the most natural anchor-points for para-sulfonato-

calixarene-driven protein surface recognition!?3!, 1

To characterize para-sulfonato-calix|n]arenes binding “hot-spots” on protein surfaces®?,
several experimental approaches have been proposed, from X-ray crystallography and electro-
spray mass spectrometry, to dynamic light scattering and atomic force microscopy 3. Also,
accurate binding free energies have been determined from isothermal calorimetry titration

28,34,35

(ITC) measurements Para-sulfonato-calix[4]arenes (sclxy, shown in Figure 1) were

the first to be investigated in 2012 by Crowley and coworkers®>. In particular, sclx, is com-

36739 "in which the hydrophobic core plays an important

monly found in host-guests systems
role in interacting with the guest molecule. Last, these systems have attracted interest due
to their high functionalization propensity44°, for instance with halogens to trigger specific
and directional halogen bonds*!.

Para-sulfonato-calixarenes target small cationic proteins, such as hemoglobin*?, bovine serum
albumin®3, lysozyme and cytochrome-c (Cytc)343543746 The latter has been particularly in-
vestigated due to its importance for respiratory and photosynthetic electron transfer. How-
ever, capturing the “walk”, i.e. the diffusion of the para-sulfonato-calixarenes onto the
protein surface, remains an experimental tour-de-force, which was finally achieved ten years
ago by Crowley and coworkers specifically for Cytc3t. It would be beneficial to hone a
computational approach capable of predicting the binding sites and corresponding free en-
ergies of para-sulfonato-calixarenes onto a large range of proteins. The latter can hardly
be achieved by docking®’, since it is known experimentally that there is not a single, spe-
cific binding pocket which obeys the binding-site definition. Instead, the ligand senses and

scans the protein surface, where several possible anchoring points and competitive binding

sites, as well as binding events, need to be assessed and quantified by binding free energy

'The same authors also proposed to further tune protein frameworks via auxiliary supramolecular inter-
actions, adding a positively-charged guest as an effector to control finely the electrostatic complementarity 6.



Figure 1: Approach of the para-sulfonato-caliz-[4]-arene (sclzy), with Cytc (in green, PDB
ID 8TYI). The two main binding sites probed experimentally, Sites 1 and 2, are labelled in
green and in red throughout this work. They feature two lysines tweezers, K4 and Kb, and
K86 and K87.

calculations. Also, calixarenes are macromolecules with a considerable conformational flexi-
bility (which increases with n?®), which is neglected in docking. Further, the response of the
protein structure to ligand binding can produce conformational changes and even allosteric
effects*®, that docking can only approximate by considering different protein conformations
via ensemble docking protocols. Additionally, molecular docking scoring functions are highly
approximated and may not be suited for calixarenes binding®’.

In this work, we employed extensive, unbiased molecular dynamics (MD) simulations
followed by free energy calculations to investigate the binding of para-sulfonato-calix[4]arenes

to Cytc, and answers the following questions: which Cytc residues are implied in the ligand



surface recognition process? Can one rationalize why some positively-charged residues are
not experimentally implied in the binding of sclx, and clarify a possible competition with
salt bridges 7 Can we recover binding free energies in line with ITC measurements ?

The simulations results are consistent with both high-resolution structures from X-ray crys-
tallographic3* and ITC? data. They confirm the existence of specific binding sites targeted
by the sclx, ligand. We obtain an accurate estimate of the binding free energy, using the
Attach-Pull-Release (APR)®*5* method and we identify key residues implied in the protein-
calixarenes recognition. By evaluating the configurational entropy loss/change of protein
residues far from the calixarene binding site using the Quasi-Harmonic Multi-Basin (QHMB)

approach®, we highlight allosteric effects induced by protein-calixarene binding.

Material and Methods

Force field parameters

Classical all-atom molecular dynamics (MD) simulations have been performed using the

AMBERI18 package®®. A single Cytc monomer structure was used (108 residues), taken from

34

Cytochrome ¢ PDB ID 3TYI Saccharomyces cerevisae structure®*. The protonation state

of titratable residues was determined via H++ server (http://biophysics.cs.vt.edu/H-++)57
at the experimental pH of 6.03*35. The heme group was connected to the H18 and M80
residues using the “Metal Center Parameter Builder” (MCPB) module in AmberTools185%.

The atomic charges for the heme were obtained from RESP calculations®’

on a geometry
optimized at the DFT-B3LYP/6-31G(d) level of theory, following a previous parametrization
in our group®®. A Stuttgart-Dresden SDD pseudopotential was used for the iron center of
the heme cofactor. All DFT calculations were performed using the Gaussian 16 revision

60

B.01 series of programs®. We note that the heme is not directly involved in the surface

interaction between Cytc and sclxy.



Force field parameters for the sclx, ligand were taken from GAFF26!, while the protein
was described with the AMBER/ff14SB% force field. The atomic charges for sclx, were
assessed from the RESP procedure® at the DFT-B3LYP-D3BJ/6-31+G** level of theory.
The sclxy is present with one deprotonated phenolic hydroxyl (net charge of -5), as reported

in ref.34,

MD Simulations Protocol

MD simulations were carried out using coordinates from a dimeric co-crystallized Cytc-sclxy
X-ray structure (PDB ID code: 3TYI), from which one Cytc monomer was considered. The
ligand sclx, was removed and then placed far from the protein (at more than 10 A between
the centers of mass, see Figure S1), to probe molecular association with no bias. The binding
of a second sclxy molecule (Cyte-2 sclxy system) was also simulated with independent tra-
jectories (see Figure S2). All the details about relative positions and distances are reported
in Table S1. Independent replica of 200 ns (see Table S2) were used to ensure ligand diffusion
on the protein surface and sample stable binding events. The last 100 ns of the production
trajectories were used to capture relevant features of the main binding modes.

Per-residue energy decomposition was carried out using the molecular mechanics Poisson-
Boltzmann surface area method (MM-PBSA)%64 which has the key advantage to afford an
additive per-residue decomposition with individual contributions AAG. Binding free energy
calculations were carried out using the attach-pull-release (APR) method 5. Within APR,
starting from the initially bound complex, the ligand is forcibly detached from the protein
surface towards bulk solvent, and the distance between the two partners is selected as the
reaction coordinate along which the potential of mean force (PMF) is constructed (see ESI
for further details).

The conformational entropy loss of the ligand as well as protein residue in proximity of

the ligand binding site was quantified using the Multibasin Quasi-Harmonic (QHMB)5°



approach. Details of the method are given in ESI. All pictures were rendered using VMD%.

MD Simulations Details

The systems were initially minimized for 10000 steps (5000 of steepest descent and 5000
of conjugate gradient), and then heated up from 0 K to 300 K (with an integration time
step tsep Of 1.0 fs) for a total of 30 ps using the Langevin thermostat (yeu = 1ps™!) in
the isothermal-isochoric ensemble (NVT). Equilibration was carried out for 1 ns , using
an integration timestep of 2 fs in the isothermal-isobaric (NPT) ensemble (P = 1atm
and 7" = 300 K). Pressure control in NPT simulations was achieved using the Berendsen
barostat. For both systems, different NPT replica production runs (total simulation time
reported in Table S2) with different initial velocities have followed, and they have been carried
out with the pmemd.cuda module of AMBERI1S, through the use of graphics processing
units (GPUs). In the equilibration and production runs, a cutoff of 10 A was applied for
the van der Waals, for electrostatic interactions and for the real space of the electrostatic
interaction. Long-range electrostatic interactions were computed using Particle Mesh Ewald

(PME) algorithm %6-67,

Results and Discussion

Cytcis overall positively-charged (+10), which reflects the imperfect balance between positively-
charged and negatively-charged residues along the sequence of 108 residues. Cytc encom-
passes 16 lysines (K-2, K4, K5, K11, K22, K27, K54, K55, K72, K73, K79, K86, K87, K89,
K99, and K100 — hence with six of them acting as tweezers), 3 arginines (R13, R38 and
R91) and 4 histidines (H18, H26, H33, and H39). Negatively-charged residues correspond to
4 aspartates (D50, D60, D90 and D93) and 7 glutamates (E-4, E21, E44, E61, E66, E88 and
E103). Ten residues are involved in salt bridges K5-D90, D50-K54, K89-D93, K99-D103 and



K55-E66 (the latter one being an interchain salt bridge in the crystallographic structure).
This contributes to reduce the number of stable interaction sites between sclx, and the five
lysines (K5, K54, K55, K89 and K99) already implicated in salt bridges, even if the compe-
tition between salt bridges and sclx, remains to be investigated and is one of the scopes of

this study.

Structural Characterization

Cytc is a competitive system for sclx, binding, yet existing salt bridges interactions reduce
the number of possible, stable binding sites sclx,. Two stable binding sites were identified by
visual inspection of our 15 independent MD trajectories of 200 ns each and corroborated by
clustering analysis (see ESI). The first, stable interaction between sclxy and Cytc involves K4
and K5 (Figure 2-a). K4’s side chain adopts an inchworm conformation, as the ammonium
terminal group lies in the plane of the sulfonato substituents sticking out of the sclx, cage.
It interacts through a hydrogen bond with the oxygens of sulfonate groups, forming a contact
at an average distance of 2.8 A as the -NHZ terminus rotates with a lasso motion in the plane
of the four sulfonato moities. Analogous inchworm conformations have been found for host-
guest systems between spermine, spermidine and other supramolecular cages®. Meanwhile,
K5 interacts with one sulfonato group and remains outside of the cavity. Furthermore,
HBs between the sulfonate oxygens and the hydroxyl group of serine S2 (2.6 A) are also
observed. Such configuration has been also observed by X-ray crystallography (3.2 and 2.8
A respectively, for contacts with K4 and S2), revealing the importance of these residues in
calixarene recognition3*,

In the second representative structure (Figure 2-b) a similar binding geometry is ob-
served, with K86’s side chain rotating inside the sclx, cavity, as characterized by an average
interatomic distance between the ammonium terminal nitrogen and the sulfonato sulfurs of

2.9 A. K87 also interacts with the outer surface of sclx,. R13’s side chain additionally also



forms a HB with one sulfonate group (2.8 A) Interestingly, Crowley and coworkers3433

sug-
gested that the binding process in solution may involve two binding sites centered around
K4-K5 and K86-K87, in full agreement with our MD simulations started from fully non-
interacting conformations. These two binding sites co-exist, thus raising the possibility that

3435 This stands as a pre-requisite for

two sclx, molecules interact simultaneously with Cytc
using para-sulfonato-calixarenes as molecules glues to consolidate protein-protein interface.
Figure 2-c shows the most representative structure for two calixarenes interacting with
the Cytc protein at Sites 1 and 2. As already noticed for Cytc-sclx, system, two lysines
adopt an inchworm conformation, whereas vicinal lysines interact outside the calixarene
surface with one sulfonato moiety to stabilize binding. Other residues help anchoring the
sclxy ligand. At Site 1, a sulfonato moiety establishes an additional hydrogen bond with
the hydroxyl group of S2. The role of R13 that gives rise to a HB with the sulfonate group
of sclxy close to Site 2 is also highlighted. In the case of Cytc—2 sclxg, on the other hand,
R13 acts as a bridge between the two binding sites, interacting simultaneously with the two
ligands because of the higher surface area covered by ligand molecule?®.
Figure 2-d provides a superimposition of sclx, interacting at Site 1 in the X-ray reference
structure. The relative RMSD values with respect to the reference structure, obtained con-
sidering the whole protein backbone atoms, S2 and K4 side-chains and the sclx; molecule,
are 1.00 A, 0.90 A, 0.96 A and 0.96 A for site 1, while 1.00 A, 0.66 A, 0.60 A and 0.93 A for

site 2. These low RMSD values show that the MD-captured structure of sclx, in Site 1 is

in excellent agreement with the crystallographic structure.



Figure 2:  Upper panel: two most representative structures for Cytc-sclxy, with the ligand
sclzj interacting in a) Site 1 and in b) Site 2, obtained from cluster analysis of the tra-
jectories. c¢) Most representative structure for Cytc-2 sclxy system, with the two ligands
interacting in Sites 1 and 2. R13 residue is also labelled in black. Cytc is reported in cartoon
representation colored of green, while the sclxy and the heme cofactor of Cytc are shown in
licorice tubes. d) Inset of the superimposition of the X-ray structure (Cytc in cyan cartoons,
sclxy molecule, S2 and K4 residues in licorice tubes) with structures of panel a (Cytc in
red cartoons, sclxy, S2 and K/ residues in red lines) and ¢ (Cytc in green cartoons, sclxy,
S2 and K4 residues in green lines). Hydrogen atoms are not shown for sake of clarity. K4
adopts an inchworm conformation.
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Per-residue Decomposition

The interaction between the surface residues of Cytc and sclx, was analysed by decomposing
the free energy of binding, evaluated by the Molecular Mechanics/Poisson-Boltzmann surface
area (MM-PBSA) approach® on the production MD trajectories (see Table S2 of ESI), into
per residue contributions.

Although MM-PBSA usually strongly overshoots the absolute binding affinity of sclxy
for Cyte, this analysis provides a readable “footprint” of the protein-ligand interaction (Fig-
ure 3). The most sizeable contributions are listed in Table 1. The key role of charged residues
like lysines and arginines single out in Figure 3 and corroborate the visual inspection of the
stable binding sites. For the Cytc—sclx, system, it is observed that the calixarene interacts
with protein residues K4 and K5 at Site 1, with an interaction energy of -3.4 + 1.3 and -
1.4 £ 0.9 keal-mol ™!, respectively. Similarly, residues K86 and K87 play a central role to bind
the calixarene sclx, at Site 2, with a per-residue contribution of -7.7 + 1.2 and -7.3 4+ 1.3
kcal-mol ™!, respectively. The presence of the second ligand slightly modifies the interaction
pattern. In this case, the contribution of K4 is enhanced (-6.7 4= 1.2 kcal-mol™!), and it is
closer to that of K86 (-5.0 £ 1.6 kcal-mol™!) and K87 (-4.5 + 1.8 kcal-mol™'). Another non
negligible contribution is introduced by R13, which is similar in both systems (-4.3 + 1.5
and -3.4 £ 2.0 kcal-‘mol™!). The R13 role, effectively, is to stabilize the calixarene binding
at Site 2.

Interestingly, a third tweezer K72-K73 singles out from monitoring the per-residue contri-
butions (see Figure 3, lower panel), lower panel, with a per residue contribution of -1.1 + 0.8
and -0.7 & 0.2 kcal-mol .

Specific interactions of sclx, with the small-size Cytc involve residues at Sites 1 and 2, with
no other significant contribution, as shown by the color map provided in Figure 4. Per-type
contributions from positively and negatively-charged residues are reported at the bottom

panel of Figure 4. The most important contributions include lysines residues (-26.6 + 2.8 and
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Figure 3: Per-residue decomposition AAG of the total interaction energy estimated by the

MM-PBSA approach, in kcal-mol™' as a function of residue number for the system Cytc-
m green

-sclxy (upper panel), and for the system Cytc-2 sclxy(lower panel). The colorbozes
and red correspond respectively to Site 1 and Site 2.
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Figure 4: Upper panel: color map of per-residue decomposition AAGy (leftside) or AAG,
(rightside) for Cytc-sclxy and Cyte-2 sclxy systems, respectively. The color scale is defined
by dividing each contribution by the maximal absolute one (AAG,(K86) and AAGy(K4))
and using the color codes blue for attractive interactions and red for repulsive interactions.
Lower panel: per-type decomposition over charged residues: lysine (LYS), arginine (ARG),
histidine (HIS), glutamate (GLU), and aspartate (ASP) for Cytc-sclxy and Cytc-2 sclxy

systems, respectively.
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-25.1 4+ 3.4 keal-mol™! for equilibrium 1 and 2, respectively). Additionally, arginines show
a non-negligible attractive contribution (-6.3 4= 1.5 and -4.9 + 2.1 kcal-mol™'). Similar to
Cytc—sclxg®® recognition, the ability of calixarenes to interact strongly with charged residues
makes them adaptable to the protein surface area, corroborating the binding process as
electrostatically-driven. It is well known experimentally that protein-calixarene binding sites
are most often lysine-rich regions ™. Binding implies sulfonato groups of sclx, molecule which
interact through electrostatics and hydrogen bonds (HB) (see upper panel of Figure 2). Note
that since the fourth K44-K55 tweezer, which belongs to the €2 loop, is already implicated
in two salt bridge interactions, and hence cannot serve as a potential anchor point for sclx,
binding.

Table 1: Interacting residues for Sites 1 and 2 and auxiliaries sclxy coordinating residues
onto the Cytc surface, and their per-residue decomposition contributions of the first Cytc—
sclx, (AAG,) and of the second Cytc—2 sclxy(AAGs) equilibrium. The values of the in-
terface area (Int. Area) and Al ,q,4 (see Eq. S6 and S7) are also reported, while residues
identified in the experimental crystal structure are boldfaced’.

RES AAG AAG, Int. Area (A?) Al aga (A?)
(kcal.mol™1)  (kcal.mol~1) endo exo endo exo
S2  -02+02 0.6 4+ 0.3 21.1 + 2.0 i
K4  -34+1.3 6.74+1.2 216 £9.0(230) 210.6 & 3.0 (200) 106.6 £ 3.8  65.0 &+ 4.2
K5 -14+09 1.7+ 1.0 - 21.5 + 6.0
) K86  -7.7+ 1.2 5.0+ 1.6 90.6 + 30.0 45.6 & 25.0
Site 2 ygr 73113 45+ 1.8 272.4 + 36.1 202 + 68.4 40.8 4+ 10.0 455+ 9.8
RI3 434+ 15 3.4+ 2.0 : 33.1 + 20
Other  pro 11108 08407 ] 54 51 ] 405 + 3.7
K73 0.7+ 0.2 0.8 4 0.7 ' ' - 34.4 + 24.0
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Ligand Conformations

Our MD simulations also shed light on the conformations adopted by the ligand as it ap-
proaches the protein surface, which can be directly compared with experimental data from
X-ray structures. Indeed, Crowley and co-workers have obtained contact area results at
the protein-ligand interface®!. Table 1 collates the values of the interface area and A%, 44,
defined as the contribution of the 4th residue to the total interface area (see Eq. S6 and
ST7). These values provide a direct measure of the residue surface offered to the calixarene
while binding, and are in good agreement with the experimental findings (marked in bold
in Table 1). Inspection of these data corroborate the dynamic nature of the interaction and
suggests how the ligand might explore the protein surface, adopting different conformations,
as already pointed out by the analysis of the crystal packing®*. X-ray structures reveal that
sclx, can also interact at the ezo surface (lower rim), in which case the alkyl portion of
lysine protein residues is important. In order to be able to catch these conformations, an
analysis of the approaching angle ©, defined as the angle formed between the centers of mass
of the protein, the ligand sulfur and hydroxyl oxygen atoms, has been performed while the
ligand interacts onto the protein surface. A normalized distribution is reported in Figure S3,
pointing out that the ezo and the endo (upper rim) conformations have an average © angle
of ~ 50 ° and ~ 140 °, respectively. The ezxo conformations, thus, have a role in allowing
Cytc to anchor the sclx, to from multiple sides, as shown by its broader distributions. Ac-
cording to these results, sclx, spans different conformations while probing the surface. The
exo conformation corresponds, as shown in Figure S4, to an alternative binding mode where
a lysine tweezer coordinates sclx, and the alkyl side chain of lysine form CH- - -7 interaction

with the phenyl ring of the calixarene.

15



Protein-sclx,; Association: Binding Free-Energy and Allostery

Our agreement with experimental findings also stands from the thermodynamic point of
view. The experimental dissociation constant Ky for the Cyte-sclxy system was obtained
via ITC experiments®®, and corresponds to a binding affinity of -6.3 & 0.2 kcal-mol~!. Table 2

provides a comparison between this value and computed AG,,,, by APR approach.

Table 2:  Ezperimental and calculated (APR method) AG,, , binding affinity for Cytc-sclx,
assoctation.

System Exp.3® Method Sitel Site 2 Total

Cytc—sclxy -6.3 + 0.2 APR -75+£05 -64+£06 -76=+04

The calculated binding affinities through the APR method for the Cytc—sclx, system lie
in very good agreement with the experimental result (AAG = 1.3 kcal-mol™!), while the
MM-PBSA (-31.72 £ 0.13 kcal-mol™!) method strongly overestimates the value. Per-site
binding affinities differ by ca. 1.1 kcal-mol~!, pointing to nearly equivalent binding sites.
Our computational approach also allows to identify protein allosteric events upon sclxy
binding, and how they influence the flexibility of near and distant residues from the binding
site. The configurational entropy loss upon sclx, binding was evaluated through the QHMB
method, from bound and unbound states. The binding process also entails a freezing of
the motions of some residues in the binding site, as well as a global rearrangement of the
protein salt bridges network all around. Their configurational entropy loss upon binding for
a selection of proximal residues in both sites (see Figure S5 for details) has been calculated
following Eq. S8, and range between 8.5 and 11 kcal-mol~! (see values in Table S4). The final
values for both equilibria are reported in Figure 5.

Entropic contributions evidence a significant change in the flexibility of the ligand and

16



the protein residues involved in the binding. The second ligand can trigger conformational
modifications to the other binding site as shown by A(TAS,fiZJ;b) between Site 1 and 2,
that passes from 0.44 to -1.50 kcal-mol™!(Figure 5). This feature denotes a cooperative

contribution of the binding even if enthalpic and solvation contributions may also play an

effective role in the per-site binding mechanism.
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Figure 5: Entropic contributions(TAS,”" ) in kcal-mol™ for the first (Cytc-sclxy, empty
histograms) and the second (Cytc—2 sclxy, filled histograms) associations for binding sites

1 and 2 (in green and red), through the QHMB approach. The corresponding values are
reported in Table Sj.

By enlarging the configurational entropic analysis to all protein residues, we highlight al-
losteric effects upon ligand binding. Figure 6 provides a color map for T' ASe™  where red

b—unb’

colored residues exhibit more confined movements in the presence of the ligand(s) (bound
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panel), Site 2 (central panel) and in Sites 1 and 2 simultaneously (right panel), respec-
tively. The color scale is defined by dividing each contribution by the mazximal absolute one
(TAS . (K4), (KS86) (K4), respectively, for the three panels) and using the color codes
red for negative values and blue for positive values. Residues R38, N42, E}4 and K89 are
reported as directly affected by the analysis
Lower panel: salt-bridge distributions for R38-F44, N42-H39 and K89-D93 pair interactions.
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state) than without (unbound state), which arise from the tightening of the interaction net-
work with surrounding residues. R38, N42 and E44, belonging to the {2-loop opposite to
Sites 1 and 2 (Figure 6), undergo a dynamical modification of salt bridge network in which
they are involved. The presence of one sclx, molecule strenghtens R38-E44 salt bridge, as
shown by the distance distribution reported as inset in Figure 6. This induces less fluctu-
ations for R38 and E44. N42-H39 interaction is also reinforced upon binding of two sclxy,
compared to the binding of a unique ligand. On the other hand, K89, that lies between
sites 1 and 2, establishes salt bridges with D90 and D93 negatively-charged residues. K89’s
accessibility in solution is highly influenced by the dynamical salt bridge formation with
D9334, such that the binding occurs at K86-K87 rather than K89. Such interaction is main-
tained mostly with one ligand bound in Site 1, stressing out the cooperativity effects upon

binding of a second sclx, molecule.

Conclusions

The association between sclxy, proposed as molecular glues, and cytochrome c is inves-
tigated by MD simulations and free energy calculations. Computational results provide a
detailed structural and thermodynamic description of para-sulfonated calix-[4]-arenes-protein
binding consistent with experimental evidences by Crowley and coworkers. Two calixarene
recognition sites are identified de movo by MD simulations and lie in neat agreement with
previous studies. Analysis of the per-residue contributions to binding highlights the impor-
tance of residues like K4, K5, K86, K87, in agreement with experimental NMR and X-ray
crystallographic data*, and R13.

For such electrostatically-driven protein-ligand interaction, we show the superiority of
the APR method, which yields results in quantitative agreement with ITC measurements>®.

This method is set up as a reliable computational approach to explore the energetics of
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protein-calixarene binding and may be used for the rational design of ad-hoc functionalized
protein crystallization auxiliaries.

MD simulations also allow to probe an accurate protocol which offers insights into prominent
protein systems. The evaluation of the configurational entropic penalty, which affects more
strongly large and flexible ligands as sclx,4, with the QHMB method has enabled a detailed
analysis of the dynamical rearrangement of protein-ligand system during the binding. It
has revealed, in fact, that the protein salt bridge network can be influenced by the presence
of the ligand. Specific surface regions may become more rigid, highlighting a reduction of

surface entropy, and the ligand can thus promote protein-protein contacts™.
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