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ABSTRACT: The dynamic adaptability of tetragonal prismatic nanocapsule 18+ in the selective separation of fullerenes and
endohedral metallofullerenes (EMFs) remains unexplored. Therefore, the essential molecular details of the fullerene recog-
nition and binding process into the coordination capsule and the origins of fullerene selectivity remain elusive. In this work,
the key steps of fullerene recognition and binding processes have been deciphered by designing a protocol which combines
1H-'H exchange spectroscopy (2D-EXSY) NMR experiments, long time-scale Molecular Dynamics (MD) and accelerated Mo-
lecular Dynamics (aMD) simulations, which are combined to completely reconstruct the spontaneous binding and unbind-
ing pathways from nanosecond to second time-range. On one hand, binding (k’n) and unbinding (kofr) rate constants were
extracted from 'H-1H exchange spectroscopy (EXSY) NMR experiments for both Ceo and C7o. On the other hand, MD and aMD
allowed monitoring the molecular basis of the encapsulation and guest competition processes at a very early stage under
non-equilibrium conditions, displaying dynamical adaptability features similar to those observed in the process of bio-
molecular recognition in proteins. In addition, the encapsulation of azafullerene (Cs9N)2 within a supramolecular coordina-
tion capsule has been studied for the first time, showcasing the pros and cons of the dumbbell-shaped in the dynamics of the
encapsulation process and in the stability of the final bound adduct. The powerful combination of NMR, MD, and aMD meth-
odologies allows to obtain a precise picture of the subtle events directing the encapsulation, and is thus a predictive tool for
understanding host-guest encapsulation and interactions in numerous supramolecular systems.

INTRODUCTION

Molecular recognition is a key concept in biology and chemis-
try.!® The network and stability of non-covalent interactions
established between the binding partners and the flexibility of
the interacting molecules determines the temporary nature of
the complex formed. The mechanisms through which mole-
cules interplay to attain stable (and often transient) states are
complex and involve a series of interconnected intermediate,
misbound, and transition states. The pathways that drive
recognition and dissociation are strongly influenced by the
dynamism of the interacting partners. Large molecules exist as
dynamic conformational ensembles and their ability to adopt
different conformations play a key role along the molecular
recognition process.* The motions required to switch between
different conformations occur at a variety of timescales that
can facilitate or hinder binding and unbinding processes. The
rates of interconversion between different conformations and
their relative populations can change upon binding and be
altered by the nature of the guest. By unravelling the dynamic
details of association and dissociation pathways it is possible
to gain insight into the detailed molecular mechanisms of
relevant chemical processes and, then, to harness this infor-
mation to enhance the rational design of novel drugs, protein
assemblies, and supramolecular complexes.

Many fascinating supramolecular host-guest systems have
been reported in the last decades.>® In the vast majority of
these reports, only the host-guest adducts formed are under the
spotlight. These adducts have been fully characterized in the
solid state by means of X-ray diffraction and in solution by
NMR and other spectroscopic techniques.’!® However, due to
the static picture given by crystallography and the chemical
shift time-scale resolution (seconds to ms) of NMR, an over-
simplified picture of the binding and unbinding processes is

obtained, thus the understanding of the fundamental molecular
and dynamical aspects guiding the initial steps of supramolec-
ular host-guest recognition remains in the dark. In order to
design a substrate-selective receptor molecule it is imperative
to precisely understand the dynamical steps and conformation-
al changes in which the receptor recognizes, interacts and
selectively binds to a certain substrate under non-equilibrium
conditions. Tuning recognition pathways and the plasticity and
dynamics of the host offers new routes towards improving
rational design of supramolecular plataforms.!!

Molecular dynamics (MD) simulations represent a reliable
tool for describing the intrinsic conformational dynamics, the
binding pathways and binding modes of a host-guest system in
solution at the atomic level.'*!"> MD simulations have been
vastly used to characterize step by step the molecular basis of
intricate drug binding and unbinding pathways in biological
systems.'®22 In the field of supramolecular chemistry the num-
ber of examples studying recognition pathways of host-guest
binding and self-assembly in non-equilibrium conditions are
scarce.!l 2% Applications of MD simulations are in general
focused to characterize the intrinsic dynamics of the bound
complex,*®to estimate free energies of binding,*' or as a
benchmark for force-field calibration.’? During the past several
years, many short-time scale MD simulations of cyclodextrins
or crown-ethers and their inclusion complexes have been
reported.**** MD simulations of host-guest adducts have also
been combined with quantum chemistry tools for predicting
supramolecular catalysis in metallocages and cavitands.?*3

However, in general, a tremendous amount of conformational
sampling is required to reach timescales of interest in supra-
molecular chemistry. For example, common guests exchange
in the milliseconds to seconds time scale making this process a
rare event. These timescales are still not accessible for study-
ing spontaneous binding and exchange of multiple guests with

Page 1 of Vol 16 | Issue 2 - 2024



Journal of Research in Health Sciences
ISSN: 2228-7809 | https://jrhsjournal.com

unbiased MD simulations.** In addition, for intrinsically dy-
namic hosts, complex guests, and for systems where multiple
binding pathways exist is complicated to capture all events
with a collective variable without exploring a priori the un-
constrained binding and unbinding pathways.***! Accelerated
molecular dynamics (aMD),*** a versatile enhanced sampling
technique that speeds up molecular dynamics and does not
rely on the a priori definition of reaction coordinates allows
for an unguided sampling of spontaneous binding and unbind-
ing events, capturing all the essential details of these process-
es.*% A combination of MD and aMD can be used as a tool
to mimic a computational nanoreactor to characterize step by
step the dynamics, spontaneous binding, and competition
between multiple guests in supramolecular host-guest adducts.

Herein, a tandem protocol has been developed, which com-
bines 2D 'H-'H exchange (EXSY) NMR spectroscopy with
MD-based techniques on a host-guest event of the supramo-
lecular tetragonal prismatic nanocapsule 1% which is capable
of entrapping Ce and Cyo fullerenes very effectively (K, > 107
M) (Scheme 1).4* By using EXSY NMR and MD/aMD
techniques a new and precise molecular perspective of the
dynamics of the fullerene encapsulation inside the nanocap-
sule is obtained. The approach allows for the covering of
multiple events, from the initial binding steps (at the ns-us
scale), to the competitive guest binding and exchange (up to
the millisecond-second timescale) (see Scheme 1). This study
shows that the encapsulation does not require to dismantle and
reform the nanocapsule, and provides a detailed description of
the role of aromatic groups at the entrance gate to control
encapsulation and unbinding events. Overall, the encapsula-
tion pathway is completely reconstructed at the molecular
level for a series of guests. It is concluded that the capsule
displays dynamic and recognition features typical of biological
systems that allow for selective encapsulation of fullerenes.
Finally, the encapsulation of azafullerene (CsoN), within the
supramolecular coordination capsule 1% has been studied as a
strategy to tweak the recognition pathway by simultaneous
interactions at the cavity and at the gate due to its dumbbell
shape.*’
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and Dynamics
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Scheme 1. a) Illustration of the similarities between bio-
molecular recognition and dynamics and supramolecular
recognition and dynamics; b) Experimental encapsulation of
Ceo and Cy in nanocapsule 1-(BArF)s; c) crystal structure of
13, Cec1® and Cyc1?; d) relevant processes, time scales,
and techniques for the complete reconstruction of fullerene
encapsulation, Cr (in light orange) and Cg (in green).

RESULTS

Nanocapsule 1:(BArf)s consists of two opposing Zn-
porphyrins linked by four bridging macrocyclic clips intercon-
nected by four Pd"-carboxylate bonds that define four entrance
gates (Scheme 1 and Figure 1). 13" has been reported as an
efficient fullerene receptor for different sized fullerenes (from
Ceo to Cgs). The release of the fullerene guest sequestered in
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13 could be achieved by applying a solvent washing
protocol,*® or a redox-controlled guest exchange strategy,*
highlighting the dynamic and reversible nature of the recogni-
tion process.

In order to explore in detail the dynamics of fullerene encapsu-
lation, the in-out diffusion of C¢ and Cyo in 1" under equilib-
rium conditions through 'H-'H exchange spectroscopy
(EXSY) experiments was investigated.!

Dynamic NMR experiments. The experimental design re-
quired the coexistence of empty and filled capsule 1%*, and for
this reason sub-stoichiometric amounts of fullerenes were
added to the capsule receptor. The exchange studies were
conducted in a CD3;CN:[Ds]toluene 1:4 mixture to guarantee
the proper solubility of both 1% and the fullerene guests. A
previous 1D and 2D-NMR characterization in CD3CN has
been described for 1%, Cgc1%*, and Cyc1®* (Figures Sl-
S4).46

Fittingly, the 'H-NMR analysis of the nanocapsule 1%" in the
presence of sub-stoichiometric amounts of Cgo (Figure 1)
revealed two sets of signals for some of the aromatic protons,
corresponding to empty 1%" and to the fullerene-containing
capsule Cgc1%* (protons b, h, j, k). A similar behaviour was
observed when C7y was used as a guest (Figure S3).
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Figure 1. a) Expansion of "H NMR spectra (CH3CN:[Ds]toluene
1:4, 600 MHz, 298 K) of the nanocapsule 13" (0.52 mM) upon
addition of (b) 0.33; (c) 0.46; (d) 0.66 and (e) 0.95 equivalents of
Ceo. Protons belonging to Cgc1%* are labelled as "bound*.
Pyrrole protons appear in purple.

The 2D-NOESY NMR spectrum of a solution of 1%* in the
presence of 0.33 equivalents of Ceo displayed clear cross-peaks
between signals of the host-guest complex CgC1%" and of the
empty capsule 13 (Figure 2). In fact, they were assigned as
exchange cross-peaks since they were also detected in 2D-
ROESY experiments, and they displayed the same sign as the
diagonal peaks (Figure 2 and 3). Further H-'H 2D EXSY
(NOESY) experiments using different sub-stoichiometric
amounts of Cg (0.46 and 0.66 eq) and Cyo (0.60 and 0.70 eq)
led to analogous observations (see Figures S5-S6).

The rate constants for the exchange process (k’on= kon[G] and
kotr) were calculated in the presence of various amounts of Ceo
and Cy (see details in ST and Schemes S1-S2). In particular,
the intensities of the cross and diagonal peaks of the EXSY
experiments measured with mixing times of 3 ms and 400 ms
were employed (Table 1).5233 The obtained data allowed treat-
ing the encapsulation process as a pseudo-first order reaction
since, under the investigated conditions, k’o, displayed a linear
dependence on the concentration of Cg and C70.°*> From
these data, the corresponding exchange rates kex = K’on + kot
could be extracted (Table 1). On average, significantly larger
association/dissociation events occurs per second for Ceo than
for C70.
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Figure 2. a) 2D-NOESY NMR spectrum (600 MHz, mixing time
=400 ms) of 13" at 0.52 x 10 M CD3CN / [Ds]toluene, at 298 K
in the presence of 0.33 equivalents of Ceo. Cross-peaks between
protons signals at 7.93 and 7.77 ppm were used to determine the
rate constant k’on = 0.967 s and k’ofr = 2.286 s7'. b) 2D-ROESY
NMR spectrum (600 MHz, mixing time = 200 ms) of 1 at 0.52 x
10 M CDsCN / [Ds]toluene, at 298 K in the presence of 0.33
equivalents of Ceo.
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Figure 3. a) 2D-NOESY NMR spectrum (600 MHz, mixing time
= 400 ms) of 13" at 0.3-10° M CD3CN:[Ds]toluene 1:4, at 298 K
in the presence of 0.6 equivalents of C7o. Cross-peaks between
protons signals at 7.93 and 7.78 ppm were used to determine the
rate constant k’on = 0.342 s and k’ofr= 0.236 s°'. b) 2D-ROESY
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NMR spectrum (600 MHz, mixing time = 200 ms) of 1¥* at
0.3-103 M CDs3CN:[Ds]toluene 1:4, at 298 K in the presence of
0.6 equivalents of Co.

Table 1. Pseudo-first order rate constants for the guests (Ceo and
Cr0) entry (k’on) and departure (kotr) from the host 18" determined
by 'H-'H EXSY experiments. Second-order on-rate constants
(kon) were determined from the slope of the linear regression of
k’on vs [G] data. kon values obtained from kofr and Ka (kon = Ka -
kotr) were indicated in brackets.
kotr (s™) Kon(sT) kex (s)

Guest Equiv. Kon (M 's1)

Supramolecular capsule flexibility/adaptablity. First, the
guest-free nanocapsule 1-(Cl)s was subjected to MD simula-
tions (three replicas of 2.5 s, see SI for computational de-
tails). Far from the rigid view of the X-ray structure, the su-
pramolecular capsule showed exceptional flexibility in solu-
tion.*® Twists of the four capsule clips that define the four
entrance gates provide great flexibility to the system (see
Video S1). This is translated to ZnPorph---ZnPorph distances
ranging from 11.3 to 15.8 A being the average distance 13.6 +
0.5 A in solution, close to the 14.1 A found in the XRD struc-
ture (see Figure S7). These results highlight the intrinsic flexi-
bility of the supramolecular capsule that its key to explain its

Ceo 0.33 2.47+0.19 1,04+0.07 3.51+0.20 (6.91£0.05)-107
0.46 2.4940.11 1,90+0.09 4.39+0.14 (6.96+0.03)-107

0.66 1.35+£0.04 2.61+0.15 3.95+0.15 (3.77+0.01)-107

average: 4-107(5.9-107)

(&N 0.6 0.2210.03 0.5340.08 0.75+0.08 (8.76+1.04)-107
0.7 0.28+0.03 0.75+0.08 0.98+0.09 (1.11£0.14)-10%

average: 1-10%(9.9-107)

Although some statistical dispersion was detected in determin-
ing the dissociation rate constants of Cg, the obtained k. were
significantly (ca. one order of magnitude) faster than that
measured for Cy, indicating a higher affinity for the encapsu-
lation of Cyy. These results are in good agreement with the
binding constant previously calculated from UV-vis and fluo-
rescence titration experiments (K,= 2.8 x 107 M! for Cgy and
K.=3.98 x 108 M! for C).* Finally, the second-order associ-
ation rate constants kon (kon = Ka X kofr) for Ceo and C79 were
determined from the slope of the curve &’y vs. guest concen-
tration (see Supporting Info) and from the direct relationship
of kon With ko (extracted from the EXSY experiments) and the
K. constants (obtained from fluorescence titration experi-
ments).** On average, ko, values of 4.9-10” M's! and 9.9-107
M-ls! were calculated for Cgo and Co, respectively.

Therefore, the 'H-'H exchange spectroscopy (EXSY-NMR)
experiments indicate that i) guest exchange occurs in the range
of hundreds of milliseconds to seconds for both Cg and Cro
and that ii) the higher affinity of 13* toward the encapsulation
of Cy arises from a slower dissociation of C7,c1%" compared
to Ceoc1%, strongly suggesting the existence of stronger inter-
actions for the C70c1%" complex. Hence, a mechanistic expla-
nation of these results at the molecular level is required. In this
context, we reasoned that the development of a novel method-
ology for the full understanding of these dynamic recognition
events at the first stages of the interaction would be of high
interest to determine the structural parameters and molecular
recognition forces that govern the observed selectivity.

Molecular Dynamics (MD) of fullerene encapsulation. To
unravel the essential details of fullerene encapsulation and
selectivity, the encapsulation of one molecule of C7g in 13* was
studied by long-time scale MD simulations. An analogous
analysis was performed for Cg. Then, aMD technique was
applied for a competitive encapsulation experiment with one
molecule of Ceo and one of Cy. Finally, the intricate encapsu-
lation of (CsoN), is explored.

affinity for fullerenes of different size (from Cg to Csa).
Therefore, the 13" in the guest-free form samples a large num-
ber of thermally accessible conformations other than the one
represented in the X-ray structure. This ability is reminiscent
of proteins as well of the flexibility reported in some MOFs.*
57 The inner flexibility of 13" evokes to the concept of confor-
mational selection used to elucidate molecular recognition
processes in biomolecules, which is based on the pre-existence
of all conformations in solution.* Then, the ligand selects and
stabilizes the conformations displaying proper binding features
that causes a shift on the relative populations of the conforma-
tional ensemble. The question is whether fullerene encapsula-
tion is going to display similar features as biomolecular recog-
nition processes and alter the relative populations of confor-
mational states sampled by the guest-free capsule.

General features of Cz encapsulation process. To elucidate
the essential details of the recognition process at the molecular
level, MD simulations in the presence of fullerenes in solution
were performed. The encapsulation process in equimolar
amounts of Cyy and capsule 1-Clg was simulated in multiple
replicas to obtain a statistical characterization of the binding
event (30 replicas in total accumulating 75 ps of simulation
time, see Figure 4 and Figures S8-11). The fullerene was
placed in an arbitrary position 25 A away from the center of
mass of the supramolecular capsule and was allowed sponta-
neously diffusing along the MD trajectories (see Figure 4a and
4c). The distance between the center of masses of C and the
supramolecular capsule, d(1°°M-C7,“°M) was monitored along
the MD simulation to capture the encapsulation event (dis-
tances below 2 A indicate Cyy encapsulation at the center of
the capsule). Complete encapsulation was observed in twenty-
six out of thirty replicas of 2.5 us MD simulations (86% of
binding events) indicating that fullerene recognition and bind-
ing takes place in the nanosecond-microsecond time scale. The
visual inspection of MD simulations revealed the following
features (see Videos S2 and S3). In all cases, C7y was observed
to firstly interact with one of the four entrance gates of the
capsule, being transiently stabilized in this position. The per-
manence in the gate ranged from 5 ns to few microseconds
revealing the existence of metastable intermediate states and
multiple binding pathways prior complete encapsulation that
were not identified previously from XRD structures and NMR
experiments (see Figures 4a and 4b). After subtle but signifi-
cant nanocapsule rearrangements described below, the fuller-
ene subsequently enters to the center of the cavity sitting in
between the two porphyrin units (an axis can be drawn from
one Zn center to the other, passing through the center of Cso
sphere). The MD predicted bound complex coincides with
XRD and DFT structures.*® Despite this fixation, the fullerene
present ability to rotate inside the cavity. The latter, together
with the transient state observed prior the complete entrance of
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Cr, suggested a barrier for a) recognizing the gate, b) entering
through the gate and c) being fixed while rotating at the center
of the cavity.

To offer a complete picture of the metastable states and dy-
namical steps of the recognition and binding process, the free
energy landscape (FEL) of the encapsulation was reconstruct-
ed from an accumulated simulation time of 75 ps (see Figure
4b). The FEL was represented by two coordinates: the distance
between the center of masses (COM) of Cyy and the supramo-
lecular capsule, d(1°°M-C7“°M), and the ZnPorph---ZnPorph
distances. The FEL obtained from these two coordinates re-
vealed five metastable states: Unbound (U, d(1°M-C7,°M) >
20 A, Recognition (R, d(1°°M-C7°M) ~13 A), Intermediate 1
(T, d(1€OM-C*OM) ~10 A), Intermediate 2 (I2, d(1°°M-C7,“°M)
~7 A), and Bound (B, d(C7,“°M-1°°M) < 2 A) states. Fullerene
recognition (from solvent to the gate) takes place in few nano-
seconds with a small barrier of approximately 1 kcal/mol
associated to the transition from U to R. Then, the fullerene
molecule is rapidly stabilized at the center of the gate (I2) and
eventually overcomes a barrier of roughly 4 kcal/mol to target
the center of the supramolecular capsule (B). The latter pro-
cess takes place in the nanosecond-microsecond time scale
indicating the fast recognition and binding of Cy by the su-
pramolecular capsule. The I-B transition involves, first, a
transient expansion of the ZnPorph:--ZnPorph distance from
14 to 15 A to let the fullerene target the center of the capsule
and, second, a compression of the capsule towards 13 A to
stabilize the fullerene molecule. As shown in the FEL of Fig-

ure 4b, in the bound state, the ZnPorph---ZnPorph distance of
the minima is shorter (13 A) than in other states (above 13.5 A
as in the guest-free capsule). Therefore, Cyo binding (B) alters
the dynamics of the capsule inducing a population shift to-
wards shorter ZnPorph---ZnPorph distances, restricting the
flexibility of the nanocapsule by increasing the interactions
between the fullerene and the ZnPorph moieties. Cyo selects
and stabilizes scarcely populated conformations in the guest-
free capsule (ZnPorph---ZnPorph distances below 13 A) shift-
ing the conformational ensemble towards a more compressed
nanocapsule (see Figure S9).

Moreover, interconversion between two intermediate states, 12
and I, was frequently observed at the entrance gate. In state
I, the fullerene lays in the center of the gate, featuring a larger
ZnPorph---ZnPorph distance (14.0 A average) and stabilized
by the ‘hand-glove-effect’ exerted by the n-m interactions of
the fullerene with the phenyl moieties of the clips. On the
other hand, in state I; the fullerene is stacked in the bottom of
the entrance gate stabilized by two phenyl rings connecting the
porphyrin moiety and carboxylate groups directly bound to the
palladium atoms. Unbinding of Cs from the bound state B is
not observed in the microsecond time scale simulations. This
is consistent with NMR experiments indicating that guest
unbinding and exchange event occurs in the millisecond to
second time-scale.
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Figure 4. a) Plot of the distance between the center of masses of C7 and the supramolecular capsule, d(C7o“°M-1€°M) for ten repre-
sentative 2.5 ps replicas of MD simulations. Distances below 2 A indicate complete C; encapsulation (dashed horizontal line).
Spontaneous binding is observed in nine out of ten of the selected replicas. Inset plot of the first 100 ns where four replicas display
fullerene encapsulation in the tenths of nanoseconds time-scale (fast encapsulation). b) Reconstructed Free Energy Landscape
(FEL) of the spontaneous encapsulation process of C7p obtained from an accumulated simulation time of 75 ps of MD simulations.
The FEL has been reconstructed using d(1°°M-C7,“°M) and ZnPorph---ZnPorph distances. Fives relevant metastable states are iden-
tified: Unbound (U), Recognition (R), Intermediate 1 (I1), Intermediate 2 (I2), and Bound (B) states. Molecular representation of
each state. The width of the arrow indicates the most frequent events observed and the time scales implied from MD simulations
and NMR experiments. c) Plot of the distance (in A) between the center of masses of C7 and the supramolecular capsule, d(1°°M-
C7M) along 2.5 ps of a representative replica of MD simulation. Distances below 2 A indicate complete C7 encapsulation
(dashed horizontal line). Plot of the distance (in A) between ZnPorph---ZnPorph along 2.5 ps of a representative replica of MD
simulation. Vertical dashed line indicates the moment that full encapsulation takes place.
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Molecular basis of C70 dynamic encapsulation process at
ns-pus timescale. To gain deeper insight into the chemical
nature of encapsulation barrier (transition from I» to B), a
detailed study of the molecular basis of possible fullerene
recognition pathways was performed based on monitoring key
distances between different parts of the cavity as well as ana-
lyzing the dimensions of the entrance gate (see Figures 4c and
5). The MD simulations revealed that the orientation of the
phenyl rings connecting the porphyrin moiety and carboxylate
groups directly bound to the palladium atoms is key to allow
the entrance of the fullerene (Figure 5). In each of the four
entrances there are four phenyl rings that act as a gate for
fullerene binding. MD simulations unveiled that the entrance
gate could be found in four major conformations: open, par-
tially open, lateral displacement, and closed (see Figure 5a). If
the distance between Ar-H---H-Ar pairs at the top and at the
bottom of the gate are both higher than 9 A then the gate is
found in an open conformation, displaying an entrance gate of
80-90 A? (Figure 5b). However, if this distance falls to 7 A
because phenyl rings reorient (one phenyl pointing towards the
gate and one phenyl pointing away from the gate) or 5 A (both
phenyls pointing towards the gate) the size of the entrance gate
is progressively squeezed, decreasing the entrance gate area
down to 50 A? for the completely closed case (see Figure 5b).
MD simulations show that the entrance gate area fluctuates
along time, displaying open-closed transitions in the nanosec-
ond to microsecond time scale that are key for C7y binding and
stabilization (Figure 5c¢). Based on the MD simulations, encap-
sulation of Cy is not possible in the completely closed con-
formation (0% of binding events). Encapsulation is only tak-
ing place when entrance gate areas above 65 A? are sampled
(partially open, see Figures S10-S11 and Table S3). Interest-
ingly the fullerene is rapidly captured by the capsule if the Ar-
H of the phenyl rings are found in an open conformation, i.e.
not pointing towards the fullerene (see different conformations
in Figure 5a). When all phenyls are in a closed conformation,
the fullerene is stabilized in the gate of the capsule (I1 and I2)
until some phenyl rings rotate to trigger the full entrance or the
fullerene returns to the solvent to target another gate (see plot
in Figure 5c). Therefore, two binding pathways coexist, one
fast and one slow, determined by the conformations of the
entrance gate. Thereby, if the fullerene recognizes an entrance
of the capsule with all phenyls in the open conformation the
binding process occurs in the nanosecond time scale (less than
100 ns, 70% of binding events, see Figure 5a, S10, and S11
and Video S2) whereas if some of the phenyls are in the closed
conformation the binding process is significantly slowed down
to the microsecond time scale (see Figure 5c, S10, and S11
and Video S3). Therefore, the orientation and rate of rotation
of the phenyl rings becomes the rate-limiting step of the
recognition process (4 kcal/mol barrier from I2 to B in Figure
4b). The Ar-H---H-Ar distances between the porphyrinic phe-
nyl moieties show the subtle but significant barrier that these
multiple aromatic C-H bonds cause to the squeezing of Cy
inside the cavity, and furthermore, they stabilize the Cy right
at the center of the cavity once it has entered, by preventing
the displacement of the fullerene in any direction. The number
of open-closed transitions of all nanocapsule gates is signifi-
cantly restrained upon fullerene encapsulation showing a
tendency towards fixing entrance gate areas around 70 A?
(Figure 5c). This stabilizing effect can be key to hinder the
unbinding process, which takes place at much longer time
scales (ms-s) based on NMR experiments. 13" has the ability

of activating and deactivating its intrinsic flexibility to favor
binding and retain the guest, respectively. Therefore, the guest
encapsulation process is tightly coupled to the intrinsic dy-
namics of 1%,

Besides the role of the phenyl moieties, also the “hand-glove”
effect from the biphenyl linkers of the clips that decorate the
entrance gate help in understanding the transient intermediate
formation (I and I2), by stabilizing the C7 molecule through
C-H...w interactions and being responsible of pushing the Cy
inside the cavity when going from I. to B. Upon full encapsu-
lation (Figure 4c), the ZnPorph---ZnPorph distance is reduced
from an average distance of 13.6 + 0.5 A down to 13.0 0.3 A
significantly restricting the flexibility of the nanocapsule (see
Figure 4a and 4c) but C; keeps rotating inside the cavity.
Although rotation in all directions is observed, the binding
with the supramolecular capsule retains C;p horizontally-
oriented most of the time whereas infrequently samples Cy in
the vertical orientation (see Figure S12). Therefore, the
nanocapsule is able to impose a certain orientation to the full-
erenes in order to maximize the m-interaction with the porphy-
rin and to generate a more stable complex. DFT calculations
and the analysis of interactions in the bound complex have
been performed before and showed that the preferred orienta-
tion matches with the predicted in the MD simulations.*®
These observations show significant parallelisms with con-
formational selection mechanisms in biomolecular recogni-
tion, where binding readily occurs when 1% displays the prop-
er conformation. However, in a number of simulations the
ligand is inducing the conformational changes required to
complete the I> to B transition, in particular, when Cso finds
the entrance gate not fully open. In all cases, a population shift
towards a more rigid nanocapsule that stabilizes the bound
state and slows down unbinding is observed upon complete
encapsulation. As enzymes with substrates or inhibitors, the
nanocapsule is displaying open-closed transitions that are key
for guest recognition, binding, and unbinding.*®
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General Features of Ceo Encapsulation Process. Then, the
encapsulation process of Cg within capsule 1-Clg was investi-
gated. The FEL of Cs was reconstructed from 30 replicas of
2.5 ps of MD simulations as described for C. Likewise to the
encapsulation of C, Ceo is also forming the same transient
intermediates featuring the interaction with one of the four
entrance gates of the capsules, being stabilized by the ‘hand-
glove-effect’ of the biphenyl units exposed to the gate and
stopped from entering by the slight blocking effect exerted by
the porphyrinic phenyl moieties (see FEL in Figure S13).
Once the phenyl rings reorient, the Cgp molecule overrides the
slight barrier and it is stabilized at the center of the cavity,
analogously to C7. The transition from I» to B states is in the
same order of magnitude than the one observed for Cy re-
maining in the nanosecond to microsecond time scale. In com-
parison with Cy, the transition between Iz to B for Cy requires
a smaller expansion of the nanocapsule (ZnPorph---ZnPorph
distance lower than 14 A) but the nanocapsule is more com-
pressed upon binding (average ZnPorph---ZnPorph of 12.7 +

Figure 5. a) Different conformations displayed by each gate of
the supramolecular capsule defined by the orientation of the
phenyl rings connecting the porphyrin moiety and carboxylate
groups directly bound to the palladium atoms. Arrows indicate
rotations of phenyl groups with respect to the closed confor-
mation. The approximated entrance gate are is specified in
parenthesis. The percentage of binding events among the 30
replicas of MD simulations is also represented. b) Entrance
gate area (in A?) is approximated as a trapezium defined by the
top and bottom Ar-H:--H-Ar distances calculated between the
porphyrinic phenyl moieties and an average gate height of 9.5
A. Typical Ar-H:--H-Ar distances are 9-10 A (open), 7-8 A
(one phenyl open and one phenyl closed), 5-6 A (closed).
Representative distances and entrance gate areas for a fully
closed and fully open entrance gate are also depicted. c) Plot
of the distance (red line) between the center of masses of Cyo
and the supramolecular capsule, d(1°°M-C7,“°™), and entrance
gate area (blue line) along a representative 2.5 ps replica of
MD simulations. Complete encapsulation (d(1“°M-C7,*°M)
below 2 A) takes place when the entrance gate area signifi-
cantly increases.

0.3 A for Ce and 13.0 £ 0.3 A for Cy), which is in line with
the smaller size of Cg. Finally, the molecular basis of the
encapsulation process follows similar general features of Cyo
(see Figure S14). In general, Cgo shows higher mobility inside
the capsule indicating weaker non-covalent interactions than
in Cy. The encapsulation of Cs required extra compression of
the nanocapsule prompting frequent transient extensions of
ZnPorph---ZnPorph. These transient events can facilitate
unbinding. This is consistent with the faster k. determined for
Ceo by EXSY experiments in comparison with C;. However,
the higher affinity toward the encapsulation of Cs over Ceo
cannot be completely explained from single fullerene binding
MD simulations. To this end, competition experiments are
required to understand the origins of nanocapsule selectivity.

Computational nanoreactor: Ce versus C7 competition
and guest exchange mechanism with aMD. Based on
EXSY-NMR results, the guest exchange and competition takes
place in slower time-scales (ms-s) than the encapsulation
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Accelerated Moiecular Dynamics Simwlations of the C,, / Cy,
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process (ns-ps). To access time-scales relevant for sampling
rare events (ms-s) in supramolecular systems, we resorted to
accelerated molecular dynamics (aMD) simulations (see SI for
details). In general, hundreds of nanosecond aMD simulations
are able to capture millisecond timescale events as applied in
both globular and membrane proteins.’® The advantage of
aMD over other enhanced sampling techniques is that the
sampling is completely unconstrained, therefore, unguided
spontaneous binding/exchange among multiple guests can be
studied without the need of specifying any reaction coordinate.
Here, the aim was to use a combination of MD and aMD as a
tool to mimic computational nanoreactors to access millisec-
ond time scales events occurring in the competition experi-
ment for the encapsulation of Cg versus Cy in 13*. To this
end, five replicas of 8 ps of combined MD+aMD simulations
were used to study the molecular basis of guest competition
and exchange in the presence of Ceo and Cro. The simulations
start with conventional MD and aMD simulations are activated
once the first fullerene targets the center of the capsule. By
performing MD+aMD experiments under the same conditions
as described above but including one molecule of C¢y and one
molecule of Cyy, we are able to observe (5-replicate average)
the real-time competition between the two guests (see Video
S4). We monitored the distances between the center of masses
of C7 and Cgp and the supramolecular capsule, d(1°M-C;,*°M)
and d(1°°M-C¢“°M) along the MD simulation to study the
competition event. Among five replicas of MD+aMD, both
Ceo and Cyo can sample the gates of the nanocapsule and en-
capsulation of either Cg or C79 can be observed depending on
the orientation of phenyl rings. In general, competition of
fullerenes slows down the encapsulation process towards
microsecond time scales. If Cy is the first to target the center
of the nanocapsule, it remains there for the rest of the simula-
tion and no replacement by Cg is observed (see Figure S15).
However, if Cg is the one that eventually targets first the
center of the cavity, then guest exchange is observed. As
shown in Figure 6, Cq binding takes place after 5 ps of MD
simulation time. After 500 ns of aMD (actual millisecond
timescale), C7o pushes Ceo, which is expelled from the cavity
back to the gate and is C the one that is fully encapsulated
and remains there for the rest of the simulation (see Video S4).
In a closer look at the precise event of full encapsulation of
Cr, it turns out that it is occurring when the phenyl moieties
are in the ‘open’ disposition, as shown in Figure 5.

The facile encapsulation for Cq compared to C7, and the even
more facile release of Cgq compared to C7 under the non-
equilibrium regime of MD point towards a similar trend than
the observations by EXSY-NMR experiments. The determined
kosr values are one order of magnitude slower for Cyy than for
Ceo, while &’ is also much faster for Ceo than for C7. There-
fore, C¢o performs in and out movements at faster rates than
C7. Moreover, Cy is the one that remains in the nanocapsule
under thermodynamic equilibrium conditions (millisecond to
second time scale, Ki(C7) ~ 10 x K4(Ceo)). Thus, the combina-
tion of MD and aMD simulations can be used as a computa-
tional tool that mimic a nanoreactor to predict the preference
among multiple guests. This protocol can be generalized to
predict the preference for other guests and, then, coupled to
exchange NMR experiments to obtain on and off rates to com-
pletely reconstruct encapsulation processes. Moreover, the
gathered information on the binding and exchange pathways
can be used to identify robust reaction coordinates to guide
constrained enhanced sampling simulations.!!
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Figure 6. Plot of the distance between the center of mass of
C7 and Cg and the supramolecular capsule, d(C7o“°M-1°M) in
red and d(Ce“°M-1°M) in blue respectively for a representa-
tive 8 ps replica of accelerated molecular dynamic simula-
tions. Distances below 2 A indicate complete fullerene encap-
sulation (dashed horizontal line). Molecular representation of
five relevant states sampled along the competition and ex-
change process of C7 (orange) and Ceo (green): the Unbound
(U, both Cy and Cg are not interacting with the capsule),
Competition 1 (C1, Ceo closer to the cavity than Cy9), Competi-
tion 2 (Cz, Cy closer to the cavity than Ce), Bound Cgo (Bso),
and Bound Cy (B7o) states.

Encapsulation of dumbbell-shaped azafullerene (CsoN)a:
tweaking recognition pathways and affinity. The plasticity
of 18" is key to selectively encapsulate a wide range of fuller-
enes from Cgo to Cgs with high association constants, K, > 107
M. Fullerenes above this size cannot fit and pass through the
gates of 1¥* while below this number of carbons cannot be
stabilized. The question is whether the association recognition
pathway can also be determinant to control selectivity. To
answer this question and assess the predictive power of the
computational protocol, we explored the recognition pathways
of a dumbbell-shaped fullerene, azafullerene, (CsoN),, a model
guest to tune the recognition pathway by kinetically trapping
an intermediate state and slowing down the recognition pro-
cess. This system represents a perfect candidate for simultane-
ously altering the recognition pathway and affinity because, in
terms of size, each individual CsoN spherical moiety can fit
inside 1% but the extra monomer can compromise both the
recognition process and the stability of the bound complex.
The encapsulation of (CsoN), in a supramolecular coordination
capsule has not been explored before and the nature of the
potential bound complex is unknown. Supramolecular recog-
nition of (CsoN), has only been reported within carbon nano-
tubes (CNT)® and cycloparaphenylene (CPP) rings.%"62

To explore the essential molecular details of the recognition
process of (CsoN),, a similar protocol as described above for
C7 was used. A total of ten replicas of 5 ps and ten of 2.5 us
of MD simulations were performed to study the spontaneous
encapsulation of azafullerene. The complete encapsulation,
(CsoN),C1¥" was observed in two out of twenty replicas (10%
of binding events in 75 ps of accumulated simulation time)
indicating that azafullerene recognition is possible but is sig-
nificantly slowed down compared to C;9 and Ceo. In average,
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the binding process is not occurring at the nanosecond-
microsecond time scale. A visual inspection of the spontane-
ous binding MD trajectories revealed that (CsoN), remains
trapped in metastable intermediate states in most of the simu-
lations, even though some replicas are extended up to 5 ps,
suggesting a higher barrier for entering through the gate (link a
video S5 and S6). To explore the precise dynamical steps and
conformations of the recognition process, the FEL of (CsoN),
encapsulation was reconstructed from an accumulated simula-
tion time of 75 pus. To obtain a comparable FEL as in C7 and
Ceo, three center of masses (COM) of (CsoN), were monitored
(the COM of each CsoN unit and the global COM, Figure 7a)
and, then, for each frame the COM displaying the minimum
distance with the COM of 1% is collected for the analysis (see
Figure 7a). As shown in Figure 7b and 7c, the FEL also dis-
plays similar metastable states as C7o and Cg, but featuring a
significant redistribution of relative populations. The interme-
diate I is now the most stable state being significantly stabi-
lized in comparison to single fullerenes. The recognition state
(R) is also more populated. On the contrary, the intermediate
state Iz, which is the connection with the bound (B) state, is
significantly less visited lowering the chances of targeting the
center of 1*" in the microsecond time-scale. In this limited
simulation time totalling 75 ps, the B state is scarcely populat-
ed in comparison to C79 and Cgo. Therefore, in (CsoN), there is
a redistribution of populations with respect to Csp and Cgo
favouring early stage encapsulation I and R states.

Careful analysis of representative structures of each state
revealed that the intermediate state I1 exist as an ensemble of
different conformations. In total, three orientations of (CsoN),
with respect to 1% coexist in solution in the I basin (Ir, I,
and I1”, see Figure 7¢). In It’, (CsoN), is oriented in parallel to
the ZnPorph---ZnPorph axis and each CsoN unit is stabilized
by two phenyl rings at the bottom and at the top of the en-
trance gate and also by the “hand-glove” effect from the bi-
phenyl linkers of the clips. In the case of Ii”", (CsoN), also
adopts a parallel orientation but both (CsoN), fullerene units
staple the bottom of the entrance gate from the solvent and
gate sites. Both It and Ii” became remarkably stable in the
simulations maximizing the interactions between 1% and
(CsN), and kinetically trapping the azafullerene in unproduc-
tive states for the encapsulation process. Moreover, a collateral
effect is that in both I1" and I1” the phenyl rings rapidly reori-
ent to stabilize (CsoN), through CH...n interactions. This
rotation induces the closure of the entrance gate decreasing the
options of encapsulation through this gate. The transition from
I and Ii” to Iz is rarely observed and when it occurs the en-
trance gate is closed. Therefore, (CsoN), needs to be expelled
back to solvent and target another gate with less steric hin-
drance. Therefore, populating these intermediate states intro-
duces complexity to the binding pathway and significantly
slows down the full encapsulation process. In addition, the

intermediate I2, with one CsoN moiety located at the center of
the entrance gate, is poorly stable because the other CsoN unit
cannot establish strong interactions with the capsule reducing
its stability. In the two binding events observed, (CsoN), went
directly from the solvent to I, where it stayed for few hun-
dreds of nanoseconds after targeting the center of 18", The
bound state B is characterized by one CsoN moiety sitting in
the center of the capsule between the two ZnPorph while the
other is stabilized at the entrance of the gate. Once one CsoN is
captured, the ZnPorph---ZnPorph distance is reduced to 13.0 +
0.4 A, similar to Ceo and showing higher fluctuations than C.
Interestingly, the slow binding left enough time to phenyl
moieties to readjust to stabilize the azafullerene in I. compli-
cating the full encapsulation. In both cases, the encapsulation
takes place in a partially open entrance gate. Therefore, the
dumbbell fullerene induces and stabilizes the entrance gate
closure. Moreover, an alternative state, I, is transiently popu-
lated with each CsoN unit sitting in contiguous entrance gates
(see Figure 7c). To sum up, the pathway that followed (CsoN),
to target the center of the supramolecular capsule (B) became
more complex involving a higher number of intermediate
states and overcoming higher energy barriers than in C7 and
Ceo. The fullerene perfectly fits inside 1% but in the encapsula-
tion process is kinetically trapped in an intermediate state
significantly slowing down binding and recognition.

Finally, the stability of (CsoN)a, C7o, and Cgp inside 13 is eval-
uated by monitoring how the distance between the center of
masses of the supramolecular capsule and the fullerene fluctu-
ates upon binding (see Figure 7d). Interestingly, Cg is more
mobile (0.55 + 0.5 A) inside 13* than Cy (0.41 £ 0.2 A) in line
with the reported K, and NMR studies that pointed out a high-
er resistance towards dissociation for the latter under thermo-
dynamic equilibrium conditions. Interestingly, a wider distri-
bution and a displacement towards longer distances (0.89 =+
0.6 A) is observed for (CsoN),. These results show that (CsoN),
is less stable in the center of 1% increasing the opportunities to
escape from the capsule. To corroborate the computational
predictions, the association constant of (CsN), into 13" was
measured, K, = 9.4(x0.5)-10° M (see Figure S17). This value
is one and two order of magnitudes lower than the K, reported
for Ceo (30-fold lower) and C7y (420-fold lower), respectively.
Further modifications in 18" will be required to capture (CsoN),
with high affinity. Tuning recognition pathways and the plas-
ticity and dynamics of the host offers new routes towards
predicting affinities and improving rational design of supra-
molecular recognition platforms. Research in this direction is
underway in our laboratories. This strategy has allowed as-
sessing the dynamic limits of the capsule in terms of recogni-
tion pathway.
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Figure 7. a) Plot of the distance between the center of masses of (CsoN), and the supramolecular capsule, d((1°°M-min(CsoN),)“OMs)
for ten representative 2.5 ps replicas of MD simulations. Distances below 2 A indicate complete C7 encapsulation (dashed horizon-
tal line). Spontaneous binding is observed in one out of ten of the selected replicas. b) Reconstructed Free Energy Landscape (FEL)
of the spontaneous encapsulation process of (CsoN), obtained from an accumulated simulation time of 75 ps of MD simulations.
The FEL has been reconstructed using d(min(CsoN),“°M-1°°M) and ZnPorph:--ZnPorph distances. ¢) Eight relevant metastable
states are identified: Unbound (U), Recognition (R), Intermediate 1 (It), I1’, I.”, Intermediate 2 (I2), I, and Bound (B) states. Mo-
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lecular representation of each state. The width of the arrow indicates the most frequent events observed. d) Probability density

distribution for bound complexes with Cg, C79 and (CsoN),.

CONCLUSIONS

In summary, a synergy protocol combining 'H-'H exchange
spectroscopy (EXSY) NMR and conventional and accelerated
molecular dynamics (MD/aMD), has been presented for the
in-depth study of the recognition and binding events occurring
between coordination capsule 1¥* and Ce0/Cro fullerenes. In the
long time-scale of exchange NMR experiments (ms), a simi-
larly facile entrance (k’on) of both Ce and Cyo takes place, in
contrast to the 10 times higher reluctance of Cy to be expelled
(kott) from the inner cavity. In addition, in the ns - ps time-
scale accessible to the MD simulations (non-equilibrium re-
gime), a number of key structural and interaction features have
been revealed: a) the highly flexible and adaptable nature of
the nanocapsule, b) the easy access of fullerenes towards the
capsule inner space without disruption of the structure, c¢) the
existence of a gate-located metastable state in which fullerenes
are guided to the capsule interior, d) the exceptional stability
of the fullerenes sandwiched in between the two porphyrins,
and e) the role of the porphyrin phenyl rings for permitting the
deep entrance and maintaining the fullerenes in the center of
the cavity. This new methodology not only allows studying the
unbounded-bounded host-guest adducts, but also understand-
ing in molecular detail the factors governing recognition and
binding of the guest identifying metastable states and multiple
binding pathways key for the recognition process that were not
observed in XRD and NMR experiments. The guest encapsu-
lation process is tightly coupled and regulated by 13 intrinsic
dynamics. The predictability of the computational nanoreactor
MD/aMD approach has been further confirmed with the
Ce0/C70 competition case study. Finally, the encapsulation of
(CsoN)2 in 18" has been described, representing the first exam-
ple reported of a supramolecular coordination host for the
azafullerene. Computational predictions indicate that the en-
capsulation and the recognition pathway of azafullerene are
hampered by the dynamic features of the supramolecular
nanocapsule leading to slower binding. Probability density
distribution of the bound states for Cso, C70 and (CsoN): clearly
indicate a higher mobility for (CsoN),, which is translated to a
lower affinity measured association constant (K, = 9.4-10° M-
') one and two order of magnitudes lower than the K, reported
for Cgo and Cyo, respectively.

At the molecular level, the nanocapsule displays dynamical
features that resemble those typical of biomolecules including
conformational selection of pre-existing states upon fullerene
encapsulation and open-closed transitions to assist guest bind-
ing and exchange. The conformational heterogeneity displayed
by this empty nanocapsule could have an immediate impact on
efforts to design and engineer de novo nanocapsules for the
purification of fullerene and endohedral metallofullerenes
(EMFs) mixtures. We envision that this combined analysis
approach might be extrapolated to a large number of supramo-
lecular host-guest platforms for gaining a deeper mechanistic
understanding of the dynamic events at a molecular level.
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