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Abstract

Although being able to determine whether a host molecule can enclose a guest

molecule and form a caging complex could bene�t numerous chemical and medical ap-

plications, the experimental discovery of molecular caging complexes cannot yet be

achieved at scale. Therefore, we propose MoleQCage, a simple tool for the high-

throughput screening of host and guest candidates, based on an e�cient robotics-

inspired algorithm for molecular caging prediction, providing theoretical guarantees and

robustness assessment. MoleQCage is distributed as Linux-based software with a graph-

ical user interface, and is available online at https://hub.docker.com/r/dantrigne/

moleqcage in the form of a Docker container. Documentation and examples are avail-

able as Supporting Information and online at https://hub.docker.com/r/dantrigne/

moleqcage.
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Introduction

A molecular caging complex is de�ned as a pair of molecules in which a so-called host (or

cage) features an internal cavity that can enclose a so-called guest, preventing its escape

(Figure 1). In this kind of supra-molecular interaction, we can say that the host cages the

guest or, dually, that the guest is caged by the host. In synthetic chemistry, a host molecule

is usually created with dynamic covalent bonds allowing its self-assembly around a guest

molecule and its later disassembly in response to a speci�c stimulus (such as temperature,

pH, or light). This paradigm has produced exciting biochemical applications, for example in

targeted drug delivery, virus trapping, or medical imaging.1�3 Despite its promises, the use

of molecular caging complexes remains challenging, with the discovery or synthesis of host

molecules being the main bottleneck.4

Figure 1: De�nition of a molecular caging complex. (a) The guest molecule (in green) can
move in and out of the cavity of the host molecule (in blue), and is therefore not caged. (b)
The guest �ts in the cavity of the host and is either outside (in green) or inside (in red)
without the possibility to escape; in this case, the host and guest form a molecular caging
complex. (c) The guest cannot �t in the cavity and thus cannot be caged by the host.

Strategies for the creation of new molecular caging complexes depend on the application.

For example, if a given host is considered for molecular shape sorting, one has to screen

potential guests. In a dual manner, if a particular drug is considered for targeted delivery

by a nanoscale carrier, one has to screen potential host molecules. Unfortunately, current

experimental challenges hamper such high-throughput screening e�orts and, in turn, make

general synthetic approaches very time- and resource-demanding.5 This issue clearly high-

lights the need for computational methods for the high-throughput screening of host and/or

guest candidates prior to experimental validation.
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In previous work, we proposed a computationally-e�cient algorithm to predict if a given

pair of molecules are likely to form a caging complex.6 This algorithm takes two static molec-

ular geometries of arbitrary shape as input; in other words, each molecule is represented by a

three-dimensional union of balls of given radii, according to the classical hard-sphere model.

Then, as our algorithm is based on a mathematically provable and conservative veri�cation

of the caging property, it predicts that a given host-guest pair forms a caging complex only

when appropriate theoretical guarantees are met. Note that our caging veri�cation algorithm

was initially developed in the �eld of robotics (for applications to manipulation and path

planning) where related concepts of caging were studied.

In this article, we present MoleQCage, a high-throughput screening tool for molecular

caging prediction, based on our robotics-inspired caging veri�cation algorithm.6 MoleQCage

takes as input a set of candidate host molecules and a set of candidate guest molecules.

Then, for each pair of host-guest molecules, the underlying veri�cation algorithm determines

whether they are likely to form a caging complex, based solely on their geometries. For that,

our algorithm considers uncertainties in the de�nition of molecular geometries and assesses

the robustness of each caging prediction. Eventually, for each pair of candidate host-guest

molecules, MoleQCage provides as output a prediction on whether it forms a caging complex

(+) or not (-).

Caging Veri�cation Algorithm

Given �xed conformations of a host and guest molecules, our algorithm uses an e�cient

representation of the (six-dimensional) con�guration space of the guest to approximate its

free space, i.e. the space in which the guest can move within the constraints imposed by the

host.6 A con�guration of the guest molecule refers to its position and orientation in three-

dimensional space. If the free space of the guest contains a bounded connected component

(i.e. a �nite-sized subspace in which every pair of con�gurations can be connected by a
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collision-free path), then we can prove that the guest is caged by the host.

In our method, molecular geometries are de�ned as unions of balls with atomic van der

Waals radii, and uncertainties in these geometries are accounted for by varying the balls

radii.6 This is done by modifying all radii using a given ∆r value, which is a parameter

accessible to MoleQCage users. Varying these radii allows assessing the robustness of a

caging prediction for a given host-guest pair by applying our caging veri�cation algorithm

to slightly di�erent molecular geometries. Indeed, in cases where a host-guest pair might

be predicted to form a caging complex based on given molecular geometries, small changes

in these geometries might lead to a di�erent prediction. In such cases, either because the

guest can now escape or cannot �t the host cavity any more, we say that this host-guest pair

forms a �weak� caging complex. In other cases, if the guest is consistently predicted to be

caged by the host, we say that the host-guest pair forms a �strong� caging complex; if the

guest is consistently predicted to not be caged by the host, we say that the host-guest pair

do �not� form a caging complex. Therefore, for each evaluated pair of host-guest molecules,

after applying the caging veri�cation algorithm with radii perturbations based on a given

∆r value (typically ±0.3 Å) in MoleQCage, we can determine whether this pair of molecules

(i) does �not� form a caging complex, (ii) forms a �weak� caging complex, or (iii) forms a

�strong� caging complex.

Caging Prediction Use Cases

MoleQCage provides users with a �exible graphical user interface (GUI). To de�ne molecular

geometries, users can provide as input any �le type containing atomic coordinates (such as

mol2, pdb, or xyz). MoleQCage can then be applied to several caging prediction tasks.
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Host-guest pairs screening with robustness assessment

MoleQCage can be used to screen a large number of guest molecules against a large number

of host molecules. As the underlying caging veri�cation is based on a geometric analysis,

it is highly e�cient, and therefore allows for such high-throughput screening. When users

provide a set of candidate guests and a set of candidate hosts, MoleQCage runs our molecular

caging veri�cation algorithm, for all host-guest pairs of molecules, using multiple threads for

computational e�ciency. Based on the ∆r value provided by users (or the default value),

the robustness of these predictions can be assessed in MoleQCage, so that one can obtain a

two-dimensional array with the values �weak�, �strong�, or �not�, for all host-guest pairs.

To illustrate this use case, we consider a set of four candidate guests (Figure 2), which

are monohalobenzenes with relatively similar shapes and molecular volumes:7 bromobenzene

(BB), chlorobenzene (CB), �uorobenzene (FB), and iodobenzene (IB). Note that all crystal

structures used in this work were obtained from the Cambridge Crystallographic Data Centre

(CCDC) database. In addition, we consider a set of 38 candidate hosts (Figure 3), which

are shape-persistent molecules with internal cavities. This list is a modi�ed version of the

CDB41 database,8 from which duplicates have been removed and to which a few molecules

have been added.9,10

Figure 2: Monohalobenzenes evaluated as potential guests in the host-guest pair screening
use case. Each column includes a molecular structure, an abbreviated name, and the iden-
ti�er of the corresponding CCDC database entry. FB - �uorobenzene, CB - chlorobenzene,
BB - bromobenzene, IB - iodobenzene.

In this scenario, using the default value for ∆r (i.e., 0.3 Å), MoleQCage allowed us to

e�ciently screen all 152 host-guest pairs. Results show that 19 host-guest pairs are predicted

to be strong caging complexes, 21 host-guest pairs are predicted to be weak caging complexes,
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Figure 3: Set of 38 candidate hosts. For each candidate host, we provide a molecular
structure, an abbreviated name, and the identi�er of the corresponding CCDC database
entry.
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and 112 host-guest pairs are predicted not to form caging complexes (Table 1). Among the 19

strong caging complexes, 16 were formed by four hosts (CB6, RCC3b, WC2, and WC3) with

the four guests. Three other hosts (CC3, NC1 and WC4) are predicted to form strong caging

complexes, but only with FB (�uorobenzene, the smallest candidate guest), suggesting that

their internal cavities are too small to �t larger candidate guests. Among all 38 candidate

hosts, WC4 is the only one that is associated with the three possible outcomes, as it is

predicted to form a strong caging complex with FB, to form a weak caging complex with

CB and BB, and not to form a caging complex with IB. As a consequence, WC4 would be

a good candidate for the separation of monohalobenzenes.

Table 1: Results produced by MoleQCage on the host-guest pair screening use case, which
involved four candidate guests (Figure 2) listed in the columns, and 38 candidate hosts
(Figure 3) listed in the rows. For each of the 152 host-guest pairs, the prediction is reported
as: strong caging complex, weak caging complex, or not a caging complex.

host \ guest FB CB BB IB host \ guest FB CB BB IB
CB5 not not not not DC1 not not not not
CB6 strong strong strong strong HC1 weak weak not not
CB7 not not not not IC2 not not not not
CC1 not not not not MC3 not not not not
CC2 not not not not MC4 not not not not
CC3 strong weak weak weak MC5 not not not not
CC4 weak not not not MC7 not not not not
CC5 not not not not MCX not not not not
CC9 weak weak weak weak NC1 strong weak weak weak
CC10 not not not not NC2 weak weak weak weak
CCX not not not not RCC1a weak not not not
CD1 not not not not RCC1b weak not not not
CD2 not not not not RCC1c not not not not
CD2x2 not not not not RCC1d not not not not
CD3 not not not not RCC3a not not not not
CP1 not not not not RCC3b strong strong strong strong
CP3 not not not not WC2 strong strong strong strong
CP4 not not not not WC3 strong strong strong strong
CP5 not not not not WC4 strong weak weak not
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Hosts or guests screening with implicit molecular �exibility

As our caging veri�cation algorithm analyzes static conformations of molecules, it does

not explicitly account for molecular �exibility. However, MoleQCage allows accounting for

implicit molecular �exibility. For that, instead of providing a set of di�erent hosts (or guests),

users can provide a set of conformations for a single host (or guest). These conformations

can be obtained from structural databases (such as the Protein Data Bank) or via molecular

simulations, such as molecular dynamics (MD). Therefore, users can screen a set of guest

candidates against multiple conformations of a given host molecule, or conversely screen a

set of host candidates against multiple conformations of a given guest molecule.

To illustrate this use case, we consider a set of three candidate guests (Figure 4): mesity-

lene (Mes), m-xylene (mX), and 4-ethyltoluene (4ET). As host molecule, we consider CC3

(Figure 3) and use a conformational ensemble containing 515 conformations produced by an

MD simulation reported in related work.11

Figure 4: Molecules evaluated as potential guests in the guest screening use case involving
host �exibility. Each column includes a molecular structure, an abbreviated name, and the
identi�er of the corresponding CCDC database entry. Mes - mesitylene, mX - m-xylene,
4ET - 4-ethyltoluene.

In this scenario, using a value of 0.1 Å for ∆r, MoleQCage allowed us to e�ciently screen

all 1,545 host-guest pairs. Results show that CC3 forms a strong caging complex with Mes,

and forms a weak caging complex with mX, but do not form a caging complex with 4ET

(Figure 5). Indeed, 323 out of 515 CC3 conformations (63%) were predicted to form a strong

caging complex with Mes; 408 out of 515 CC3 conformations (79%) were predicted to form a

weak caging complex with mX; and 340 out of 515 CC3 conformations (66%) were predicted
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to not form a caging complex with 4ET. This is in agreement with experimental results

reported for these host-guest candidates, which showed that 4ET could easily travel through

CC3's windows, that mX could escape CC3's cavity but not as easily as 4ET, and that Mes

was properly caged by CC3.12

Figure 5: Results produced by MoleQCage on the guest screening with host �exibility use
case. This scenario involved three candidate guests called Mes, mX, and 4ET (Figure 4) and
515 conformations of the candidate host CC3. For each host conformation, the prediction is
reported as: a blue square for a strong caging complex, a brown square for a weak caging
complex, or a red square if this is not a caging complex.

Caging prediction for a host-guest pair with implicit molecular �ex-

ibility

Users can restrict their analysis to a single host-guest pair and implicitly consider the �exi-

bility of both molecules by providing a set of host conformations and a set of guest conforma-

tions. As in other use cases, MoleQCage will allow users to produce a two-dimensional array

containing the values �weak�, �strong�, or �not�, for all conformation pairs. Since the caging

veri�cation algorithm is computationally e�cient, it is totally realistic to consider screening

a large number of host/guest conformations, and therefore obtain a caging prediction almost

as accurate as if molecular �exibility was explicitly modeled.

To illustrate this use case, we evaluate 4ET (Figure 4), using four manually-generated

conformations, against CC3, using the 515 MD conformations mentioned in the previous

section. In this scenario, using a value of 0.1 Å for ∆r, MoleQCage allowed us to e�ciently
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screen all 2,060 host-guest pairs. Results are very similar to what was obtained without

considering the �exibility of 4ET because this small molecule has only one rotatable bond

(Figure 6). Therefore, the prediction is still that 4ET and CC3 do not form a caging complex.

Figure 6: Results produced by MoleQCage on the caging prediction with molecular �exibility
use case. This scenario involved four conformations of the candidate guest 4ET and 515
conformations of the candidate host CC3. For each host conformation, the prediction is
reported as: a blue square for a strong caging complex, a brown square for a weak caging
complex, or a red square if this is not a caging complex.

Data and Software Availability

MoleQCage is distributed as Linux-based software with a graphical user interface. It is avail-

able online free of charge at https://hub.docker.com/r/dantrigne/moleqcage in the form

of a Docker container. Documentation and examples are available as Supporting Information

and online at https://hub.docker.com/r/dantrigne/moleqcage. Data used to test and

validate MoleQCage are provided as Supporting Information.

Supporting Information Available

The following �les are available free of charge at the ACS website:

� supplement.pdf: instructions on how to install and use MoleQCage;
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� molecules.zip: mol2 �les of molecules used to test and validate MoleQCage;

� grids.zip: rotation grids used to decompose the space of all possible rotations.
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