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1 Introduction

The SAMPL9 host—guest blind challenge: an
overview of binding free energy predictive
accuracyt

*xab

Martin Amezcua, (2@ Jeffry Setiadi 2 “ and David L. Mobley
We report the results of the SAMPL9 host—guest blind challenge for predicting binding free energies.
The challenge focused on macrocycles from pillar[n]-arene and cyclodextrin host families, including
WP6, and bCD and HbCD. A variety of methods were used by participants to submit binding free energy
predictions. A machine learning approach based on molecular descriptors achieved the highest accuracy
(RMSE of 2.04 kcal mol™) among the ranked methods in the WP6 dataset. Interestingly, predictions for
WP6 obtained via docking tended to outperform all methods (RMSE of 1.70 kcal mol™?), most of which
are MD based and computationally more expensive. In general, methods applying force fields achieved
better correlation with experiments for WP6 opposed to the machine learning and docking models. In
the cyclodextrin-phenothiazine challenge, the ATM approach emerged as the top performing method
with RMSE less than 1.86 kcal mol™!. Correlation metrics of ranked methods in this dataset were
relatively poor compared to WP6. We also highlight several lessons learned to guide future work and
help improve studies on the systems discussed. For example, WP6 may be present in other microstates
other than its —12 state in the presence of certain guests. Machine learning approaches can be used to
fine tune or help train force fields for certain chemistry (i.e. WP6-G4). Certain phenothiazines occupy
distinct primary and secondary orientations, some of which were considered individually for accurate
binding free energies. The accuracy of predictions from certain methods while starting from a single
binding pose/orientation demonstrates the sensitivity of calculated binding free energies to the
orientation, and in some cases the likely dominant orientation for the system. Computational and
experimental results suggest that guest phenothiazine core traverses both the secondary and primary
faces of the cyclodextrin hosts, a bulky cationic side chain will primarily occupy the primary face, and
the phenothiazine core substituent resides at the larger secondary face.

and time challenges.” For example, quantitative simulation-
based predictions of binding free energies (BFEs) or physical

The process of drug discovery has evolved from traditional
iterations of trial-and-error synthesis of molecules and evalua-
tion via assay to identify target binders. Even in modern drug
discovery, getting a viable therapeutic or drug approved to help
patients is costly both in terms of resource and time." Compu-
tational tools and software for computer-aided drug design
(CADD) have seen an increase in application for early stage
drug discovery campaigns to help circumvent these resource
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properties are more commonly used and have shown increased
promise to help select candidate binders and accelerate lead
optimization by prioritizing which compounds to synthesize.>®
Although BFEs are computationally demanding, recent suc-
cesses, advancement in methods, and the increase in computa-
tional resources and power, it is foreseen they will have an
increasingly important role in drug discovery.®® For BFEs, such
as the relative binding free energy (RBFE) or absolute binding
free energy (ABFE), predictions must be accurate enough to be
useful in guiding a drug discovery team’s decisions. However,
the accuracy of BFE calculations depends on several factors
(some are described in ref. 10-19) including the accuracy of the
chosen energy model and efficient sampling of the target (such
as a protein) and ligand in the bound and unbound states.
There have been recent developments and extended appli-
cations of molecular dynamics (MD) to BFEs.>’ These, coupled
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with continued increases in computing power, bring more
excitement and promise for the role of BFEs in CADD. Common
approaches for predicting binding affinity, particularly BFEs,
rely on MD simulations and require the exploration of all
relevant conformational spaces of a target and ligand of inter-
est. Certain conformational dynamics of a biomolecule, such as
a protein, could require simulations up to the millisecond
timescales to capture such motions, and thus might not always
be accessible. BFE simulations can also contain water, ions,
and sometimes cofactors that make the system much larger
and more challenging to achieve adequate sampling and
convergence.”" In such cases, it would be difficult to assess
whether the inaccuracy of a computational method is due to
limitations in the chosen energy model, limited sampling, or
other factors such as the protonation state of an ionizable
residue. This can make BFE calculations for biomolecular
systems less than ideal from the perspective of testing methods.

The SAMPL (statistical assessment of the modeling of proteins
and ligands) blind challenges have been run since 2008 to test and
improve computational methods, with the goal of innovating
and advancing reliable predictive tools for drug design.**™>*
SAMPL has served as a crowdsourcing platform for the computa-
tional community to test their methods on systems designed to
focus on specific modeling challenges. Free energy techniques
were among the most successful methods in the SAMPL chal-
lenges. As a result, SAMPL has raised awareness and understanding
of some sources of error and understanding of important mole-
cular recognition events such as the importance of adequate
sampling of water rearrangements.>

Several iterations of SAMPL have had a host-guest component
examining the binding of small molecule “guests” to supramole-
cular “hosts”, particularly macrocycles. Supramolecular chemistry
has seen a substantial increase in popularity in recent years,
particularly as hosts have industrial and medical applications
through compound stabilization or enhancing solubility, drug
delivery, and sequestration agents.>*?® In addition, since hosts
are typically much smaller and more rigid than biomolecules,
they make reasonable surrogates for proteins to help test and
improve computational methods for BFEs. Recent SAMPL host-
guest challenges have demonstrated that some methods can
predict binding free energies within 1 kcal mol ™, but in some
instances they continue to present some modeling difficul-
ties."*°7" The lessons learned from the SAMPL host-guest
challenges can push improvement and innovation of computa-
tional methods, and eventually with protein-ligand systems
which is another phase of the SAMPL series of challenges.

1.1 SAMPLI host-guest systems

The SAMPL9 host-guest blind challenge consisted of two
datasets with each containing guests binding to one of two
families of hosts, pillararene®*** or a B-cyclodextrin (bCD)****
The hosts chosen from these families for the challenge were
WP6, and two cyclodextrins - bCD and hexakis-2,6-dimethyl-B-
cyclodextrin (H26DM-bCD or HbCD).

In prior SAMPL challenges, the Isaacs group provided
unpublished experimental binding thermodynamic values (free
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Fig.1 2D structures of host and guest series for the SAMPL9 WP6
challenge. Shown is the structure of the WP6 host with the carboxylic
arms denoted with R groups (left).*® The guests were code named G1-G13
and were primarily hydrophobic and cationic/dicationic guests (right).
Experimental binding measurements for guests G3 and G12 were obtained
with racemic mixtures of both enantiomers (marked with a (+)).

energy and enthalpy) of guests towards cucurbituril[n]-type
receptors (i.e. CB[n] (n = 7, 8), acyclic CB[n] (trimer trip), and
glycoluril-based molecular clips). Like the macrocyclic cucurbi-
turils, WP6 (a derivative of pillar[6]arene) is a macrocyclic
molecular container used as a sequestration agent that has
shown a high affinity for hydrophobic cationic guests**~*® and was
sought after for SAMPL. Thus, for SAMPL9, the guest dataset
consisted of thirteen hydrophobic cationic guests (Fig. 1) like, but
not limited to, adamantanes and viologens.***” WP6 is composed
of six phenylene groups containing CH, linkers. Each phenylene
group contains two anionic carboxylate arms, for a total of twelve
arms (Fig. 1 and 3). This potentially gives WP6 twelve negatively
charged groups at pH 7.4.

An issue that SAMPL host-guest challenge participants
encountered in prior iterations was a poor conformational
sampling of the host (particularly for CB[n]-type acyclic recep-
tors). Using WP6, which is macrocyclic but has some degree of
flexibility, can put focus on conformational sampling. The
carboxylate arms of WP6 (OCH2CO2 groups) can all pass
through the annulus (above or below the ring shape formed
by the phenylene groups) to give a second host enantiomer.***°
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cr cr o NH,
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Fig. 2 2D structures of the SAMPL9 bCD challenge hosts and guests
series. (A) Shows the structure of the bCD and HbCD hosts. (B) The
phenothiazine based guests (PMZ, CPZ, PMT, TDZ, and TFP) in the series.
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Thus, adequate sampling of these flexible regions may be neces-
sary to achieve accurate predictions.

Likewise, the Gilson group has provided experimental ther-
modynamic data on different cyclodextrins and cyclodextrin
derivatives for SAMPL, previously in SAMPL7 and for this work.
Cyclodextrins are of interest because of their application
towards modification of molecular properties of target guests
upon complexation and ultimately leading to their applica-
tion in drug delivery.*’™** Cyclodextrins such as bCD and its
derivative HbCD are macrocycles composed of seven o-p-
(+)-glucopyranose units linked via 1,4-glycosidic bonds.*’
In general, the center and cavity of the host are hydrophobic
and the primary and secondary hydroxyl group ends are hydro-
philic (Fig. 2). In the case of HbCD, there are primary and
secondary methoxy groups at both ends of the donut-shaped host
instead of hydroxyls (Fig. 2 and 3). The guests for this dataset are 5
phenothiazine based drugs: promazine (PMZ), chlorpromazine
(CPZ), promethazine (PMT), thioridazine (TDZ), and trifluopera-
zine (TFP). (Fig. 2) Phenothiazines, particularly PMT, are widely
prescribed in oral doses as an antihistamine and for sedation.*®

Fig. 3 3D structures of hosts in the SAMPL9 host—guest challenge.
Shown are the 3D structures of the WP6 (top), bCD (middle), and HbCD
(bottom) hosts. Host atoms and bonds are represented in sticks, the shape
of the host is depicted with a filled and transparent molecular surface
representation showing each host cavity. Benzene rings are represented
by aromatic discs (only present for WP6). Carbon, oxygen, and hydrogen
atoms are shown in beige, red, and white colors, respectively.
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The associated side effects of phenothiazines are described in the
literature.*”** bCD and HbCD can help stabilize and enhance the
solubility of phenothiazines, and provide some controlled drug
release to reduce toxic side effects.®*°

Computationally, these systems introduce some difficulties
which can result in inaccurate BFE predictions for some
methods and have been documented in the literature.”>?%>%"
Due to the asymmetric structure of bCD and HbCD hosts, a host-
guest complex can exist with the guest in the primary, secondary,
and/or perhaps a “surface” orientation.*®*>> It is speculated that
the surface orientation is not a true binding mode, but rather an
unbinding event that may be necessary for a guest to flip orienta-
tion. Therefore, predicting the binding mode of these complexes
would be part of the challenge, and it is not always trivial even for
systems like these which are assumed to be simpler. As shown in
SAMPL?7, a specific functionalization of bCD designed to orient
a guest in a particular orientation did not always lead to the
guest occupying that specific orientation.*® Previous experimental
studies of bCD complexation with PMT*® described a predicted
binding mode with bCD, providing a starting point for this
challenge. The other phenothiazines were expected to occupy a
similar binding mode. In addition, some of the phenothiazines
(CPz, TDZ, TFP) have functionalization at the phenothiazine
moiety, making the guest asymmetric. Thus, additional sub-
orientations in each face may need to be considered or sampled.

2 Methods

In this section, we give the details on how the challenge is
organized, briefly describe methods used by participants for
their submissions, describe the details of reference calculations,
summarize experimental details and methodologies (experimental
studies are published separately’>>®), and describe the statistical
analysis approach and evaluate methods.

2.1 Challenge organization

The host-guest challenge of SAMPL9 was organized similar to
SAMPL7-8, where the main part of the challenge (for ranking)
allows participants to submit a single method as a ranked
submission for any or all of the datasets (WP6 and bCD/HbCD).
For the main analysis of the challenge, only ranked submis-
sions were considered. Participants were encouraged to submit
additional submissions, and any additional submissions were
not included in the formal ranking. A requirement for a
submission for either dataset, regardless if ranked or non-
ranked, was to include all guests. Participants formally sub-
mitted blind predictions to the relevant challenge submission
server prior to the deadline. In addition, MA conducted blind
reference calculations which were submitted in the non-ranked
category. These provide a point of comparison with a previous
literature method.

SAMPL has encouraged participants to submit additional
submissions as non-ranked, as this provides additional methods
for cross-comparison and opportunities for benchmarking. Addi-
tionally, this can allow for sensitivity analysis between variants of
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a specific method and facilitate tuning or improvement of the
method(s), force field, and/or protocol, while also highlighting
successes and limitations. For these reasons, the reference calcu-
lations conducted for this challenge include several variants of the
method utilized, varying a single parameter in the approach
(i.e. force field, restraints used, guest orientation, etc.) to probe
the impact on predictive accuracy.

Host and guest structure files in the forms of MOL2, PDB,
and SDF, as well as SMILES strings of guests, were prepared
and published on the GitHub repository at the official start of
each challenge. Where applicable, host and guest structures
were provided with reasonable protonation states. However,
some protonation states were questionable, thus participants
were advised to exercise caution, particularly with the WP6 host
and guests in the bCD/HbCD datasets.

A submission template file was made available for partici-
pants to fill in with all needed information and instructions.
We required participants to follow the submission templates
since we would use automated scripts to parse and run statis-
tical analyses. Each submission required the following: predic-
tions, participant name(s), participant organization(s), name of
their method, list of software used, detailed method description,
method category, and a ranked or non-ranked classification.
In the predictions section, we provided the code names for the
host—-guest systems of the challenge and required the predicted
free-energy, free-energy SEM, and free energy model uncer-
tainty in units of kcal mol~". The predicted binding enthalpy,
binding enthalpy SEM, and binding enthalpy model uncer-
tainty were optional. All files, data, and instructions are made
available in the SAMPL9 GitHub repository (https://github.com/
samplchallenges/SAMPL9/tree/main/host_guest/) under the
relevant challenge dataset (WP6 or bCD (bCD and HbCD)). All
submission files are available in the SAMPL9 GitHub repository
(https://github.com/samplchallenges/SAMPL9/tree/main/host_
guest/Analysis/Submissions/) in the relevant host directory
(WP6 or bCD (includes bCD and HbCD)).

SAMPL9 data collection concluded around August 20, 2021,
for the WP6 challenge, and November 11, 2021, for the cyclo-
dextrins and phenothiazines challenge. The submission deadlines
were set for November 15, 2021 (pushed back from a deadline of
October 30, 2021) and February 23, 2022, respectively. The WP6-G4
guest was made optional (updated around November 8, 2021)
since it contained silicon and may introduce modeling difficulties
with some software. All challenge deadlines were posted in the
relevant SAMPL9 host-guest challenge repository.

2.2 Statistical analysis of submissions

Accuracy or error statistics such as RMSE (root-mean-squared
error)), ME (mean error), and MAE (mean absolute error)
provide a measure of how well a computational method agrees
with experimental results. Correlation statistics such as R*
(coefficient of determination) and 7 (Kendall Tau correlation
coefficient) provide information on how well a computational
method ordered guests and ranked them from best to worst,
relative to the experiment. The SAMPL9 host-guest challenge
statistical analysis was carried out using Python scripts adapted
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from previous SAMPL iterations, and we used the same error
and correlation metrics'>”*" that include RMSE, R?, m (linear
regression slope), t, ME, and MAE. The uncertainty in the
metrics was determined by using bootstrapping with replace-
ment as described in the literature.’””” To identify and com-
pare the predictive accuracy of methods towards individual
host-guest systems, the RMSE, MAE, and ME of each were
computed while considering all methods.

Submissions were separated into two main categories,
ranked and non-ranked, and statistical analysis was performed
for each category. We note that the non-ranked category included
all submissions, and methods denoted as ranked or non-
ranked. The ranked category analysis, which was for the formal
competition, only considered methods denoted as ranked.
All data, analysis plots and tables for ranked and non-ranked
categories were made available in the relevant SAMPL9 GitHub
repository as ‘“‘Ranked Accuracy” or ‘“All Accuracy” (https://
github.com/samplchallenges/SAMPL9/tree/main/host_guest/
Analysis).

2.3 Participant methodologies

In SAMPLY, methods used to compute BFEs varied and included
both alchemical and physical approaches with general small
molecule fixed charged force fields (OpenFF1.2.0 or OpenFF2.0.0
(https://openforcefield.org/force-fields/force-fields/), GAFF or
GAFF2 (Generalized Amber force field), CGenFF (CHARMM gen-
eralized Force Field), and GROMOS (GROningen MOlecular
Simulation)), explicit water models (TIP3P (Transferable Inter-
action Potential three-point), TIPAP-EW (transferable interaction
potential four-point Ewald), SPC (simple point charge), or
OPC3 (3-point optimal point charge)) and with AM1-BCC (Austin
Model 1 Bond Charge Correction) or RESP (Restrained Electro-
Static Potential) charging schemes. In one case, the CGenFF atom
parameterization was carried out via the ParamChem server.”® For
this challenge, there were some methods that deployed newer
approaches. For example, a method used a newly developed
ABCG2 (AM1-BCC-GAFF2) method.>® Another method (Alchemical
Transfer Method (ATM)*°") utilized an in house development at
Roivant Discovery, a force field parameter engine termed here as
FFEngine. Although fixed charge force fields were common, one
approach used a standard double decoupling method (DDM) with
the polarizable atomic multiplole AMOEBA force field.®*
One group submitted several predictions using an expanded
ensemble (EE) method with OpenFF2.0.0. Briefly, EE methods
involve a single simulation where the EE algorithm allows the
adaptive sampling of the thermodynamic ensemble, sampling
across alchemical interaction potentials.*%%%”

Other methods used for predicting BFEs in SAMPL9
included non-equilibrium and end-point approaches. Briefly,
in the non-equilibrium unidirectional alchemical approach
known as the virtual Double System Single Box (vDSSB) method,
a guest is annihilated while bound in the host cavity, and the
unbound guest is then grown in bulk solvent and kept far away
from the host via restraints.>*®® Multiple participants used end-
point MM/PBSA (molecular mechanics Poisson-Boltzmann sur-
face area) and MM/GBSA (generalized born surface area) methods,

This journal is © the Owner Societies 2024
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Table 1 Summary of methods (ranked and non-ranked) used in the SAMPL9 host—guest challenge for binding free energy calculations. Explicit and/or
implicit solvents are flagged by an (E) or (1) respectively. If a correction approach was taken by a method, it is flagged with a (C). If the host (H) and guest
(G) are parameterized with a different energy model, they will be flagged respectively. If a machine learning or docking approach was taken, certain
categories are not relevant and flagged with an asterisk (*). Reference calculations are flagged with a double asterisk (**)

ID sid Energy model Solvent model Sampling Ranked SAMPLS references
WP6

DOCKING/SMINA/VINARDO 1 Vina —* —* No
vDSSB/GAFF2/OPC3/HREM (C) 2 GAFF2-AM1BCC OPC3 (E) HREM  Yes 54
MACHINE-LEARNING/NNET/DRAGON-descriptors 3  XTB-GFN2B —* —* Yes
EE/Openff-2.0/TIP3P/MD-EE/WL_RL.02_L.01 4  OFF2.0-AM1BCC TIP3P (E) MD Yes 55
EE/Openff-2.0/TIP3P/MD-EE/All-data 5 OFF2.0-AM1BCC TIP3P (E) MD No 55
EE/Openff-2.0/TIP3P/MD-EE/RL_8_only 6  OFF2.0-AM1BCC TIP3P (E) MD No 55
DDM/AMOEBA/BAR 7 AMOEBA AMOEBA (E) MD Yes
ELIE/GAFF2-ABCG2/TIP3P/MD/MMPBSA 8 GAFF2-AM1BCC TIP3P (E) MD Yes
EE/Openff-2.0/TIP3P/MD-EE/WL_RL.02_L.01/corrected (C) 17 OFF2.0-AM1BCC TIP3P (E) MD No 55
APR/GAFF2/TIP3P/MD-US/MBAR** 18 GAFF2-AM1BCC TIP3P (E) MD-US No
APR/OFF1.2.0/TIP3P/MD-US/MBAR** 19 OFF1.2.0-AM1BCC TIP3P (E) MD-US No
APR/OFF2.0.0/TIP3P/MD-US/MBAR** 20 OFF2.0.0-AM1BCC TIP3P (E) MD-US No
CD-bCD and HbCD

PMF/GAFF-RESP/TIPAPEW/SMD 10 GAFF2-RESP TIPAPEW (E) MD Yes
DD/GROMOS-53A6_glyc/SPC/MD 11 GROMOS-53A6 SPC (E) MD Yes
MD/GAFF-RESP/TIPAPEW/MM-GBSA 12 GAFF2-RESP TIP4PEW (E/I) MD No
MD/GAFF-RESP/TIPAPEW/MM-PBSA 13 GAFF2-RESP TIP4PEW (E/I) MD No
ATM/FFENGINE/TIP3P/HREM 14 FFEngine-GFN2-xTB/BCC TIP3P (E) HREM Yes 56
MD/GAFF-RESP/TIPAPEW/MM-GBSA_2 15 GAFF2-RESP TIP4PEW (E/I) MD No
DDM/FEP/MBAR/ParamChem 16 CGenFF TIP3P (E) MD Yes
APR/GAFF2/TIP3P/MD-US/MBAR** 21 GAFF2-AM1BCC TIP3P (E) MD-US No
APR/OFF1.2.0/TIP3P/MD-US/MBAR** 22 OFF1.2.0-AM1BCC TIP3P (E) MD-US No
APR/OFF2.0.0/TIP3P/MD-US/MBAR** 23 OFF2.0.0-AM1BCC TIP3P (E) MD-US No

Acronym/abbreviation legend: vDSSB (virtual double system single box), GAFF (generalized amber force field), OPC3 (3-point optimal point charge),
HREM (Hamiltonian replica exchange), EE (expanded ensemble), MD (molecular dynamics), TIP3P (transferable interaction potential three-point),
WL (Wang-Landau), RL (receptor-ligand), DD/DDM (double decoupling method), AMOEBA (atomic multipole optimized energetics for
biomolecular applications), BAR (bennet acceptance ratio), MBAR (multistate Bennett acceptance ratio), AM1BCC (austin model 1 bond charge
correction), ELIE (extended linear interaction energy), ABCG2 (AM1-BCC-GAFF2), MM (molecular mechanics), PBSA (Poisson-Boltzmann surface
area), GBSA (generalized-born surface area), NNET (neural network), xTB (tight binding), GFN (geometries, frequencies, and non-covalent
interactions), OFF (open force field), TIPAP-EW (transferable interaction potential four-point Ewald), APR (attach-pull-release), US (umbrella
sampling), PMF (potential mean force), RESP (restrained electroStatic potential), SMD (steered molecular dynamics), GROMOS (GROningen
MOlecular simulation), SPC (simple point charge), ATM (alchemical transfer method), FEP (free energy perturbation), CGenFF (CHARMM

generalized force field).

while one participant included ELIE (extended linear interaction
energy) fitting to their end-point approach. The ELIE approach
was inspired by both LIE (linear interaction energy) and MM/PBSA
methods, where scaling coefficients obtained from fitting calcu-
lated BFEs to measured values of guests in a training set are
applied to the energy terms in the MM/PBSA free energy equation
to estimate BFEs.**®® Note that this approach used ABCG2
mentioned in the previous paragraph. Another set of predictions
submitted in this challenge was with a method based on docking,
using the smina code for docking (https://sourceforge.net/pro
jects/smina/) and the vinardo scoring function for scoring.
A different method utilized available and published binding
measurements of complexes to perform machine-learning based
predictions. For a more detailed description of each method,
please see the submission text files in the SAMPL9 GitHub
repository (https:/github.com/samplchallenges/SAMPL9/tree/main/
host_guest/Analysis/Submissions/) or see Table 1 for available
literature.

2.4 Reference calculations

Reference calculations using the Attach-Pull-Release (APR)
method”®”* were set up and performed by M. A. and J. S. using

This journal is © the Owner Societies 2024

the pAPRika 1.0.4 toolkit (https://github.com/GilsonLabUCSD/
PAPRika/tree/v1.0.4) and OpenMM 7.4.27> as a simulation
engine. Overall, simulations were run using 15 windows for
the attach and release phases, and up to 46 umbrella sampling
windows during the pull phase. The pull phase umbrella
windows were spaced at 0.4 A intervals, starting at 6 A from
the non-interacting anchor particles (called dummy atoms) and
extending to a maximum distance of 24 A. Production runs of
each window in all phases (attach, pull, and release) were run
up to 50 ns.

The starting structures were obtained in a manner similar to
that used for the SAMPLS reference calculations,* by docking
guests to the host using OEDock with the Chemgauss4 scoring
function from the OpenEye Toolkits (release 2019.10.2).”2
To compare general force fields, the bonded and initial
Lennard-Jones parameters were obtained from GAFF2 as imple-
mented in Antechamber,”* or assigned based on OpenFF
v1.2.0”° or v2.0.0”° using openff-toolkit release v0.10.1.””
Each host-guest system was solvated with 2500 TIP3P water
molecules in a rectangular box whose dimensions were approxi-
mately 40 x 40 x 63 cubic A. Sodium or chloride counterions
with parameters from Joung and Cheatham’® were added as
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needed to neutralize each host-guest system, and additional
sodium and chloride ions were added to match the experi-
mental ionic strength. AM1BCC partial atomic charges for
hosts and guests were generated using oequacpac (with func-
tion oequacpac.OEAssignCharges(mol, oequacpac. OEAM1BCC-
Charges())) as implemented with OpenEye ToolKkits.

The attach-pull-release windows were prepared using
pAPRika 1.0.4 and consisted of adding three dummy atoms
(non-interacting anchor particles), selecting host and guest
anchor atoms, configuring orientational restraints’® (also
called Boresch-style restraints), adding solvent and ions, and
preparing OpenMM XML files. Briefly, three dummy atoms are
added to each system to help define and impose different
restraints, required for APR BFEs, that control the translation
and orientation of the host and guest relative to the dummy
atoms. The dummy atoms are not used in the context of
defining other optional restraints discussed below. In general,
host and guest anchor atoms were defined by selecting three
heavy atoms for each host (H1, H2, and H3) and two for each
guest (L1 and L2), as shown in the schematic Fig. S5 (ESIt). For
specific atom selection see Table S1 (ESIT). L1 was then shifted
to the axis origin, and the vector of L1 and L2 was aligned to the
z-axis to orient the host-guest complex. Three dummy atoms
(D1, D2, and D3) were added to the host-guest complex below
the guest and along the z-axis (Fig. S5, ESIT). The distances
for D1, D2, and D3 from the guest were 6, 9, and 11.2 A,
respectively, while D3 was also offset by 2.2 A along the y-axis.

Boresch-style restraints, as described in ref. 71 and 80, were
used to control the translation and orientation of the host
molecule while providing a frame of reference. After the anchor
atoms are defined, one distance, one angle, and one dihedral
restraints are imposed to control the hosts’ translational
degrees of freedom via D1-H1, D2-D1-H1, and D3-D2-D1-H1,
respectively. The hosts’ orientational degrees of freedom were
controlled by one angle and two dihedral restraints via D1-H1-
H2, D2-D1-H1-H2, and D1-H1-H2-H3, respectively (Fig. S5-S8,
ESIt). Together, these restraints were also called “static” restraints
since they are constant throughout the entire APR simulations.
Static restraints do not alter the internal coordinates of the host;
therefore, the static restraints free energy was not included since it
does not contribute to the binding free energy.

In addition, restraints were also applied to the guest mole-
cules during the attach phase. Two restraints were used to
control the guest translation, r and 0, and one restraint to
control its orientation f (Fig. S5-S8, ESIt). Only the polar angle
of the guest orientation was restrained. For these restraints, the
restraint free energies were obtained by scaling force constants
from 4 0 to 1 over 15 windows. The free energy of releasing the
restraints on the guest in the unbound state was calculated
semi-analytically and included a standard-state correction at
1 M. The force constants applied to host static and guest
orientational restraints are shown in Table S2 (ESIY).

To create the umbrella windows of the pull phase, the guest
molecule was pulled by the host along the reaction coordinate
(r) by increasing the distance between D1-L1 (Fig. S5, S6 and
S8, ESIf). The guest molecules were pulled in intervals of 0.4 A
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and up to a distance of 18 A, for a total of up to 46 windows.
Throughout the pull phase, the two angles 0 and § (D2-D1-L1
and D1-L1-L2) were restrained at 180° (Fig. S5, S6 and S8,
ESIY).

The restraints described up to this point are required for
APR calculations. However, there are also optional restraints
which can be set. One optional type of restraints are flat-bottom
potential restraints applied to keep the guest in the host
binding pocket during the attach phase and help define the
bound state. These set of restraints are referred to as “wall”
restraints and help create a boundary(ies) at the binding site.
Wall restraints are intended to help improve the calculations
through quicker convergence, particularly for weak binders by
preventing dissociation of the host-guest complex, and were
only turned on if the guest leaves the host binding site past a
threshold (Fig. S7 and S9, ESIt) during the attach phase, thus
pulling the guest back towards the host binding site. In addi-
tion, when these restraints are applied they do not contribute to
the final binding free energy.”* For WP6, twelve wall restraints
were set on the guests (via the L1 anchor atom) relative to the
host carboxylate arms to keep the guest in the host binding
cavity (defined by the ether oxygen atoms O1, 031, 025, 019,
013, 07, 02, 032, 026, 020, 014, and 08), as shown in Fig. S7
(ESI). For the bCD and HbCD hosts, 7 wall restraints were set
on the guests (via the L1 anchor atom) relative to the oxygen
atoms (03, 033, 028, 023, 018, 013, and 08) of each glucopyr-
anoside linker, as shown in Fig. S9 (ESIT). The force constant
(“k wall”) and distance threshold (“r wall’) used for the wall
restraints are shown in Table S2 (ESIf).

Another set of optional restraints for APR calculations is
conformational restraints that can be applied to either or both
host and guest to facilitate sampling during simulations of the
pull phase."®”" These types of restraints are also referred to as
“jack” or dihedral restraints. Dihedral restraints were turned
on in the attach phase (over 15 windows) by scaling the force
constants using 4 scaling coefficients from 0 to 1, as described
earlier for guest restraints. The free energy contributions of
applying the dihedral restraints on a host molecule were
calculated. In the release phase, dihedral restraints were turned
off over 15 windows by scaling the force constants from 1 to 0.
The free energy cost of releasing the dihedral restraints in the
unbound state was calculated explicitly.

For reference calculations, jack or dihedral restraints were
not applied to WP6 or its relevant guests. bCD is a flexible
macrocycle, and when certain guests are bound, bCD can get
distorted and trapped in a conformational sub-state during a
simulation that can make the calculation difficult to conver-
gence or converge to an incorrect estimate. Imposing two
dihedral restraints on the glucopyranoside linkers was shown
to maintain the bCD shape and circumvent this issue. Thus, the
same set of dihedral restraints was applied to bCD and HbCD
on the glucopyranoside linkers based on previous work.”*
A pair of dihedrals for each glucopyranoside linker (Fig. S10,
ESIt) were selected (of 108.7° and —112.5°) resulting in a total
of 14 dihedral restraints. Dihedrals of 108.7° were defined by
atoms C4, 03, C37, 034, C40, 033, C31, 029, C34, 028, C25,
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024, C28, 023, C19, 019, C22, 018, C13, 014, C16, 013, C7, 09,
and C10, 08, C1, O4. The dihedrals of —112.5° were defined by
atoms C5, C4, 03, C37, C41, C40, 033, C31, C35, C34, 028, C25,
C29, C28, 023, C19, C23, C22, 018, C13, C17, C16, 013, C7, and
C11, C10, O8, C1. The parameters used for the dihedral
restraints are shown in Table S2 (ESIY).

The simulations were run using a Langevin thermostat®' at a
constant temperature of 298.15 K and a collision frequency of
1.0 ps', using a Monte Carlo barostat® with a constant
pressure of 1 atm. Host-guest systems were minimized up to
a maximum of 5000 steps and equilibrated in the NPT ensem-
ble for 1 ns. Production simulations were also run in the NPT
ensemble for up to 50 ns per window. The non-bonded inter-
action was truncated with a 9.0 A cutoff. The long-range
electrostatic interactions were handled with the particle mesh
Ewald (PME) method,®®* and the long-range van der Waals
interactions were treated with an isotropic dispersion correc-
tion.*>"®” Simulation time steps were set to 4 fs with hydrogen
mass repartitioning (HMR).”"®¥% The binding free energy
quantities were estimated with thermodynamic integration
(TI) and/or the multistate Bennett acceptance ratio (MBAR)®
method. Uncertainties for the TI estimates were calculated
using block analysis as described in the literature.”* However,
for reference submissions only the estimates with MBAR were
included.

For WP6, guests G1, G3, G5-G7, G9, and G11 had titratable
nitrogens with pK, values of 10.45, 10.48, 10.34, 10.45, 10.45,
10.34, and 9.93 (as determined via ChemAxxon Chemicalize),
respectively. The population states for the protonated variants
at the experimental pH were all above 99%, thus reference
binding free energies were obtained from protonated guests.
Reference binding free energy calculations for bCD systems
were obtained using the protonated (charged) state of the
guests. Guest G8 was modeled as a zwitterion, with its titratable
nitrogen in the protonated state (charged) and its sulfonate
group deprotonated (charged).

In SAMPL7, experimental characterization of bound con-
formations via NOESY NMR, and some computational appro-
aches, showed that polar head groups of guests can occupy either
the primary (primary alcohol opening) or secondary (secondary
alcohol opening) face of bCD and functionalized derivatives, and in
some cases, both orientations were populated.*****> For SAMPL9,
we thought that most methods (if not all) needed to account for
primary and secondary binding modes of phenothiazines indivi-
dually, and due to the asymmetry of both guest and host, this may
require additional binding modes in each face. For the different
binding modes, we use the notation defined previously,*® so the
binding modes are referred to here as SS (secondary-secondary), PP
(primary-primary), PS (primary-secondary), and SP (secondary-
primary), where the first word represents the orientation of guest’s
R1 amine group and the second word denotes the orientation of
the R2 functionalization on the phenothiazine core (see Fig. 4).
Even with some methods that deploy enhanced sampling techni-
ques, these binding modes may never interconvert in simulations
and thus simulations would give inaccurate binding free energies,
thus requiring modeling each different metastable binding mode
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Fig. 4 Schematic representation of cyclodextrin hosts and guests’ pri-
mary and secondary orientation binding modes. (A) A schematic repre-
sentation of cyclodextrin hosts and their general shape, and of
phenothiazine guests. The primary face (smaller opening) of the host is
at the bottom towards the primary alcohol (or methoxy) groups, and the
secondary face (larger opening) is at the top of the host towards the
secondary alcohol. The guest CPZ is used as an example, where the
phenothiazine core is shown with a gray rectangle, the protonated amine
tail is shown with a yellow triangle (R1), and phenothiazine functionaliza-
tion is shown with a blue circle (R2). (B) Schematics of phenothiazine guest
orientations and binding modes. The different binding modes are hamed
SS (secondary-secondary), PP (primary-primary), PS (primary-secondary),
and SP (secondary-primary), where the first letter is the orientation of the
guest R1 group and the second letter for the guest R2 group. Dashed lines
on the guest depict where it is inside the host.

individually. For initial reference calculations, only one pose for
each orientation (primary and secondary) was included (see Fig. 5),
and will include additional orientat