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ABSTRACT

Biomolecular Reaction and Interaction Dynamics Global Environment (BRIDGE) is an open-
source web platform developed with the aim to provide an environment for the design of reliable
methods for, and to conduct reproducible, biomolecular simulations. It is built on the well-known
Galaxy bioinformatics platform. Through this BRIDGE hosts computational chemistry tools on
public web servers for internet use as well as provide machine and operating system independent
portability using the Docker container platform for local use. This construction improves the
accessibility, shareability, and reproducibility of computational methods for molecular
simulations. Here we present integrated free energy tools (or apps) to calculate absolute binding
free energies (ABFE) and relative binding free energies (RBFE) illustrated through use cases. We
present Free Energy Perturbation (FEP) methods contained in various software packages such as
GROMACS and YANK that are independent of hardware configuration, software libraries or
operating systems when ported in the Galaxy-BRIDGE Docker container platform. By performing
Cyclin-dependent kinase 2 (CDK2) FEP calculations on geographically dispersed webservers (in
Africa and Europe) we illustrate that large scale computations can be performed using the exact
same codes and methodology by collaborating groups through publicly shared protocols and
workflows. The ease of public sharing and independent reproduction of simulations via BRIDGE
makes possible an open review of methods and complete simulation protocols. This makes the
discovery of inhibitors for drug targets accessible to the non-experts and the computer experiments
that are used to arrive at leads verifiable by experts and reviewers. We illustrate this on beta-
galactoside alpha-2,3-sialyltransferase | (ST3Gal-1), a breast cancer drug target, where a
combination of RBFE and ABFE methods are used to compute the binding free energies of three

inhibitors.



INTRODUCTION
The challenges facing novice molecular modelers, looking to compute protein-ligand

interactions accurately using vetted protocols and large-scale drug design collaboratives, requiring
common methods and models to perform accurate high throughput intermolecular computations,
are common. Both require reproducibility and shareability. The obstacles to use are often that
various codes and associated protocols are not easily accessible to those that are not part of
development groups or are privy to in-house expert laboratory experiences and protocols.
Transferability and web access of code is a largely solved problem as much of e-commerce notably
giant corporations such as amazon or web-based mail services such as Gmail rely on software
container functionality to allow ease of access no matter where the user is geographically located
or what hardware is being used for the application. Recently we reported an open-source
Biomolecular Reaction and Interaction Dynamics Global Environment (BRIDGE)! that provides,
on a single platform, computational chemistry simulation data and tools alongside the inherent
Galaxy? ® features where biological data and bioinformatics tools are seamlessly accessed. A
feature of Galaxy is its prepackaging using mostly Docker container technology, allowing the
transferable use of scientific code that is independent of the hardware platform or operating system.
We chose Galaxy as a development platform as its genetics and proteomics databases, and schemes
can be linked to molecular dynamics (MD) simulation and analysis methods through BRIDGE.
Here we report the BRIDGE molecular Interaction functionality that provides a robust framework
to predict ligand affinities, which includes alchemical free energy methods such as free energy
perturbation (FEP) and thermodynamic integration (T1) methods. 4°

Site-directed mutagenesis and comparative protein-ligand binding are primary tools to
biochemically map a disease and with which to design drugs from an understanding of binding

mechanisms. Computational design and informatics play an increasingly significant role in the



discovery of molecular mechanisms of small molecules that alter disease pathways.” The
alchemical free energy methods incorporated into BRIDGE sample a large number of
conformations using MD or Monte Carlo simulations and so improving on account of entropic
binding contributions.® FEP based methods can be used to calculate the free energy (FE) of a small
molecule bound to a receptor (absolute binding FE) or the relative affinity of a series of related
ligands to a receptor (relative binding FE). Relative binding FE (RBFE) calculations are most
commonly used in lead optimization structure-based drug designs because of the comparative
speed and accuracy advantages over absolute binding FE (ABFE) calculations. ABFE calculations
are most useful when the reference structures are absent, or the perturbations between structures
are computationally inaccessible. Extensive reviews of FE methods are available® °, With
attempts at ligand-protein FE computation now more than 50 years in the making'!, there is
consensus on methodology® and protocols'® needed for accuracy and reliability of these
calculations. Robust FE methods accompanied by accurately parameterized biomolecular and
small molecule force fields are embedded in packages such as CHARMM,? AMBER?®3, and
GROMOSY. The BRIDGE open-access platform presented here necessitates open-source and
well-supported molecular modeling software; for this reason, the development was based on
YANK?® and GROMACS™.

THEORY and METHODS

The first BRIDGE development contained the Dynamics Global Environment modules. Here the
development of the Interaction module that enables seamless setup, computation, and protocol
sharing of ligand-protein FE is reported. The existing BRIDGE tools and the Docker image were
extended. The FE tools were wrapped using the Galaxy Tool XML language and are available on

GitHub for open access. Software dependencies for the tools are resolved using the Anaconda



Python distribution system. Most public Galaxy servers have quite strict channel specifications;
thus, tools requiring custom channels are available in the Docker image and at https://galaxy-

compchem.ilifu.ac.za.

Absolute Binding Free Energy tools

The absolute binding of a ligand (L) to a protein (P) is estimated as:

AGpina = [(G(L)water) = (G(L) gas)] = [(G(PL)water) = (G(Pwater + G(L)gas)] (1)
The enabling tools developed for ABFE computations are Absolute Solvation Free Energy,
Absolute Binding Free Energy, and YANK Analysis. These tools are based on YANK?'®, which
expands on OpenMM toolkit!’ and supports the AMBER force field*8 for proteins and the General
Amber Force Field (GAFF)!® for small molecules. YANK is well suited for parallel and GPU
computing using a Hamiltonian Replica Exchange MD? to efficiently sample ligands, which may

be hindered in the protein binding site.

In the design of novel ligands such as glycomimetic inhibitors??, a reference structure may not
be present to perform RBFE. In these cases, ABFE is useful to arrive at an estimate of the FE,
which requires the protein structure as a PDB file and the ligand structure as a MOL2 file. The
ligand need not be docked in the active site, as the ABFE tool can be used to find the binding
pocket as well as the free energy of binding depending on the restraints used between the protein
and the ligand (for example Harmonic, Flat-Bottom, Boresch, or RMSD restraints). ABFE
simulations are computationally intensive; they can be run on the CPU like the other tools but are
best suited to run on GPUs. If no GPU is available locally, the computation can be set up and
executed on remote GPU resources. The Absolute Solvation Free Energy (ASFE) tool was also

developed and tested on a use case described in Shivakumar et al.?? (supporting information).


https://galaxy-compchem.ilifu.ac.za/
https://galaxy-compchem.ilifu.ac.za/

Relative Binding Free Energy tools

RBFE simulations measure the simulated binding affinity of one ligand compared with another
through the 'mutation’ of the reference ligand (A) to the final ligand (B). The transition is made
through intermediate steps on the A-coordinate. The tools developed for RBFE are Alchemical
Setup, Alchemical Run, and Alchemical Analysis. These tools are based on ProtoCaller?® and
GROMACS?¢, and Alchemical Analysis?*. To initiate a RBFE simulation or series of simulations,
a protein structure (PDB ID or PDB file) and ligand structure (SMILES, InChl, or SDF file) need
to be uploaded to the BRIDGE platform (Figure 1A). We developed the Alchemical Setup wrapper
that includes ProtoCaller to link several specialized tools to perform protein setup and
parametrization. ProtoCaller supports standard AMBER force fields and includes an enhancement
to the maximum common substructure algorithm to improve ligand-ligand mapping for
stereoisomers. This ligand mapping is crucial as for RBFE the ligand must be placed in the active
site. ProtoCaller handles the full setup, including mapping the ligands, charge parameterization,
and adding dummy atoms that are needed for the RBFE calculations. The RBFE simulations are
carried out using the Alchemical Run tool developed based on GROMACS. The slow-growth
method as implemented in GROMACS along with the topologies created by the Alchemical Setup
tool were used to run FEP simulations. The Alchemical Run tool has an inbuilt workflow that
carries out energy minimization and equilibration (to avoid any possible Hamiltonian lagging)
followed by production runs for each free energy window. The Alchemical Analysis tool can be
used to carry out extensive analysis of the RBFE simulations using various free energy estimators
such as Bennett Acceptance Ratio (BAR), Multiscale Bennett Acceptance Ratio (MBAR), and
Thermodynamic Integration (TI). From these estimators graphical and textual output can be

produced to compute the free energy differences and evaluate the quality of the simulations.



User Interface, workflows, use cases

The BRIDGE interface (Figure 1A) is straightforward and follows the Galaxy design. Tools are
in the left panel; a history of progress is in the right panel, and information about the current tool

or dataset selected is in the central panel.
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Figure 1: (A) The Galaxy/BRIDGE interface (B) workflow illustrating RBFE calculations, (C) Data can be plotted
directly in Galaxy. Aggregated experimental and simulation data were plotted for the RBFEs for ligands in CDK2,

which were simulated on geographically distant Galaxy servers.



Data can be uploaded using the upload icon at the top of the Tools menu (left panel), while the top
menu bar includes share resources, user account, and other information. By way of illustration, an
example workflow for an RBFE calculation is given (Figure 1B). This includes the setup,
instructions for the FEP simulations using the GROMACS tool, where the structure and topology
file outputs are selected from the alchemical setup tool and the desired simulation parameters
defined. The four steps, (i) energy minimization, (ii) equilibration in an NVT ensemble, (iii)
equilibration in an NpT ensemble, and (iv) production FEP simulation in an NpT ensemble is fully

automated (Figure 1B) and executed for each thermodynamic window.

On completion of the RBFE computations, an Alchemical Analysis?* tool can be deployed to
interrogate the output from the Alchemical Run tool and verify the convergence of the simulations.
The RBFE values are obtained by subtracting the FE change in water from the change in the active
site, and the quality of the FEP simulation and selection of windows is validated with these tools
(note the windows can be changed at runtime manually or with the following tool

https://github.com/scientificomputing/rbfe_sequence_generator). Once a protocol has been

established, a workflow connecting all the setup, run, and analysis steps can be shared. Both ligand
in water and ligand in the receptor active site simulations can be run in the same workflow.
Workflows provide a means to train novices, ensure reproducibility of the calculations, and build
pipelines for high throughput computations evaluating multiple ligand-protein binding
experiments. Workflows allow for the independent validation of simulations by project

supervisors, collaborators, or article referees.

To illustrate how BRIDGE applies to collaborative drug discovery, we include the well-known
CDK2?> 26 yse cases (workflows and data are available?’). Use cases detailing absolute solvation,

absolute binding, and relative binding free energy calculations are in the supporting information.


https://github.com/scientificomputing/rbfe_sequence_generator

For CDK2 ligands, the RBFEs were calculated using the same workflow but calculated on
geographically distant resources (the University of Cape Town affiliated ilifu server and Galaxy
Europe at the University of Freiburg). The results were combined, and a scatter plot (Figure 1C,
supporting information) reproduces the benchmarked results where ligand RBFEs are within a 1

kcal/mol tolerance and compare well with experimental data.

RESULTS AND DISCUSSION

To illustrate the advantage of drug development using diverse FE methodologies that are co-
located on a single platform sharing common data, we computed the binding of possible inhibitors
to beta-galactoside alpha-2,3-sialyltransferase | (ST3Gal-1) requiring a combination of absolute
and relative free energies. Overexpression of ST3Gal-1 in breast cancer affects not only the onset
of carcinogenesis but may influence early tumor development.?® Inhibiting the ST3Gal-1 enzyme
may prevent the formation of tumors, trigger apoptosis, and arrest metastasis. However, MD
simulations and FE computations of ligand glycosyltransferase binding are more challenging than
most protein-ligand cases. This presents a scenario where a protocol developed using expertise in
glycosyltransferase modeling can be easily shared.

Previously, we computed RBFE for a set of ligands with marginal success given the lack of high
throughput screening and the limitations of RBFE.2° We now reconsider binding free energies of
three previously studied inhibitors for ST3Gal-1.* We compute AAG and compare these with the
experimental AAG (calculated from ICso) using the RTIn (IC50 ratio). The three ligands have a
common frame and differ in only one functional group (Figure 2). While charge perturbation
calculation from IN1 to IN2 would be preferred, it has the computational challenge of slow
convergence in GROMACS. Nonetheless a workflow for RBFE with charge perturbation can be

developed in BRIDGE for open sharing. Similarly, the platform lends itself to the inclusion of



state-of-the-art methods developed by a community of users. However, a ready solution to
computing the IN1 to IN2 free energy differences is ABFE to calculate the binding free energies

of the individual ligands separately.
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Figure 2: The binding FE of Sy1 type donor analog inhibitors for ST3Gal-I enzyme computed via ABFE (IN1RIN2,
IN2EIN3) and RBFE (IN2=IN3) compared with experimental values reported in kcal/mol, errors calculated with the

MBAR estimator. ABFE and RBFE performance is system dependent and may vary greatly. 3
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ABFEs were calculated for IN1 and IN2. Following this, an RBFE workflow was designed to
compute AAG;ys21ns3- The relatively large perturbation of the amide group to primary alcohol
of the IN2 to IN3 perturbation was done in two steps. The amide group was perturbed to a hydrogen
atom and then the hydrogen atom perturbed to the alcohol. The combined ABFE and RBFE results
suggest that the binding FE increases in the order IN3 < IN2 < IN1 (also the case for ABFE only),
which correlates with the experimental findings. Since the only difference between the three
molecules is this R group, we reason that the carboxylic acid at the anomeric carbon is essential
for binding.

The ST3Gal-I binding site is flexible and presents a ready environment for multiple O-glycan

catalysis; this creates a challenge for specific ST3Gal-1 inhibitor design. We chose a set of
inhibitors that are highly flexible and have a charged phosphate. Including charged groups results
in slow convergence for both YANK and GROMACS. For flexible ligands, such as IN3, ABFE
requires significant computational resources and may not converge as well as RBFE.
Li et al. carried out a pairwise comparison of RBFE and ABFE for potential inhibitors of CDK2,
TYK2, Thrombin, and JNK1. 3! While there is sometimes comparable accuracy (best R? is 0.79),
the performance depends on the system and errors for individual ligands can vary greatly. Note,
inconsistent results from two methodological approaches, such as the quantitative differences for
the IN2 to IN3 perturbation from ABFE and RBFE (Figure 2), can be probed on a common
platform. In this case, the poor ABFE convergence, especially for IN3, despite 16 days of
computing time on an NVIDIA Tesla V100 (run at the CHPC, Cape Town, South Africa), is the
likely reason.

The combination of charged, flexible ligands, and a flexible protein binding site (ST3Gal-I)

shown here demonstrate the value of developing repeatable protocols for complex simulations that

11



can be shared and used for large ligand libraries. The comparative study of three inhibitors with
varied functional group character is illustrative of rational drug design using reproducible
simulations that can be shared between collaborating groups. The same computation and protocols
are used across the collaboration but without requiring cumbersome installation and software
tailoring.

We illustrate drug lead optimization using ST3Gal-1. This is accomplished through a pipeline
that starts with the Interaction workflows to identify leads followed by the Dynamics module and
analytics workflows that rationalize the emergence of the lead molecule. Using the Interaction
module workflows, relative FE of binding for the three ligands that differ in charge and
functionality is made possible using a combination of ABFE and RBFE methods. On discovering
that IN1 has the best binding, amongst this small illustrative set, we investigated the reasons for
this binding (supporting information); this involves an analysis of intermolecular interaction (in
this case, ligand-protein hydrogen bonding) and analytics (in this case, PCA) performed on the
protein. These essential tools and pre-designed workflows are the basis for lead optimization.
CONCLUSIONS

The Interaction module of the BRIDGE is reported, and the platform provides an open-access
development space for FE modeling and best practice protocol sharing. BRIDGE makes protein-
ligand binding FE calculations accessible, repeatable and shareable for novice and advanced users
and collaborating users that are geographically dispersed. The open-source FE codes GROMACS
and YANK and a setup tool ProtoCaller were wrapped for use in Galaxy, and the automation of
FE high throughput screening methods can be accomplished by using workflows.

The process, results, and analysis of the FE calculations are automatically combined into a

history, which can be used to share methods, protocols, and data that make FE simulations

12



reproducible. We illustrate this by performing RBFEs for ligands in CDK?2 in two distant locations
and recombining them through data sharing to produce a scatter plot for ligand evaluation and
analysis. We showed that when demanding computations require hardware located at a distant site,
the protocol can be shared on that site to undertake the computations. In a more advanced usage
of the BRIDGE platform, we compute the relative FEPs (on ilifu) and absolute FEPs (CHPC GPU
cluster) of a series of donor-based inhibitors binding to ST3Gal-1 as an illustration of using
BRIDGE to undertake collaborative drug discovery strategies such as lead discovery and
optimization. Here we illustrate the benefits of an open platform to share protocols for challenging
perturbations. However, as methods improve and protocols advance, they can be incorporated into
BRIDGE and publicaly shared.

Data and Materials

BRIDGE IS available through GitHub and DockerHub

(https://github.com/scientificomputing/BRIDGE;

https://github.com/galaxycomputationalchemistry/galaxy-tools-compchem), the ilifu hosted

South African instance (https://galaxy-compchem.ilifu.ac.za) and the European Galaxy server

(https://cheminformatics.usegalaxy.eu). The South African National Integrated Cyber

Infrastructure System (NICIS) hosts a BRIDGE deployment that can interface with the Centre for

High-Performance Computing (CHPC) service.

Supporting Information Available: Supporting data, figures, tables, and details of methods and
test cases.
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