Haptic-Assisted Interactive Molecular Docking

Incorporating Receptor Flexibility

Nick Matthews,! Akio Kitao,} Stephen Laycock,*'T and Steven Hayward*'T

tSchool of Computing Sciences, University of Fast Anglia, Norwich Research Park,
Norwich NRJ 7TJ, UK
1School of Life Science and Technology, Tokyo Institute of Technology, 2-12-1 Ookayama,
M6-13, Meguro, Tokyo 152-8550, Japan

E-mail: s.laycock@uea.ac.uk; steven.hayward@uea.ac.uk


s.laycock@uea.ac.uk
steven.hayward@uea.ac.uk

Abstract

Haptic-assisted interactive docking tools immerse the user in an environment where
intuition and knowledge can be used to help guide the docking process. Here we present
such a tool where the user “holds” a rigid ligand via a haptic device through which they
feel interaction forces with a flexible receptor biomolecule. To ensure forces transmitted
through the haptic device are smooth and stable, they must be updated at a rate greater
than 500 Hz. Due to this time constraint, the majority of haptic docking tools do not
attempt to model the conformational changes that would occur when molecules inter-
act during binding. Our haptic-assisted docking tool, “Haptimol FlexiDock”, models
a receptor’s conformational response to forces of interaction with a ligand whilst main-
taining the required haptic refresh rate. In order to model receptor flexibility we use
the method of linear response for which we determine the variance-covariance matrix
of atomic fluctuations from the trajectory of an explicit-solvent Molecular Dynamics
simulation of the ligand-free receptor molecule. Key to satisfying the time constraint is
an eigenvector decomposition of the variance-covariance matrix which enables a good
approximation to the conformational response of the receptor to be calculated rapidly.
This exploits a feature of protein dynamics whereby most fluctuation occurs within a
relatively small subspace. The method is demonstrated on Glutamine Binding Protein
in interaction with glutamine, and Maltose Binding Protein in interaction with mal-
tose. For both proteins the movement that occurs when the ligand is docked near to
its binding site matches the experimentally determined movement well. It is thought

that this tool will be particularly useful for structure-based drug design.



Introduction

Molecular docking refers to computational methods used to predict how two molecular struc-
tures join together to form a complex. It is an important tool in the fields of protein-protein
interaction”, protein-ligand interaction® and structure-based drug design (SBDD).

One can classify molecular docking into two types: automated and interactive. For
automated docking, pose selection algorithms are employed to search for possible binding
poses® . This can result in a large number of conformations, which are then scored according
to their binding energy. The “correct” pose should result in a high score. Interactive systems
put the user in charge of the docking process, allowing them to use their knowledge and
intuition to find a docked pose®?.

One way of enhancing interactive docking is to use a haptic device. Haptic-assisted
docking systems allow 3D manipulation and interaction forces to be felt, enabling the user
to guide the process through their sense of touch, naturally avoiding high-energy interactions.
Haptics brings profound advantages over the use of a simple mouse. As Aspuru-Guzik et al.V
state, haptic devices add “a new level of intuition to the virtual experience of the molecular
world that goes far beyond its archaic and fractured perception through computer mouse
and keyboard.” It is thought that such state-of-the-art visualisation technologies will have
considerable impact on SBDD™.,

Besides offering an environment to rapidly test new ideas and hypotheses, haptic-assisted
interactive docking systems can be used in conjunction with automated systems to allow
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experts to test high scoring poses and either improve them or reject them"*?. Interactive

docking tools have also been shown to improve the users’ understanding of the process of

molecular binding*+ 1Y,

During docking, the binding of a ligand to a receptor often gives rise to specific forces that

L Modelling this flexibility presents a challenge, in both

induce conformational change
automated and interactive docking systems, due to the large number of degrees of freedom

in biomolecules making it a computationally expensive task.



Receptor Flexibility in Automated Docking

Below we refer to the large biomolecule to which another “ligand” molecule binds as the
“receptor”. Incorporating receptor flexibility into automated docking has been an active
area of research for many years. Recent review papers®™ have covered the topic in detail.

Within automated docking, receptor flexibility can be modelled both explicitly by mod-
elling a protein’s change in conformation during docking, or implicitly, that is without ac-
tively deforming the structure. Implicit approaches tend to be less computationally expensive
than the explicit methods®.

The least computationally expensive way to model flexibility implicitly is to use the
soft-docking approach??. In soft docking, small overlaps are allowed between receptor and
ligand atoms by softening the van der Waals’ repulsive term between atoms as a way of
simulating minor conformational plasticity and resulting in a larger binding site®. The main
advantage that soft docking has over other approaches to modelling molecular flexibility is
that it adds no extra computational cost compared to rigid docking. However, soft docking
can only model small, local conformational changes rather than large global ones that are
often related to function. Sometimes, soft docking is used in conjunction with more advanced
modelling methods“*22,

Ensemble docking attempts to dock a ligand to multiple conformations of the same

receptor instead of a single one“?.

Flexibility is accounted for implicitly, in the sense that
the protein will not deform in response to the ligand during the docking process. Studies
have shown that ensemble docking provides significant improvement over single-conformation
docking®*2>. However, it has been found that the additional poses can increase the number
of false positives generated during docking?®.

In other docking approaches, receptor flexibility is modelled explicitly. However, due to
the computational cost which results from the large number of degrees of freedom involved,

methods have been developed that reduce the complexity of the problem.

The earliest approaches only modelled partial flexibility within the receptor, in particular,



only modelling side-chain flexibility*’. For example, rotamer libraries have been used to
reduce the computational cost of calculating new side-chain positions, although the number
of poses within the library® is necessarily limited. Full molecular flexibility approaches have

1.2 is to dock the ligand into

also been reported. One approach, presented by Sherman et a
the receptor using soft docking and then to explore various conformations of the receptor
using rotamer libraries. Another approach also starts with soft docking and after a potential
pose has been found, the ligand and receptor poses are optimised using a molecular dynamics
simulation (MD)** Monte-Carlo®? or energy minimisation“".

Lower-dimensional representations of a molecule’s fluctuation space have also been used
to model its response to binding. These approaches use the dominant modes of the biomolecule’s
motion. Both Normal Mode Analysis (NMA)%%#%2 and Principle Component Analysis
(PCA)“# have been used as dimensionality reduction techniques. These techniques have
been shown to be an effective way of reducing the computational expense of incorporat-
ing flexibility. Zacharias™ incorporated “soft” modes calculated using PCA into a docking
application, and found that whilst rigid docking failed to identify a docking site close to
the experimentally derived site, including them resulted in a docking pose local to the ex-
perimentally derived energy minimum. The protein used was the FK506-binding protein.
Tatsumi et al.®¥ notes that the system developed by Zacharias® ignores local flexibility,
and so demonstrated a hybrid algorithm which uses a similar approach to Zacharias®* for

global motions and conventional MD for local motions. They found that their hybrid method

reproduced global fluctuations that were not present in ordinary MD docking simulations.

Interactive Docking

Most interactive docking tools employ a haptic device. Despite the various ways automated
docking has incorporated flexibility, few haptic-assisted interactive docking methods that
have been reported model flexibility. The primary reason for this is due to the time con-

straints that come with working at an interactive refresh rate. Modern haptic technology



requires the haptic device to be updated at a refresh rate higher than 500Hz, ideally 1kHz,

35030 Tf a lower refresh rate is used,

because of the sensitivity of the human haptic system
device vibrations caused by force discontinuities will occur. As a result of this the majority
of haptic-assisted interactive molecular docking systems limit themselves to rigid docking.
Most existing haptic-assisted molecular docking systems also make use of precomputed
force grids®” to reduce the number of computations required. Grid based applications, first
proposed by Brooks et al.®® treat either one, or both of the docking molecules as rigid, and
then pre-compute the desired interaction forces (usually van der Waals and electrostatic),

S8743 - or part of the receptor®®. The fundamental limitation of this

around the receptor
approach is that owing to the expensive pre-computation step, receptor flexibility cannot
be accommodated, as the grid would need to be recomputed after every deformation step.
Further limitations are that rough force transitions can be felt at grid cell boundaries**, and
the precomputed grid consumes large amounts of memory.

For very small molecules, it is possible to interactively solve a docking scenario as demon-
strated by Nagata et al.®?| Férey et al.®® and Hou and Sourina®, where interaction forces
between all of the atoms within the ligand and the receptor are computed in real time. On a
modern computer processor, this approach can accommodate molecules up to a few hundred
atoms in size*”. Implementations with molecules much larger than this are impractical on
the CPU. Modern GPUs (Graphics Processing Units) are, however, suited to this problem
as a large number of computations can be performed in parallel. Haptimol RD, a docking
system presented by Iakovou et al.*®, made use of the GPU to model rigid docking of two
large molecules. Importantly for our docking approach, in which receptor flexibility is mod-
elled, the method by Iakovou et al.*® computes the interaction forces in real time, rather
than relying on any pre-computation and, as a result, it can be applied to a flexible docking
problem. The effectiveness of this approach was demonstrated in Iakovou et al.®”.

Other approaches to docking include the work by Daunay et al.®Y, Zonta et al.®! and

Anthopoulos et al.®?. Daunay et al.®" developed a system that modelled flexibility by using



a molecular dynamics engine to compute the relevant forces. This approach proved too
costly to compute within the haptic time constraint, so wave transformations were used to
bridge the gap between rendering and simulation. Zonta et al.®! presented a system that
modelled ligand flexibility by using a third party library to accelerate force computations.
Anthopoulos et al.®? incorporated a GPU-accelerated force calculation approach within their

1.53 model

molecular modelling system®®. Although methods presented by Anthopoulos et a
flexibility to some degree, the forces on the haptic device were updated at the 33Hz refresh
rate of the display, well below that required for a smooth haptic experience.

Currently, haptic-assisted interactive molecular docking systems that achieve a haptic
refresh rate of at least 500Hz have either limited themselves to docking rigid molecules,
(comprising up to 184k atoms®®) and rigid receptor with a flexible ligand where the ligand
comprises a few atoms®!.

Stocks et al.®® used an Elastic Network Model to study how large molecules fluctuate
when forces are applied to individual atoms. In order to allow large proteins to be studied
they utilised the “important subspace” to reduce the size of the matrices used to calculate
the proteins’ response. By doing this, they reduced both the memory consumption and
computational cost.

In this paper, we build on the work of Ikeguchi et al.®? who used the theory of lin-
ear response to model conformational change in a protein in interaction with a ligand.
Linear response theory states that the response of a system to an external perturbation
can be approximated using equilibrium fluctuations of the system in its unperturbed state.

1.2 showed that equilibrium fluctuations of the ligand-free protein could in-

Ikeguchi et a
deed be used to accurately predict conformational change in response to the binding of
a ligand which provides the external perturbation. We build on these findings and also
those of Stocks et al.”* to produce a system (see Figure [1)) to calculate the conformational

response of a receptor molecule to the binding of a rigid ligand molecule. The applica-

tion also builds upon our previous work for rigid molecular docking implemented in Hap-



timol_RD? to create Haptimol FlexiDock, which maintains an interactive haptic refresh
rate on a GPU equipped desktop PC when performing interactive docking between a large
flexible receptor and a rigid ligand. Haptimol FlexiDock is available for download here:

http://www.haptimol.co.uk /flexidock /haptimolflexidockinstaller.zip.

Figure 1: A user docking maltose to maltose binding protein using Haptimol FlexiDock

Methods

Force Calculation

Like other haptic-assisted interactive molecular docking approaches, we only model van der
Waals and electrostatic interactions between the receptor and ligand molecule. Iakovou
et al.%% presented a GPU accelerated approach to calculate both of these forces between two
molecular structures. Equation gives the force, _ﬁ on receptor atom ¢ from all of the
ligand atoms, labelled j.

The haptic device “holds” the ligand and transmits the forces upon it from the receptor

to the user. The force on the ligand from receptor is given by — Zf\il f: The resulting


http://www.haptimol.co.uk/flexidock/haptimolflexidockinstaller.zip

force is then scaled before being transmitted through the haptic device. A range of force
scaling profiles, as described by Iakovou et al.? are available for use. These profiles are used
to ensure a good range of forces can be felt by the user. Within Haptimol FlexiDock the

ligand is currently modelled as rigid.
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In Equation (1)) ¢;; and o0;; are Lennard-Jones parameters that depend on the charac-
teristics of the interacting atoms, 7;; is the distance between the two interacting atoms, ¢;
and g¢; are the atomic charges of the two atoms, € is the permittivity of free space, € is the
relative permittivity dependent on the dielectric properties of the solvent and ;ij is the unit
vector in the direction of atom ¢ to atom j. Note the negation, required in order to get the
interaction force acting on receptor atom ¢ from all ligand atoms, rather than the force on
the whole ligand from receptor atom . We write in this way to be consistent with notation
in a previous paper®?. Torques are omitted, as it is not possible to render them on low cost
haptic devices.

The parameters for €5, 0y;, ¢; and ¢; were taken from the AMBER ff03 forcefield®". The
Lorentz-Berthelot rules were used to compute €;; and 0;;. These rules state that ¢;; = (516]')%
and 0;; = %(Ui + o), where 0y, 0, €; and ¢; are the Lennard-Jones parameters of atoms i
and j.

There is the option to use a distance-dependent € as described by®” in order to reproduce
the effect of dielectric screening of electrostatic interactions by the water solvent.

The forces on each of the receptor’s atoms are calculated in parallel, then the individual
force vectors ﬁ are combined to form a 3N x 1 column vector, F' = (fz; fy; fo1- fon fyn
f-n)t, where t denotes the transpose. We use linear response to calculate the response of
the receptor to forces from the ligand. In order to do this equilibrium fluctuations of the
receptor in its ligand free state need to be found. This is achieved using explicit-solvent

Molecular Dynamics (MD) simulation.



Molecular Dynamics

MD simulations of ligand-free maltodextrin binding protein (MBP) and glutamine binding
protein (GInBP) were started from the structures deposited in the Protein Data Bank (MBP:
PDB ID 10MP*®%; GInBP: Chain A of IGGG"?). AMBER ff14SB® was used for the proteins.
Each protein was initially solvated in a cubic box with SPC/Eb water molecules®, and Na-+
ions® to neutralize the systems. The simulation boxes were constructed with a margin of
at least 10A from the proteins to the periodic box boundaries. The total number of atoms
included the simulated systems for MBP and GInBP including solvent molecules were 80,019
and 56,741, respectively. The simulation was conducted with the pmemd.cuda module® of
AMBER16%¥. The electrostatic interactions were treated with particle mesh Ewald method®
and the real space cutoff distance was 10A. In both cases, after a 200 step energy minimization
with positional restraints imposed on experimentally-determined heavy atoms with a force
constant of 1 kcal/ molAB8 the systems were equilibrated at 300 K and 1 atm with weaker
positional restraints with a force constant of 0.1 keal/molAS6, MD simulations without the
restraints were performed for 120 ns and the last 100 ns trajectories used for the linear

response calculation.

Linear Response

Linear response theory can be used to calculate the structural change in a receptor, induced
by interaction forces from the ligand. To do this, Equation (2)), (equivalent to Equation 3
within Tkeguchi et al.*) can be used requiring calculation of the variance-covariance matrix
of atomic fluctuations, i.e. the approximation is at the quasi-harmonic level. Taking the
coordinate trajectory of the protein from the MD simulation, mass-weighted least-squares
best fitting is used to superimpose each frame onto the reference structure which was the
starting structure. The average structure is then calculated, and the 3N x 3N variance-

covariance matrix of atomic fluctuations, A.
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Ar = ——AF 2
TS WT (2)

In Equation , ky is Boltzmann’s constant, T', the absolute temperature, and Ar =
(Az; Ayp Azp... Azy Ayy Azy)', a column vector of atomic coordinate displacements.
Within the quasi-harmonic approximation displacements are from the average but as this
is not a viable structure we use the structure from the trajectory with the smallest RMSD
to the average. This structure is the undeformed structure rendered on the screen during a
haptic session.

Given a receptor and ligand, we calculate the force on each receptor atom by using
Equation , and then we use Equation , to calculate the atomic displacements in the
receptor. If we allow the user to control the position of the ligand, via keyboard or haptic
device, and perform the above calculations continually updating the receptor’s deformation
in real time, we will have an interactive molecular docking system that supports realistic
receptor flexibility. Note that due to the fitting procedure used to calculate A whereby
global translational and rotational movements are removed, forces applied to the receptor
do not result in its global translation or rotation.

The main problem to overcome is the evaluation of Ar within the 2 ms time constraint.
When using Equation , 9N? multiplications are required every frame, in addition to the
calculations made to evaluate the force. Even though these calculations are performed on the
GPU, it was not possible to complete them within the 2 ms time limit even for the modestly
sized proteins used here. A further problem may arise for larger proteins. GPU memory is
a scarce resource in comparison to regular RAM, and it may not be sufficient to store the
covariance matrix. For example, the covariance matrix of a protein comprising 15,000 atoms
would consume 8.1 GB of GPU memory, which is greater than the available memory on the
majority of consumer graphics cards.

We can overcome these issues by making use of the fact that a large amount of the total

fluctuation of a protein occurs within a small subspace (sometimes this space is referred to
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as the “important subspace” or the modes spanning it as “essential modes
both the number of calculations required per frame, and the memory consumption of the
algorithms. This is achieved with Equation (3], which is equivalent to Equation 4 in Tkeguchi

et al.?,

Fast evaluation of response using high-fluctuation modes

Ar ~ Ar, = V(A (VEF))) (3)

m

kb_T(

An eigenvector decomposition of the covariance matrix A leads to a set of eigenvectors
and eigenvalues. These are sorted in descending order of the eigenvalues, each of which
gives the mean square fluctuation of the collective coordinate described by its corresponding
eigenvector. In Equation , A, is the m x'm diagonal matrix of the first m eigenvalues and
Vi is the 3N x m matrix of corresponding eigenvectors. The fact that the A,, is a diagonal
matrix further reduces the number of multiplications required to calculate the deformation
from Equation . The matrix multiplications can be performed in any order, however, the
parentheses are included to show the most efficient way to perform the calculation, i.e. from
right to left.

By using Equation instead of Equation to calculate the receptor’s response, and
by performing the calculation in the order shown by the parentheses, the number of multi-
plications is m(6/N + 1). Furthermore, when multiplying the matrices together in this order,
the largest transient matrix will be 3N x 1 in size (although the largest matrix is the matrix
of eigenvectors, V,,,, which is 3N x m in size). This means for appropriate choice of m, use
of Equation can produce significant savings in memory and execution time over use of
Equation ([2)).

We perform these multiplications in parallel on the GPU. Owing to the fact that A,, is
a diagonal matrix, the entire equation can be solved with two kernels and a single global

synchronisation point, ideal for a parallel environment. With an appropriate choice of m
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it will be possible to evaluate the receptor’s response according to Equation within the
2 ms time limit. A pertinent question is whether we are able to use a sufficient number
of eigenvectors to get a realistic response whilst maintaining a smooth haptic refresh rate.
p(m) in Equation measures the percentage of the protein’s total fluctuation contained

within the first m eigenvectors.

2211 Ai
3N—6
Zz‘:l Ai

Where ); is the ith eigenvalue of A,,, 3N — 6 is the total number of non-zero eigenvalues

p(m) = 100 (4)

and p(m) is the percentage fluctuation contained within the first m eigenvalues. This formula
will be used to determine if a sufficient proportion of the total fluctuation is represented by

using m eigenvalues within a docking session. When m = 3N — 6, p(m) = 100%.

Finding a stable state

In certain binding positions, the interaction forces between the receptor and ligand become
unstable. In these positions, the initial interaction force between the two molecules is such
that a conformational change occurs that is large enough to noticeably change the interaction
force, which in turn alters the receptor’s conformation. This is illustrated in Figure [2]

In Figure [2, the initial force, labelled Fj, causes the atoms in the receptor to move to Ar;.
Because of this, the interaction force changes to Fj, causing the atoms to change position
again. In the illustrated scenario depicted in the figure, the forces and atomic displacements
get larger and larger, never reaching equilibrium. When using the software in combination
with a haptic device, this scenario creates severe vibration.

In order to prevent this from occurring, we used an iterative approach. Rather than
apply the entire receptor deformation in one step, a small amount of the total calculated
deformation is applied and then the force is recomputed, which in turn will cause a change

in deformation. In this fashion, the force and receptor response will eventually reach an
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Figure 2: Diagram depicting how using an iterative approach when applying deformation
to the receptor improves stability. The initial ligand receptor interaction occurs at Ar,.
The broken arrows describe the subsequent sequence of events with the iterative approach,
the solid arrows without it. The solid arrows show that the initial interaction force, F,
causes the receptor to deform to Ar;, which in turn changes the interaction force to force Fj,
prompting a different response from the receptor. This cycle can continue ad infinitum. The
iterative approach breaks the deformation application up into smaller steps, re-computing
the force after each step. In this way, the interaction force and deformation response will
come into equilibrium. The global positions of the receptor and ligand are assumed constant
throughout the process.
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equilibrium. This is depicted as the stepped line from Ar, to Ar, in Figure [2|

Deforming the receptor in an iterative manner has further usability advantages. Firstly, as
the deformation happens more slowly, the receptor’s movement becomes visible to the user,
providing opportunity to learn about the deformation process. Furthermore, the reduced
deformation speed gives the user opportunity to respond to haptic and visual cues generated

as the protein deforms.

Haptic and Visual Rendering

Figure [3| shows each of the steps that need to be completed at least once every 2 ms, in order
to keep the haptic refresh rate above the 500Hz target. As a result of the time constraint,
all of the steps are implemented in OpenCL and performed on the GPU. The CPU is only
responsible for selecting which path to take. During a docking session, communication
between the CPU and GPU is kept to a minimum; overlap information is passed back to the
CPU at the decision stages and a small amount of intercommunication happens during the
force calculation stage, required in order to render the calculated force on the haptic device.

Stage 1, the force calculation stage, is discussed in detail by Iakovou et al.%®. The
implementation differences within this application are limited to supporting implicit water
by screening the Coulomb potential, and using a much larger cut-off distance than that used
by Iakovou et al.#®. With a short cut-off distance it was found that vibrations occurred when
atoms moved across the abrupt cut-off boundary. This was more apparent when modelling
the interactions in vacuo rather than with electrostatic screening, but the effect is noticeable
with either. To overcome this a larger cut-off distance is necessary and indeed with the small
ligands used here it was possible to forgo the cut-off completely; however, with larger ligands
it is likely to be a useful feature in order to maintain the haptic refresh rate.

The deformation response (Equation ), Stage 2, is calculated using two kernels. The
first kernel performs the multiplication (A,, (V. F')), making use of the fact that A,, is a

diagonal matrix. The second kernel performs the remaining multiplication.
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9) Is there any
overlap between
the receptor and

ligand?

8) Update ligand
coordinates from haptic
device movement

7) Update the force
transmitted by
the haptic device

6) Calculate intermolecular
forces between receptor
and ligand atoms

5) Remove newly
applied deformation.

( Start )

1) Calculate intermolecular

forces between receptor
and ligand atoms

2) Calculate total receptor

deformation as a response
to the calculated force

3) Add (u x new
movement) to current
atom positions

l

4) Is there any
overlap between
the receptor and
ligand?

Figure 3: Flowchart showing Haptimol FlexiDock’s “Haptic Loop.” Each of the steps within
the loop must be completed every time the haptic device is updated. p specifies the size of
the step used within the iterative approach.
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During Stage 3, the iteration stage the difference between the new deformation and the
current deformation is calculated, multiplied by u, and then added to the existing deforma-
tion. In this way, p controls the speed of the deformation; we leave it to the user to tune pu
for their purposes. Within our application, we set the default value of i to be 0.01, a value
found to be a nice medium between the speed of the deformation, and smoothness of the
haptic feedback.

If atoms within the ligand significantly overlap with those within the receptor, a large
unrealistic force will be generated. A collision detection algorithm is used at Stage 4 to detect
when large atom overlaps have occurred, so the docking process can be halted and returned
to its most recent good pose. The maximum permissible overlap is set by the user, with a
default value of 0.5 A. Allowing a small amount of overlap allows the receptor to continue
to deform, when atoms are in contact. This allows the receptor to deform away from the
contact if necessary, or around the ligand if the ligand is positioned in a viable binding site.
However, allowing a small amount of overlap can, in some conformations, cause a large force
to occur. We therefore also provide the facility to halt the deformation when a large force
occurs. The size of this force threshold is again user configurable.

The collision detection is performed on the GPU, where each atom in the receptor per-
forms an intersection test with each of the ligand’s atoms in parallel. If a receptor atom
overlaps a ligand atom by more than the defined threshold, a counter is incremented. These
counters are then summed in parallel; if the result is greater than zero, one of the atoms
is in collision and the previous pose is held. Otherwise, the response movement is accepted

and the loop is continued. A second overlap test is performed at Stage 9 of the haptic loop.

Visual Rendering

Haptimol FlexiDock renders proteins in space-filling mode, using CPK colouring™ by default.
The colour of individual residues can be changed by the user. Although our application is

designed for use with a haptic device, we acknowledge that this may not always be feasible,
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so mouse and keyboard control is supported.

In order to improve the usability of the software when used without a haptic device, we
provide a colour system that varies the brightness of individual receptor atoms in order to
highlight those which are contributing the most to the total interaction force. The effect can

be seen in Figure [4]

B

Figure 4: A receptor-ligand pose rendered in Haptimol FlexiDock with (A) ordinary colour,
(B) force-contribution colouring. The size of each atom is given by its van der Waals radius.

Besides the force-interaction colouring, the interaction energy and forces can be plotted
on a graph in real time, allowing the user some understanding of the force interactions that

are prompting the rendered response.

Methods for evaluating performance and accuracy

To understand how well the described approach works as a haptic-assisted interactive molec-
ular docking system that incorporates flexibility, two main aspects of our approach need to be
analysed: the performance of the application, and how well the system models the receptor’s

functional movement.
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Performance

As stated in the introduction, for continuous, smooth and stable force feedback, haptic
devices need updating at a refresh rate greater than 500Hz. To ascertain whether our
system meets this criteria, whilst using a sufficient number of eigenvalues to incorporate the
important subspace of any tested molecule, we simulated ligand movement around the protein
and timed how long the haptic loop (Figure [3)) took to complete. The ligand movement was
simulated by randomly positioning the ligand in proximity to the receptor, and then moving
the ligand slowly toward the protein. When the ligand touched the receptor, its movement
was halted, and it was held in that position for a short time. Whilst this was happening,
the execution time of the haptic loop, which runs in a separate thread, was recorded. As
processor exclusivity cannot be guaranteed it is difficult to accurately time how long methods

take to run. For this reason a large number of samples need to be taken.

Methods to compare to experimentally determined movement

To assess how well the system models the receptor’s functional movement, we used the
experimentally derived ligand-bound and unbound structures and compare them with poses
generated within our application.

Before performing these comparisons it is important to know how much of the experi-
mentally derived movement is contained within the high fluctuation eigenvectors. This is

measured in Equation (5)).

- Ar,, 2
r(m) =100y (v} () (5)
2 (",
In Equation (5)), v; is the ith column of V,,, and Ar.,, is a column vector of the ex-
perimentally derived individual atomic coordinate displacements - the movement required

to displace each atom from its position in the ligand free structure to its position in the

ligand bound structure, after global superposition. 7(m) indicates the percentage of the
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experimental movement that is represented in the space of the first m eigenvectors. When
m = 3N — 6, 7(m) = 100%.

There are various methods that can be used to compare a docked pose generated within
Haptimol FlexiDock to the experimentally derived ligand-bound structure. The most straight-
forward of these is the root-mean-square deviation of atomic positions (RMSD).

The atomic displacements that occur upon ligand docking during the haptic session can

be compared with the experimentally derived displacements.

t
Arhap,bbArel‘P—bb

(6)

p _=
| A'rhap,bb| | A'r'ewp,bb|

In Equation @ ATpap o 1S a column vector of atomic coordinate displacements from the
starting to bound conformations from a haptic docking session, A7, s the experimentally
derived individual backbone atom displacements. When using this equation, we only con-
sider the backbone atoms. When calculating A7y, 5, the start structure and haptic docked
structure must be globally aligned. The closer p is to 1.0, the more the direction of exper-
imentally derived and haptic movement align. Equation @ does not consider the relative
magnitudes of the displacements, which is quantified in Equation 7. Again, we only use this
on the molecule’s backbone. Combined, Equations @ and can be used to determine how
close a docked ‘haptic’ structure is to the experimentally derived ligand-bound structure; the
closer both values are to 1.0, the closer the pose is.

t
g = Arhap,bbArexp—bb

(7)

| AT e ]2

We also compare the distributions of displacements of C* atoms as was previously done by
Ikeguchi et al.*?. The final metric used is AL which is the distance between the ligand in its
position in the haptic docked pose and the experimental pose. As we keep the orientation of
the haptic-controlled ligand relative to the protein the same as in the experimental structure

of the protein-ligand complex, this is simply evaluated by the distance between any atom of
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the ligand in its two positions.
Together these metrics will give a good picture of how well the haptic-derived movement

compares to the experimentally derived movement.

Results

The performance testing of our application was performed using two different receptor ligand
pairs, as shown in Table The topology for MBP was generated using PDB2GMX™,
The structure of maltose was taken from the closed structure of MBP (PDB: 1ANF), and
its topology, along with the topologies of GInBP and glutamine were generated using the
Antechamber and leap programs within AmberTools16%Y, and converted into GROMACS
top files using ParmED"™. The all-atom RMSD between the closest to average and average
structure was 1.05 A for MBP and 0.99 A for GInBP. The closest to average structures
were the undeformed structures rendered on the screen during the haptic session. All of the
testing was performed on a desktop computer with an Intel i7 processor and an Nvidia GTX
1080. As the GPU was equipped with 8 GB of memory and the test proteins are modest
in size, the entire covariance matrix could fit in the GPU memory, however the 2 ms time
constraint could not be achieved whilst using Equation [2]

Table 1: Table detailing the receptor/ligand pairs used for testing.

Receptor PDB
Code (Ne of atoms)

Ligand Name Liganded-

Receptor Name (Ne of atoms)  Receptor PDB

Trajectory Length

Maltodextrin
Binding Protein TOMP (5737) H0ns Matose (49) e
Glutamine 1GGG (3431) 100 ns Glutamine (20) IWDN

Binding Protein

Determination of subspace size for haptic time constraint

For smooth operation with the haptic device, the haptic loop needs to complete in less than 2

ms. Testing was performed to determine how many eigenvectors we can use whilst achieving
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this goal. To do this, the execution time of the haptic loop was recorded when used with
different numbers of eigenvectors. For each different eigenvector count tested, approximately
400,000 loops were timed, and the average calculated. The results are shown in Figure

The results show a fairly large standard deviation (approximately 0.3 ms). This can
largely be explained by the fact that during the haptic loop, two paths are taken; if there is
a collision, an extra two steps are performed, adding to the runtime, however as processor
exclusivity during testing cannot be guaranteed other processes maybe claiming processor
time.

To ensure smooth use of the haptic device, it is important that the majority of haptic
loops complete in under 2 ms. By looking at the second standard deviation of the run time
data, the broken line in the lower graphs contained in Figure [5] we see that for MBP, using
fewer than 550 eigenvectors (3.2% of the 17205 eigenvectors), and for GInBP, fewer than
1220 eigenvectors (21.4% of the 10287 eigenvectors), 97.7% of the calculations are completed
in less than 2ms, meeting this goal.

To determine whether these values are sufficient to model the protein’s movements, Equa-
tion (4)) can be used. The results for different numbers of eigenvectors can be seen in the
upper plots of Figure [5| which shows the plot of p(m) for the two test proteins: MBP and
GInBP.

Figure [5| shows that for MBP, p(550) = 87%, and GInBP p(1220) = 97%. Thus despite
only being able to use a relatively small number of eigenvectors to calculate the deformation
during an interactive session, they are sufficient to span the important subspace.

For MBP, whilst using 550 eigenvalues, the deformation calculation is the most compu-
tationally expensive part of the haptic loop, making up 51% of the total loop execution time
on average. The force calculation time is the second most time consuming part of the loop,
taking 16% of the total run time. The remaining time is used updating the positions of the

atoms and performing collision detection between the receptor and ligand.
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Figure 5: shows the time taken to complete the haptic loop (lower row) and the percentage
of the total fluctuation incorporated within the corresponding number of eigenvectors (upper
row) for the test proteins MBP (left column) and GInBP (right column). The vertical line
indicates the number of eigenvectors for which the 2ms constraint can be satisfied 98% of
the time. Within the lower row, the mean runtime is shown by a solid line. The broken line
is at two standard deviations from the mean which gives the duration required for 97.7% of
calculations to be completed. The 2ms cut-off is drawn with a horizontal dashed line across
the plots.
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Functional movement and space explored in MD trajectory

In the previous section we have seen that using the first 550 eigenvalues and eigenvectors for
MBP the first 1220 eigenvalues and eigenvectors for GInBP, is sufficient to get below the 2
ms haptic time constraint. We now want to find out whether the functional movement as
derived from the crystallographic ligand-free and ligand-bound structures is contained within
the high-fluctuation modes from the MD trajectories. Equation |5 was used to determine how
much of the proteins’ experimentally derived movement is incorporated within the first 550
eigenvectors for MBP, and 1220 for GInBP. The results show that for MBP 7(550) = 90.3%,
and for GInBP 7(1220) = 94.7%. Therefore, for both proteins, over 90% of the experimental
motion is incorporated in the subspace for which a haptic refresh rate of over 500Hz is
achievable. Consequently, a movement that closely matches the experimental functional

movement would be possible even when comparatively few eigenvectors are used.

Haptic vs Experimental Deformation

Using a 3D Systems Touch haptic device (formally known as the SensAble Phantom Omni),
we performed docking experiments, attempting to dock maltose into MBP and glutamine
into GInBP. The starting pose, or haptic start structure, is the conformation from the tra-
jectory with the lowest RMSD to the trajectory average structure. In these experiments,
500 eigenvectors were used to calculate the flexibility for MBP and 1200 for GInBP. The lig-
and was placed into its experimentally determined bound orientation by superimposing the
experimental ligand-bound structure onto the haptic start structure, reorienting the ligand
accordingly. Then, using the metrics outlined within Methods, we tested each of the poses to
determine if the calculated movement aligned with that derived experimentally. The results
are shown in Table 2

The results show that for both proteins tested the calculated receptor deformation, when
the ligand is docked into the approximate binding area (as determined from the experimental

structure), is aligned with the experimentally derived motion. This is shown both with the
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Table 2: Table detailing the quality of the “Haptic” docking poses for MBP and GInBP.
Start RMSD is the RMSD between the haptic docked pose of the receptor and the haptic
starting pose. Docked RMSD is the RMSD between the haptic docked pose of the receptor
and the experimentally derived docked structure. Both are calculated between C® atoms
only. p is the result of using Equation () and ¢ the result of Equation (7). AL is the
distance between maltose in the haptic pose and the experimental pose.

MBP
PoseID AL (A) Start RMSD (A) Docked RMSD (A) p ¢
H-MBP1 2.9 2.39 2.23 0.85 0.58
H-MBP2 3.0 2.91 1.99 0.85 0.67
H-MBP3 2.6 2.68 2.11 0.83 0.63
H-MBP4 3.3 2.30 2.47 0.83 0.53
H-MBP5 3.2 2.64 2.25 0.84 0.63
GInBP
PoselD AL (A) Start RMSD (A) Docked RMSD (A) p q
H-GInBP1 1.5 3.36 3.31 0.85 0.50
H-GInBP2 3.3 3.43 3.40 0.83 0.49
H-GInBP3 1.3 4.41 3.09 0.83 0.63
H-GInBP4 1.6 3.32 3.29 0.86 0.50
H-GInBP5 1.8 4.34 3.08 0.83 0.62
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RMSD values and the values of p and q.

Initially looking at the RMSD values, we can see that for most of the test poses, the
haptic docked structure is ‘closer’ to the experimentally derived bound structure than it is
to its starting structure, showing that the deformation modelled has deformed the structure
toward its ligand-bound pose.

The given values for p and ¢ further validate that the calculated movement is largely
aligned with the experimental movement. For all of the reported poses at least 0.8 of the
backbone movement is in the direction expected, in order for the starting pose to deform
into the experimental ligand-bound pose. Furthermore, all of the poses exhibit at least half
of the intra-molecular backbone movement required to fully translate the atoms from an
open position to a closed position. Together, these metrics show that the described system
calculates and renders a deformation that is broadly aligned with the experimentally derived
movement. This can be seen in Figure |§] which shows the haptic docked pose (A and D) and
the experimentally determined closed pose (B and E) superimposed onto the starting pose

for both of the test proteins.

Reducing the subspace size in Haptimol FlexiDock

Figure [7] shows p(m), (Equation ) and 7(m) (Equation [5]) for the first 20 eigenvectors of
both of the test proteins, MBP and GInBP. Figure [7] shows that for MBP, despite only
using the first 20 eigenvectors, which is 0.1% of the total number, nearly 50% of the total
fluctuation occurs within the space spanned by their corresponding eigenvectors. What’s
more 75% of the experimentally determined movement is contained within this space. For
GInBP, the space spanned by the first 20 eigenvectors contains 78% of the experimentally
determined movement and approximately 50% of the total fluctuation contained within the
trajectory.

As a consequence of this, using a small number of eigenvectors will still reproduce the ma-

jority of the movement seen upon ligand binding from the crystal structures. This will enable
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Figure 6: (A) Structure of MBP from an interactive session where maltose is bound close
to its binding site (magenta - pose: H-MBP2 - see Table 2) superimposed upon the haptic
starting structure of MBP (green). (B) Maltose bound X-ray structure (1ANF - cyan)
superimposed on the haptic starting structure (green). (C) Displacements of C* atoms for
the Haptic (A - blue) and Experimental (B - red) cases (correlation coefficient is 0.628) for
MBP. (D) Structure of GInBP from an interactive session where glutamine is bound close to
its binding site (magenta - pose: H-GInBP5) superimposed upon the haptic starting structure
of GInBP (green). (E) Glutamine bound X-ray structure (1IWDN - cyan) superimposed on
the haptic starting structure (green). (F) Displacements of C* atoms for the Haptic (A - blue)
and Experimental (B - red) cases (correlation coefficient is 0.761) for GInBP. (A),(B),(D)
and (E) were generated using PyMOLT.
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our software to work well on less powerful computers, as reducing the number of eigenvectors

used will reduce the computational cost of calculating the conformational response.

MBP GInBP

20 | + 1

0 \ \ \ \ \ \
0 5 10 15 20 5 10 15 20

Number of Eigenvectors, m Number of Eigenvectors, m

Figure 7: Upper graph shows p(m), the percentage of the total fluctuation contained within
the space of the first m eigenvectors and the lower graph shows 7(m), the percentage of the
experimental movement contained within this space for MBP (left) and GInBP (right).

The lower graphs in Figure [7| show that for GInBP 56.8%, and for MBP, 71.6%, of the
movement that occurs upon ligand binding is incorporated within the first 3 eigenvectors.

In order to allow users to study the resultant effect of adding and removing eigenvectors
from consideration, the facility to modify m during a docking session is provided.

Haptimol FlexiDock also incorporates other features, including the option to select and
remove side chains from the interaction force calculations whilst still rendering them graph-

ically (“ghostify”) and to switch different force components (van der Waals or electrostatic)
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on and off. See Iakovou et al.” for more details on these features. Video S1 in the Supporting

Information shows Haptimol FlexiDock in use.

Discussion and Conclusion

We have described a tool for interactive docking which incorporates receptor flexibility. The
user “holds” a rigid ligand molecule using a haptic device being able to control its position
and orientation as well as feel forces on the ligand from the receptor. As the ligand moves,
the receptor responds to changes in the forces exerted on it from the ligand by changing
conformation. Conformational change is modelled by application of linear response theory.

1.9 where it

Linear response has been shown to work very well on proteins by Ikeguchi et a
accurately reproduced patterns of displacements of C'* atoms derived from experiment.
Our approach is an implicit approach in that the effect of water is handled implicitly
separating out the MD simulation from the interactive docking session. In contrast, inter-
active MD™ allows the user to apply forces via the haptic feedback device during the MD
simulation. If the MD simulation involves an explicit solvent model, then one would feel the
forces of interaction between individual water molecules and the molecule controlled with
the haptic device. This would produce a great deal of noise on the haptic device making it
difficult to control. There is a further, perhaps more fundamental argument against using
this approach. Protein functional movements, which are in response to interaction forces
from the binding of ligands, have relaxation times of several nanoseconds at least, and are
properly handled in a thermodynamic sense by taking long-timescale averages of solvent me-
diated interactions. The linear response approach taken here separates the MD simulation
from the interactive session allowing some of the average solvent effects from a long MD sim-
ulation to be included in the interactive session implicitly. This approach suggests that an

implicit solvent model forcefield should also be used for non-bonded interactions during the

interactive session. Although we do include the possibility of screening electrostatic inter-

29



actions using a distance-dependent dielectric constant, we are not currently able to include
forces that are a consequence of hydrophobic interactions.

Other groups®*# have reported using energy minimisation to model the conformational
response to interaction forces. This kind of approach may be appropriate for small ligands
but for larger molecules such as proteins, using linear response would seem to be a better
approach as large molecules are able move between a large number of local minima on their
potential energy surface at physiological temperature. This jumping amongst minima (JAM)
is implicitly included in our approach™.

We demonstrated in our previous application, Haptimol_RD®, for which only rigid molecules
can be docked, that with modern GPUs, interaction forces between the ligand and receptor
can be calculated within the 2ms time constraint without the need of a precomputed force
grid. This was a crucial step as previous applications had employed precomputed force grids
on the receptor in order to circumvent this time constraint, an approach which would pre-
clude the modelling of the conformational change in the receptor. In Haptimol FlexiDock the
force calculation followed by calculation of the conformational response of the receptor, must
together be calculated within 2ms. Within the linear response approach calculation of the
response of the receptor to forces from the ligand involves a matrix multiplication. Despite
the considerable speed offered by modern GPUs in the execution of matrix multiplications,
the full matrix multiplication cannot be executed sufficiently quickly even for modestly sized
biomolecules. This is where the concept of the important subspace can be applied. By
using only the eigenvectors spanning this relatively small subspace, we have shown that we
can reduce the number of matrix multiplications considerably without an appreciable loss
of accuracy. For MBP, even though only 3% of the total number of the eigenvectors (the
total number of degrees of freedom of MBP), could be used in order to satisfy the 2ms time
constraint, the subspace they defined contained nearly 90% of the fluctuation that occurred
in the MD simulation. Furthermore, 90% of the functional movement that occurs upon

binding maltose is within this subspace. Reducing the subspace still further, as necessitated
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by a slower processor, can still give reasonable results as demonstrated in Figure [7] where it
is shown that 70% of functional movement in MBP is within the space defined by the first
three eigenvectors.

We also tried our approach on the cancer target, B-Raf. The structure used for the MD
simulation was not a ligand-free structure but one bound to the drug sorafenib, which we
removed from the binding site. In performing this simulation we expected the protein to open
sufficiently to enable us to dock sorafenib during the interactive session. This approach was
prompted by an MD simulation on the enzyme citrate synthase started from a ligand-bound
X-ray structure, but with the ligands removed™. This resulted in spontaneous opening to
give a structure close to the open ligand-free X-ray structure. This, however, did not appear
to happen in B-Raf indicating that it may require a much longer simulation to relax to a
fully open conformation, a flexible sorafenib to dock to the binding site, or both of these.

Interactive methods should not be regarded as competing with automated methods but
rather as complementary. Automated methods are used to search for the correct binding pose
by exploring a vast number of different poses, something that clearly cannot be done with an
interactive tool. The purpose of an interactive tool is to provide an environment that enables
knowledge and intuition to find a solution. One could envisage interactive docking being
used to refine the results of automated docking, or even, a hybrid tool which incorporates
features of automated docking into an interactive docking environment. One application
where interactive docking may be particularly useful is in SBDD, where the aim is not to
find the correct binding site but to trial different lead molecules at a known binding site. Our
tool would appear to be particularly suited to this application as it has been increasingly
recognised amongst the drug development community that target flexibility needs to be
properly modelled in ligand binding™. Theoretically, the linear response approach means
that for a single response matrix (the variance-covariance matrix), derived from equilibrium
fluctuations of the ligand-free target molecule, the calculated response is dependent on the

perturbing force only, irrespective of origin, i.e. irrespective of the ligand being used. This
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means that in the context of SBDD, after investment through long, explicit solvent MD
simulations on the target receptor molecule, any lead molecule could be used for that target.
The tool could therefore not only be used for comparative studies on existing lead compounds,
but in expert hands, help foster ideas as to how such leads might be adapted to, say, enhance
binding. In other words it would provide an environment where hypotheses are nurtured and
tested.

We expect Haptimol FlexiDock to be used for student engagement and education™.
Feeling forces whilst seeing high-quality renderings of molecules on the screen is highly
engaging for students, especially when, as in Haptimol FlexiDock, there is an interplay
between the forces felt through the haptic device and the shape of objects rendered visually.
From an educational perspective, Haptimol FlexiDock could be used to demonstrate how
interaction forces between molecules lead to molecular binding and conformational change.

There are a number of improvements that can be made to Haptimol FlexiDock. It is our
intention to improve both the biophysical accuracy of the tool as well as to introduce more
realistic graphical rendering. If the forces are large, the molecular geometry is distorted
beyond reasonable bounds. It is a direct consequence of the linear approach taken and
occurs particularly with electrostatic screening switched off or when there is atomic overlap.
It would be desirable therefore to find a method that is able to restrain the molecular
geometry within reasonable bounds. Another obvious improvement would be the inclusion
of ligand flexibility. As stated above energy minimisation is often used and although it is not
appropriate for a large molecule it could be implemented for small ligands. With regard to
graphical rendering, real-time shadows and ambient occlusion as in our Protein Trajectory
Viewer® will be incorporated, as well as the ability to use head mounted displays for an

immersive 3D experience.
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