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ABSTRACT

Allostery is a universal phenomenon that couples the information induced by a local
perturbation (effector) in a protein to spatially distant regulated sites. Such an event can be
described in terms of a large scale transmission of information (communication) through a
dynamic coupling between structurally rigid (minimally frustrated) and plastic (locally
frustrated) clusters of residues. To elaborate a rational description of allosteric coupling, we
propose an original approach - MOdular NETwork Analysis (MONETA) - based on the
analysis of inter-residue dynamical correlations to localize the propagation of both structural
and dynamical effects of a perturbation throughout a protein structure. MONETA uses inter-
residue cross-correlations and commute times computed from molecular dynamics
simulations and a topological description of a protein to build a modular network
representation composed of clusters of residues (dynamic segments) linked together by chains
of residues (communication pathways). MONETA provides a brand new direct and simple
visualization of protein allosteric communication. A GEPHI module implemented in
MONETA package allows generating 2D graphs of communication network. An interactive
PyMOL plugin permits to draw the communication pathways between chosen protein
fragments or residues on a 3D representation. MONETA is a powerful tool for on-the-fly
display of communication networks in proteins. We applied MONETA for analysis of
communication pathways (i) between the main regulatory fragments of receptors tyrosine
kinases (RTKs), KIT and CSF-1R, in the native and mutated states and (ii) in proteins
STATS5(STATS5a and STATSb) in the phosphorylated and the unphosphorylated forms. The
description of the physical support for allosteric coupling by MONETA allowed a comparison
of the mechanisms of (a) constitutive activation induced by equivalent mutations in two RTKs
and (b) allosteric regulation in the activated and non-activated STATS5 proteins. Our
theoretical prediction based on results obtained with MONETA was validated for KIT by in
vitro experiments. MONETA is a versatile analytical and visualization tool entirely devoted to
the understanding of the functioning/malfunctioning of allosteric regulation in proteins, a

crucial basis to guide the discovery of next-generation allosteric drugs.
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1. INTRODUCTION
Data and computational tools

With the permanently increasing computational means and the rapid development of
efficient algorithms, the biomolecular modeling field has entered a new era. The exponential
growth of data produced by molecular dynamics (MD) simulations calls for the development
of tools able to handle and analyze these big data by reducing their dimensionality to extract
relevant and pertinent information. Such tools should enable to visualize this information to
unveil its biological implications and help generating new hypotheses. This issue is one of
multi-scale nature. On a more systemic level, cellular spatial organization, signaling and
communication also occur at different scales — from distances of some angstroms in binary
protein complexes and assemblies to global micrometer distances across and between cells.
Recently a new view of cellular spatial organization was proposed ' in which cell signaling is
described in terms of dynamic allosteric interactions within and among distinct, spatially
organized transient clusters. The clusters vary over time and space and their lengths range
from nanometers to micrometers. A key challenge is to understand the interplay across these
multiple scales, link it to the physicochemical basis of the conformational behavior of single
molecules and ultimately relate it to cellular function. These conceptions have emphasized the
necessity for the development of computing tools for a rational understanding of allosteric
regulation and its manifestations at different levels.

The last decades have faced a similar issue with the explosion of the amount of
genomics and protein-protein interactions data related to cell metabolism and regulation. As a
response, many performing tools were developed to integrate the data in an accurate,
complete and ergonomic way. Apart from genome-wide association studies (GWAS) were
developed graphical representations of gene regulatory networks (TranscriptomeBrowser 3.0
%), of networks of functionally related genes (PainNetworks *), of protein-protein interaction
networks in bacteria ¥, and even multi-scale and multi-object graphs of organ-disease-drug
causal relationship networks °.

Increasing interest in the allosteric phenomenon stimulated the development of tools
capable to analyze and visualize protein communication at the atomic level. Some of them, as
RINalyzer 6, AlloPathFinder 7 and others ¥'° build an interaction network from the native

11

contacts observed in the crystallographic structure of a protein. SPACER " was developed
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using theoretical concepts based on the thermodynamic view of allostery. xPyder 2 and

.. . 15
similar studies '*!

exploit molecular-dynamics derived dynamical correlations while AD-
ENM '¢ and PARS ' analyze structural communication routes based on highly simplified
physical models (elastic network models or normal mode analysis). Piazza and colleagues
used off-lattice and non-linear network protein models to localize modes of nonlinear origin
(discrete breathers) that accumulate energy on few sites in response to perturbations even

18-20

occurring at distant locations . Methodological efforts have also been directed toward the

identification of evolutionarily conserved networks of residues thought to mediate allosteric
communication " %',

The development of tools for an accurate and complete description of protein allosteric
communication requires a deep discerning of the allosteric phenomenon and associated

regulation mechanisms.

Allostery and associated regulation mechanisms

Allosteric regulation is an ubiquitous mechanism of intra- and intermolecular regulation
of biological processes. All physiological signaling pathways implying cascades of protein-
protein binding events are initiated by an intramolecular allosteric transition occurring within
a given receptor in response to a specific perturbation (e.g., ligand binding). As a typical
paradigm, the receptor tyrosine kinases (RTKs) act as sensors for extracellular ligands, the
binding of which triggers receptor dimerization and activation of the kinase function, leading
to the recruitment, phosphorylation and activation of multiple downstream signaling proteins,
which ultimately govern the physiology of cells 2 RTKs allosteric activity is tightly and
finely regulated under normal physiological conditions. Deregulation of RTKs activity
prompts perturbation in signaling pathways and causes a wide range of diseases, particularly

cancers 23.

At the molecular level, allostery is manifested as the regulation of a protein function by
the binding of an effector (ligand/substrate/protein) at a site other than the active site of the
protein. This mechanical perturbation triggers a specific conformational rearrangement at
another spatially distant protein site. Discovered initially by the pioneering studies of the
oxygen binding to hemoglobin by Monod ) allostery is now commonly recognized as a

universal phenomenon in proteins, that is intimately related to their structure, dynamics and

4
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functions. The allosteric effects have different nature and control nearly all biological
processes, e. g., cellular network for signal transduction, metabolism activation, motor work
and transcription control. Allostery regulates activation/deactivation in enzymes,
opening/closing of the ion channels, oligomerization/monomerization (dimerization of RTKs),
association/dissociation of macromolecular subunits (G proteins), lost/gain of affinity for a
ligand (O, binding to hemoglobin) or a membrane, exposure/burial of the recognition site to

other protein or nucleic acid.

It is believed that proteins have the remarkable property of transmitting intramolecular
signals through specific fold-encoded pathways that form a network of covalently bonded and
non-covalently bonded interactions between the protein residues 2 The first theories
considered allosteric communication as a domino effect where local structural distortions
propagate step by step through a protein structure viewed as globally static *°. The vision of
protein structure evolved from an ensemble of discrete conformations to a continuous
landscape of conformations, which led to reconsider the allosteric phenomenon as a
consequence of re-distributions of protein conformational ensembles (shift in conformational
preferences) 2’ 2*. A population shift in conformational space of a given protein can be
induced by the binding of an effector, point mutations or environmental conditions (pH,

voltage, ions concentration...).

Allostery offers a highly specific way to modulate protein function. So far as allosteric
events perturb the structure, and the energetic strain propagates and shifts the population, this
can lead to changes in the shapes and properties of target binding sites. Consequently,
combining equilibrium fluctuation concepts with genome-wide screens could considerably
help drug discovery. However, allosteric signal transmission is difficult to detect
experimentally and to model because it is often mediated by local structural changes
propagating along multiple pathways. These concepts have emphasized the necessity for the
development of computing tools able to account for both conformational global changes and
local fluctuations to elaborate rational descriptions of allosteric coupling.

For such purpose, we propose here an original approach based on the analysis of inter-
residue dynamical correlations to localize the propagation of both structural and dynamical
effects of a perturbation throughout a protein structure. The principle of this approach consists
in building a modular network representation of a protein, composed of clusters of residues

representing Independent Dynamic Segments (IDSs) and chains of residues acting as
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Communication Pathways (CPs) (Figure 1). The representation is derived from the topology
of the protein and the inter-residue dynamical correlations computed from molecular
dynamics simulations. The utilities for a modular network representation of protein structures
are implemented in an interactive package MONETA (MOdular NETwork Analysis) designed
for generation of the communication landscape in a protein and its visualization/
representation in 2D and 3D. These functionalities are very useful for exploring

communications in allosterically regulated proteins.

2. IMPLEMENTATION and FUNCTIONALITY

The first release of MONETA (MONETA 1.0) used for the analysis of
communications between two distant regions, A-loop and JMR, in the receptor tyrosine kinase
KIT *°, was significantly improved, optimized and enriched by additional functionalities.
Optimization was oriented principally to (i) increasing performance, allowing to significantly
reduce computing time (by a factor of 30); (ii) reducing the number and volume of generated
temporary files and (iii) introducing a 2D graphical representation of communication network.
The advanced version of MONETA (release MONETA 1.1) 3% contains novel options for data
analysis, i.e., display of intra-protein connections network in a dynamical graph for the rapid
identification of biologically relevant communication pathways between residues or domains.
The advanced version of MONETA was used for the analysis of allosteric communication in

different proteins divergent by their size, form and molecular architecture.

2. 1. MONETA composition and functionalities

MONETA analyses and extracts data from conformational ensembles computed by all-
atom MD simulations of a protein to infer the topological connections (residues interactions)

and the dynamical correlations between residues or domains (Figure 1).

MONETA was implemented in the form of a package that automatically performs all
computational steps and data analysis — from PCA of the MD simulations to a viewing of
communication landscape — through a python scripting interface to the software R 3 PyMOL
32 and Gephi **. MONETA running requires some additional software — the ptraj module of

AmberTools **, the module g_mdmat (or g_mdmat_d) of GROMACS *°, the modules

6
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HBPLUS ** and HBADD . The package is currently composed of three parts: (i) the
preparatory phase generates the data required for communication analysis from an MD
trajectory and a 3D protein structure, (ii) the application phase performs the computation of
intra-protein communication pathways and independent dynamics segments, (iii) the

visualization phase allows data analysis and graphical representation of generated data (Figure

2).
The user gets interactive and modular representations of intra-protein connections at the
protein and residue scales and of communication pathways at the atomic scale. The analysis

per se is a three-step procedure:

(1) Identification of protein regions displaying the most striking features of the protein’s local

dynamics. Such regions, or Independent Dynamics Segments, constitute residue clusters
which atomic fluctuations are highly concerted within each cluster although independent
from the rest of the protein. These segments were previously described in the literature as
conformationally sensitive to a disturbance of the global protein dynamics, capable of
energy storage and transfer 1819, 37 The IDSs are identified by a statistical technique,
Local Feature Analysis *°, adapted for analysis of the atomic coordinate fluctuations from

MD simulations *°.

(i1) Detection of communication pathways linking the IDSs through non-bonded interactions

between residues. The ability of the protein residues to communicate efficiently is

evaluated by using the measure of communication propensity “ The communication
between two residues is estimated by their commute time, expressed as the variance of
their inter-residue distance over MD trajectories 1541 Chains of residues interacting by
pair and displaying high communication propensities between them would represent
pathways of well-defined interactions through which information would be transmitted

efficiently. Such chains of residues are denoted as communication pathways.

(ii1) Visualization of IDSs and CPs in a communication profile of the protein. This feature of

MONETA is based on the automatic computing of all communication pathways from the

non-bonded interactions between residues and the variance of inter-atomic distances (i.e.,

I33

dynamic correlation) in MD simulations. An implemented GEPHI *~ module translates

these connectivity groups and pathways into a 2D network graph (Figure 2). The 3D
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representations of CPs at the atomic level are performed by a PyMOL 2 module

implemented in MONETA.

2.2. Theoretical background

Inter-Residue contacts (topology)

The topological description of a protein at the level of inter-residue contacts can be
derived from distances matrices consisting of the average smallest distances between all
residues pairs, computed using the g_mdmat program of GROMACS ¥ Two residues i and j
are considered topologically close if the average smallest distance between them is lower than
a given threshold d.,, = 3.6 A. This value accounts for non-covalent contacts between protein

residues such as hydrogen bonds, hydrophobic interactions and salt-bridges.

Local representation from PCA

The IDSs identification is based on a statistical technique, Local Feature Analysis,

* LFA processes data from Principal Component

originally developed for image analysis
Analysis and extracts local outputs of reduced dimensionality from the global PCA modes.
The LFA formalism was adapted to study essential dynamics in proteins ¥ This adapted LFA
was implemented in MONETA 2.0 for identification of the independent dynamic segments.

Identification IDSs: The PCA of a MD trajectory containing m conformations of a set of N
atoms (e.g., the Ca atoms of a protein composed of N residues) allows reconstructing the

displacement Dy, of a coordinate o; over the trajectory according to the projections A, of the
trajectory on each ™ mode (1). The dimensionality of the trajectory can be reduced by

keeping only 7 first modes that describe the main part of the dynamics of the system (n<<3N)

and reconstructing an approximated trajectory (2).

Dy recons = Lony Ac@. (1) with ¢y the r'" PCA mode (1)
Dru;rccons = ZE:;Ar(pr(i) (2)
Ar = 2:13=Nl Py [i}Dai - la13=Nl KPC&I:r:i)Da,_- (3)
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In (3), K"* represents the kernel of the transformation of the trajectory from Cartesian global
coordinates consisting in the PCA modes.The PCA offers a reduced dimensionality, however,

it is nonlocal. The principle of LFA is to describe movements of reduced dimensionality, not

global as are the PCA modes but local. A new kernel K" A of the transformation is derived by
analogy with the PCA (4).
KIFA(,1) = 22 @,() = @.0) )

Similarly to PCA outputs A, (3), local outputs Oj are defined:

As PCA outputs A, are decorrelated by frequency (corresponding to the index r), LFA outputs
Oj are decorrelated by space when n tends to 3N. In the general case as n<<3N LFA outputs

Oj are minimally correlated. The residual correlations are expressed as (6) )

Lo (G1)ae.G) = P>, 1) (6)

The 3N local features O; could be computed from n PCA modes. To reduce the dimensionality
of the displacement D’ described by these LFA modes, the set of n features O; which best
approximates D' was selected. We refer to them as Ojym in m) Where M is the set of n seeds
corresponding to the coordinates around which are centered the O,,. The seeds are obtained
by applying the sparsification algorithm described in *°. Briefly, at each step, among the (3*n
- 3*m) coordinates of the atoms not in the current set M, the (m +1)" seed is chosen as the one
which atomic fluctuations are the least described by the atomic fluctuations of the seeds
already in the set M. An additional requirement is that the (m +1)™ seed coordinate is not a
coordinate of an atom (i) with another coordinate already in M or (ii) adjacent to an atom with
a coordinate in M. This condition ensures that the new seed corresponds to an atom
dynamically decorrelated from the seeds in M.

As each IDS describes a very high proportion of the protein fluctuations, several seeds
can be identified at proximity of each other, although they belong to overlapping dynamic
segments. To limit this phenomenon, a dimensionality reduction step was added to the LFA
algorithm according to the following protocol: If two seeds correspond to two residues located

within 6 positions from each other in the peptide sequence, only one of the two seeds was
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kept, chosen as the one describing the largest part of protein fluctuations. The LFA procedure
thus identifies a number of seeds lower or equal to the number n of PCA modes included in

the procedure.

Growth of IDSs: Each IDS S, is iteratively constructed around a seed as a group of
neighboring residues with correlated movements. A residue i is added to S, if (a) it is
topologically close to at least one residue in S,, and (b) its average correlation with the
residues in §,, is greater than a threshold P, (7). The correlation between two residues 4 and

k is evaluated as (8).

Ljesp FLLI

Zjesm P

— 0 —2=Ru -
=2mi

Plhik) =35 .33 o (h)e (k.) "
LRy ar=1 &ad=1 Tprytds T veds

where d is the (X,y,z) coordinate index and 7 is the number of retained PCA modes.

Communication pathways

CPs are chains of neighboring residues whose communication propensities between
each other are high. We define them according to the concept of «communication propensity»
2. The communication propensity of a pair of residues is inversely related to their commute
time CT{(i, j), expressed as a function of the variance of the inter-residue distance (9):

CT(i ) =<
~ s

Sed

[dij'—d:lj}‘. = (9)

where dij = Iri — rjl is the distance between the Cao atoms of residue i and residue j.

Intuitively, if a residue moves, it transmits this movement to another residue which
moves in its turn, and these residues communicate all the more effectively that the delay
separating their respective movements is short. From a trajectory of molecular dynamics,
MONETA calculates for every pair of residues (i) their commute time and (ii) the
percentage INT(a, b) of conformations in which a non-covalent interaction exists between
these two residues. Two residues communicate efficiently if their commute time is lower than
a chosen value CTyesnoq- A non-covalent interaction is considered as stable for INT(a, b)
greater than a chosen threshold value INTesnois. MONETA generates CPs iteratively
according to the following algorithm:

e Start from one residue

10
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¢ Create as many pathways {r, 1, ...r,} as residue i’s neighbors
e Grow each path{r;, r, ...r,} iteratively such that (i) r; and r;;; are not covalently
bonded, (ii) there exists a stable non-bonded interaction between r; and r;,; , and (iii) riy;

communicates efficiently with every residue in {ry, 5 ...1;}.

The way communication pathways are grown ensures that any two adjacent residues are
connected by non-covalent interactions, that all residues in a same path are directly or
indirectly non-covalently connected and that every residue in the CP is reachable from any

other point in a short commute time.

2. 3. Graphical implementation

Two-dimensional graphs: GEPHI * is an analytical tool designed for representation of
interacting identities as a bi-dimensional graphic network. MONETA produces protein
network graph (Figure 2) where all residues of the protein are denoted by as many nodes
linked by edges representing connections of different natures: peptide links, direct
connections (the two residues are consecutive in the same paths) and indirect connections
(there exists at last one path linking the two residues). The global shape of the graph is
constructed according to the inter-residues connections, so as to reflect the global

communication propensity of the protein.

Three-dimensional visualisation: A PyMOL ** module integrated in MONETA permits to
visualize the communication pathways between the residues in the 3D structure of a protein
(Figure 2). This representation gives access to a detailed vision of the communication

pathways at the atomic level.

2.4. How does MONETA work?

The package distribution includes a step-by-step tutorial with description of input files,
output files and shell scripts. The scripts can easily be modified to process user-provided input
data. In brief, the first step of MONETA running requires a trajectory file obtained by MD
simulations and the associated topology file. It generates all the prior data necessary for
computing the /DSs and CPs:

e The structure onto which the MONETA representation will be drawn is by default
11
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chosen as the average structure of the protein in the MD simulation.

e Non-bonded interactions, i.e., hydrogen bonds and hydrophobic contacts, are monitored

along the trajectory and recorded using the program HBPLUS. MONETA runs
HBPLUS on each conformation of the ensemble and computes the occurrence of non-
covalently bonded interaction for each residues pair.

The mean commute time of each residue pair over the MD simulation is computed.

The g_mdmat or g_mdmat_d program of GROMACS is run by MONETA to compute,
for each pair of residues, the minimal inter-residue distance averaged on the

conformational ensemble.

A PCA is performed by use of the ptraj module of AMBER Tools to compute the covariance

matrix, the PCA eigenvalues and eigenvectors.

To compute the data listed above with MONETA, the values of the required parameters listed

below may be chosen by the user or computed automatically:

The threshold for non-covalently bonded interaction occupancy (INTesnois) beyond
which a bond will be considered is 0.5 per default (i.e., the interaction is present 50% of
the time) but tunable at wish.

The threshold for communication propensity (CPesnoia) — the inter-residue commute
time below which the communication between these residues is considered as efficient
— can be either arbitrary chosen or computed as a chosen percentile of all the values of

communication propensity matrix.

MONETA computes communications resulting from the 3D structure of a protein, rather
than from its sequence. Consequently, a parameter sets the minimal distance along the
sequence between two residues adjacent in a path. A value of 1 (residue), which turns
off the «communications» mainly sustained by peptidic links, is recommended.

The number of PCA modes to be considered in LFA is determined by setting a minimal

part of the total atomic fluctuations of Ca- to be covered by these modes.

The user can choose to remove some protein residues from the analysis (typically the

strongly fluctuating extremities).

In the second step MONETA computes the /DSs and all the CPs within the protein. Then,

MONETA computes for each residues pair {i,j} the number of paths containing the two

residues and identifies the smallest paths between the two residues. The output files may be

used for display of communication in the protein within the GEPHI ** and PyMOL *

modules.

12
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PyMOL is automatically launched after /DSs and CPs computation. The structure file
is loaded and represented as a green cartoon. Independent dynamic segments are loaded as
PyMOL selections and highlighted in blue (tunable for each IDS in PyMOL selection
column). Two functions, find_paths and find_path2, for visualization of communication
pathways are loaded. Using these functions, the user can display all the CPs generated from a
specified residue of the protein (find_paths), or the CPs between two specified residues
(find_path2). A new PyMOL object is generated for each computed path and displayed as
chains of small spheres connected together by lines (Figures 2, 4-6). Within a given path, each
residue member is illustrated by up to three spheres corresponding to: the atom closest to the

preceding residue in the path, the Ca, the atom closest to the following residue in the path.

The initial residue is highlighted by a bigger sphere centered on its Ca.

GEPHI may be launched by the user to read the GEPHI outputs computed by
MONETA and to create a 2D-representation of the communication network of the protein
(Figures 2, 4 and 6). GEPHI uses two types of elements: nodes and edges. Nodes are auto-
closing beacons containing an identification number (ID) and a label. The links have
necessarily one ID, one label, a source (node of departure) and a target (node of arrival). To
generate the GEXF files, MONETA generates automatically (i) the list of nodes from the
topological file of the protein and (ii) the list of inter-residue links from both the topological
file (peptidic links) and the files containing the communication pathways. Residues (nodes)
are represented as circles, and connections between residues (edges) are represented by more
or less thin lines. By default, large edges represent direct connection of two residues adjacent
in a path and thin edges represent either a peptide link or a connection between two residues
that are in the same path but not adjacent. MONETA computes the communication propensity
of each residue as the number of other residues with which it communicates, and reports these
data on the 2D- and/or 3D representation by scaled colors. These graphical parameters can be
tuned at wish. The Force Atlas layout provided by GEPHI allows drawing the global shape of

the protein network (Figure 3).

3. EXPLORING and PREDICTING ALLOSTERIC COMMUNICATION in RTKs and
in its SIGNALLING PROTEIN STATS

Receptor tyrosine kinases (RTKs) are cell-surface transmembrane receptors that

possess a tightly regulated tyrosine kinase activity within their cytoplasmic domain “ RTKs

13
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are crucial components in signal transduction pathways involved in cellular differentiation,
growth, survival and metabolism (Supplementary Information, Scheme S1). The crystal
structures of their cytoplasmic region in activated forms are very similar **, however crystal
structures of inactive forms have revealed a remarkable variability in the kinase domain,
which allows distinct activation mechanisms *°. The description of the communication
pathways mediating the allosteric regulation of the receptors activity is a challenging task.
Furthermore, the deregulation of RTKSs activity, mainly caused by mutations, is associated
with various forms of cancers, neuronal disorders and inflammatory diseases. The motivation
to understand disease processes and discover possible therapies, have driven our study of the
type III RTK subfamily, that includes KIT, CSF-1R, PDGFR-a, PDGFR- and FLT3 *"»*® and
of the proteins STATS5 involved in cell signaling pathways, downstream of various oncogenic
proteins, particularly, of KIT 9

Type III RTKs share a common architecture that includes an extracellular domain to
which ligands bind, a transmembrane helix, an autoinhibitory juxtamembrane region (JMR)
and a cytoplasmic region composed of the proximal and distal kinase domains
(Supplementary Information, Scheme S1, A). Kinase activation, initiated through binding of
its cognate ligand, stabilizes a dimeric form of the receptor which induces extensive
conformational rearrangements involving the principal regulating fragments, A-loop and JMR
.30 and facilitates trans-autophosphorylation of tyrosine residues. These processes simulate
tyrosine activity and creation of binding sites for downstream signaling proteins

(Supplementary Information, Scheme S1, B).

Several gain-of-function point mutations induce tyrosine kinase constitutive (ligand-
independent) activation and/or resistance to the tyrosine kinase inhibitors. For example, the
equivalent mutations, D816V in KIT and D802V in CSF-1R, induce similar resistance effect,
although only D816V confers a proliferative signal in KIT. The KIT mutations positioned in
the JMR (V560G) or at the proximity of the Ca-helix (S628N) are highly oncogenic and
provoke violent forms of cancers 3152 Cancer-related mutations frequently observed as a
replacement by different amino acid residues (D816V/H/N/Y/E/l or V560G/D) have divergent
impact on the severity of disease or drug resistance. Another issue consists in the role of the
allosteric communication between JMR and A-loop on RTKs signaling. We proved that
disruption of this communication in KIT mutant provokes a structural reorganization in the
JMR, distant by more than 15 A from the point mutation >. This important structural

reorganization evidenced as a folding of the [-sheet of the JMR in KIT mutant should induce

14
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a distinct adaptation of the phosphotyrosine-based sites in the JMR affecting downstream
signaling, which might not be the case in CSF-1R mutant. This hypothesis is consistent with
the reported direct KIT — STATS interaction in the context of KIT D816V mutant
(Supplementary Information, Scheme S1, D) that does not occur with the native KIT *.
Consequently, description of the mutation-induced effects at the atomic level and
discrimination between impacts of different mutations will contribute significantly to the
understanding of mechanisms leading to deregulation of functional activation and signaling of

RTKs.

We used MONETA to describe the allosteric regulation in the native receptors KIT and
CSF-1R and in their numerous clinically observed mutants 29,5455,

First, the general landscape of communication pathways and the mapping of
communication efficiency of residues, illustrated as 2D- and 3D-dimensional graphs (Figure
4) put in evidence the similarities between the two proteins and their particular features.
Second, detailed inspection of communication pathways allowed us to establish the allosteric
communication between (i) the JMR and the A-loop and (ii) the JMR and the Ca-helix, the
major regulatory fragments in RTKs. Third, we established that all studied mutations
(D816V/H/N/Y, V560G/D, S628N in KIT and D802V in CSF-1R) provoke (a) a diminishing
of communication network in the mutants respectively to the native proteins, (b) the
disruption of allosteric communication between essential regulatory fragments of the
receptors (Figure 5), (c¢) a differential impact of the equivalent mutations on the
communication in two homologous RTKs. Particularly, the differences between
communication in KIT D816V and in CSF-1R D802V mutants indicate a divergent role of the
equivalent mutations, which could explain why D802V mutation is not naturally found in
cancer.

In addition, MONETA guided in silico mutagenesis as a way to restore the allosteric

communication destroyed by oncogenic mutation )

MONETA was also applied on STATS proteins (STATSa and STAT5b) and allowed to
identify communication pathways connecting two spacially distant sites (>100 A) of the
protein in monomeric state (Figure 6). Phosphorylation of a specific tyrosine in the SH2
receptor binding domain of STATS controls allosteric regulation across this signaling protein

mainly through the long a-helices of a Coiled-Coil Domain (CCD) acting as communication
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fibers. The different communication pathways within the Src-Homology domain 2 (SH2) and
the Linker Domain (LD) in the unphosphorylated and the phosphorylated STAT5 proteins
revealed the peculiar allosteric regulation in the activated and non-activated protein.
Moreover, the communication paths in STAT5a and STAT5b evidenced a different role of
phosphorylation of the specific tyrosine residue in these very similar proteins. It has been
reported that limited structural dissimilarities between the STATS5a and STAT5b undoubtedly
influence gene regulation % and the sequence-dependent asymmetries in STATS
communication revealed by MONETA can be an underlying factor. Differences in a
phosphorylation effect on the STATS5a and STATSb communication pathways are other

potential sources of functional disparity and the signal amplitude, frequency or duration which

can also be significant o7

4. CONCLUSIONS

MONETA is a freely available, easy-to-use and fully documented integrated package
for analysis of the allosterically regulated proteins. The MONETA modules extract data from
all-atom molecular simulations to detect, annotate and interpret local motions of functional
relevance. It identifies dynamically coupled residues, independent dynamics segments, and
builds a modular network representation composed of /DSs linked together by chains of
residues, communication pathways. Such dual representation based on dynamics correlations
and topological descriptors depicts signal propagation between allosterically coupled distant
protein sites. This approach is an essential step toward the understanding of protein allosteric

regulation and function.

The examples of a comprehensive analysis of communication in RTKs (KIT and CSF-
1R) provided here put in evidence the well-established allosteric communication in the native
proteins between the major regulating regions, A-loop, JMR and C-helix, that was disrupted
by the point mutation localized in A-loop. A difference of communication in RTKs possessing
equivalent mutations permits to distinguish between oncogenic mutation in KIT and
resistance mutation in CSF-1R. The influence of phosphorylation on allosteric communication
route established in STATS open a door for study of KIT-STATS signaling. An accurate
description of the effector-induced (effector is a point mutation or phosphorylation) effects in
terms of communication provides a solid basis for further guiding the discovery of next-

generation allosteric drugs, capable to control protein functions.
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A “restoring” second mutation in KIT mutant, predicted by MONETA, allowed
modulating the communication between two remote principally regulatory segments, the A-
loop and the JMR. The strong correlation between such communication and the structural and
dynamical features of the receptors was established, illustrating an accurate predictive ability
of MONETA.

Graphical tools, PyYMOL and GEPHI, integrated in MONETA offer interactive 2D and
3D representations of communication at different scales — from a global landscape describing
the inter-domains communication to inter-residues and inter-atomic pathways — to fully
characterize the allosteric effects propagation in proteins. The next step of MONETA
application will be the description of downstream signaling proteins activation.

MONETA addresses the need for automated functional analysis of allosteric
communication emerging from molecular dynamics simulations. MONETA provides a solid
basis for further guiding the discovery of next-generation allosteric drugs, with the aim to
modulate or control protein function. The source code of MONETA is available by a simple

request. Contacts: Luba.Tchertanov@lbpa.ens-cachan.fr.
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Figure legends

Figure 1. Schematic representation of the Modular NETwork Analysis (MONETA)
general principle. A modular network representation composed of clusters of residues and
chains of residues is built from the dynamical correlations and topology calculated from a
protein conformational ensemble. In MONETA, residue clusters or modules are delineated as
independent dynamic segments (IDSs) as they represent the most striking features of the
protein local dynamics. Chains of individual residues are designated as communication
pathways (CPs) as they represent well-defined connectivity pathways along which
interactions can be mediated at long distances in the protein. Information is propagated
through IDSs via the modification of the local atomic fluctuations and through CPs via well-
defined interactions. The highly connected residues, at the junction of many pathways, can be

considered as “hubs” in the protein network.

Figure 2. Overview of the major analysis steps in MONETA workflow. Each step of
MONETA procedure is delimited by an icon. The required inputs, parameters, outputs and
scripts are identified by colors: initial mandatory inputs in purple, outputs in blue, MONETA
computation steps in green, software and program in grey. Step 3 is illustrated by 2D graph of
communication landscape in KIT (a) and by 3D representation of communication pathway in
STATS (b). 2D and 3D graphs drawn with GEPHI and PyMOL modules incorporated in
MONETA.

Figure 3. Example of specific representation of inter-residues connection. Residues 9, 84,
25 and 13 represented by circles belong to a unique communication pathway and are linked in
green (connected by at least one path or indirect connection) or in blue (adjacent in a path or
direct connection). Residues 9 and 10 are linked in orange (peptide bond), but residue 10 does

not belong to the path.

Figure 4. Communication pathways of cytoplasmic region in the native receptors KIT
(top) and CSF-1R (bottom). Left panel: 2D graphs of a global topology of the inter-residues
communications. Residues are represented by points, communication pathways are depicted
by bold lines and two connected residues by a thin line. Residues are coloured from blue
through green and yellow to red according to their communication efficiency, estimated as the
number of residues to which they are connected by at least one CP. Middle panel: Large-scale
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view of the CPs in KIT and CSF-1R zoomed on CPs in the JMR, the A-loop and C-loop.
Right panel: 3D structural mapping of the inter-residues communication in KIT and CSF-1R.
For each protein, the average MD conformation is presented as cartoon. The key structural
fragments of receptors are highlighted in different colors: the A-loop is in red, the JMR is in
blue, the Ca-helix is in magenta, the C- and P-loop are in green and yellow respectively.
Labels for the different regions are indicated on the top panel. Communication pathways
between residues atoms (circles) are depicted by coloured lines: CPs formed by the A-loop
residues in orange; by the JMR residues in magenta. 2D and 3D graphs are drawn with

GEPHI and PyMOL modules incorporated in MONETA.

Figure 5. Characteristic features of the communication pathways generated in CSF-1R
cytoplasmic region. 3D structural mapping of the inter-residues communication in the native
(leff) and mutated (right) receptor. For each protein, the average MD conformation is
represented as a cartoon. The key structural fragments of receptors are highlighted in different
colors: the A-loop is in red, the JMR is in orange, the Ca-helix is in cyan, the C- and P-loop is
in green and blue respectively. The communication pathways between residues atoms (circles)
are depicted by coloured lines: CPs formed by the C-helix residues in cyan; by the JMR
residues in grey. 2D and 3D graphs are drawn with GEPHI and PyMOL modules incorporated
in MONETA.

Figure 6. Interaction network and modular network representation in the
unphosphorylated (top) and the phosphorylated (bottom) STATS. Left panels: 2D graphs
of a global topology the inter-residues communications. Residues are represented by points,
communication pathways are depicted by bold lines and two connected residues by a thin line.
Residues are coloured from blue through green and yellow to red according to their
communication efficiency, estimated as the number of residues to which they are connected
by at least one CP. Right panels: 3D structural mapping of the inter-residues communication
in STATS. For each protein (unphosphorylated and phosphorylated), the average MD
conformation is represented as a cartoon. The independent dynamic fragments are highlighted
in different colors. Communication pathways between residues atoms (circles) are depicted by
magenta. 2D and 3D graphs are drawn with GEPHI and PyMOL modules incorporated in
MONETA. Large-scale view of the CPs in STATS zoomed on pathway within LD and SH2
domains indicating significant differences. Labels for the different regions of the proteins are

indicated on the top panel.
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Supplementary Information

Scheme S1. Structural organization and possible signaling pathways of receptors
tyrosine kinases (RTKs) (e.g., KIT). (A) RTKs of type III comprise an extracellular ligand
binding domain, a single transmembrane helix, a juxtamembrane region (JMR), a conserved
kinase domains (proximal and distal) linked by a hinge and a carboxy-terminal tail (C-
terminal). Phorphorylation sites are shown. (B) Activation of KIT induced by binding of SCF-
ligand leads to dimerization, phosphorylation of specific tyrosine residues, and recruitment of
several proteins at the intracellular portion of the receptors. Several proteins (e.g., the
cytokine receptor-associated Janus kinase, JAK2) bind directly to the receptor, whereas
Ras/Raf pathways and AKT pathway need several specific adaptor molecules. JAK2 converts
the latent monomeric form of the STAT molecules to the activated dimeric form through
tyrosine phosphorylation. The dimers bind to specific DNA response elements and are able to
induce transcription. All possible pathways result in nuclear activation of genes regulating cell
growth, survival and mast cell activation. (C) Superimposed crystallographic structures of the
cytoplasmic region of KIT and CSF-IR receptors in the inactive form show several
differences. The proteins are presented as cartoon, CSF-1R is in light blue and KIT is in light
grey. The key structural fragments of receptors in the inactive and the active conformations
are highlighted in color. The JMR is in yellow and in orange ; the A-loop is in red and
magenta; the Ca-helix is in cyan and blue, in KIT and CSF-1R respectively. (D) The
constitutively activated receptor KIT stabilized by oncogenic point mutation (red spots with
black contour), prompts alternative signaling routes, either through FES or by direct
interaction with STATS. These pathways result in nuclear activation of genes related with cell
growth, survival and mast cell activation. Scheme was adapted from M. Arock's personal

communication.
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ynamical Correlations

ological Connections

Figure 1. Schematic representation of the Modular NETwork Analysis (MONETA) general principle. A modular
network representation composed of clusters of residues and chains of residues is built from the dynamical
correlations and topology calculated from a protein conformational ensemble. In MONETA, residue clusters

or modules are delineated as independent dynamic segments (IDSs) as they represent the most striking
features of the protein local dynamics. Chains of individual residues are designated as communication
pathways (CPs) as they represent well-defined connectivity pathways along which interactions can be
mediated at long distances in the protein. Information is propagated through IDSs via the modification of
the local atomic fluctuations and through CPs via well-defined interactions. The highly connected residues, at
the junction of many pathways, can be considered as “hubs” in the protein network.
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Figure 2. Overview of the major analysis steps in MONETA workflow. Each step of MONETA procedure is
delimited by an icon. The required inputs, parameters, outputs and scripts are identified by colors: initial
mandatory inputs in purple, outputs in blue, MONETA computation steps in green, software and program in
grey. Step 3 is illustrated by 2D graph of communication landscape in KIT (a) and by 3D representation of
communication pathway in STATS5 (b). 2D and 3D graphs drawn with GEPHI and PyMOL modules

incorporated in MONETA.
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Figure 3. Example of specific representation of inter-residues connection. Residues 9, 84, 25 and 13
represented by circles belong to a unique communication pathway and are linked in green (connected by at
least one path or indirect connection) or in blue (adjacent in a path or direct connection). Residues 9 and 10

are linked in orange (peptide bond), but residue 10 does not belong to the path.
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Figure 4. Communication pathways of cytoplasmic region in the native receptors KIT (top) and CSF-1R
(bottom). Left panel: 2D graphs of a global topology of the inter-residues communications. Residues are
represented by points, communication pathways are depicted by bold lines and two connected residues by a
thin line. Residues are coloured from blue through green and yellow to red according to their communication
efficiency, estimated as the number of residues to which they are connected by at least one CP. Middle
panel: Large-scale view of the CPs in KIT and CSF-1R zoomed on CPs in the JMR, the A-loop and C-loop.
Right panel: 3D structural mapping of the inter-residues communication in KIT and CSF-1R. For each
protein, the average MD conformation is presented as cartoon. The key structural fragments of receptors are
highlighted in different colors: the A-loop is in red, the JMR is in blue, the Ca-helix is in magenta, the C- and
P-loop are in green and yellow respectively. Labels for the different regions are indicated on the top panel.
Communication pathways between residues atoms (circles) are depicted by coloured lines: CPs formed by
the A-loop residues in orange; by the JMR residues in magenta. 2D and 3D graphs are drawn with GEPHI
and PyMOL modules incorporated in MONETA.
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CSF-IRWT

Figure 5. Characteristic features of the communication pathways generated in CSF-1R cytoplasmic region.
3D structural mapping of the inter-residues communication in the native (left) and mutated (right) receptor.
For each protein, the average MD conformation is represented as a cartoon. The key structural fragments of

receptors are highlighted in different colors: the A-loop is in red, the JMR is in orange, the Ca-helix is in
cyan, the C- and P-loop is in green and blue respectively. The communication pathways between residues
atoms (circles) are depicted by coloured lines: CPs formed by the C-helix residues in cyan; by the JMR
residues in grey. 2D and 3D graphs are drawn with GEPHI and PyMOL modules incorporated in MONETA.
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Figure 6. Interaction network and modular network representation in the unphosphorylated (top) and the
phosphorylated (bottom) STATS5. Left panels: 2D graphs of a global topology the inter-residues
communications. Residues are represented by points, communication pathways are depicted by bold lines
and two connected residues by a thin line. Residues are coloured from blue through green and yellow to red
according to their communication efficiency, estimated as the number of residues to which they are
connected by at least one CP. Right panels: 3D structural mapping of the inter-residues communication in
STATS. For each protein (unphosphorylated and phosphorylated), the average MD conformation is
represented as a cartoon. The independent dynamic fragments are highlighted in different colors.
Communication pathways between residues atoms (circles) are depicted by magenta. 2D and 3D graphs are
drawn with GEPHI and PyMOL modules incorporated in MONETA. Large-scale view of the CPs in STAT5
zoomed on pathway within LD and SH2 domains indicating significant differences. Labels for the different
regions of the proteins are indicated on the top panel.
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