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ABSTRACT

Allostery, the presence of functional interactions between distant parts of proteins, is a critical concept in the field of biochemistry and molecular biology,
particularly in the context of protein function and regulation. Understanding the principles of allosteric regulation is essential for advancing our knowledge of
biology and developing new therapeutic strategies. This paper presents AlloViz, an open-source Python package designed to quantitatively determine, analyse, and
visually represent allosteric communication networks on the basis of molecular dynamics (MD) simulation data. The software integrates well-known techniques for
understanding allosteric properties simplifying the process of accessing, rationalising, and representing protein allostery and communication routes. It overcomes
the inefficiency of having multiple methods with heterogeneous implementations and showcases the advantages of using MD simulations and multiple replicas to
obtain statistically sound information on protein dynamics; it also enables the calculation of “consensus-like” scores aggregating methods that consider multiple
structural aspects of allosteric networks. We demonstrate the features of AlloViz on two proteins: f-arrestin 1, a key player for regulating G protein-coupled receptor
(GPCR) signalling, and the protein tyrosine phosphatase 1B, an important pharmaceutical target for allosteric inhibitors. The software includes comprehensive

documentation and examples, tutorials, and a user-friendly graphical interface.

1. Introduction

Proteins are highly dynamic macromolecules that carry out essential
functions in organisms. They exist in an equilibrium of conformations
that can shift due to mutations, post-translational modifications, media
alterations or the interaction with other proteins or small molecules,
such as drugs [1]. Conformational changes require a coordinated rear-
rangement of the polypeptide backbone and residue side-chains, creat-
ing communication networks along which the movement is transmitted
throughout the structure. These networks are at the base of allostery,
which is the intrinsic property of proteins that enables the transmis-
sion of signals across spatially distant parts of their structure [2]. These
phenomena can be probed with in vitro techniques such as Nuclear Mag-
netic Resonance (NMR), mutational scanning or crystallography, which
can reveal structural allosteric hotspots or describe potential allosteric
communication pathways of residues. However, the highly dynamic na-
ture of allostery, the short-lived allosterically relevant conformational
states, and the limited resolution of the methods pose a challenge for
their characterization at the amino acid and atomic resolution [3].

* Corresponding authors with equal contributions.

Numerous computational resources and tools have been devised to
aid in the investigation of allosteric mechanisms and the development
of allosteric drugs, such as computational methods to model proteins
as interaction networks [4,5]. In protein interaction networks, residues
are linked by edges that quantify inter-residue properties, providing a
suitable graph representation to model the complex connectivity within
the protein. Moreover, the integration of the extensive field of network
theory allows for the quantitative analysis of the communication and
long-range phenomena that are associated with allostery [6,7]. The
protein networks are built with edge values that quantify inter-residue
properties measured on the sequence (e.g., residue pair coevolution),
the structure (e.g., contacts or distances), or the dynamics of the pro-
tein (e.g., atom motion cross-correlation) [8].

For instance, residues involved in allosteric regulation display a de-
gree of sequence coevolution that maintains their functional coupling
[9]. This has motivated the building of interaction networks using co-
evolution metrics as edge values, [10,11] such as the case of Statistical
Coupling Analysis (SCA) built on the basis of multiple sequence align-
ments [12]. However, it has been observed that coevolution is biased
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Fig. 1. Diagram of the allosteric network construction and analysis process followed by AlloViz. (a, b) Molecular Dynamics (MD) trajectories track atom positions
throughout the simulation time; time series of dihedral angles, residue contacts and interaction energies can then be computed and used as raw data to calculate
allosteric networks. (c) Networks can be filtered using different criteria and (d) analysed focusing on edges (1 and 2) or nodes (3). Results can be handled as tables

or visualised on the protein structure.

by residues that are physically close and therefore undergo evolution-
ary selection [13]. Moreover, in contrast to the stronger preservation
required for structural stability, allosteric networks of residues can ex-
hibit considerable plasticity and robustness to mutations, as long as the
allosteric information flow is maintained [14].

Protein networks based on static structures have been developed to
use inter-residue distances, contacts or interaction energies as edge val-
ues [7]. However, allosteric changes are directly transmitted by global
and local protein dynamics, and thus atomic-scale information is needed
to model networks that capture a wider range of allosteric effects [15].

MD simulations allow us to model the motions and interactions of
the residues in a quasi-physiological environment at the atomic resolu-
tion. Simulation trajectories provide vast amounts of data about their
dynamics that are used to build protein interaction networks [16]. This
popular method is successful in the identification of key network ele-
ments for allostery in different systems, which ultimately translate into
a structural explanation for their importance [13,17-20]

Here we present AlloViz, an open-source Python package to com-
pute, analyse and interactively visualise protein allosteric communica-
tion networks built using MD data. Our tool unifies several network
construction methods proposed by earlier works (Table 1), in addition
to a new network construction method we implemented. AlloViz facili-
tates the analysis of the resulting network(s) with common graph theory
protocols as well as their visualisation on the protein structure (Fig. 1),
through the use of both Python programming or a Graphical User In-
terface (GUI). Moreover, it eases the calculation and visualisation of
delta-networks, which are obtained by subtracting the edge weights of
the networks of any two comparable structures to facilitate their com-
parison. We showcase the package by describing the investigation of the
allosteric communication in f-arrestin 1 (Section 3.2) and binding sites
of protein tyrosine phosphatase 1B (Section 3.3). Code to reproduce
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Table 1

Allosteric network construction options available in AlloViz.
Bold text marks combinations first introduced in this package.
MI with LNC: mutual information with local non-uniformity
correction.

Structural data Metric

Pearson correlation
Mutual information
Linear mutual inf.

a carbons
P carbons
whole residues

Position of...

Dihedral angle. .. [ RVSSN Pearson correlation
all backbone dih. Mutual information
all sidechain dih. MI with LNC
all dihedrals

Contacts Frequency

Strength

Interaction energy

both case studies, as well as use cases notebook tutorials and extensive
documentation are distributed with the software.

2. Materials and methods

The gist of computing an allosteric network from an MD trajec-
tory is to condense the data into a single inter-residue value for each
residue pair in the protein, representing their relationship, to generate
a network. AlloViz provides a single point of entry for many allosteric
network construction methods proposed by earlier works as well as
our own (Table 1), and it also facilitates the filtering, analysis and vi-
sualisation of the networks, and the calculation of delta-networks of
comparable structures.


https://alloviz.readthedocs.io/en/latest/tutorials.html
https://alloviz.readthedocs.io/
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Allosteric networks from MD trajectories can be constructed by mea-
suring the correlation between the motion of atoms or between the di-
hedral angles of pairs of residues, as well as by quantifying the contacts
or the interaction energies between them (Table 1). Besides implement-
ing network construction methods from earlier works, we propose an
additional novel method that measures the mutual information (MI)
generalized correlation of individual dihedral angles or their combina-
tions. This network construction method was not available previously
in Python open software [17,20], and the MI coefficient is calculated
with the application of the local non-uniformity correction (LNC) [21]
to reduce its calculation inaccuracies (Supplementary Material S1.3).
The main features of AlloViz are listed briefly below, and discussed in
detail in Supplementary Section S1. The full list of methods currently
provided is found in Table S1.

2.1. Network filtering

Filtering is useful to focus on specific interactions of interest and to
reduce noise introduced by thermal motion. AlloViz provides the option
to analyse the entire network as it is (using the A11 filter), or to ap-
ply specific filters beforehand, such as: (i) including only contact pairs
identified by GetContacts (using the GetContacts_edges filter); (ii)
excluding residue pairs that fall below a specified geometric distance
threshold (using the Spatially distant filter); and/or (iii) exclud-
ing residue pairs that fall below a certain sequence distance threshold
(with the No_Sequence Neighbors filter). Furthermore, if the pro-
tein in question is a GPCR and its residue generic numbering is available
from the GPCRdb [22], one can apply the GPCR_Interhelix filter to
only retain pairs of residues from different conserved GPCR structural
elements.

2.2. Network analysis

Centrality plays a pivotal role in network analysis [23]. The classi-
cal betweenness centrality metric, for example, measures the number of
shortest paths that cross a given node or utilise a given edge in the stud-
ied network, which accounts for the importance of edges or nodes for
information propagation across the network. However, a limitation of
betweenness centrality is its exclusive focus on the shortest paths, ne-
glecting nodes and edges that are nearly but not directly on these paths,
despite their potential relevance in information transmission. Botello-
Smith and Luo discuss the shortcomings of the metric for the analysis
of allosteric communication networks from MD simulations, and pro-
pose the current-flow betweenness centrality as a robust alternative
[24]. Current-flow betweenness centrality, also known as random-walk
betweenness centrality, uses an electrical current model for informa-
tion spreading in contrast to betweenness centrality which uses shortest
paths. The latter metric, drawing parallels with the information central-
ity metric used in analyzing information propagation networks, offers a
more comprehensive view by considering a broader array of pathways
for communication. Both betweenness and current-flow betweenness-
based analysis are available in AlloViz (Section S1.4).

2.3. Delta networks

Delta-networks, calculated from the difference of two allosteric net-
works, allow the comparison of differences in information flow between
structures, such as different activation states of a receptor, or a pro-
tein bound to two ligands with differing signalling profiles. They are
obtained by subtracting the edge weights of two networks that have
“comparable” nodes (e.g., two networks of simulations of the same
protein in different activation states). The global structure and commu-
nication of the two systems compared are expected to be alike (except
for just a few changes due to the perturbation), and thus most residue
pair interactions will have similar weights. Differential analysis, i.e. the
calculation of a delta-network, reduces this noise, potentially exposing
more subtle differences between the two networks [25].
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3. Results
3.1. Software

AlloViz is a Python 3 package and it can be installed from the
source code available in GitHub using the instructions therein. It is de-
signed to be used either as a library, interactively e.g. through Python
notebooks such as Jupyter [26], or with a graphical user interface
(GUI) (Fig. 2) which extends Visual Molecular Dynamics (VMD) [27].
Specifics about the software implementation are reported in the Sup-
plementary Material (Section S2). Detailed installation instructions, full
documentation, and notebooks with use cases tutorials (which can also
be run online with MyBinder [28]) and to reproduce the case studies
in this work are provided in the code repository and online (https://
alloviz.readthedocs.io/) and described in Section S2.2.

The GUI (Fig. 2, left-hand window) displays an interface for al-
losteric calculations that integrates with VMD to display protein struc-
tures and trajectories along with the computed allosteric networks. The
window contains all the options available for the calculation and anal-
ysis of a network, namely the atom selection to be taken into account
(for example, only the protein atoms if a whole trajectory in solvent has
been loaded), the network to compute, filters to apply and the network
analysis to perform. Selecting Compute and Visualise runs the calcula-
tions in the background, after which the result is shown in the structure
visualisation window. All the calculations performed are logged in the
right-hand panel of the AlloViz GUI window, from where they can be
recalled for visualisation and comparison, or saved as text-based tables
for further use.

3.2. Application to f-arrestin 1

G protein-coupled receptors (GPCRs) and their intracellular coupling
partners are excellent examples of proteins for which allostery is funda-
mental [29]. For instance, f-arrestins are a protein family that couple
to activated and phosphorylated GPCRs. For their own activation, they
undergo an important conformational change that involves a rotation
of their C-domain respective to their N-domain [30]. What’s more,
p-arrestin 1 has been found to reach different levels of activation de-
pending on the phosphorylation pattern of the activation partner [31],
demonstrating the crucial and precise operation of allostery.

To illustrate the robust allosteric network construction methods of
AlloViz, we carried out a systematic analysis incorporating all potential
combinations of network construction methods, network filters, includ-
ing A1l, Spatially distant, GetContacts edges, and a com-
bination of GetContacts_edges with No_ Sequence Neighbors,
along with node analysis methods such as betweenness centrality and
current-flow betweenness centrality. These computations were applied
to f-arrestin 1, exploring both its inactive (apo) and active (V2RppWT-
bound) conformations, as well as the resulting delta-network. MD sim-
ulations used here were reported in a previous study [31], and have
been taken from the corresponding deposited entries of the GPCRmd
database [32]. Simulations of f-arrestin 1 in the inactive conformation
(PDB code: 1G4M) (3 x 500 ns) and the active conformation bound
to the wild-type phosphopeptide of the Vasopressin receptor subtype 2
receptor (V2RppWT, PDB code: 4JQI) (5 X 2 ps) were used.

We sought to analyse how all the networks computed using AlloViz
as a homogenising interface pinpoint the residues vital for system func-
tion. We compiled a list of residues which have proven to be critical for
p-arrestin 1 function in vitro, including those responsible for the crucial
inter-domain allostery in arrestin (i.e., polar core) or phosphorylation
sites (Supplementary Table S2). We also include an additional analysis
of the combinations of network construction methods, filters and cen-
trality analyses that could most effectively pinpoint these residues vital
for system function in Supplementary Material S3.3. An interactive ap-
plication to explore the complete results of both analyses is available
online at gandalf.upf.edu/shiny/ArrestinExperimental.


https://github.com/frannerin/AlloViz
https://alloviz.readthedocs.io/
https://alloviz.readthedocs.io/
http://gandalf.upf.edu/shiny/ArrestinExperimental/
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Fig. 2. The AlloViz GUI enables interactive analysis and visualisation. Here, it is shown the GPCR 5-hydroxytryptamine receptor 1B in complex with agonist
ergotamine (GPCRmd ID 90) together with a network measuring physico-chemical contacts, filtered to retain only residue pairs that are at least 5 residues apart in
the sequence. The current-flow betweenness of the network edges is computed, and edges whose betweenness value is greater than 25% of the maximum will be

superimposed to the 3D structure.

Taking a look at the consensus of the results obtained with all the
different analysis methods, it emerges how the delta-networks between
the inactive and active f-arrestin 1 capture the functionally important
residues of the protein, together with others in their close vicinity. Fig. 3
shows the average of all the network combinations together with the re-
sults of a Statistical Coupling Analysis (SCA) that measures coevolution
between residue pairs, a sequence-based approach to model allosteric
networks (Section S3.1). The highly modulated residues qualitatively
form clusters, likely allosteric hubs, of residues with high centrality in
the respective allosteric networks of the active or inactive structures.

For example, one of the clusters includes residues Gly211 and
Pro213, which undergo significant changes with respect to the wild-
type in the phosphorylation site mutant T275D (Supplementary Ta-
ble S2). This allosteric hub is picked up by the delta-networks computed
with AlloViz even when the mutant is not part of the systems used
for the delta-network calculation, and the area is spatially distant to
the phosphopeptide binding site of the active structure and it does not
show any major rearrangement in the initial static structures (Fig. 3,
structural inset (3)). This finding highlights the ability of in silico al-
losteric networks to identify functional hubs on proteins, as confirmed
by experimental data.

In addition, residues Arg62 and Arg76 are not discussed in literature
for their functional implication, to our knowledge, but nonetheless ex-
hibit a high positive value in the average of the delta-networks (Fig. 3,
“Networks average” annotation on top of the central heatmap). Such
positive value indicates that they have a high “consensus” centrality in
multiple allosteric networks of the apo structure, and that the consensus
centrality in the V2Rpp-bound structure networks is not as significant.
Indeed, these two residues interact directly with the phosphopeptide in
the active structure, interrupting the allosteric information flow with
respect to the apo. This result further points to the usefulness of al-
losteric networks analysed with centrality metrics to capture the acute
change in the allosteric communication within proteins due to pertur-
bations. Consensus scoring improves the confidence in constructing a
global view of allostery that considers several structural and statistical
descriptors.
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3.3. Application to protein tyrosine phosphatase 1B

We further tested AlloViz on the human tyrosine-protein phos-
phatase non-receptor type 1 (PTP1B), an intracellular tyrosine phos-
phatase, for which the discovery of allosteric binding sites is an im-
portant pharmacological goal. Protein tyrosine phosphatases (PTPs),
together with protein tyrosine kinases (PTKs), are responsible for the
reversible phosphorylation of tyrosine residues in proteins, being thus
key regulators of signalling pathways; unsurprisingly, aberrations in
their function or regulation may lead to diverse human diseases. PTP1B
specifically is a negative regulator of the insulin and leptin pathways,
being thus involved in the development of type 2 diabetes and obe-
sity, and it has also proven to have a role in cancer, either as tumour
suppressor or promoter, depending on the cellular context [33]. PTP1B
inhibitors are highly sought-after for the treatment of diabetes, but find-
ing pharmaceutically viable candidates has proven challenging due to
the conservation of its orthosteric active site [34]. The identification
of allosteric inhibitors and pockets is therefore of high interest to reach
the desired specificity and avoiding off-target effects. In 2004, allosteric
inhibition was shown by Wiesman et al. for a set of lead compounds
in development at Sunesis [35]. More recently, Greisman et al. identi-
fied two fragments, DES-4799 and DES-4884, able to allosterically bind
PTP1B by performing very long-timescale MD simulations and later val-
idating the results using X-ray crystallography. They eventually were
able to identify a new allosteric pocket to which DES-4799 binds; they
also observed a rearrangement of aromatic side chains residues upon
binding of DES-4884, unseen in PTP1B X-ray structures, in the allosteric
pocket identified by Sunesis [36].

We set out to test whether AlloViz was capable of detecting al-
losteric residues on this system on the basis of simulated PTP1B tra-
jectories. We used the first 10 ps of the 100 us MD trajectories of
PTP1B simulated with its fragment ligand DES-4799 (PDB code: 8G65),
described in [36] and kindly provided by D. E. Shaw Research. For
our analysis, for instance, we used the pytraj CA network construc-
tion method together with the Spatially distant filter, performing
network analysis with the betweenness centrality and current-flow be-
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Fig. 3. AlloViz network analysis combinations of the f-arrestin 1 delta-network. Rows of the central heatmap represent each of the analysis combinations (sorted
by the EF in the top 20 nodes, and grouped by Type of network, Filter, and Centrality analysis type); residues are in columns. Annotations on top show the interacting
and secondary structure regions of f-arrestin 1, the functionally important residues identified experimentally (see Supplementary Table S2), the average values of
the coevolution entropy for each residue derived from statistical coupling analysis (SCA), and the average of the allosteric network values computed by the various
methods (consensus). Heatmaps on the left show Enrichment Factors (EFs) of the top N nodes, EFs of the top X% nodes and Area Under the Receiver Operating
Characteristic (ROC) Curve (AUC) (Section S3.2). Right-hand annotations show the type of network, filter and centrality metric used on each row, i.e. analysis
combination. Residue clusters are highlighted with black boxes and a selection of them is represented in structural snapshots above the heatmap.
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MD simulation; (b) current flow betweenness and (c) betweenness behaviour over the 10 ps simulation time. Residues of interest (see Supplementary Table S3) are

coloured accordingly to their belonging to the allosteric or orthosteric sets.

tweenness centrality metrics. We cross-referenced the results with the
known-allosteric and known-orthosteric residue sets of PTP1B (Supple-
mentary Table S3).

Fig. 4 (a) shows the betweenness centrality and current flow be-
tweenness centrality for all of the protein’s residues, computed through-
out the first 10 ps of the PTP1B:DES-4799 trajectory. Residues involved
in the orthosteric and allosteric sites are separated along both axes in
two distinct groups. Furthermore, residues identified by Wiesman et
al. (green, Sunesis) and Greisman et al. (orange, DES-4799), both al-
losteric, belong to two distinct sites. They cluster together, suggesting
that the metrics are related to allostery rather than specific residue po-
sitions. The analysis on the full 100 ps trajectory provides essentially
the same results.

3.4. Sensitivity to simulation length

We then further set to study the convergence of the two central-
ity metrics with respect to increasing trajectory lengths: we repeated
the analysis on portions of the original trajectory truncated at lengths
increasing from 10 ns to 10 ps. Figs. 4 (b, ¢) show the convergence
of current-flow betweenness and betweenness for three representative
residues of the allosteric (Phe280), DES-4799 binding (Ser205) and
orthosteric (Ser216) sets, respectively; convergence is achieved approx-
imately at 200 ns. This is consistent with previous works that use
simulation lengths of a few hundreds of nanoseconds to build allosteric
networks [37,38,16,39]. In addition, Singh and Bowman [40] report
that at least a microsecond of accumulated simulation time is neces-
sary to obtain robust, converged and experiment-matching allosteric
networks between trajectory replicas. This timescale is the one used in
other recent publications [41,42], and it is reached by the total simula-
tion times used for the two case studies here as well, which are 1.5 ps
and 10 ps for the inactive and active f-arrestin 1, respectively, and
10 ps for the part of the simulation of PTP1B used.

4. Conclusion

AlloViz offers a platform designed for studying how proteins com-
municate internally through their allosteric networks, using data from
molecular dynamics (MD) simulations. This platform combines various
analytical methods and their respective tools, uniforming pre- and post-
processing steps, into one accessible package, made accessible through
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both a Python interface and a graphical user interface (GUL). It enables
users to apply several analysis techniques under uniform conditions,
such as combining them into a single “consensus” scoring function. We
show on a complex system of biological relevance, f-arrestin 1, that the
consensus approach recovers many functionally important (experimen-
tally validated) residues, and on the protein tyrosine phosphatase 1B,
it successfully discriminates allosteric vs orthosteric sites. As a result,
AlloViz can be incorporated into automated MD analysis workflows (a
direction for further development), providing valuable insights into the
behaviour of proteins and the mechanisms of allostery.
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