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ABSTRACT

In the context of drug design and protein engineer-
ing, understanding the nature of allosteric networks is of
particular interest. A pre-condition for successfully de-
veloping a rational design of proteins that incorporates
allostery is the capability of understanding the structure
and dynamics of protein internal communication path-
ways and networks. In this article, we compare com-
putational approaches utilizing network analysis mod-
els and methods with results from THz time-scale spec-
troscopy experiments. We are able to show that com-
munity detection applied on network models of coevo-
lution within a protein family can provide insight about
the signal propagation pathways in protein subfamilies.
Experimental results connect these communities with
protein dynamics. We deduce that different routes of
communication may be linked with the discrimination
and dynamics of ligand binding.

Keywords: allostery, protein engineering, coevolu-
tion networks, community detection

1 Introduction

In contrast to orthosteric drugs that bind to active
sites of proteins, allosteric drugs are intended to bind to
non-active sites which allows for more specialized func-
tionalities that may have less significant side effects.
Proteins are inherently dynamic, and this property is
critical for the allostery they exhibit. It is possible to
use small molecules to both activate and inhibit protein
function at a distance from the active site. However,
for effective drug design based on protein structure it is
necessary to unravel protein internal dynamics and sig-
naling pathways that are triggered by different molecule
ligand binding.

We use myoglobin (Mb) to study protein dynamics.
Mb is responsible for storing and transporting oxygen
(O2) in mammalian muscle tissue. However, Mb also
binds other small molecules, e.g. monoxide (CO), ni-
trous oxide (NO), and cyanide (CN−). In this article,
we focus on the network analysis aspects of our analysis.
In particular, we discuss extraction of the network in-

formation utilizing multiple sequence alignment (MSA)
and mutual information (MI) calculations, visualization
of protein networks, and application of community de-
tection algorithms. We also apply THz time-scale spec-
troscopy experiments in the frequency region of the pro-
tein spectra that is related to localized internal protein
interactions. Details about the THz time-scale spec-
troscopy experiments as well as other aspects related to
this work are discussed in [8].

2 Evolutionary Protein Networks

Our initial investigation involves studying the evo-
lutionary signal propagation network of proteins within
the globin family. We utilize experimental methods that
are capable of detecting both the global protein fluctu-
ations that are connected with conserved interactions
across the subfamily and simultaneously, the more local-

Figure 1: Network of the 96 resolved residues from
the MSA of the globin protein family. Nodes represent
amino acids (residues) with sperm whale myoglobin as
reference structure (1mbn.pdb). Edges result from MI
calculations.
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ized intra-protein interactions that support specific sig-
nal propagation pathways formed by coevolving residues.

We use networks [5] to model coevolution within a
protein family and social network analytical methods [2]
to study the structure of these network models. We
extract the coevolved information of the globin family
through MSA of 4,630 sequences (max. 20% gaps) from
the Pfam database and use sperm whale myoglobin as
reference structure (1mbn.pdb). In terms of network
models, nodes are amino acids (residues) that are con-
served over multiple proteins within the protein family.
To define the edges of the network, we apply MI cal-
culations with a z-score threshold of 6.5 to reveal the
extent of coevolutionary relationships between pairs of
residues. Conservation and MI were determined with
the MISTIC web server [7]. The resulting network can
be seen in Figure 1; numbering of residues refers to the
reference protein. The visualization position of nodes is
calculated by applying distance scaling optimization [1],
a network layout algorithm based on multi-dimensional
scaling. The size of the nodes denotes conservation from
the MSA. The line weights represent MI of pairs of
residues, i.e. coevolution.
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Figure 2: Aggregated visualization of communities
showing the residues that are part of the 8 communi-
ties. Node size is number of residues per community.
Edge width is number of connections between residues
of different communities.
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Figure 3: Top Linker residues. Number of connections
to other communities.

The visualization shows a dense area connecting sev-
eral residues of the functional core of the protein and
residues in the heme distal pocket, e.g. His 64, Val
68. This area of the network also include the pairs of
residues with the strongest connections (MI). Note, that
the two highest conserved residues, His 93, that is con-
nected to the heme group, and Phe 43 do not share
significant MI scores with the central residues and are
structurally located on the periphery. In general, differ-
ent areas of the network result from different sub-sets of
the evolutionary-connected protein family and thus may
be related to different functionalities. To reveal these
areas of the network we perform community analysis.

3 Community Analysis

Communities in networks are groups of nodes that
are denser connected within than among the groups.
We apply Newman’s clustering algorithms [6] to identify
non-overlapping communities of residues. The cluster-
ing reveals 8 groups as optimal grouping with a modu-
larity value of 0.51. The groups of residues as well as
the connections among the communities are drawn in
an aggregated network in Figure 2. Two of these groups
are interesting and are visualized in Figure 4. The two
dimensional network visualization (Figure 4(a)) of the
evolutionary network shows that these two communi-
ties are structurally sparsely connected. In Figure 4(b)
the nodes (residues) and edges of these communities are
mapped onto a cartoon representation of the protein ref-
erence structure of Mb revealing their physical proxim-
ity. These communities of coevolved residues show high
overlap with patterns identified with Force Distribution
Analysis [8].

3.1 Communities as Signal Propagation
Pathways

Community 1 consists mostly of residues on helix F
that suggests that this set of residues create a pathway
that connects areas proximal and distal to the heme.
Community 2 consists of highly conserved residues (Trp
14, Leu 29, His64, Leu 104) as well as a couple of other
functionally important residues. These two groups are
very similar to the allosteric networks that are identi-
fied with force distribution analysis (FDA) in Mb bound
with specific ligands[8]. We propose that the optimal
route of communication (represented by community 2
of the network community analysis) is tied with O2 lig-
and binding. A second group of residues (community 1)
that form a less direct pathway of information flow in
the protein network may be associated with binding to
other small molecule ligands [8].
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(a) 2-Dimensional network visualization (b) Network mapped onto a cartoon representation

Figure 4: Two of eight network communities from the coevolution network in 2-dimensional network and in 3-
dimensional protein visualization. Node sizes represent conservation, different node colors indicate groups. The
edges within the distinct communities are colored with the group color; links between groups are drawn in gray. The
position of the nodes in the 3D visualization is the position of the respective Cα atom.

3.2 Linker Residues

Looking at the intersection of these two communities,
we find that Trp 14 plays a very crucial role in inter-
community connections. Interestingly, it was shown in
previous work that this residue is important for long
range communication and energy transfer in the protein
[3]. We assume that these linker residues, that connect
different communities of coevolved residues, are essential
for long-range communication within distal areas of the
protein. Consequently, we calculate all linker residues
of the globin family.

Starting with the result of the community analysis
described above, we remove links from the coevolution
network (Figure 1) that are within communities to iden-
tify all residues with connections to other communities.
Figure 3 enumerates the residues with the most connec-
tions to other communities—we suggest that these are
the linker residues of the globin family. We can see that
Trp 14 is the top-ranked residue in this list.

4 TeraHertz Time-Scale Spectroscopy

To determine how protein dynamics are intercon-
nected with signal propagation within this protein fam-
ily, we triangulate our computational approaches with
experiments that identify and characterize the allosteric
networks that form in response to the binding of specific
ligands. Explicitly, we perform THz time-scale spec-

troscopy measurements in the 20 − 170cm−1 spectral
region on Mb, a prominent member of the globin fam-
ily, to characterize both the global fluctuations that re-
flect protein intrinsic dynamics as well as the localized
interactions that are tied with the formation of specific
allosteric pathways (signal propagation pathways) in the
protein three-dimensional structure[4].

The THz time-scale spectroscopy experiments include
carbon monoxide binding myoglobin MbCO and oxy-
gen binding myoglobin MbO2. In Figure 5 the higher
frequency region of the protein spectra are plotted and
highlight the localized interactions among the coevolved
residues. The very distinct spectra indicate that differ-
ent residues are excited and different signal propagation
pathways are formed in the protein three-dimensional
structure. In addition, the intramolecular dynamics of
MbCO (Figure 5(a)) reflect harmonic motion that sug-
gests a suboptimal pathway while the anharmonic mo-
tion in MbO2 binding depicts an optimal pathway in
the protein structure with respect to storing and trans-
porting oxygen. For more details on the THz time-scale
spectroscopy of the protein spectra see [8].

5 Conclusions

In this paper we have shown that network analysis
models and methods, particularly community analysis,
can be used to identify different areas in a network of
coevolved resides. These communities seem to be cor-
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related to signal propagation pathways in the protein.
Linker residues connecting multiple communities may
play an important role in long range communication and
energy transfer.

Preliminary results indicate that allosteric communi-
cation within the globin family comprises multiple path-
ways of communication that are characteristically inter-
twined with functional associations and dynamics. Par-
ticularly, we find that ligand binding may be the source
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Figure 5: Experimental THz spectrum of a hydrated
film sample of (a) MbCO and (b) MbO2 in the 100 −
170cm−1 spectral region at 93 K, 200 K, and 303 K.
The fluctuations detected in this region of the spectrum
relate to the localized protein interactions that highlight
specific allosteric pathways that form in response to lig-
and binding.

of the diverse, altered routes of communication within
the protein family and within these routes there are par-
ticular, key residues that have evolved to mediate signal-
ing by means of coherent thermal fluctuations along the
alternate pathways. We propose that the most optimal
route of communication in the Mb protein sequences is
directly tied with O2 ligand binding whereas binding of
other small molecule ligands exploit less direct pathways
of information flow in the protein interaction network.

Future work will examine whether we can describe
and predict the molecular mechanisms that are tied with
the network of interactions that propagate an allosteric
signal within a protein subfamily, not only for globins,
but also for other medically relevant protein families.
And if so, whether there is a potential to use this in-
formation in both assessing the formation of potential
diseases within a protein sub-family, and conversely as
an aid in engineering allosteric drug therapies to combat
the disease.
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