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Abstract
Recent developments in the computational study of energy transport in proteins are reviewed, including advances in both
methodology and applications. The concept of energy exchange network (EEN) is discussed, and a recent calculation of
EENs for the allosteric protein FixL is reviewed, which illustrates how residues and protein regions involved in the allosteric
transition can be identified. Recent work has examined relations between EENs and protein dynamics as well as structure. We
review some of the computational studies carried out on several proteins that explore connections between energy conductivity
across polar contacts in proteins and between proteins and water and equilibrium dynamics of the contacts, and we discuss some
of the recent experimental work that addresses this topic.
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Introduction

Theoretical, computational, and experimental studies of ener-
gy transport in and between biological molecules continue to
provide more detailed information about relations between
protein dynamics and function (Leitner 2008; Leitner and
Straub 2010; Nagy et al. 2005). Energy flow in molecules
influences chemical reaction kinetics, and the interpretation
of a wide range of spectroscopic experiments on proteins re-
quires information about energy relaxation and transport. We
recently reviewed the status of computational studies of ener-
gy transport in proteins (Leitner and Yamato 2018). Here, we
summarize recent developments in that area and new applica-
tions. We review recent work on the computation and identi-
fication of energy exchange networks (EENs) for the allosteric
protein FixL (Ota and Yamato 2019), by which residues and

regions important in allosteric transitions have been identified.
We also summarize the recent efforts to relate the energy con-
ductivity across non-bonded contacts, i.e., non-covalent con-
tacts, to the dynamics of the contact. In this way, we relate
EENs not only to the structures sampled by a protein in a
functional state but also to protein dynamics.

In Section 2, we discuss recent calculations of EENs for the
allosteric protein FixL (Ota and Yamato 2019). That section
highlights the changes that occur in EENs along regions of the
protein that play a role in allosteric transitions. The networks
include energy conductivity between non-bonded contacts,
which depend both on protein structure and dynamics. In
Section 3, we discuss recent computational work examining
relations between biomolecule structure, equilibrium structur-
al fluctuations, and energy conductivity across hydrogen
bonds. A central theme is the relation between equilibrium
structural fluctuations and rates of energy transfer across con-
tacts between amino acids, cofactors, and water. We conclude
in Section 4 with discussion of some of the recent experiments
that test some of the computational and theoretical work sum-
marized in this review and comment on future directions.

Energy exchange network (EEN) for FixL

To analyze the network of interacting amino acid residues
within a thermally fluctuating protein molecule under
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physiological conditions, we introduced the concept of
EEN (Ishikura et al. 2015). In such an environment, the
amino acid residues are tightly packed and constantly ex-
change heat and energy with each other. It has been dem-
onstrated that the rate of energy transfer between each pair
of interacting residues depends both on the static and dy-
namical properties of the native protein molecule
(Buchenberg et al. 2016; Fujii et al. 2011, 2014; Kondoh
et al. 2016; Leitner et al. 2015; Mizutani 2017; Yamashita
et al. 2018). Also, flow of heat and energy in a protein can
be characterized in terms of transport coefficients calculat-
ed by equilibrium molecular dynamics (MD) simulations
based on linear response theory (Ishikura et al. 2015;
Ishikura and Yamato 2006; Ota and Yamato 2019;
Yamato 2010).

Since the native structure of a folded protein is highly an-
isotropic and inhomogeneous, it would be an oversimplifica-
tion to represent the transport property of the entire molecule
with just a single value of the spatially averaged transport
coefficient. To quantitatively evaluate the functional signifi-
cance of each individual site within a protein molecule, we
calculate the local energy conductivity, rather than the overall
one, for each pair of amino acid residues. This quantity is
hereafter denoted as inter-residue energy conductivity, G, for
which a brief note is in order. The energy conductivity might
sound like an unfamiliar term. We can readily show that G is
roughly proportional to the thermal conductivity, with which
we are familiar, for a robust molecular system such as a folded
protein. In our studies, we have been mostly focused on the
non-bonded native contacts because such contacts occur after
folding has made a protein functional. For a particular protein
of interest, we are able to draw a map of the EEN, in which
each residue is represented as a node, and a pair of nodes is
connected with a segment if the pair has G greater than a
chosen threshold value. The EEN map provides a simple
coarse-grained representation of a particular protein state, yet
every detail of atomic interactions is reflected on the map
because we calculate G based on all-atom MD simulations.

From energetical point of view, native non-bonded contacts
are characterized with interaction energies of intermediate
strengths; they are mostly robust in the native state, while
some of them can be reorganized after external stimuli such
as ligand binding.We expect that transitions between different
states of a protein should be associated with the changes inG,
especially at the functionally important sites. Accordingly, the
effect of an external stimulus on EEN is represented by the
difference map of EEN, hereafter referred to as ΔEEN.

As an application, we studied the allosteric transition in an
oxygen sensor protein, FixL (Ota and Yamato 2019). This
protein consists of multiple domains. The oxygen sensing do-
main, FixLH, is bound to the heme group and connected via
its coiled-coil linker to the histidine kinase (HK) domain that
is active under anaerobic conditions. This HK activity is, in

turn, suppressed under aerobic conditions byO2 binding to the
heme group. It is noteworthy that the X-ray crystallography of
the FixLH monomer in the deoxy- and oxy forms demonstrat-
ed that the structural change by ligand binding is very small.
So the question is how such a small change leads to signaling.
Recently, the full-length structure of FixL was modeled by
small-angle X-ray scattering and X-ray crystallography
(Wright et al. 2018). It has been widely accepted that FixL
forms a dimer in solution (Fig. 1), but this exhibits no
cooperativity in ligand binding. Accordingly, we conjectured
that the early event immediately after ligand binding occurs
primarily within the monomeric unit of FixLH. Many re-
searchers believe that quaternary structural changes occur in
the FixL dimer in the signaling processes. To study the mo-
lecular signaling mechanism of this system, we performed
MD simulations of both deoxy- and oxy FixLHs, and calcu-
lated Gdeoxy and Goxy, respectively. In Fig. 2, we show the
ΔEEN map between the two forms based on the analysis of
δG ≡ Goxy – Gdeoxy. The average value and standard deviation

of δG are denoted as δG and σ, respectively. Interestingly,
cluster 1 is mainly located at the dimer interface, while cluster
2 is in the junction between the C-terminus of FixLH and the
coiled-coil linker, indicating that these regions play important
roles in the signaling mechanism (Fig. 1). We identified each
cluster as a set of surface-exposed amino acid residues that
experienced large δG by ligand binding. It is worth mention-
ing that cluster 1 and 2 constitute mutually independent sub-
graphs in the map ofΔEEN (Fig. 2).Cluster 1 (2) extends over
loops AB, FG, and strands Hβ,Iβ (GH-loop, Iβ strand and Cα
helix). Note that publicly available data of a high-resolution
structure of FixLH dimer is still missing, and we need close
collaboration with structural biologists for further study.

Fig. 1 Schematic view of the FixL dimer. The FixLH monomer is
connected via the coiled-coil linker with the HK domain. The locations
of cluster 1 and 2 are indicated by brown and purple circles, respectively
(see Fig. 2)
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Vibrational energy transfer and equilibrium
structural fluctuations

In the previous section, we have seen how the network of local
energy conductivity, or energy exchange network (EEN), de-
pends on the functional states of a protein and can point to
protein regions important in allosteric transitions. Underlying
the energy conductivity,G, is not only the protein structure but
also dynamics, so that the ΔEEN map identifies changes in
both protein structure and dynamics that correspond to change
of state. In recent work, we have been turning our attention to
the specific role of structure and dynamics in mediating the
values of G. In this section we summarize recent work on
exploring relations between rates of energy transfer across
non-bonded contacts between protein residues and between
residues and water and protein dynamics, with the aim of
examining how G is influenced by the dynamics of the con-
tact. As a specific case, we discuss hydrogen bonds between
residue pairs and between residues and water. Hydrogen
bonds are only defined for short contact distance, so that struc-
ture clearly contributes to G. When the hydrogen bond is not
intact, the energy conductivity across such a contact is very
small. While energy transfer could still occur through a van
der Waals contact, in this case, the rate of this process is typ-
ically one or two orders of magnitude smaller than energy
transfer across a hydrogen bond (Buchenberg et al. 2016).
However, when the hydrogen bond is formed, we shall see
that the value of G is determined to a large extent by the
dynamics of the contact.

For short-range contacts such as hydrogen bonds and van
der Waals contacts, the rate of energy transfer was first ob-
served to be related to equilibrium structural fluctuations in

the computational study of energy transport in HP36
(Buchenberg et al. 2016). That work found that energy trans-
port predicted by all-atom non-equilibrium simulations could
be modeled well by a Markov model at the length scale of
amino acid residues. Energy transport predicted by a master
equation reproduced the results of the all-atom simulations
quite well. The study also indicated that the rate constants in
the master equation were related to fluctuations in the contact
distance, i.e., structural fluctuations computed by short equi-
librium simulations could predict rate constants for non-
equilibrium master equations simulations (Leitner et al.
2015) of energy transport in proteins and protein complexes.
More specifically, the rate constant for energy transfer across a
non-bonded contact was found to be proportional to the in-
verse of the variance in the length of the contact. To enhance
signal to noise, the all-atom non-equilibrium molecular dy-
namics simulations of HP36 were carried out at energies cor-
responding to temperatures below 50 K.

We have since examined computationally the relation be-
tween the local energy conductivity between non-bonded con-
tacts interacting by hydrogen bonds and the variance in the
distance of the hydrogen bond for myoglobin at 300 K (Reid
et al. 2018). We again found that, for non-bonded contacts
interacting by short-range potentials, the energy transfer rate
across the contact varies inversely with the variance in the
contact length. A similar relation was found for the
hydrogen-bonded contacts of the dimeric hemoglobin from
Scapharca Inaequivalvis, HbI, in the unliganded state, includ-
ing contacts with water molecules at the interface of the two
globules (Leitner et al. 2019; Reid et al. 2020).

To illustrate the scaling between energy conductivity, pro-
portional to the rate constant for energy transfer between two

Fig. 2 ΔEEN map between oxy
and deoxy FixLHs. Each amino
acid residue is represented by a
node shown as a rounded
rectangle with its one letter amino
acid code and sequential number.
The oxygen ligand is represented
as a brown rounded rectangle.

Residue pairs with δG ≥ (<) δG +
(−) σ are connected by solid
(broken) segments. Surface
exposed residues are represented
as filled rectangles. These
residues are separated into two
different clusters, where cluster 1
and 2 are indicated by brown and
purple circles, respectively.
Reprinted from (Ota and Yamato
2019), Copyright (2019),
American Chemical Society.
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non-bonded contacts, and the inverse of fluctuations in the
contact length, we show in Fig. 3 results computed for hydro-
gen bonded residues of the dimeric hemoglobin from
Scapharca Inaequivalvis, HbI, in the unliganded state. As in
the earlier work on myoglobin, the comparison of equilibrium
fluctuations and energy transfer rates is made for the same
trajectory from a molecular simulation, using the current cal-
culation for proteins (CURP) computational approach
(Ishikura et al. 2015; Ishikura and Yamato 2006; Yamato
2010). As in earlier computational work with CURP, the en-
ergy conductivity, G, obtained from the time-correlation func-
tion of the inter-residue energy current (Ishikura et al. 2015;

Ishikura and Yamato 2006; Leitner and Yamato 2018), is mul-
tiplied byRT, and values ofG are plotted in (kcal mol−1)2 ps−1.

Figure 3 is a plot of G vs. 〈δr2〉−1 for polar contacts of HbI
in the unliganded state. We define polar contacts as X −H⋯Y,
where X and Yare either N or O and theH⋯Y separation is no
greater than 2.8 Å. Hydrogen bonds, a sub-class of polar con-
tacts and in practice the large majority of them, are those with
angles XHY ≥ 150°. For all contacts that exist for at least 99%
of the trajectory, we calculate the average distance between the
atoms forming the polar contact, 〈r〉, and the variance in the
distance, 〈δr2〉 = 〈(r − 〈r〉)2〉, and subsequently pair the vari-
ance with the respective energy conductivity, G, computed
for the trajectory. We eliminate trajectories with small G and
to reduce noise at small 〈δr2〉−1 and only plot data with G
exceeding a threshold of 50 (kcal mol−1)2 ps−1.

Polar contacts within the globules of unliganded HbI are
plotted in Fig. 3(a) and between water and interface residues
in Fig. 3(b), specifically for contacts between the interface
water cluster and either the heme (purple) or some of the
residues at the interface (green) that strongly couple to the
water, which are side chains of lysine and arginine. In Fig.
3(a), the polar contacts exclude hydrogen bonds along α-he-
lices, which follows the rule for energy transport along the
main chain (Buchenberg et al. 2016). As found for myoglobin,
the computational data for G across hydrogen bonds in each
globule of HbI in the unliganded state fall along two different
lines (Reid et al. 2018). Interestingly, comparing Fig. 3(a) and
(b), we see that the data for contacts with water exhibit an
energy conductivity that is comparable to or even larger than
that found for residue pairs. Overall, sinceG is proportional to
the energy transfer rate, w, the results plotted in Fig. 3 support
the relation between energy transfer rate and equilibrium
structural fluctuations, i.e., w ∝ 〈δr2〉−1. This establishes a re-
lation between the energy conductivity, G (proportional to w),
across polar contacts and equilibrium fluctuations in the
length of the contact. The energy conductivity indeed reveals
information about protein dynamics, not only structure, and
the EEN for a protein in a functional state contains informa-
tion both about the range of structures sampled by the protein
in that state as well as the dynamics. We note that the local
energy diffusivity, which we have also computed (Leitner
et al. 2015), can be readily converted to a rate constant for
energy transfer between residue pairs, which can in turn be
compared with energy transfer rates obtained by molecular
simulations and experiments. Energy conductivity is propor-
tional to the energy diffusivity and hence the rate, the details of
which we are currently evaluating.

Summary and future directions

An energy exchange network (EEN) embodies both structural
and dynamical information about a protein in a functional

Fig. 3 (a) Energy conductivity, G, across polar contacts of deoxy-HbI as
a function of the inverse of the variance, 〈δr2〉−1, in the length of that
contact. The data appear to fall on two lines for different sets of polar
contacts. The contacts represented by the orange data points and the
contacts represented by the blue data points are detailed in (Reid et al.
2020); (b) Energy conductivity,G, between the cluster of water molecules
at the interface of deoxy-HbI and either the heme or residues at the
interface as a function of the inverse of the variance, 〈δr2〉−1, in the
length of that contact. The data plotted in purple, which fall near the
line with greater slope, correspond to hydrogen bonding between the
heme and water molecules at the interface. The data plotted in green
correspond to hydrogen bonding between interface water molecules and
either lysine or arginine. Insets to (a) and (b) are schematic illustrations of
the relation between fluctuations in the distance of a hydrogen bond and
the rate of energy transfer between hydrogen-bonded residues, as
quantified by the energy conductivity, G. Reprinted from (Leitner et al.
2019), Copyright (2019), American Chemical Society
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state. When there is a change of state, we have seen with the
example of FixL, as in earlier studies of PDZ (Ishikura et al.
2015) and HbI (Gnanasekaran et al. 2011; Leitner 2016), that
the ΔEEN map identifies residues important in this process,
indicating networks involved in allosteric transitions.
Structural biology alone cannot fully capture the network.
While the network depends on the presence of contacts
through which energy transport occurs, we have seen that
the magnitude of the energy conductivity between non-
bonded contacts depends sensitively on the dynamics of the
contact. Equilibrium structural fluctuations influence the EEN
for a particular functional state of a protein, as well as the
range of structures of the protein in that state.

We have reviewed recent work on myoglobin and HbI
indicating connections between energy conductivity, propor-
tional to the rate of energy transfer, across non-bonded con-
tacts interacting by hydrogen bonds and equilibrium fluctua-
tions in the length of the contact. In an early computational
study of HP36 (Buchenberg et al. 2016), the rate of energy
transfer across a non-bonded contact was found to be propor-
tional to the inverse of the variance in the contact length, both
for polar contacts and van der Waals contacts. That work was
carried out at low temperature to improve signal to noise. We
have seen that the relation holds up well for polar contacts of
myoglobin and HbI at 300 K. Nevertheless, we still do not
have a complete picture of the scope of applicability of this
scaling relation. For instance, for long-range ionic contacts,
we have found that a diffusion picture is supported by com-
putational results, which depends on the number of simulta-
neously interacting ions, but at shorter range, it is not clear
whether the rate of energy transfer is proportional to the in-
verse of the variance in the length of the contact. It appears
that simultaneous interactions among ions complicates such a
relation at short range, which computational results indicate
may not follow the same relation as we have seen for hydro-
gen bonds to date (Reid et al. 2018).

Future computational work will be needed to explore these
trends in more detail, both for longer range interactions, as
well as for short-range interactions, including van der Waals.
The proportionality between the rate of energy transfer across
a contact and the inverse in the variance of contact length has
not yet been thoroughly investigated computationally for van
der Waals contacts since the energy conductivity across van
der Waals contacts is usually small compared to values across
hydrogen bonds, and at 300 K, there is relatively large noise in
the data. We are currently carrying out extensive simulations
on HP36 at 300 K, and evaluating the energy conductivity
across van der Waals contacts with CURP to more carefully
examine the relation to equilibrium dynamics at this
temperature.

Further experimental work in this area is still needed. In
this context we mention important time-resolved Raman ex-
periments carried out by Mizutani and coworkers (Fujii et al.

2011, 2014; Kondoh et al. 2016; Mizutani 2017; Yamashita
et al. 2018). One recent study indicates that the rate of energy
transfer from the heme to Trp68, tightly packed against each
other by van der Waals contacts, is not influenced by loss of
the covalent linkage between the heme and the protein via
His93, a H93G mutant (Yamashita et al. 2018). Companion
molecular dynamics simulations carried out on these systems
suggest that the contact between the heme and Trp68 remains
unchanged upon mutation to H93G (Yamashita et al. 2018).
These results are consistent with the relation we have de-
scribed between the rate of energy transfer across a non-
bonded contact interacting by a short-range potential, includ-
ing van der Waals interactions, and the equilibrium fluctua-
tions of the contact, providing some support for the connec-
tion. Nevertheless, further support by experiments that probe
contacts where the dynamics changes with mutation would be
valuable. Such experiments could involve a variety of time-
resolved vibrational techniques (Baumann et al. 2019; Hogle
et al. 2018; Mizutani 2017; Nguyen et al. 2010; Rubtsov
2009), and we expect that new discoveries from these ongoing
experimental studies will in turn stimulate the need to further
explore relations between protein structure, dynamics, and
energy transfer.
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