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ABSTRACT: We construct and analyze disconnectivity graphs to
provide the first graphical representation of the vibrational energy
landscape of a protein, in this study β2AR, a G-protein coupled
receptor (GPCR), in active and inactive states. The graphs, which
indicate the relative free energy of each residue and the minimum
free energy barriers for energy transfer between them, reveal
important composition, structural and dynamic properties that
mediate the flow of energy. Prolines and glycines, which contribute
to GPCR plasticity and function, are identified as bottlenecks to
energy transport along the backbone from which alternative
pathways for energy transport via nearby noncovalent contacts
emerge, seen also in the analysis of first passage time (FPT)
distributions presented here. Striking differences between the
disconnectivity graphs and FPT distributions for the inactive and active states of β2AR are found where structural and dynamic
changes occur upon activation, contributing to allosteric regulation.

1. INTRODUCTION

Recent ultrafast time-resolved IR1,2 and Raman3−6 spectro-
scopic studies can map the flow of vibrational energy in
proteins at the level of individual amino acids. These
investigations build on earlier experiments and modeling7−29

to provide a more detailed description of the anisotropic flow
of energy following chemical reactions or photoexcitation. The
study of energy flow in proteins is motivated by the central role
this process plays in chemical reaction dynamics and kinetics.
Thermal excitation, e.g., of dynamically coupled residues of
dihydrofolate reductase at sites distal to the enzyme−substrate
binding region, can accelerate enzyme catalysis,30 and
hydrogen tunneling in lipoxygenases is activated by vibrational
energy flow through an extensive network of residues.31−33

Vibrational cooling following ligand dissociation in heme
proteins rapidly stabilizes the product conformer,18−22 as does
vibrational cooling following photoisomerization in rhodopsin,
a G-protein coupled receptor (GPCR).34−36 Vibrational
energy flow is related not only to protein structure but also
structural dynamics, so that measurements can provide
information about dynamics during protein function. Rates
of vibrational energy transfer across noncovalent contacts
depend on dynamics, so that changes upon ligand binding
contributing to allostery can be detected from measurement of
energy transfer rates.37−41 Current efforts in the computational
design of protein receptors and allosteric drug development42

can thus benefit from a more detailed understanding of energy
flow in GPCRs.

In this contribution, we construct the first disconnectivity
graph43,44 analysis that illustrates the relative free energies and
minimum energy barriers between residues governing the flow
of vibrational energy in a protein. We examine disconnectivity
graphs for the β2 adrenergic receptor (β2AR), a GPCR, in its
inactive and active states. The graphs reveal bottlenecks to
energy flow along parts of the main chain, which until now
have not been identified in any protein, and the emergence of
alternative energy flow pathways via noncovalent contacts,
located near the bottlenecks along the main chain. They also
report on the consequences of rearrangement of noncovalent
contacts in the transition from the inactive to the active state,
as well as changes in contact dynamics upon change in state,
which contribute to allostery.

β2AR is a membrane-bound, rhodopsin-like GPCR found in
smooth muscle cells, and mediates many physiological
responses, including smooth muscle relaxation and broncho-
dilation.45 β2AR is not only of interest in the study of signaling
and communication in cells, but also a receptor that is the
target of pharmacologists and drug developers for the
treatment of asthma and cardiac diseases. There has been
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steady progress toward the development of more effective
drugs to treat asthma using bronchodilators that are inhaled
β2AR agonist ligands.46,47 Antagonist ligands of β2AR (β-
blockers) are used for the treatment of cardiovascular disorders
such as hypertension and angina.48 A detailed, residue-level
free energy landscape of β2AR provides a representation for
energy dynamics in this protein, accounting for the impact of
agonist and antagonist ligands, shedding light on receptor
dynamics, cell signaling, pharmacology, and protein engineer-
ing.

β2AR consists of seven transmembrane (TM) helices, each
connected by extracellular or intracellular loops, and another
helix, helix 8, in the cytoplasm.45 Several prolines and glycines,
which destabilize helices,49 facilitate the formation of kinks in
TM5, TM6, and TM7, which contribute to GPCR flexibility
and plasticity.45,50−52 The kink in TM5 is formed by Pro183,
in TM6 by Gly220, and in TM7 by Gly260.53 The locations of
prolines and glycines are shown in Figure 1, as are the kinks in
TM5 to TM7, and the structures of β2AR as seen from the
cytoplasm.

2. COMPUTATIONAL METHODS

The disconnectivity graphs are generated from the complete
set of rate constants for energy transfer between the amino
acids of β2AR and the attached ligand, which are obtained from
molecular dynamics (MD) simulations. The relative free
energies depend on equilibrium occupation and hence the
number of degrees of freedom and the size of the residues,
while the lowest free energy barriers for energy to flow from a
residue depend on the rate constants. By construction, the

stationary distribution is consistent with the equilibrium
defined by the kinetics. The disconnectivity graph analysis
reveals that bottlenecks to energy flow along β2AR, and
probably other GPCRs, occur at glycines and prolines. Their
role in energy transport along the main chain, and that of
nearby noncovalent contacts in generating alternative pathways
for energy flow are illustrated by computation of the first
passage time (FPT) distributions for numerous selected energy
sources and sinks. FPT distributions, like the disconnectivity
graphs, are generated from the kinetic matrix by the full set of
rate constants for energy transfer between the residues of β2AR
to determine the relative probability for energy to flow from a
source to a sink via all the possible pathways in a master
equation representation. From the FPT distributions the mean
first passage time (MFPT) between the source and sink is also
computed. We find that the MFPT for transport along the
main chain through a proline or glycine is longer than if neither
of these residues is present over a comparable distance, and we
compare MFPTs between sources and sinks for energy flow
along the main chain and across noncovalent contacts.

We recently analyzed energy transport in β2AR for the
inactive and active states37,54 by computing energy currents
between amino acid residues using data from MD simulations.
Details of the MD simulations can be found in the Supporting
Information. Using the position and velocity data, the CUrrent
calculation for Proteins (CURP) version 1.2.115 developed by
Yamato and coworkers was used to calculate energy currents,
G, between residue pairs from the energy flux time correlation
function, as described in ref15. G is proportional to the rate of
energy transfer, w, between residues. In previous work we

Figure 1. (a) Inactive state structure of β2AR. Glycines and prolines are shown as spheres and sticks, respectively, and prolines in motifs are shown
in yellow. (b) Kink formation due to proline (orange) or glycine (cyan) in TM5, TM6, and TM7. The active state (dark gray) helices are overlaid
to inactive state (light gray). (c) A portion of ECL2 discussed in the text. (d) Overlaying the active (dark gray) and inactive state (light gray),
shown from the cytoplasmic side.
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computed G for all residues pairs of HP36.55 Rates of
vibrational energy transfer, w, have also been computed from
nonequilibrium simulations by Stock and coworkers.10 On
average, the value of G, which has units of (kcal mol−1)2 ps−1,
can be converted to w using w = G/(187 (kcal mol−1)2). We
have used this conversion to produce rate constants from
values of G for residue pairs of β2AR. The rate constants satisfy
detailed balance, i.e., the rate of energy transfer from residue i
with f i degrees of freedom to j with f j degrees of freedom, wji, is
wji = wij ( f j/f i). We note that some water molecules in the
transmembrane region of GPCRs stabilize the active state,56,57

and they can also provide pathways for energy transport.56,58

The rate constants for energy transfer between residue pairs
were computed with solvent molecules present, so the
corresponding disconnectivity graphs account for the full
system.

Disconnectivity graphs have been constructed to identify
pathways for structural change in refs43,44,59−64 and were
calculated as in ref 65,66 to identify pathways for vibrational
energy flow in the space of amino acids and ligands. In this
construction the relative free energies of the residues and the
barriers between them are defined to reproduce the rates and
the corresponding stationary distribution of the linear master
equation. We compute FPT distributions, p(t), within the
same master equation representation for energy transfer
between all residue pairs following the procedure detailed in
refs 65,67. Dijkstra’s algorithm68 is applied to identify shortest
paths between an energy source and sink. Here the metric for
the path length is defined using edge weights −lnBij, where Bij
is the branching probability from residue j to i. This choice
selects the path corresponding to the largest term in the overall
rate if intervening minima are treated in steady state.69

3. RESULTS AND DISCUSSION

Disconnectivity graphs for the inactive and active states of
β2AR are plotted in Figure 2. We discuss several prominent
features of these graphs. First, we note that the energy scale of
the lowest barriers separating minima is modest, of order 1 kcal
mol−1, consistent with the picosecond time scale for energy
transfer between nearby amino acids. The relatively small
barriers allow for facile flow of energy along the main chain of
the protein. However, there is a noticeable variation in barrier
heights, producing clusters of residues in the graph. Of the
transmembrane helices only TM3 appears as a single cluster of
residues. All other helices are fragmented into two or
sometimes three clusters. TM1 and TM2, e.g., are each split
into two clusters of residues. The first cluster contains residues
of only one helix, and another is a mix of the two. Similar
patterns are also found for TM4 to TM7. The grouping of
different parts of helices will be discussed further below.

Residues of helix 8, which lies in the intracellular region, are
clustered together. There is a significant barrier between helix
8 and the rest of the protein in both the inactive and active
states, higher in active, which is due to Pro270 in the loop
between TM7 and helix 8. We shall see that prolines generally
produce bottlenecks to energy transfer along the main chain.
The barrier is lower in the inactive state because on average
there is more contact between helix 8 and other parts of the
protein, in particular TM1, in that state.37,54 There is also a
significant free energy barrier between helices 1−3 and helices
4−7, which is larger in the inactive state. This relatively high
barrier is due to Pro110 in intercellular loop 2, ICL2. It is
lower in the active state due to some contacts between helices
toward the extracellular region that form in the active state and

Figure 2. Disconnectivity graphs of β2AR in inactive (left) and active (right) states. The TM helices are colored red (TM1), orange (TM2), blue
(TM3), light green (TM4), black (TM5), cyan (TM6), and dark green (TM7). Helix 8 is purple. The intracellular and extracellular loops
connecting TM helices are shown in gray, as is the ligand. The residues belonging to the TM helices are labeled using the same color as the helix.
Proline and glycine residues that create the barriers are labeled. The scale bar (left) is 1 kcal mol−1.
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are absent or weaker in the inactive state, some of which will be
discussed below.

We see throughout that prolines impede the flow of energy
along the protein backbone. Several transmembrane helices,
including TM5, TM6, and TM7 have a proline residue,
specifically Pro183, Pro226, and Pro263, respectively. TM5
contains a sizable barrier due to Pro183, which separates the
helix into two groups of residues in the graph. Structurally,
Pro183 generates a kink in TM5 (see Figure 1). In addition to
the prolines contained within TM5, TM6 and TM7, there are
also prolines near the ends of TM2 and TM4. TM3 does not
have a proline and appears as one unfragmented cluster of
branches (blue).

Glycine, which like proline destabilizes helices, also creates
significant barriers in the landscape for energy flow. TM1
appears fragmented in the disconnectivity graph due to Gly22,
which breaks TM1 into two groups of branches, residues 1−22
and 23−32. When there is such fragmentation along the helix,
the residues belonging to one of the clusters of branches can
interact with other helices via a shortcut channel, i.e., a
relatively strong noncovalent contact between the helices. Ile19
and Asn23 of TM1, both near Gly22, interact with Asp51 of
TM2 creating a channel between TM1 and TM2. Gly62
fragments TM2 into two clusters of residues, 39−62 and 63−

68.

The presence of both glycine and proline in a helix can also
lead to fragmentation into different clusters of branches, as
seen for TM4, which splits into three clusters due to Gly134
and Pro140, breaking up the helix into residues 120−133,
134−139, and 140−143. TM6 fragments due to two glycines
and one proline, yielding 4 clusters of branches. TM7 also has
two glycines and one proline which break it up into three
groups of branches, residues 245−255, 256−260, and 261−

267. Because Gly260 and Pro262 are very close in sequence
the split occurs around 261.

In addition to the barrier in the energy landscape along the
helices due to the presence of proline or glycine, residues next
to proline or glycine often interact via relatively large
noncovalent contacts with residues of other helices, generating
alternative pathways for energy to flow. Such interactions are
found between TM6-TM7, as Trp226-Gly255 and at Asn233-
Tyr248. TM6 is seen to fragment from Asn233, giving rise to
branches between Phe222-Asn233 and Ile234-Ile238. There
are also noncovalent contacts between TM5-TM6, notably
Ser176-Asn233, which facilitate energy transfer between the
two helices. The contact Tyr181-Phe230 facilitates interaction
between TM5 and TM6 above the kink in each helix.

Finally, we note that there is a deep well and small barrier
between the agonist ligand, plotted as residue 283, and a
cluster of residues near Asp85 in the active state, with which

Figure 3. FPT distribution as a function of time, t (ps), plotted as ρ(lnt) vs ln t, for (a) source-sink combinations in the same helix in active (solid)
and inactive (dotted) states; (b) source-sink combinations in different helices in active (dashed) and inactive (dotted) states, apart from Phe138-
Arg123 (magenta), both located in TM4. (c) Source-sink combination, Trp130-Ala170, in different helices with a fast shortcut channel in the active
state due to small fluctuations in contact length, but slow transfer in the inactive state due to large fluctuations. (d) Ligand-Asp85 source-sink
combination. ρ(lnt) is the probability distribution for the natural logarithm of the first passage time, t.
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the ligand interacts strongly. In the inactive state there is a
relatively high barrier between the antagonist ligand and Asp85
and other residues due to weak interactions with the binding
pocket.

We turn now to FPT distributions for energy flow between
various energy source and sink combinations to illustrate the
nature and rate of energy transport along helices, the role of
prolines and glycines in that process, and to compare with
energy flow between helices via noncovalent contacts. In
Figure 3 we plot FPT distributions for selected source-sink
combinations indicated in the figure. The distributions for all
source-sink combinations exhibit at least one peak, with a most
probable value of the order 100 ps, which is seen in all the FPT
distributions we have computed. This peak arises from the
random flow of energy among 283 chemical groups, the 282
amino acids and the ligand, and is not related to the structure
of the disconnectivity graph, which is based on the lowest free
energy pathways between residues. It apparently takes around
100 ps to pass through a residue, to the sink, at random, which
is much longer than the time for excess vibrational energy to
relax into the environment of the protein, as discussed below.
We focus on peaks that appear at shorter times, corresponding
to the faster pathways for energy flow revealed by the
disconnectivity graphs.

FPT distributions for sources and sinks on the same helix,
plotted in Figure 3a, exhibit two peaks for each combination
plotted, one corresponding to a most probable time between 1
and 10 ps, and the other of order 100 ps, already discussed.
FPT distributions for energy flow along a helix over lengths of
at least 10 Å appear like the ones plotted in Figure 3a, each
with two peaks that are typically similar for both active and
inactive states. One exception is the source-sink combination
Trp226-Ala211, along TM6. In the active state there is an
opening of TM6 outward forming a sharper kink between
Trp226 and Ala211 (Figure 1b), leading to a shift to longer
times upon activation.

In Figure 3b we plot FPT distributions for source-sink
combinations in different helices and compare with a source-

sink combination in the same helix. The FPT distribution for
the latter case looks very much like those plotted in Figure 3a
in both states. Interestingly, the distributions for source-sink
combinations in different helices also appear like those in the
same helix when there is a shortcut due to a strong
noncovalent interaction between them. Among the curves
plotted in Figure 3b are the FPT distributions for the source-
sink combination Phe166-Val247 in active and inactive states,
highlighted as thicker curves. This combination is located
between ICL2 and TM7, and connected via Asp164-Lys245,
which forms a polar contact in the active state. This contact is
broken in the transition to the inactive state. We see a fast peak
for the active state due to the short cut, but notably, none in
the inactive state.

In Figure 3c, we plot FPT distributions for a source-sink
combination, Trp130-Ala170, that passes through a contact,
Thr136-Tyr171, which is intact in both the active and inactive
states.37 The contact exhibits small fluctuations in length in the
active state and large fluctuations in the inactive state. Because
of the small fluctuations in the active state, energy transfer
through the contact is much faster than in the inactive state.37

Because of the rapid rate of energy transfer through this
contact we find, from the fastest path calculation using
Dijkstra’s algorithm, that energy transport from the source to
the sink occurs via this contact in the active state. However, in
the inactive state, because of the large fluctuations in the length
of the contact and correspondingly slow rate of energy transfer,
the fastest path from source to sink occurs via a different,
neighboring contact. The difference in the FPT distributions
for the two states is striking. There is a long tail, corresponding
to a second peak in the distribution at shorter times, of order 1
to 10 ps, for the active state, with no such peak or shoulder for
the inactive state.

When the source and sink are near one another we generally
find three peaks in the FPT distribution. In Figure 3d we
illustrate FPT distributions for the ligand as energy source and
Asp85, the residue to which it is most closely in contact, as
energy sink. Three peaks appear for both states, with the

Figure 4. Mean first passage time (MFPT) for observation time tobs of (a) 5 ps and (b) 10 ps vs center of mass distance between source and sink
combinations. The cyan points represent combinations in different helices where a short-cut via a strong noncovalent interaction is present in at
least one state. The other colors correspond to combinations in the same helix, with glycine between source and sink (gray), proline in between
(black), both proline and glycine in between (orange), and neither glycine nor proline in between (red). The red line is a linear fit to red points, the
gray line is a linear fit to gray points and the maroon line is a linear fit to gray, orange, and black points. Purple indicates the combinations
belonging to the extracellular loop 2, ECL2.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.4c04513
J. Phys. Chem. B 2024, 128, 7568−7576

7572

https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04513?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04513?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04513?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04513?fig=fig4&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c04513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shortest-time peak at roughly 0.05 ps, the middle peak near 1
ps, and a peak at times of order 100 ps. In the active state the
peak near 0.05 ps is much higher and appears at shorter time.
This difference reflects the stronger interaction between Asp
85 and the agonist ligand compared to the antagonist. The fast
peak corresponds to direct energy transfer from the ligand to
Asp85, while the peak near 1 ps corresponds to transitions
between nearby residues between positions 83 and 86, and
finally Asp85. The substantially higher barrier impeding the
flow of energy between the antagonist and Asp85 is also
apparent in Figure 2, where we see that the ligand is well
separated from all branches of the disconnectivity graph in the
inactive state, while it is well connected with residues of TM3
in the active state.

MFPTs are calculated from the FPT distribution, p(t), as the
integral of tp(t) up to specific observation times, tobs, following
ref 67. Accounting explicitly for tobs deals with limitations in the
time over which vibrational energy transport between a source
and sink can be measured in an experiment. Perhaps the most
important limitation is the time for excess vibrational energy in
the protein to relax to the environment, which may take
roughly 5 or 10 ps.9,10,70−72 The MFPT is generally expected
to increase with distance between source and sink.

We plot MFPTs for selected source-sink combinations as a
function of average center-of-mass distance between them in
Figure 4, using observation times of (a) 5 ps and (b) 10 ps.
The MFPTs plotted are also listed in the SI. MFPTs for
source-sink combinations in different helices are shown in
cyan. Results for these combinations are compared with
MFPTs computed for source-sink combinations in the same
helix. If there is a glycine between the source and sink in the
sequence then the MFPT is plotted in gray; if there is a proline
in the sequence the MFPT is plotted in black, and if there is
both a proline and a glycine the MFPT is plotted in orange. If
there is no proline or glycine in the sequence between the
source and sink, the MFPT is plotted in red.

We see, as expected, that the MFPT increases with greater
distance between source and sink. For energy transport along a
helix the MFPT is often smaller for a given distance between
source and sink than for energy transport between helices, but
comparable to MFPTs for energy transport along the helix
when there is fast energy transfer across a noncovalent contact.
This effect is particularly noticeable for shorter observation
times, because the peak at short times in the FPT distribution
is often larger for energy transport along a helix than between
helices.

For the source-sink combination Trp130-Ala170, in different
helices, the MFPTs are plotted in cyan using a larger symbol in
both active and inactive states. For this combination we see
that, for its distance of around 23 Å, the MFPT in the active
state is much shorter than MFPTs for flow along helices,
particularly when the observation time is 5 ps, a time that is
experimentally relevant.72 The short-cut in the active state is
Thr136-Tyr171, which in this state exhibits only small
fluctuations around its average length so that the rate constant
for energy transfer between these residues is relatively large.37

In the inactive state, as noted above, the contact remains intact,
but distance fluctuations are relatively large and the rate
constant for energy transfer is low.37 We therefore find a large
MFPT for this 23 Å distance between source and sink for the
active state and a substantially smaller MFPT for the inactive
state.

Linear fits to MFPTs for source-sink combinations in the
same helix without a glycine or proline between them are
plotted as red lines, combinations with a glycine in between as
gray lines, and combinations that have a glycine, proline, or
both as the maroon lines. The gray and maroon lines plotted in
Figure 4a have slopes of 0.094 ps/Å and 0.093 ps/Å,
respectively, and the red line has a slope of 0.079 ps/Å. In
Figure 4b the gray, maroon, and red lines have slopes of 0.188
ps/Å, 0.180 ps/Å, and 0.153 ps/Å, respectively. These results
confirm that the presence of a glycine or proline in a helix
impedes energy transport. For the 5 ps observation time this
conclusion holds to within the error in the fits for distances
beyond around 20 Å, and for the 10 ps observation time it
holds to within the error bars at distances beyond about 25 Å
(see Supporting Information).

The time for energy transport along a helix, as determined
by the MFPT and the distance between the source and sink,
depends on observation times that are limited by relaxation of
energy into the environment. For a 10 ps observation time, the
rate of transport along a helix is on average 6.5 Å ps−1 when no
glycine or proline is present and falls to 5.4 Å ps−1 if either a
glycine or proline is present. For a 5 ps observation time, the
rate of transport is on average 12.7 Å ps−1 when no glycine or
proline is present and is otherwise 10.6 Å ps−1. These rates can
be compared with the speed of sound in a protein, which has
been computed73 and measured74 to be about 20 Å ps−1. For
shorter observation times a larger contribution of faster, more
ballistic-like transport occurs, and we see that the speed of
sound limit is approached in this case.

The data plotted in purple represent MFPTs for source-sink
combinations located in ECL2 between TM4 and TM5. These
combinations yield MFPTs that in some cases appear to be
much faster than values along helices. In particular, the
Glu160-Asn168 and Glu159-Asn168 source-sink combinations
exhibit what appear to be very fast MFPTs for their respective
center-of-mass distances. The His144-Thr161 and Tyr146-
Glu159 source-sink combinations exhibit significantly longer
MFPTs for similar center-of-mass distances. While the center-
of-mass distances in the faster combinations are in fact slightly
greater than the slower ones, they are just 7 or 8 positions
apart along the sequence, since this part of ECL2 is relatively
straight (Figure 11c). The slower combinations are separated
by 15 to 17 residues in sequence, because this part of ECL2 is
more crumpled in appearance (Figure 11c). There is thus
more variability in MFPTs around a given center-of-mass
distance for source-sink combinations that lie in coiled regions
than for helices.

4. CONCLUSIONS

In summary, we have constructed and analyzed disconnectivity
graphs to provide the first graphical representation of the
vibrational energy landscape for a protein, in this study β2AR, a
rhodopsin-like GPCR, in its active and inactive states. The
graphs are based on the relative free energy of each residue and
the minimum free energy barriers for energy transfer between
them, which are defined in terms of the rate constants for
energy transfer between all pairs of amino acids and ligands.
GPCRs consist of seven transmembrane helices and loops in
the extra- and intracellular regions and the disconnectivity
graphs reveal the nature of energy flow through these structural
elements. Helices without either a proline or glycine are
represented by a cluster of residues among which energy
transport is facile, while helices with glycine or proline appear

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.4c04513
J. Phys. Chem. B 2024, 128, 7568−7576

7573

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c04513/suppl_file/jp4c04513_si_001.pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c04513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


fragmented, with separate clusters of residues on either side of
the proline or glycine, grouped with residues from other helices
when there are sizable noncovalent interactions between them.
An important reason for the bottleneck to energy flow is their
impact on the peptide structure. Both glycines and prolines
destabilize helices49 and contribute to their plasticity in
GPCRs.45,52 This effect alters the hydrogen bonding structure
of the helix, which changes the energy flow.55 The prolines
form a five-membered cyclic ring, which results in the
formation of a sharp kink in the peptide structure (see Figure
1). These structural differences as well as the relatively small
number of degrees of freedom associated with these residues,
particularly glycine, create a barrier to energy flow along the
peptide chain. The effect of prolines and glycines on energy
flow, and the emergence of competing pathways via non-
covalent contacts near them, have been further quantified in
this study by analysis of FPT distributions and the MFPTs
computed with them.

Differences in energy transfer rates across noncovalent
contacts in active and inactive states exhibit different
organization in the vibrational landscape, as we see, for
example, in the heights of minimum energy barriers between
TM1−3 and TM 4−7, and between helix 8 and TM helices.
These changes occur because a contact is broken or formed
during the change in state, or because of changes in the
dynamics of a contact, where fluctuations in the contact
distance are smaller in one state than the other. Both effects,
which contribute to allostery, give rise to qualitatively different
FPT distributions for the two states when the contact lies
between the energy source and sink.

Our results provide new insight into relations between
composition, structure and energy dynamics of proteins that
have evolved to perform tasks, such as signaling, which depend
on these properties. There are implications for our under-
standing of allosteric transitions, and potential future
applications to protein engineering and drug discovery. The
present approach identifying residues that mediate rates of
energy transfer is complementary to recent work computing
structural correlations between residues, which was applied to
elucidate allosteric regulation via communication between
distant sites in the RNA-dependent ATPase/helicase Brr2.75

Both methods exploit MD simulations to analyze protein
dynamics and infer functional relationships, including possible
allosteric effects. Structural correlations can be used to
construct a cross-correlation matrix, for which principal
component analysis and community detection indicate the
presence of dynamical coupling, which can be modulated by
allosteric regulators.75 In contrast, the focus in our approach is
the matrix of energy transfer rates, which we use to visualize
the organization of the corresponding free energy landscape
and to calculate first passage time distributions between any
pair of residues. This analysis reveals energy transfer across all
the possible time scales for the molecule and has yielded
insights into specific residues that mediate energy flow in
β2AR. The free energy landscape provides a representation
governing the flow of energy that is measured in time-resolved
vibrational spectroscopic experiments, which probe the
dynamical response of a protein to local excitation and
chemical reaction. The impact of prolines and glycines on
energy flow identified in this study, and their impact on the
response of β2AR to agonist and antagonist binding, provide
predictions that can be tested by vibrational spectroscopy. In
future work it would be interesting to carry out dynamical

network and community analysis on β2AR, as recently applied
to Brr2,75 to further elucidate the impact of the agonist and
antagonist on the dynamics.
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