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ABSTRACT: We compute energy exchange networks (EENs)
through glucagon-like peptide-1 receptor (GLP-1R), a class B G-
protein-coupled receptor (GPCR), in inactive and two active
states, one activated by a peptide ligand and the other by a small
molecule agonist, from results of molecular dynamics simulations.
The reorganized network upon activation contains contributions
from structural as well as from dynamic changes and corresponding
entropic contributions to the free energy of activation, which are
estimated in terms of the change in rates of energy transfer across
non-covalent contacts. The role of water in the EENs and in
activation of GLP-1R is also investigated. The dynamics of water in
contact with the central polar network of the transmembrane
region is found to be significantly slower for both activated states
compared to the inactive state. This result is consistent with the contribution of water molecules to activation of GLP-1R previously
suggested and resembles water dynamics in parts of the transmembrane region found in earlier studies of rhodopsin-like GPCRs.

1. INTRODUCTION

Both structural and dynamic changes that occur with ligand
binding contribute to allosteric regulation of G-protein-
coupled receptors (GPCRs), as exemplified by the role of
microswitches and transmembrane water in activation.1−7

While class A rhodopsin-like GPCRs have been studied for
some time, structures for class B GPCRs have only become
more recently known,8−17 allowing further studies probing
how they function, including molecular dynamics (MD)
simulations, which are already beginning to examine structural
and thermodynamic properties.18 While all GPCRs contain
seven transmembrane helices, class B GPCRs have distinct
motifs from their class A counterparts, regions with conserved
residues many of which undergo structural change during
activation. The dynamics of transmembrane water in class B
GPCRs has not yet been studied for both inactive and active
states, in contrast to the detailed information that has been
learned through investigations of water in class A recep-
tors.4,6,19−22 Further information about how class B GPCRs
respond to ligand binding would be useful, including the role
of dynamic and corresponding entropic changes during
activation. Here, we report the results of MD simulations to
characterize the dynamics of transmembrane water molecules
in the inactive and two active states, each with a different
ligand, one a peptide ligand and the other a small molecule
agonist, of the class B glucagon-like peptide 1 receptor (GLP-
1R). We examine the transport of vibrational energy through
the receptor in the three states and the role of water in that
process. We identify both structural and dynamic contributions

to energy transport and estimate changes in entropy with
activation in terms of corresponding changes in rates of energy
transfer across non-covalent contacts.

GLP-1R regulates blood glucose control, bone turnover, and
cardiovascular development.23 It is a potential drug target of
type 2 diabetes, psychiatric disorders, neurodegeneration, and
cardiovascular diseases.24 Several forms of GLP-1, a peptide
ligand, and various other endogenous agonists activate GLP-
1R, and are either under development or approved for the
treatment of type 2 diabetes.24,25 However, due to the route of
administration and their side-effect profile, peptide drugs may
not be optimal, and currently, efforts are being taken to
develop non-peptide drugs, which can be orally administered
and have reduced side effects, but understanding their
activation mechanisms remains a challenge.26 Recent reports
of crystal structures of GLP-1R27 provide the possibility of
studying these systems by MD simulations. Here, we present
an MD simulation study of GLP-1R in two active states, one
bound with a peptide ligand and the other with a non-peptide
agonist, and one inactive state. We compute rates of energy
transfer across non-covalent contacts, which are related to
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changes in both the structure and dynamics of the receptor
upon activation.

Crystal structures reveal the presence of transmembrane
water (TW) for class A, rhodopsin-like GPCRs.4,6,19,21,22 For
class B GPCRs, some studies indicate the presence of TW
forming polar interactions with transmembrane residues,16,27

though crystal structures have not yet provided a detailed
picture of the functional role of water. In the MD simulations
carried out here, time is permitted for water from outside and
inside the cell to enter the transmembrane region and some of
the TW dynamics subsequently studied. The relaxation
dynamics of water−protein hydrogen bonds around the central
polar network, previously identified as an important region of
polar network formation between residues and water,12 is
investigated. We also identify the location, gating, and mobility
of water in different regions and pockets of GLP-1R.

Energy transport in proteins is anisotropic and is mediated
by both protein structure and dynamics.28−40 The rate of
energy transfer across non-covalent contacts depends on the
dynamics of the contact, as we discuss below, so that there is a
change in the rate of energy transfer across the contact that
corresponds to changes in dynamics and change in entropy,
with change in the functional state of the protein. Energy
transfer in GLP-1R is studied by computing energy exchange
networks (EENs), which have been computed for several
allosteric proteins in the past,41 including the β2-adrenergic
receptor, a rhodopsin-like GPCR.42 We adopt the computa-
tional tools developed by Yamato and coworkers43,44 for the
computation of EENs from the results of MD simulations for
the inactive and two active states of GLP-1R. Contributions of
changes in structure and dynamics to the EENs upon
activation are analyzed and used to provide estimates to
changes in entropy in terms of change in rates of energy
transport across non-covalent contacts that occur when GLP-
1R is activated. The role of water in this process is also
addressed.

In the following section, we summarize the computational
methods used for the study of energy transport, structural, and
water dynamics of GLP-1R. In Section 3, we present results for
the energy transport properties (Section 3.1), their connection
to structural dynamics and entropy (Section 3.2), and TW
dynamics (Section 3.3). Concluding remarks are given in
Section 4.

2. COMPUTATIONAL METHODS

We studied the inactive state of GFP-1R and two active states,
one with bound peptide GLP1 and one activated by a small
molecule, FFR. We refer to the former as the GLP1-active state
[protein data bank (PDB) 5VAI13] and the latter as the FFR-
active state (PDB 7C2E17). Coordinates of the inactive state
were taken from PDB 6LN2.10 Missing residues connecting
transmembrane helix 1 (TM1) to the extracellular domain
(ECD) in all states were modeled using Modeller9.23,45 as
were the missing residues of intracellular loop (ICL) 2 of the
inactive state. This ICL, added to purify the protein, was
removed in the inactive state. For the FFR-active state, ICL 3
was modeled using Modeller9.23.45 With these modifications,
all states contain the same homology of 393 amino acid
sequences for consistency. The forcefield parameters of FFR
were generated using the CHARMM General Force Field
(CGenFF) interface of the CHARMM-GUI.46 Initial con-
ditions for all states were set up using the CHARMM-GUI46

online interface in a rectangular box embedded with 170 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine lipid mole-
cules and about 21,000 water molecules. Neutralization was
performed using Na+ and Cl− ions with a final concentration of
0.15 M NaCl. All simulations were performed with the
AMBER20 MD software package using the TIP3P model for
waters, the Lipid1747 force field for lipids, and the AMBER
ff14SB48 force field for the protein.

For the simulations, minimization was done with 20,000
steps using the steepest descent method for the first 10,000
steps and conjugate gradient method for the remaining.
Periodic boundary conditions were applied. A heating NVT
simulation was carried out starting from 0.1 to 300 K for 1 ns
and continued an additional 1 ns at 300 K with the Berendsen
thermostat.49 Positional restraints with a force constant of 1
kcal/(mol·Å2) were applied to backbone atoms and all
hydrogen-containing bonds were constrained with the
SHAKE algorithm.50 Equilibration was done for 10 ns with
position restraints on protein backbone atoms with a force
constant of 1 kcal/(mol·Å2), followed by another 20 ns
without restraints. To allow water to penetrate into the
transmembrane region, we performed 600 ns NPT simulations,
sufficient for the number of TW to remain fairly constant. This
was examined via water counts, discussed below, and the
RMSD convergence of the proteins (see Supporting
Information). Trajectory files were saved each ns for
subsequent NVE simulations.

To identify signaling pathways, energy currents were
computed between residues and residue−water pairs by
selecting a trajectory every 2 ns from the 500 to 600 ns
NPT simulations. Each NVE simulation was allowed to evolve
for 150 ps, with an integration time of 0.5 fs. Coordinates and
velocities were saved every 5 and 1 fs, respectively. An Ewald
sum tolerance of 10−7 was selected to reduce energy drift.
EENs were computed using the CURrent calculation for
proteins (CURP) version 1.2.1 developed by Yamato and
coworkers.43 Briefly, the EEN is constructed as follows:
s t a r t i n g w i t h t h e i n t e r a t o m i c e n e r g y fl u x , 4 3 , 5 1

v F v FJ ( )
i j

k
i ij j ji

1

2
= • • , where J

i j

k is the inter-residue

atom−atom energy flow between atoms i and j for trajectory
k, v is the velocity and F is the force of one atom on the other,
a n d t h e i n t e r - r e s i d u e e n e r g y fl u x i s 4 3

J t J t( ) ( )
A B

k
i A

N

j B

N

i j

kA B
= , where NA (NB) is the number

of atoms in residue A (B). Energy currents, LAB, are computed

by averaging L J t J t t tlim ( ) ( ) dAB
k

RT A B

k

A B

k1

0 0 0= + ,

where R is the gas constant and T is the temperature. LAB is
multiplied by RT and values reported in (kcal mol−1)2 ps−1,
yielding GAB, whereGAB = (RT)LAB, referred to as energy
conductivity. We drop subscripts AB in the following. An
autocorrelation function window of 25 ps was chosen to
evaluate G. For the CURP calculation, we only included TWs
remaining near a residue at least 50% of the NVE simulation
time. Contacts were identified between atoms of residues and
oxygen of TWs within 3 Å. All stable TWs were evaluated as a
single water cluster for the calculation of G. On average, there
are a total of 37.5 TWs in the inactive state, 39.3 for the GLP1-
active state, and 38.7 for the FFR-active state.

In total, 50 CURP calculations were performed for each
state of GLP-1R. We average the results to evaluate the EENs,
as well as the difference in energy exchange networks, ΔEEN,
and relative difference in energy exchange networks (rΔEEN)
upon activation. The ΔEEN was computed by subtracting the
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average G of the inactive state from each active state. The

relative difference42 was computed as r EEN
G G

G G

active inactive

active inactive

=
+

,

where Gactive and Ginactive correspond to the average G values for
contacts of active and inactive states, respectively. To evaluate

rΔEEN, a threshold of G 10(kcal mol ) ps1 2 1
> was selected.

We examine the relation between G and equilibrium
fluctuations in the length of non-covalent contacts of GLP-
1R, from which we can relate changes in G to changes in
dynamics of the contact and entropy associated with the
dynamics. It has been argued for a non-covalent contact in the

harmonic approximation that G is proportional to r
2 1

,38,52,53 and this proportionality has been found to hold well for
polar contacts of proteins based on the results of MD
simulations.35,52−55 If a contact remains intact, change in
dynamics of the contact with change in state of the protein can
lead to a change in G. Thus, if the rate of energy transfer across
a contact, proportional to G, is measured in the inactive state
and in the active state, a change can be associated with a
change in dynamics of the contact and associated entropy.

Below we plot G versus r
2 1 for several contacts that remain

largely intact during activation to examine if they are
proportional. It is helpful when visualizing the data to average

G in intervals of r
2 1, and we therefore also bin the data. For

polar contacts, we use bin sizes of 412.41 nm−2; for hydrogen
bonds between charged groups formed by Tyr117-Asp170 and
Arg199-Asp265, we use 357.17 nm−2; and for contacts formed
by Asp194-Arg199 and Asp36-Arg46, we use of 244.41 nm−2.
In all cases, we examine proportionality with linear fits to all
the data as well as to the binned data.

If G1 and G2 are proportional to the rate of energy transfer
across a non-covalent contact of the inactive and active state,
respectively, then in the harmonic approximation, using the

proportionality between G and r
2 1, the change in entropy

upon activation associated with a change in the dynamics of
the contact is given by52,53

i

k

jjjjj

y

{

zzzzz
S

k G

G2
ln

B 1

2

=

(1)

If the rate of vibrational energy transfer across the contact
can be measured before and after activation, changes in
entropy associated with the dynamics of that contact can be
estimated.52,53 It is assumed in eq 1 that a contact remains
unbroken during activation, though in practice contacts break
and reform. We include in our analysis only contacts that
remain intact at least 50% of the simulation time in both states.
Then, if fa is the fraction of time and the contact is intact in the
active state, we take G2 to be G computed for the residue pair
in the active state divided by fa, thus assuming that during the
time, the contact is broken and the value of G for the residue
pair can be neglected. We do the same for the inactive state to
obtain G1.

The non-covalent contacts are categorized as polar and
charged. Polar contacts are AH···O, where A is oxygen or
nitrogen and the H···O distance is no greater than 2.8 Å. An
angle AHO ≥ 150° was selected for hydrogen bonds, a
subclass of polar contacts. A polar contact is analyzed only if it
remains intact 99% of the time that a value of G is computed.
For the length of a polar contact, r, the variance is
r r r( )2 2

= and is computed and paired with the
respective G. Contacts with −NH3

+ and COO− are classified as
charged. We introduced a threshold of ΔG > 50 (kcal mol−1)2

ps−1 for ΔEENs.
For analysis of water dynamics, we first count the number of

TW for all states of GLP-1R. Hydrogen bond correlation
functions56−59 were computed for protein-water interactions,
defined as CHB(t) = ⟨h(t)h(0)⟩/⟨h(0)⟩ where 0 is the initial
time and h(t) is 1 if a hydrogen bond exists at time t, even if it

Figure 1. Top row: side view of GLP-1R in (a) inactive, (b) FFR-active, and (c) GLP1-active states. The ligands are colored blue. The snapshots
are taken from the simulations at 600 ns. The central polar network is shown as green sticks, the PxxG (Pro-x-x-Gly) motif in sticks with magenta,
and the HETx (His-Glu-Thr-x) in cyan. Bottom: cytoplasmic view of the GLP-1R and the HETx motif, illustrating the change in polar networks in
the motifs with activation, is shown in the (d) inactive, (e) FFR-active, and (f) GLP1-active states. Transmembrane helices are labeled.
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was broken between 0 and t, otherwise it is 0. The analysis was
made in the 500−600 ns interval of the simulation.

3. RESULTS AND DISCUSSION

We begin with energy transport in GFP-1R, then turn to
activation-induced changes in energy transport and entropy,
and finally present results for transmembrane water (TW)
dynamics. Each property studied is connected to the structure
of GLP-1R. Structures of GLP-1R in the inactive, GFP1-active,
and FFR-active states taken from the end of the simulations are
shown in Figure 1. GLP-1R has an extracellular domain (ECD)
consisting of the first 110 residues, a transmembrane region
with seven transmembrane helices (TM) each connected by
either an extracellular or intracellular loop, and one remaining
helix (helix 8) mainly in the intracellular region. The ECD
appears closed in the inactive state bending toward the TM
helices and open in the active state to accommodate ligands.
The central polar network consists of residues below the
ligand-binding pocket, facilitates signaling from the ligand to
the cytoplasmic side, and includes interactions with TW.
Motifs containing conserved class B GPCR residues are
indicated. The Pro-x-x-Gly (PxxG) motif is in the middle of
TM6. PxxG helps shift the lower half of TM6 upon activation
by forming a kink. The His-Glu-Thr-x (HETx) motif facilitates
opening the cytoplasmic site in the activation process by
breaking polar networks, thereby shifting TM6 outward and
accommodating the G-protein in the cytoplasmic region.
Tyr374 plays a key role in water gating inside the TM region,
discussed below.
3.1. Energy Exchange Networks. To explore the energy

dynamics in the inactive and active states of GLP1-1R, we
computed EENs, which reveal regions through which energy
flow in the different states of this protein is facile.43 Complete
EENs are presented in Figure S1, which includes values of G
between residue pairs and between residues and TWs. The
residues involved in contacts contributing significantly to the
EENs are shown in Figure 2. Most of these contacts include
TM2, TM3, TM4, TM6, and TM7 and some in the ECD.
There are notable differences in the EENs between inactive
and active states in the region spanning the ECD and the TM
helices. The orientation of the ECD shifts with activation,
thereby affecting interactions and the EENs. In the TM region,

notable differences involve some residue-TW interactions. The
inactive state and the GLP1-active state have more contact
with water than the FFR-active state, which will be further
discussed below.

We find that water can play an important role in energy
transfer between residues of the TM region, which we refer to
as a water bridge. All contacts contributing to water bridges are
listed in Tables S2−S4 and shown in Figure S8. To define a
water bridge as residue-TW-residue, we first calculated the
native contact formation between water with both residues.
Several significant water bridges are found to contribute to the
EENs. For example, for the inactive state (see Table S2A,B),
Ala157-TW and TW-Trp246 have G of 61.3 and 39.37 (kcal
mol−1)2 ps−1, respectively, as compared to a G for the contact
without water, Ala157-Trp246, of only 2.48 (kcal mol−1)2 ps−1.
Overall, water bridges are observed (Figure S8) primarily for
contacts between TM2, TM3, TM6, and TM7.

We consider changes to the EEN due to activation, ΔEEN,
which we define as the difference between the EEN for the
active and inactive states. To obtain the ΔEENs, we subtract
all residue−residue and residue-TW values of G for the inactive
state from one of the two active states. We plot ΔEEN for the
FFR-active state in Figure 3a and the GLP1-active state in
Figure 3b. The locations of contacts making the largest
contributions to the ΔEENs are shown in Figure 4a,b for FFR-
active state and GLP1-active state, respectively. We note that
we do not include in Figure 4 the large differences appearing
near the diagonal in Figure 3, which correspond to energy
transfer along the main chain. Rates of energy transfer along
the main chain are relatively large and their differences can
appear large on the scale used in Figure 3. We also point out
the data plotted in Figure 3 could be further analyzed to
identify regions where energy transport pathways change
during activation, as done for the β2 adrenergic receptor.42

Here, we focus on how differences in dynamics of specific non-
covalent contacts in the different states, as well as structure,
contribute to the ΔEENs. The full list of contacts seen in both
ΔEENs is listed in Table S5.

There are several notable similarities between the ΔEENs of
GLP1-active and FFR-active states. Both ΔEENs show effects
of the opening of TM6 away from TM3 and TM4, which
opens the GPCR in the cytoplasmic region for G-protein
binding. The breaking of polar interactions between the
residues of the HETx motif is seen, notably Glu219-Thr325.
Pro330-Thr334, where Pro330 belongs to the PxxG motif, also
contributes to a negative ΔEEN in both active states as Pro330
moves away from Thr334, while the TM6 forms a sharp kink
during activation and moves outward. These contributions to
the ΔEENs are related to structural changes.

We also find differences in the two ΔEENs, most notably in
the ECD, in which the orientation of ECD is different in each
state. The interaction with water is also different in the two
ΔEENs. The FFR-active state has fewer residue-TW contacts
than the GLP1-active state. In the GLP1-active state, water
interacts with residues of TM5, TM6, and TM7. The GLP1-
active state is characterized by many contacts in TM7,
including residues of the central polar network.

The ΔEENs presented here capture some features of
another class B GPCR recently studied by MD simulations.
The activation mechanism of the glucagon receptor GCGR, a
prototype class B GPCR and, like GLP-1R, a member of the
B1 subfamily, was studied by evaluating the results of MD
simulations and the conformational free energy landscape.18

Figure 2. Residues forming contacts that contribute to the EENs of
GLP-1R for (a) inactive, (b) FFR-active, and (c) GLP1-active states
are shown, where the ligands are colored blue. For the residue-TW
contacts, the residues are colored cyan. Residues that belong to motifs
are indicated in yellow.
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The energy landscape reveals three states, where the inactive is
lowest in free energy, while partial and fully active states are
higher. The free energy change was represented in terms of the
distance between TM6-TM3 and the angle of rotation of the
residues of the PxxG (Pro330-Leu331-Leu332-Gly333) motif,
which creates a pocket to the G-protein to bind in the
cytoplasmic region. Class B GPCR activation is generally
stabilized by the rearrangements of the motif residues and
polar networks. In our study of GLP-1R, the polar interaction
of Pro330 from PxxG with Thr334 breaks upon activation and
helps to shift TM6 outward, yielding a large negative change in
the ΔEENs.

Another notable feature found in the computational study of
GCGR is that the polar interactions in the HETx (His152-
Glu219-Thr325-Tyr374) motif break upon activation and
rearrange for further stability.18 In GLP-1R, the contacts
Glu219-Thr325 and Glu219-Tyr374 of the HETx motif break,
yielding negative changes in both ΔEENs. Similarly, contacts
between Glu219 of the same motif and residues of TM2 yield
positive ΔEENs, specifically formation of Glu219-His152 in

the GLP1-active state and Glu219-Arg148 in the FFR-active
state.

While ΔEENs reveal both structural and dynamic changes
upon activation, they can miss contributions of van der Waals
contacts, for which the absolute values of G are often small and
so their difference is small. However, the relative change upon
activation, which we refer to as rΔEEN, may not be small.42

Contacts that make the largest contribution to rΔEEN are
shown in Figure 3c for activation by FFR and 3d for activation
by GLP1. In Figure 4c, we find a larger number of motif
residues than for the ΔEEN plotted in Figure 4a, in particular,
the appearance of residues of the PxxG motif. Contacts of the
rΔEEN form a more continuous network from the ligand to
TM5 and ultimately the cytoplasm compared to the ΔEEN.
Similarly, for the rΔEEN corresponding to transition to the
GLP1-active state, we observe five motif residues, one more
than we found for the corresponding ΔEEN and the rΔEEN
exhibits a more continuous pathway for energy transfer from
the peptide ligand via TM7 to the cytoplasm. As found for the
β2-adrenergic receptor,42 the rΔEEN appears to encompass

Figure 3. (a) FFR-active and (b) GLP1-active ΔEEN. The ΔG values for blue 2−50 (kcal mol−1)2 ps−1, red >50 (kcal mol−1)2 ps−1, cyan −2 to
−50 (kcal mol−1)2 ps−1, and orange <−50 (kcal mol−1)2 ps−1. (c) FFR-active and (d) GLP1-active rΔEEN. Blue (★) corresponds to 0.7−0.9, red
(★) >0.9, cyan (+) −0.9 to −0.7, and orange (+) <−0.9. Transmembrane helices and extracellular domain, ECD, are labeled in the sidebar.
Transmembrane water-residue values appear in the rightmost column.
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more motif residues involved in activation than the ΔEEN and
reveals a more continuous pathway from the ligand-binding
region to the cytoplasm.

Some of the changes seen in ΔEENs can be related to
change in the structure found in contact or distance maps. In
past studies, we have examined correlations between inter-
residue distance and rates of energy transfer between residues,
where we have found some correlation but also large variations
in the rate for a given distance.37,60 For GLP-1R, we have
computed maps of distances between residues from the
structures sampled over the final 100 ns of the simulation.
Distance maps are plotted in Figure S2 for the inactive, FFR-
active, and GLP1-active states. Changes in the distance map,
Δd (active−inactive), are plotted in Figure S3 for FFR-active
for GLP1-active states. These maps are differences in center of
mass distances between residue pairs plotted in Figure S2.

Overall, larger distances upon activation are found for TM3-
TM6 and TM6-TM7, whereas TM6 is seen to move toward
TM5, trends that underlie some of the changes seen in the
EENs in Figure 3. However, we also find notable differences
when comparing the Δd map to the ΔEEN map. ΔEEN can be
sizeable where there is no noticeable change in distance. We

will discuss below sizable contributions to ΔEEN where we
find Δd to be small (in almost all cases under 0.5 Å and in two
cases up to 1.3 Å). The origin of the contribution to the
change in the rate of energy transfer across a contact, the
length of which changes little upon activation, is dynamic, as
discussed below.
3.2. Change in EENs and Change in Entropy upon

Activation. The ΔEEN results from a combination of
structural and dynamic changes. The latter represent
dynamical contributions to allostery, which have been the
focus of much attention,61−69 and we examine them for the
activation of GLP-1R. For many non-covalent contacts, G has
been found to be proportional to the inverse of the variance in

the length of the contact, that is, G r
2 1.35,52−55 To

determine changes in dynamics and corresponding changes in
entropy associated with the ΔEEN for activation of GLP-1R,
we first examine G and the corresponding dynamics of the
contact.

To investigate dynamic contributions to the ΔEEN, as
opposed to structural, we computed the fraction of time the
contacts of each ΔEEN remain intact during the full 100 ns
simulation data we sampled for the calculation. In particular,
we identified contacts that remain intact at least 50% the full
simulation time used to compute the ΔEENs and checked that
the dynamical changes of the contact made the larger
contribution to the change in G upon activation. For such
hydrogen-bonded contacts making sizable contributions to the
ΔEENs [at least 50 (kcal mol−1)2 ps−1], we identified seven
that remained intact from the inactive to the FFR-active state
and five from the inactive to the GLP1-active state. The
contacts are spread around different regions of the protein, as
shown in Figure S6.

We begin with polar contacts of all three states of GLP-1R
that meet the criteria as described above. For GLP-1R, these
polar contacts are Cys18-Leu22, Ala322-Leu326, Tyr207-
Trp246, Ile317-Leu321, Glu359-Thr363, and Ser324-Leu328.
The complete data for these contacts are shown in Figure S4.
For clarity we bin the data, as detailed in Section 2, and plot
the results in Figure 5. The data appear to fall along the same

Figure 4. (a) FFR-active and (b) GLP1-active ΔEEN. Residue−
residue contacts and residue-TW contacts where ΔG > 50 (kcal
mol−1)2 ps−1 are red and dark cyan, respectively; residue−residue
contacts and residue-TW contacts where ΔG < −50 (kcal mol−1)2

ps−1 are orange and cyan, respectively. Yellow indicates the residues in
PxxG and HETx motifs. (c) FFR-active and (d) GLP1-active rΔEEN.
Residue−residue contacts and residue-TW contacts where the ratio is
larger than 0.9 are red and dark cyan, respectively; residue−residue
contacts and residue-TW contacts where the ratio is less than −0.9 are
orange and cyan, respectively. Yellow indicates the residues in PxxG
and HETx motifs.

Figure 5. G vs r
2 1 for polar (blue) and charged contacts (green

and black). A linear fit to the data for the polar contacts is plotted
with the data (dashed line). The dashed magenta line is the linear fit
to polar contacts of the helices of HP36 (ref 54). Charged contacts in
green are Tyr117-Asp170 and Arg199-Asp265 and black are Asp194-
Arg199 and Asp36-Arg46. Linear fits in the corresponding colors are
shown.
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t r e n d l i n e , w h i c h c a n b e fi t t o ( a l s o b l u e )

G r0.014 32
2 1

= + with an R2 value of 0.87. This can
be compared to the linear fit to all the data (Figure S4), which

yields G r0.014 22
2 1

= + , and thus, the same slope as the
binned data. Since most of these contacts lie at the edge of a
helix, it is interesting to compare with earlier results for helices.
We have thus included in Figure 5 a fit to the corresponding
data obtained for the helices of the villin headpiece subdomain
HP36 (magenta) (ref 54), which essentially overlap the data
for GLP-1R, suggesting a universality for the proportionality of
the rate of energy transfer across polar contacts of helices and
fluctuations in the length of the contact.

It is noteworthy that all polar contacts of GLP-1R fall on the
same trendline. While most of the contacts lie at the edge of
helices, the non-helical contacts may be of more practical
interest. The rate of energy transfer across non-covalently
bonded contacts contributes far more to the overall rate of
energy transfer between residues when the residues are more
distant in sequence, as observed, for example, in time-resolved
Raman experiments of myoglobin.29 It is therefore significant
that all polar contacts of GLP-1R exhibit the same
proportionality, not only the helical contacts.

We further examine the relationship of G with inverse
variance for intact hydrogen bonds between charged groups,
which include Asp36-Arg46, Tyr117-Asp170, Asp194-Arg199,
and Arg199-Asp265, where Asp36-Arg46 is found for all three
states. All data are plotted in Figure S5, where the contacts
appear to fall into two groups. We plot the smoothed data for
clarity in Figure 5 (smoothing detailed in Section 2), where the
two groups appear as green and black. A linear fit to the green

data, corresponding to Tyr117-Asp170 and Arg199-Asp265,

yields G r0.029 42
2 1

= + with an R2 of 0.93. This is very

close to the linear fit, G r0.032 27
2 1

= + , to all the data
(Figure S5). A linear fit to the black data, corresponding to
A s p 1 9 4 - A r g 1 9 9 a n d A s p 3 6 - A r g 4 6 , y i e l d s

G r0.057 560.5
2 1

= + with an R2 of 0.7. The complete
set of data points are plotted in Figure S5, where a linear fit

yields G r0.046 600.2
2 1

= + . This fit does not compare
well to the fit to the binned data. A linear fit to the data for
these charged contacts is less convincing.

For the charged contacts Tyr117-Asp170 and Arg199-
Asp265 (green), the inverse proportionality between the rate
of energy transfer across the contact and the variance in the
length of the contact holds up well. For these contacts, the
change in entropy associated with change in dynamics of the
contact upon activation can be confidently estimated using the
ΔEEN. This is not so surprising for Tyr117-Asp170, since the
contact is formed by a single O− from Asp170 and the OH
group of the side chain of Tyr117, thereby forming a polar
contact for which the proportionality is expected. However,
Arg199-Asp265 is more surprising since Asp−Arg contacts
often do not conform to the scaling relation between rates of
energy transfer and equilibrium contact fluctuations.53,55

Indeed, for Asp194-Arg199 and Asp36-Arg46, this relation
holds up less well. However, the Arg199-Asp265 contact is
formed between O on the backbone and an H+ on the side
chain, rather than side chain-side chain interactions, which
involve multiple O−−H+ interactions, as is usually the case for
the Asp−Arg interactions studied in the past.

Figure 6. (a) Water count inside the transmembrane region. (b) Water density maps computed from 500 to 600 ns. From left to right: inactive,
FFR-active, and GFP1-active states. The probability density of water is calculated for each 1 Å3 grid of the simulation box, which is plotted along
the x−z plane as shown in the sidebar and a 1 Å-thick slice along y-axis through the ligand binding region. Bottom row: location of TW at 600 ns.
(c) Inactive, (d) FFR-active, and (e) GLP1-active states. The Tyr374 of the HETxmotif is shown, which regulates the water flow inside the
transmembrane region.
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We now estimate change in entropy, ΔS = S2−S1, upon
activation due to change in G, given by eq 1. This estimate

follows from the proportionality between G and r
2 1. We

see in Figure 5 that this relation holds well for the polar
contacts plotted in Figure 5 as well as for some but not all the
charged contacts plotted there. For this reason, we consider
only the polar contacts represented by the blue data points in
Figure 5. The data for the active and inactive states are plotted
in Figure S4 and the average values of G for each state are
listed in Table S1. For four of the seven contacts, the larger
average value of G is for the inactive state, and for the other
three, it is the active state. The range of ΔS is −4.6 to 3.1 J
mol−1 K−1, and the average change in entropy, positive or
negative, is about 2.6 J mol−1 K−1, or a contribution of 0.8 kJ
mol−1 to the free energy change for each contact at 300 K. The
sign of the entropy difference depends on the contact. We note
that for two nearby contacts, the change in dynamics may be
correlated, so that the entropy change associated with each
contact would not be simply additive. The location of the
seven contacts considered here, shown in Figure S6, ranges
from the cytoplasmic region toward the ligand binding region,
but correlations cannot be ruled out.

The illustration provided here for these contacts indicates
that measurements of changes in the rate of energy transfer
across a contact with activation can reveal changes in entropy
associated with the dynamics of the contact and can thereby
provide a local probe of dynamic and entropic contributions to
activation. These changes appear to be often in the range 1−5 J
mol−1 K−1, making a significant contribution to the free energy
of activation. We note that the ratio G1/G2 in eq 1 can be quite
large (or small) even if the difference between G1 and G2 is not
great. This means that nonpolar contacts, for which G1 and G2

are usually small so that their difference is small,54 may exhibit
large change in dynamics and associated entropy upon
activation, which could be detected by measurement of rates
of energy transfer across the contact in different functional
states.
3.3. TW Dynamics. We have seen that water contributes to

energy transport through GLP-1R. We now consider TW
dynamics to explore some of the functional roles of water and
water-mediated interactions, in particular, toward signaling and

activation. Water near protein surfaces is dynamically and
thermodynamically distinct from bulk water, particularly in the
protein interior.70−75 For the three states of GLP-1R, we
indicate the number of TW water during the simulation and
the location of the TW at 600 ns in Figure 6.

The total number of TW found in the MD simulations is
plotted in Figure 6a. The TW includes water flowing between
the transmembrane region and both the extracellular and
cytoplasmic sides of the receptor. On the extracellular side,
water can penetrate into the ligand binding region of the
inactive state, while it is blocked from this region due to the
presence of ligands in the active states. This contributes to the
overall greater number of TW in the inactive state. There are
also some differences in the passage of water molecules from
the extracellular side in the active states. In the FFR-active
state, TWs have penetrated from the vicinity of the ligand, and
in the GLP1-active state, they are coming from the vicinity of
the peptide ligand, which appears to replace water molecules
and occupy a larger cavity of the ligand-binding pocket.

The larger number of TW in the inactive state due to access
to the ligand binding region can be seen when plotting the
water density in the transmembrane region. In Figure 6b, we
plot a density map, computed from the final 100 ns of the MD
simulations and calculated for three-dimensional grids of size
1.0 Å3. The image shows a slice 1 Å thick (along the y-axis in
the figure) through the middle of the protein that includes the
ligand binding pocket. The colors represent an average of the
water density in each cell along the xz. The diverse structure of
the protein in the extracellular domain for the three states is
visible in blue in the upper part of the figure. We also see in
Figure 6b a relatively high density of water in the ligand-
binding pocket of the inactive state when compared to the two
active states, which helps to explain why overall there is more
TW in the inactive state (Figure 6a). A similar trend has been
found previously for another GPCR.6

There are also other features suggested by the density plot,
with some differences in the number of water molecules
toward the center of the transmembrane region. Those are
seen in Figure 6c−e, for the inactive, FFR-active, and GLP1-
active states, respectively. The entire transmembrane region is
shown in each case. We see for the FFR-active state more TW

Figure 7. (a) Location of the residues of the central polar network (cyan) and TW (spheres) within 3 Å of the central polar network. The
remaining water molecules of the system are shown using lines. (b) Hydrogen bond correlation functions, CHB(t), of protein-water of the GLP-1R
in all three states. Blue indicates the GLP1-active state, red indicates the FFR-active state, and black indicates the inactive state. Solid curves
correspond to hydrogen bonds between residues of the center polar region and TW. Dashed curves correspond to hydrogen bonds between water
and residues of intracellular loops. The dotted curves correspond to hydrogen bonds between water and the extracellular domain. The inset is a
semi-log plot for the protein-TW hydrogen bonds involving the central polar network.
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in the middle of the transmembrane region. The water clusters
deeper inside the protein are seen to be correlated with the
gate orientation, in which Tyr374, which belongs to the HETx
motif, blocks the water from the cytoplasmic side in the
inactive and GLP1-active state. In the inactive and GLP1-
active state, Tyr374 is oriented toward TM6, while in the FFR-
active state, the orientation is almost opposite. To confirm the
orientation of Tyr374 throughout the simulations, we
performed a clustering analysis of Tyr374 in all three states.
A total of 10,000 structures were taken from the final 100 ns
simulations with a neighbor RMSD cutoff of 0.2 nm. Tyr374
appears in a single cluster, as seen in Figure S7.

The central polar network inside the transmembrane region
has been reported to be particularly important to stabilization
of the active state.16 Residues of the central polar network,
shown in Figures 1 and 7, are conserved residues in class B
GPCRs. Results of previous MD simulations of two active
states of GLP-1R indicate long-lived water structures in this
region that facilitate stabilization of the active state.16 It is
therefore worthwhile comparing dynamics of water molecules
in contact with the central polar network in the inactive and
the active states. We do this by computing the correlation
function for hydrogen bonds, CHB(t), between water and
residues of the central polar network, which corresponds to the
probability that such a hydrogen bond found at some time is
found again a time, t, later.

We plot CHB(t) for hydrogen bonds between water
molecules and the central polar network in Figure 7. We
find that protein-TW hydrogen bonds for the active states relax
far more slowly than for the inactive state. Indeed, protein-TW
hydrogen bond dynamics for the inactive state are comparable
to the relaxation dynamics of water−protein hydrogen bonds
outside the transmembrane region, also plotted in Figure 7.
For the latter, we find no significant difference in the hydrogen
bond dynamics for inactive and active states. However, the
dynamics is slightly slower for the intracellular region
compared to the extracellular region due to a larger fraction
of charged groups in contact with water for the former. In the
intracellular region, the ratio of charged to total residues is
0.35, while it is 0.22 in the extracellular domain. The ratio is
0.30 in the central polar network of the transmembrane region.

To estimate time constants for the relaxation of protein−
water hydrogen bonds for the central polar network region, we
simply consider the time for CHB(t) to reach e−1 (inset to
Figure 7b), yielding time constants for the GLP1-active, FFR-
active, and inactive states of 114.8, 98.2, and 15.1 ps,
respectively. The slow relaxation of TW in the active states
facilitates their stabilization and is consistent with the role of
water-central polar network interactions, which have been
reported to stabilize the active state of GLP-1R.16

4. CONCLUSIONS

We have carried out MD simulations of the inactive and two
active states of GLP-1R, a class B GPCR, one member of a
family of receptors for which structures have only recently
become available. For the two active states, one activated by a
peptide ligand and the other by a small molecule agonist, the
overall transmembrane (TM) structure is similar, though there
are notable differences in some side-chain orientations and
larger structural and dynamic differences in the extracellular
domain (ECD). In the transmembrane central polar network
region, we find strikingly slower water dynamics for the active
states compared to the inactive state. This property is

consistent with relatively long-lived water structures in this
region for active states studied in earlier work,16 consistent
with TW stabilizing the active states, a property also seen
previously for a class A, rhodopsin-like GPCR.6 Despite
different motifs found for class A and class B GPCRs, water
appears to play a similar role in activation.

We have also examined energy transport in the inactive and
two active states of GLP-1R, by computing energy exchange
networks (EENs). Earlier calculations of EENs have shown
how changes in the EENs with ligand binding reveal structural
changes involved in activation,41 including a study of the β2

adrenergic receptor, a rhodopsin-like GPCR.42,76 Similarly, for
GLP-1R, significant changes in the EENs are found among
residues belonging to motifs, where structural changes
important for activation occur. We have also examined how
changes in the EEN upon activation reveal dynamic differences
in the inactive and active states. Important changes in the
EENs also occur where non-covalent contacts remain intact
during activation, but dynamics of the contact change. For
almost all of these contacts, we find an inverse proportionality
between the rate of energy transfer across the contact and
variance in the length of the contact. The change in entropy
associated with changes in dynamics of the contact due to
activation can thereby be estimated from information about
the change in the rate of energy transfer across the contact, a
property that can be measured by time-resolved IR and time-
resolved Raman spectroscopy.29,77−83 For all the contacts
examined here where dynamic but not structural changes
contribute most to the change in the EEN, we find associated
entropy changes of magnitude 1−5 J mol−1 K−1, contributing
significantly to the free energy of activation. We have also
found TW to make important contributions to the EENs of
GLP-1R.

It would be of interest to study other class B GPCRs and
members of the B1 subfamily by MD simulations to better
understand the activation mechanism and allosteric regulation.
Many structures of the 15 members of this subfamily, which
includes GLP-1R, are now known,84 though some antagonist-
bound inactive and apo inactive structures remain unknown. It
is noteworthy that for the known class B1 structures, the main
differences among inactive or active states are the structures of
the ECD; the TM region appears similar for members of this
subfamily, as was the case for the two active states of GLP-1R
studied here despite very different ligands. We therefore expect
similar trends to those we found for GLP-1R to hold for other
class B1 GPCRs. Nevertheless, more detailed studies are
needed, including the role of water, to identify common and
unique structural features important for GPCR function and
future receptor design and allosteric drug development.85
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