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Abstract

G protein-coupled receptors (GPCRs) are important drug targets characterized
by a canonical seven transmembrane (TM) helix architecture. Recent advances
in X-ray crystallography and cryo-EM have resulted in a wealth of GPCR struc-
tures that have been used in drug design and formed the basis for mechanistic
activation hypotheses. Here, ensemble refinement (ER) of crystallographic
structures is applied to explore the impact of binding of agonists and antago-
nist/inverse agonists to selected structures of cannabinoid receptor 1 (CB1R),
(3, adrenergic receptor ($,AR), and A,, adenosine receptor (A,5AR). To assess
the conformational flexibility and its role in GPCR activation, hydrogen bond
(H-bond) networks are analyzed by calculating and comparing H-bond pro-
pensities. Mapping pairwise propensity differences between agonist- and
inverse agonist/antagonist-bound structures for CB1R and $,AR shows that
agonist binding destabilizes H-bonds in the intracellular parts of TM 5-7,
forming the G protein binding cavity, while H-bonds of the extracellular seg-
ment of TMs surrounding the orthosteric site are conversely stabilized. Certain
class A GPCRs, for example, A;,AR, bind an allosteric sodium ion that nega-
tively modulates agonist binding. The impact of sodium-excluding mutants
(D52*%°N, S91°*°A) of A,,AR on agonist binding is examined by applying ER
analysis to structures of wildtype and the two mutants in complex with a full
agonist. While S91**°A exhibits normal activity, D52*°°N quenches the down-
stream signaling. The mainchain H-bond pattern of the latter is stabilized in
the intracellular part of TM 7 containing the NPxxY motif, indicating that an
induced rigidity of the mutation prevents conformational selection of G pro-
teins resulting in receptor inactivation.
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1 | INTRODUCTION

G protein-coupled receptors (GPCRs) are the largest class
of cell surface receptors and responsible for the majority
of signal transduction across cell membranes in response
to extracellular ligands." Many key physiological
responses are regulated by GPCRs and as such they rep-
resent a prominent group of therapeutic targets for a
wide range of diseases.”® The binding of agonists induce
conformational changes at the intracellular cytoplasmic
side of the receptor, which promote downstream signal-
ing cascades mediated by binding of G proteins and other
intracellular effectors such as G protein-coupled receptor
kinases (GRKs) and p-arrestins.”® X-ray crystallographic
structures of genetically modified GPCRs co-crystallized
with agonists, inverse agonist, antagonists, and co-factors
have paved the way for understanding the receptor
activation process.””** The GPCR transmembrane
domain is composed of a canonical transmembrane
(TM) architecture with seven alpha helices in which par-
ticular structural changes can be observed accompanying
activation in the intracellular domain such as elongation
and rotation of TM 5, outward movement of TM 6, and
inward movement of TM 7, resulting in the formation of
a large intracellular crevice.">'° It is hypothesized that
these conformational changes are mediated by a con-
served network of non-covalent contacts whose allosteric
rearrangements define the activation pathways. Of addi-
tional interest are three groups of highly conserved
amino acids (called microswitches) that appear to have
special significance in the activation pathways.'”** The
microswitch motifs reside in TM 3 (DRY), TM 6 (CWxP),
and TM 7 (NPxxY), respectively. Lastly, growing empha-
sis is put on delineating the ensemble nature of receptor
proteins such as GPCRs in order to understand how their
conformational ensembles are shifted between multiple
states responsible for downstream signaling by various
ligands.>*** Numerous biophysical explorations have
supported these hypotheses.**>*

A central glimpse into the molecular basis of GPCR
activation is provided by the wealth of structures that is
becoming available. Unfortunately, static X-ray structures
only reveal part of the biochemical puzzle since a com-
prehensive understanding of GPCR function requires the
grasp of conformational flexibility regulated by ligands,
allosteric modulators, co-factors, etc. Single structure
models derived from X-ray data, “snapshots,” do not ade-
quately account for the inherent, functionally important
dynamics of protein molecules.>® The B-factor is a mea-
sure of the thermal motion of individual atoms—low B-
factors indicate well-ordered parts while large B-factors
indicate less-ordered or flexible parts—but they do not
directly allow for analysis of nonbonded contacts such as

hydrogen bond (H-bond) networks, which are highly rel-
evant to receptor activation and allostery. Thus, accurate
measurements of dynamic properties of GPCRs are essen-
tial in complementing structural information. Experi-
mental techniques such as nuclear magnetic resonance
(NMR) spectroscopy can be used to determine ensembles
of conformational states,””****** and hydrogen-
deuterium exchange-mass spectroscopy (HDX-MS) has
been used to determine changes in the relative solvent
accessibility of amide protons to reveal specific alter-
ations in the energy landscapes of the receptors confor-
mational states.>>**™*

An informative way to model the flexibility present in
a crystallized protein is to represent the structure as a set
of overlapping, noninteracting conformers each account-
ing for a fraction of the total electron density. This can be
accomplished by applying ensemble refinement (ER)****
to model both structure and flexibility based on X-ray dif-
fraction data sets.*” One inherent drawback is that the
dynamics can be restricted by the crystal packing, which
in turn can complicate comparisons across different crys-
tallization conditions (e.g., crystal space groups). Another
drawback is that sometimes-unnatural crystallization
conditions (e.g., low temperature), receptor modifica-
tions, and thermo-stabilization strategies (e.g., co-
crystallization of proteins or antibodies) introduced to
facilitate crystallization. However, it is worth stressing
that previous studies strongly support the reliability of
using ER for evaluation of protein flexibility, potential
improvement of Rfree/Rwork measures of model refine-
ment quality,”” and that good agreement has been estab-
lished between both ER and NMR results as well as ER
and biochemical results for highly allosterically regulated
proteins.®>>>® We remark that information about (de)sta-
bilization of the receptor structure with direct influence
on the GPCR activation mechanism is retained to a larger
extent than what is typically appreciated. Furthermore,
the (de)stabilization patterns reveal quantifiable foot-
prints of receptor activation, allostery, and biased signal-
ing through their manifestation in the rigidity (plasticity)
character of the receptor structure and dynamics.

The aim of the present study is to identify quantifi-
able footprints of altered dynamics or allostery in GPCR
X-ray structures that have been crystallized in active
(agonist-bound) versus inactive (antagonist/inverse
agonist-bound) conformations by means of ER analysis.
Such an analysis typically produces an ensemble of
30-100 structures for each corresponding static crystal
structure that will be scrutinized in terms of interaction
patterns that can facilitate activation or allostery: For
instance, it is known that main chain hydrogen-bonded
structural elements (like o-helices, fB-sheets, or p-turns)
can be attributed to 75% of the protein conformation,
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with the remaining residues participating in both addi-
tional intramolecular hydrogen bonding and hydrogen
bonding to water.”’ In addition, embedded water and
some of the networks formed by water molecules in turn
appear to be evolutionarily conserved among diverse
GPCRs, which possibly contribute to mediating both
state-dependent and state-independent interactions as
well as swelling upon activation.”®®* Due to their inher-
ent importance in not only stabilizing the receptor struc-
ture, but also governing the ensemble dynamics upon
ligand-binding, changes in H-bond strength and flexibil-
ity upon ligand binding are likely to reveal structural fin-
gerprints of changed dynamics or allostery.

The paper is organized as follows. First, ER analyses
of the differences in dynamics induced by binding of ago-
nists and tight-binding antagonists to the cannabinoid
receptor 1 GPCR (CB1R) and §, adrenergic GPCR (,AR)
show that agonist binding destabilizes the H-bonds of the
intracellular parts of TM 5, 6, and 7, allowing conforma-
tional selection of G proteins. The H-bonds of the extra-
cellular segment of the TMs surrounding the orthosteric
site are conversely stabilized. Further, the H-bond pattern
is found altered in the vicinity of the microswitch motifs
DRY, CWxP, and NPxxY when an agonist-bound CB1R
ensemble is compared to that of antagonist bound. Sec-
ond, certain class A GPCRs, for example, A,,AR, bind an
allosteric sodium ion which negatively modulates agonist
binding. The impact of sodium-excluding mutants
(D52*°N, S91°*°A) of A,,AR on agonist binding is
examined by applying ER analysis to structures of wild-
type and two mutants in complex with the same full ago-
nist.'? While S91**A exhibits normal activity, D52*°°N
quenches the downstream signaling. The main chain H-
bond pattern of the latter is stabilized in the intracellular
part of TM 7, which contains the NPxxY motif, indicating
that an induced rigidity of the mutation prevents confor-
mational selection of G proteins resulting in receptor
inactivation. The stabilized H-bond patterns of the
mutants are consistent with their increased temperature
stability.

2 | RESULTS AND DISCUSSION

The structural information obtained for GPCRs is largely
based on X-ray structures of receptor molecules that are
slightly modified (e.g., thermostabilizing mutants, fusion
to helper molecules) which in turn may influence their
static X-ray conformation. However, recall that these
modified GPCRs display similar ligand binding properties
as those of their parent receptor,” strongly indicating that
conformations observed in X-ray structures are similar to
their native reference and hence functionally relevant. As

always when discussing the structures resolved in a crys-
tal environment, close contacts caused by packing repre-
sents an inherent problem. However, the TM regions of
the GPCRs that we are investigating are distant from
neighboring molecules in the crystal as we shall illustrate
in upcoming sections.

The ER analysis attempts to model structures as well
as flexibility based on X-ray diffraction data by represent-
ing the structure as a set of overlapping, noninteracting
conformers.**™*® In the present work, ER analysis has
been applied to three class A GPCRs: CBIR,"*>**
B,AR,> % and A,,AR'™*® to elucidate differences in
flexibility and allostery induced by agonist- and
inverse agonist-binding. The observations from ER ana-
lyses are supported by principal component analysis
(PCA) on multiple independent molecular dynamic
(MD) trajectories.

First, we explore structures of CB1R and f,AR in
complex with agonists and antagonist/inverse agonist to
identify differences in H-bond patterns between active
and inactive receptor conformational ensembles. Struc-
tures of the same construct of CBIR bound to agonist®
and a tight-binding antagonist®® are undertaken. The
CBI1R structures were resolved by the same laboratory
and have the same resolution (2.8 A), albeit crystallized
in different space groups (Table S1). The CB1R construct
was genetically modified and fused with flavodoxin as
fusion protein-partner.

Next, we examine (,AR structures in complex with
an agonist® and a partial inverse agonist.”® These struc-
tures represent an example of some complexity. Both
modified receptor constructs are fused with T4-lysozyme,
however the agonist-bound complex contains an addi-
tional stabilizing nanobody. Further, the space groups
are different.

Finally, we study the impact of sodium ion-excluding
mutants in A,oAR by analyzing structures of both the
wildtype and the two sodium ion-excluding mutants of
A,AAR in complex with the same agonist.'* An identical
A2 AR construct (apart from the single point mutation in
each mutant structure) is used and crystallization occurs
in the same space group.

2.1 | H-bond network change is key in
the activation mechanism of CB1R

In Figure 1a-d (left half), data from the static X-ray struc-
ture, ER analysis, crystallographic B-factors, and crystal
contacts for the active conformation of CB1R with a
bound agonist, AM11542 (PDB ID: 5xra) are reviewed. In
the right half of Figure le-h, similar data for the inactive
conformation of CB1R with a tight-binding antagonist
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Cannabinoid receptor w/antagonist (5tgz)

Cannabinoid receptor w/agonist (5xra)

Crystal

FIGURE 1

Contacts, 4A

ER

Crystal
contacts, 4A

Overview of structures from ER analysis, static X-ray structure, crystallographic B-factors, and crystal contacts for CBIR

with a bound agonist, AM11542 (PDB ID: 5xra) (a—d) and for CB1R with a bound antagonist, AM6538 (PDB ID: 5tgz) (e-h). (a and e) The
static X-ray structures in green (cartoon), agonist/antagonist in purple, and lipids in blue. (b and f) Crystallographic B-factors shown as putty

models, agonist/antagonist in purple, and lipids in blue. (c and g) Structures from ER analysis (green, in ribbon presentation), agonist/

antagonist in purple, and lipids in blue. (d and h) Surface presentations of close crystal contacts, surface of atoms closer than 4 A to a

neighbor in the crystal lattices in red. The position of the membrane bilayer has been indicated by a blue (red) grid depicting extracellular

(intracellular) membrane surface calculated using the PPM server.”® The intercellularly bound domain is flavodoxin. CB1R, cannabinoid

receptor 1; ER, ensemble refinement

AM6538 (PDB ID: 5tgz) are shown. The position of the
membrane bilayer has been indicated by a blue (red) grid
depicting extracellular (intracellular) membrane surface
estimated using the PPM server.”®

The presence of different ligands induces formation
of the dissimilar crystal space groups, crystal contacts,
and relative orientations of the receptor fused with flavo-
doxin (Figure 1d,h). The changed crystal contacts may
potentially influence the H-bond patterns. However, the
main chain H-bonds, which are embedded in the recep-
tor structure and are of primary importance to our ana-
lyses, are in little to no contact with neighboring
molecules particularly in the TM regions. Thus, the
potential of crystal-contact artifacts are minimal and can
be considered largely inconsequential to the main conclu-
sions of this work. The precise details of this argument
are provided for the individual GPCR systems below in
their corresponding sections.

The calculated main chain H-bond propensities, P,
are shown for the CBI1R ER structures bound with

agonist (PDB ID: 5xra, -P, red dots) and antagonist (PDB
ID: 5tgz, P, black dots) versus residue number (Figure 2).
The propensity of a H-bond was determined as the num-
ber of ER structures in which it was present relative to
the total number of structures in the ER ensemble to
yield a propensity value in the range from 0 to 1, with the
latter signifying its presence in all structures. Further, in
Figure 2 the H-bond propensity differences AP
(=Pagonist = Pantagonist) versus residue number for CBIR
are shown as green dots. Negative (positive) values of AP
indicate weakened (enhanced) H-bonds for agonist struc-
tures compared to antagonist structures. TMs are indi-
cated by vertical black, dotted lines. The histogram to the
right in Figure 2 depicts the AP densities. The AP density
distribution resembles a normal distribution, possibly
with long tails. However, the outliers H-bond APs, as
determined by a cut-off that can be set to |AP|> 0.5
(above (below) the upper (lower) dotted horizontal lines)
are of particular interest. This cut-off value for |AP| is
appropriate for the ER ensembles, consistent with our
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FIGURE 2

Comparison of H-bond propensities P, for CB1R ER structures with agonist (PDB ID: 5xra, -P, red dots) and antagonist (PDB

ID: 5tgz, P, black dots) versus residue number. H-bond propensity differences AP (=Pagonist — Pantagomst) versus residue number for CB1R in
green dots. Negative (positive) values of AP indicate weakened (enhanced) H-bonds for agonist structures compared to antagonist structures.
Transmembrane helices are indicated by vertical black, dotted lines. The red and blue ovals are added to guide the eyes towards important

clusters. |AP| values larger than 0.5 are mapped to the X-ray structure (PDB ID: 5xra) in Figure 3. The histogram to the right depicts the AP

densities. CB1R, cannabinoid receptor 1; ER, ensemble refinement

earlier work™® and it can be justified by performing a
visual normality test (the quantile-quantile, or Q-Q, plot).
We remark that a similar analysis of MD simulation
results appears to necessitate setting a lower cut-off
according to the same normality criterium. It is plausible
that this either could be because of limited sampling in
usual trajectory lengths or the force field's tendency to
over-structure secondary structure elements, such as heli-
ces.”"”? The red and blue ovals in Figure 2 are added to
guide the eyes towards important clusters. Interestingly,
the main chain H-bonds within red ovals are confined to
the intracellular regions of TMs 5, 6, and 7, while those
within blue ovals are confined to the extracellular regions
of TMs 1 and 7, and helix 8. In order to compare ensem-
bles obtained from different structures, the difference in
propensities is mapped to the B-factor column in an
appropriate structure and color-coded accordingly (from
blue, AP = 1, to red, AP = —1), using the python script
data2bfactor.py executed from PyMOL.

In Figure 3, the transition of CB1R from antagonist to
agonist binding mode is illustrated in terms of propensity
differences (AP) mapped to the agonist-bound structure
of CB1R (CBIR is shown as the green cartoon ribbon and
the agonist as a purple sticks). In Figure 3a, main chain
donor atoms (N) and acceptor atoms (O) are colored
according to AP in the range from —1 (red) to 1 (blue),

corresponding to stabilization or appearance of a hydro-
gen bond (AP > 0, blue) or destabilization or disappear-
ance of a hydrogen bond (AP < 0, red). Only values of
|AP| > 0.5 are mapped onto the receptor structure since
they are deemed unlikely to be due to random chance
given the AP distribution as argued above. The upper,
extracellular part of TMs 1, and 7 (forming parts of the
orthosteric site) as well as helix 8 are stabilized, AP > 0.5
(blue spheres), AP < -0.5 (red spheres). Destabilizations
are observed in the lower, intracellular part of the recep-
tor, particularly in TMs 5, 6, and 7. In contrast helix 8 is
stabilized. In Figure 3b, the changes in main chain/side
chain H-bond are depicted. The stabilizations are in the
upper part of the receptor, whereas the destabilizations
are in the lower part of the receptor, both corresponding
to a |AP| greater than 0.5. Changes in H-bond propensi-
ties for side chain/side chain interactions are elucidated
in Figure 3c. Note that the rms deviations for ligands in
the orthosteric sites (agonists and antagonists) are, in
general, low (less than 0.2 A). It is remarkable that most
propensity changes are observed for mainchain H-bonds
that are primarily confined to TMs. This reflects the rear-
rangements of the helix orientations in the active versus
inactive receptor conformations. The destabilization or
increased mobility of main chain H-bonds of the intracel-
lular parts of TMs 5, 6, and 7 is interpreted as a footprint
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Main chain/main chain
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FIGURE 3

|AP[>0.5

Main chain/side chain
hbonds

Transition of CB1R from antagonist mode to agonist mode in terms of propensity differences (AP) mapped to agonist-bound

structure of CB1R (PDB ID: 5xra, green cartoon, agonist purple stick model). (a) Main chain donor atoms (N) and acceptor atoms (O) are
colored according to AP in the range from —1 (red) to 1 (blue), corresponding to stabilization or generation of a hydrogen bond (AP > 0,
blue) or destabilization or disappearance of a hydrogen bond (AP < 0, red). Only values of |AP| > 0.5 are mapped since they unlikely to be
due to chance. The upper, extracellular part of the receptor as well as helix 8 are stabilized, AP > 0.5 (blue spheres), AP < —0.5 (red
spheres). Destabilizations are observed in the lower, intracellular part of the receptor, particularly in TM3, 5, and 6. (b) Main chain/side
chain H-bond changes. Stabilizations in upper and destabilizations in lower part of the receptor, |AP| > 0.5. (c) Side chain/side chain H-

bond changes. CB1R, cannabinoid receptor 1; TM, transmembrane

of the allosteric action of the agonist and suggests
increased flexibility of this part of the receptor, allowing
various heterotrimeric G proteins or effectors such as
GRKs and further p-arrestins bindings to cytoplasmic
side, conveying the signaling diversity. Interestingly, ana-
lyses and comparisons of the H-bonds in the static ago-
nist and antagonist-bound structures lead to a somewhat
different picture. In Figure S1 the H-bond differences
between the static structures have been mapped to the
agonist-bound structure and compared to the data pre-
sented above. The clustering of the main chain H-bonds
observed resulting from the ER analysis is not present in
the X-ray analyses where differences are evenly distrib-
uted without any clusters.

According to the prevailing activation hypotheses, the
conformational changes observed at the cytoplasmic side
of the receptor are orchestrated by rearrangements in the
microswitch motifs: CWxP in TM6, DRY in TM 3, and
NPxxY in TM 7, where the last two microswitches are
engaged in forming the G protein-binding site. TM 2 has
recently been implicated in the allosteric modulation of
CBIR.” The changed H-bond patterns in the vicinity of
the microswitch motifs are visualized in Figure 4, where
the DRY, CWxP and NPxxY are highlighted in gray rect-
angles. The active structure exhibits changed H-bond

patterns close to the microswitches as compared with
those in the inactive structure.®>%* In the DRY motif, the
canonical salt bridge D213*%°-R214>>° is absent in the
active X-ray structure with a corresponding H-bond pro-
pensity of 0 in the ER ensemble, but even though present
in the inactive X-ray structure, it has a reduced H-bond
propensity of 0.7 in the ER ensemble (the numbers in
superscript denote the amino acid positions according to
Ballesteros and Weinstein notation’*). The side chain H-
bond R214*°°NH2-Y224>%°OH is absent in active X-ray
structure with propensity of 0, while it is present in inac-
tive X-ray structure with propensity of 0.53. The main
chain H-bond R214°°°0-1218*>*N is destabilized: present
in active and inactive X-ray structures, however with a
propensity of 0.33 for the active ensemble and propensity
of 1 for the inactive ensemble. In contrast, the main
chain H-bond A210**°0-D213**’N is stabilized in the
active structure (present in X-ray with a propensity of 0.7
in ER ensemble) while it is missing in the inactive X-ray
structure with a propensity of 0 in the ensemble. In the
neighborhood of the toggle switch motif CWxP (includ-
ing F200°3°) the H-bonds for V350°**0-1353°*N and
$199°2°0-5203*3*°0G are destabilized in the active struc-
ture (missing in the X-ray structure, H-bond propensity
in ER is 0), but present in the inactive X-ray structure (H-



MADSEN ET AL.

THE
PROTEIN 7 of16
@ SOCIETY_WI LEY

FIGURE 4 The H-bond propensity differences (AP) mapped to active structure of CB1R (PDB ID: 5xra). The vicinity of the microswitch
motifs DRY, CWxP, and NPxxY highlighted in rectangles. Active structure has changed H-bond pattern close to microswitches as compared
to inactive structure. In the DRY motif the canonical salt bridge D213>°-R214>*, the side chain H-bond R214**°NH2-Y215**'OH and main
chain H-bond D213*%°-0-1218**N are destabilized while main chain H-bond A210**°0-D213**’N is stabilized. The toggle switch motif
CWxP including F200*¢ exhibits main chain H-bond destabilization for 1353°*°N-V350%*?0 and V196>320-S199**°N, and for side chain H-
bond $199**°0-5203**°0G while main chain H-bond T201**°0-V204>3°N and side chain H-bond T201**0G1-W279°**NEI1 are stabilized.
For the NPxxY the main chain H-bond P3947°0-A398">*N has shifted to P3947°°-L.3997>°N destabilized while Y397”->0-R400”-%°N is

stabilized. CB1R, cannabinoid receptor 1

bond propensity 0.6). The main chain H-bond
V196*3*20-5S199**N is present in both X-ray structures
but H-bond propensity is 0.13 in the active structure
and 0.735 in the inactive structure. The main chain
H-bond T201°2°0-V204**N and side chain H-bond
T201*3°0G1-W279>**NE1 are stabilized that is, present
in the active X-ray structure (H-bond propensities 0.97
and 0.73, respectively) and missing in the inactive struc-
ture. For the NPxxY, the main chain H-bond P3947-°°0-
A398”>*N has shifted to P3947°°0-L3997°N while
Y3977°0-R400"°N is stabilized. Qualitatively, the
observations based on X-ray structures and ER are simi-
lar, but ER analysis reflects the plasticity of the protein.

2.2 | The influence of microswitch
motifs on receptor conformational
transition activation of f,AR

The results obtained for CB1R encouraged us to look into
another system where the GPCR has been crystallized in
complex with agonist as well as antagonist. We choose to
consider one of the most intensively studied receptors,

the B,AR. The agonist-bound structure (PDB ID: 4lde,
resolution: 2.8 A) has a T4-lysozyme fused to ICL3 and
was co-crystallized with a nanobody, while the
antagonist-bound structure only has T4-lysozyme fused
to ICL3 (PDB ID: 2rhl, resolution: 2.4 A). From
Figures S2d,h, it can be seen that the TM regions does
not have close contacts to their neighbors in the crystal.
The same ER procedure as used for CB1R was applied. A
summary comparing structural aspects of available X-ray
structures can be seen in Figure S2.

The calculated main chain H-bond propensities, P,
are shown for 3,AR ER structures with agonist (PDB ID:
4lde, -P, red dots) and antagonist (PDB ID: 2rh1, P, black
dots) plotted versus residue number (Figure S3). The H-
bond propensity differences AP versus residue number
are shown in green dots. Negative (positive) values of AP
indicate weakened (enhanced) H-bonds for agonist struc-
tures compared to antagonist structures. TMs are indi-
cated by vertical black, dotted lines. The histogram to the
right in Figure S3 depicts the AP densities. The red and
blue ovals in Figure S3 are added to guide the eyes
towards important clusters. Interestingly, the main chain
H-bonds within red ovals are confined to the intracellular
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regions of TMs 5, 6, and 7, thus similar to what was
observed for CBI1R, while those within blue ovals are
confined to the extracellular regions of TMs 4 and 7. In
Figure S4, the AP values are mapped to the active and
agonist-bound structures. The similarities of the patterns
seen in Figure 3 for the intracellular parts of TMs 5, 6,
and 7 are striking.

In Figure S5, the H-bond propensity differences (AP)
are mapped to active structure of f,AR. Again, the vicin-
ity of the microswitch motifs DRY, CWxP, and NPxxY
are highlighted in gray rectangles. The active structure
has changed H-bond pattern close to the microswitches
as compared to the inactive structure. In the DRY motif,
the salt bridge D130>%°-R131>*° is absent, main chain H-
bond V129**¥0-Y132°°'N and side chain H-bond
D130°*°0D1-S1433*°°0G are destabilized while side
chain H-bond T68>*°0G1-R131**°NH1 is stabilized. In
the CWxP motif, the two main chain H-bonds F282%**0-
C285°*N and P288°°°0-1291°°*N are present in the
inactive X-ray structure, but missing in the active X-ray
structure, while those of T281%*0-C285%*'N, T283%%°0-
W286°*N, and W286°**0-F290°°°N are present in both
active and inactive X-ray structures. The propensities for
the two former main chain H-bonds are 0.2-04 (active)
and 0.8-1.0 (inactive), and 0.6-0.7 (active) and 1 (inactive)
for the last three. Hence the H-bonds are somewhat
destabilized in the ensemble of active structures. Interest-
ing, the H-bonds flank P288%°, suggesting its hinge func-
tion. In NPxxY, Y3267°°0-S329"°°N and N318"*°0-
N3227%N are destabilized.

The observed destabilizations of the intracellular
parts of TMs 5, 6, and 7 in the present study have been
supported by HDX-MS experiments that show binding of
an agonist to P,AR results in enhanced deuterium
exchange,®® indicating less protected H-bonds compared
to that of apo P,AR for the intracellular region of TM
6. In contrast, binding of an inverse agonist resulted in
reduced deuterium exchange, indicating more protected
H-bonds of the intracellular parts of TMs 5, 6, and 7. Fur-
ther, NMR experiments show that agonist binding
increases the structural heterogeneity of $,ARs cytoplas-
mic domains.*® These observations are consistent with
the results presented here and supports the notion that
footprints of changed flexibility and allostery can be
detected by ER analysis of X-ray diffraction data. It is par-
ticularly interesting that TMs 5, 6, 7 are destabilized for
B2AR because its active agonist structure apart from
being fused to T4-lysozyme also contains a stabilizing
nanobody. Furthermore, MD simulations of B,AR in
active and inactive conformations indicate that the
agonist-bound structure shows a more dynamic state for
TMs 5, 6, and 7 than that of an inverse agonist-bound
state in agreement with the results of the present

analysis."”® An analysis of H-bond propensity differences
of MD trajectories deposited in GPCRmd’” for a compari-
son with the propensity differences calculated from the
ER ensembles was performed (Figure S6). It is recognized
that the simulated differences main chain/main chain H-
bond propensities between agonist- and antagonist-
bound trajectories (Figure S6a) are much smaller than
those seen in the corresponding ER ensemble
(Figure S3). This might be due to limited sampling
(3 x 500 ns) or because of the tendency of MD force
fields to over-structure secondary structure elements,
such as helices.”"”* Intriguingly, however, there appears
to be changes commensurate with those observed in the
NPxxY motif of TM 7 (Figure S6b).

2.3 | Agonist and antagonist binding
affect dynamics differently

Encouraged by the observed differences in H-bond stabil-
ity for agonist and antagonist-bound structures, we com-
plemented the H-bond analysis with PCA on the ER
structures obtained for the two receptor systems consid-
ered above. PCA is a useful technique for reducing the
dimensionality of general applicability, case in point
being analysis of MD simulations and ER data.”** Since
the H-bond analysis indicated different stability in the
upper and lower parts of the receptors, PCA was per-
formed separately on the upper (extracellular) and the
lower half (intracellular) of the TM region of the
receptors. The selection of upper and lower half was
based on the TM definitions in GPCRdb* by dividing
each TM in two equal-sized halves with only minor mod-
ifications (see Table S2 for the exact definitions). The
analysis reveals that the active and inactive ER structures
exhibit different amount of variation in their respective
essential subspaces gauged by the two major principal
components.

In Figure 5a,b (5c,d) the first two principal compo-
nents are shown for CB1R (B,AR), where Figure 5a
(5c) are the results from the lower TM region and
Figure 5b (5d) are the results from the upper TM region.
Results from active (inactive) conformations are in green
(red) dots. Qualitatively, the two receptors react in much
the same manner upon agonist and antagonist binding,
respectively. For the lower TM region, the active confor-
mations exhibit a larger essential-subspace variability
compared to those of inactive conformations, indicating
larger plasticity. In contrast, the smaller subspace of the
inactive conformations indicate antagonist induced
rigidity in the lower TM region. The opposite is seen for
the upper TM region. Here, the inactive conformations
span a somewhat larger subspace than the active



MADSEN Er AL. PR 9 0f 16
B saen-WiLEY-L e
Intracellular Extracellular
30 (a) ° Activ_e (5xra) 30 (b) ° Activ_e (5xra)
@ Inactive (5tgz) © Inactive (5tgz)
201 201
101 .o, 10
° .' .0 ° .
° %0 ° %
® °
—10+ ¢ —-101
—20 —201
ER ER
~30 : : : : : -30 : : : : :
-30 -20 -10 O 10 20 30 -30 -20 -10 O 10 20 30
PC1 PC1
30 © Active (4lde) 30 ©® Active (4lde)
(C) ® Inactive (2rh1) (d) ® Inactive (2rhl)
201 . 20+
10 R 10 L .
) ® ‘.: o e o °
N L) ™~ e o0 oo
Q 0 >y, " . QO 0 o8 .’bl ¥ J
® L
p— 1 0 4 L4 Y _ 1 0 ] @
—201 gR ~2%1 gr
%30 20 -0 0 10 20 30 23 —20 -10 0 10 20 30
PC1 PC1
30 ©® Active (4lde:P0OG) 30 ® Active (4lde:POG)
(e) @ Inactive (5jqgh:carazolol) (D © Inactive (5jqgh:carazolol)
20+ 20+
10 10
O o O o
—10+ —10
—20 —20
MD MD
93 20 10 0 10 20 30 930 20 10 0 10 20 30
PC1 PC1
40 (g) ® Inactive: MD ptf. from pool(all) 40 (h) ® Inactive: MD ptf. from pool(all)
Active: MD pt. from pool(all Active: MD pt. from pool(all
30 1 ® Inactive: ERppt. fromppoo(l(al)l) 30 1 ® Inactive: ERppt, fromppoo(l(al)l)
20 | ® Active: ER pt. from pool(all) 20 ] @ Active: ER pt. from pool(all)
°8
10+ e 10
N o~
S 0 ‘ 9 0
—10 —10
—20 —20
—301 ER+MD —301 ER+MD
—40 —40

FIGURE 5

=40-30-20-10 O 10 20 30 40

PC1

Legend on next page.

=40-30-20-10 O 10 20 30 40

PC1

1490

yved



MADSEN ET AL.

100f16 PROTEIN
wotts | \W1LE Y49 ERoren

conformations. The observed difference in conforma-
tional flexibility in the lower TM region supports the
notion of conformational selection of effector proteins.

Analysis of MD trajectories deposited in GPCRmd””
strongly supports the results from the ER analyses in
terms of the above phenomena. The relevant simulations
offering points of comparison with ER of $,AR were
those of apo and agonist-bound (PDB ID: 4lde, simulated
without and with agonist) as well as simulations with
inverse agonist-bound (PDB ID: 5jgh). The analysis was
carried out in a similar fashion to that of the ER ensem-
bles (for the three available replicas of length 500 ns for
each structure). In Figure 5e,f results from PCA per-
formed on MD trajectories (first replica) are shown where
data from active conformations are represented in green
dots and those of inactive conformations are in red dots.
For the TM lower (intracellular) region, the MD simula-
tion data (Figure 5e) show the same qualitative behavior
as obtained for the corresponding analysis of the ER
structures (Figures 5a,c). Hence, the larger subspace
spanned by the active MD conformations indicate
agonist-induced plasticity, which is in contrast to the
smaller subspace for the inactive conformations induced
by the inverse agonist. The smaller subspace reflects the
rigidity of the inactive conformations. In Figure 5f, PCA
data for the upper (extracellular) region shows that the
active conformations span a smaller subspace than that
of the intracellular region supporting the observation
obtained from the ER structures. However, in Figure 5f,
the subspaces spanned by the active and inactive MD
conformations, obtained from the first replica, are of
same size, which is in contrast to what is seen for the ER
structures in Figures 5b,d. In Figure S7, PCAs are shown
for the remaining MD replicas. Results for the intracellu-
lar region resemble those of Figure 5e. However, for the
extracellular region the subspaces spanned by the inac-
tive conformations are smaller than those of active con-
formations. A likely explanation for this observation is
that the ER structures are restrained by an extracellularly
bound nanobody (see Figures Sla-d), which is lacking in
the MD simulations.

While we have interpreted the relative trends of con-
formational flexibility between the intra- and extracellu-
lar segments of the receptors and made drawn parallels,
we note that it would not be correct to directly compare
PCAs performed on sets of structures gathered by differ-
ent means (even of different receptors) and analyzed
independently. Instead, for a direct comparison between
the conformational spans observed in ER and MD simu-
lations, we have performed PCA on the pooled dataset
for p,AR (Figure 5gh). The configurations sampled by
MD and resolved by ER exhibit overlap within each of
the distinct groups (active vs. inactive; intracellular
vs. extracellular), consistent with the results and interpre-
tations alluded to in the above. Additionally, it can be
seen that active conformations are separated from the
inactive conformations only for the intracellular part of
the receptor (Figure 5g). All data points exhibit overlap
for the extracellular region (Figure 5h). In Figure S8, tra-
jectories from the MD simulations of apo and agonist-
bound P,AR have been analyzed and compared. The
agonist-bound conformations show larger conformational
plasticity than the apo structures both for the extracellu-
lar and intracellular regions.

2.4 | Agonist binding in sodium-ion
excluding A;,AR mutants

Certain class A GPCRs are known to bind an allosteric
sodium ion and the resulting allosteric effect is believed
mediated largely by the negatively charged D*°.'> While
most receptors undergo a ligand-dependent activation/
deactivation, some sodium can compete with agonist
binding.*>** A,AAR is a prime example of a GPCR that
is allosterically regulated by sodium."?

Here, ER analysis is applied to structures of wildtype
and two sodium excluding mutants of A;oAR in complex
with the same agonist. The structures investigated are
unique in that the same molecular construct (apart from
the single point mutations) are crystallized in the same
space group, making this system particularly well-suited

FIGURE 5

Results from PCA of ER structures of CB1R (a and b) and ,AR (c and d). (a and c¢) Intracellular—lower TM half; (b and d)

Extracellular—upper TM half. The plots show the first (PC1) and the second (PC2) principal component against each other. Results from
active structures (PDB ID: 5xra and 5tgz) in green dots and from inactive structures (PDB ID: 4lde and 2rh1) in red dots. The active
structures exhibit larger subspace (plasticity) than the inactive structures for lower TM halves (a and c), while for the upper TM halves the
inactive structures exhibit larger subspace. Panels e (intracellular) and f (extracellular) depict results of PCA of MD trajectories for p,AR.
Active conformations (starting structure PDB ID: 4lde) in green; inactive conformations (starting structure PDB ID: 5jgh) in red dots. Panels
g (intracellular) and h (extracellular) show results for PCA analyses on pooled datasets of ER and MD for ,AR. Active conformations in
green and cyan dots for ER and MD, respectively; inactive conformations in red and purple dots for ER and MD, respectively. f,AR, f,
adrenergic receptor; CB1R, cannabinoid receptor 1; ER, ensemble refinement; MD, molecular dynamics; PCA, principal component analysis;

TM, transmembrane
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for studying the isolated impact of sodium-ion-excluding
mutations in the ion-coordinating residues and shed light
on the mechanisms of allostery in the receptor’ (see
Table S1). One mutant (S91°>°A) exhibits normal activity
while the other (D52>°°N) inhibits activity measured by
agonist (UK432097)-induced cAMP accumulation. The
same ER analysis as above is applied on wildtype (PDB
ID: 3qak, resolution 2.7 A), and mutant S91>*A (PDB
ID: 5wf6, resolution 2.9 A) and D52%°°N (PDB ID: 5wf5,
resolution 2.6 A).'* All three structures have the full ago-
nist UK432097 bound.

In Figure 6, the main chain H-bond propensity differ-
ences between the mutant structures and wildtype A;4R
have been mapped to the structure of the D52*°°N
mutant (PDB ID: 5wf5, Figure 6a) as well as to that of the
S91**A mutant (PDB ID: 5wf6, Figure 6b). The red
arrows point to the position of the mutations. As above,
blue and red spheres depict donor and acceptor atoms
with |AP| > 0.5, blue >0, red <0. Notable AP differences
are seen when the mutants are compared to wildtype.
Red ovals encircle the intracellular part of TM 7 harboring
the microswitch NPxxY motif, where the major differ-
ences are observed. In the D52*°°N mutant, the AP for
main chain H-bonds V2837**0-1287"°°N and N280"*°0-
N2847*N is 0.6, while that of F286"°'0-A289"*N is
0.84. Further, the side chain N24'*°ND2 shifts H-bond
partner from V2827*70 to its neighbor $2817*°0, which
establishes another H-bond to N52>°°ND2 to stabilize the
changed bulge conformation of TM7.

In Figure S9, the H-bond network of an antagonist-
bound inactive structure of wildtype A;,AR (PDB ID:

(a)

FIGURE 6

4eiy, resolution 1.8 A) has been compared to H-bond net-
works of D52%°°N and S91°*°A mutants. Note, in con-
trast to the three structures discussed above this structure
contains an allosteric sodium ion. The AP differences are
not as pronounced as in Figure 6 which may be explained
by the presence of the sodium ion in 4eiy. However, in
Figure S9b H-bonds flanking the NPxxY motif in TM
7 (V2837“8N- N28074°0 and Y2907°N-F2867'0) are
destabilized compared to those in Figure S9a. In TM 6 H-
bonds in Figure S9b (S234%?°N-A231°°0 and K233°*°N-
H230%%%0) are also destabilized compared to those in
Figure S9a. Hence, the active mutant, S91>*°A, is more
destabilized than the inactive structure, D52*°°N, in
accordance with the observations above. Hence, the
D52%°°N mutant is primarily captured in an inactive con-
formation stabilized by an enhanced H-bond network.
This finding is supported by NMR spectroscopy studies
which showed that D52*°°N mutant has an altered con-
formational dynamics intercellularly without changing
the receptors conformation extracellularly.'* In S91°*°A
(Figure 6), the corresponding APs are less than 0.2, sug-
gesting that this part of TM 7 is stabilized by the D52*°°N
mutant. Interestingly, this observation as well as the
observation of changed C, positions fit with observation
that the D52*°°N mutant has increased temperature sta-
bility.'? Specifically, the change in melting temperature,
AT,,, for D52*°°N is 8°C larger than the ATy, for wild-
type and S91°°°A, while it is 6°C larger when they are
bound to UK432097. The stabilization of this vital region
of the receptor indicates an induced rigidity conferred by
the mutation, which prevents proper conformational

Comparison of agonist-bound structures of A,,AR mutations excluding the allosteric sodium to the structure of agonist-

bound wt in terms of propensity differences (AP) mapped to mutant structure (a) D52*°°N (5wf5) and (b) $91°*°A (5wf6). The red arrows
point to the position of the mutations and red ovals depict the part of TM7 which contains the NPxxY microswitch motif. In (a) (D52>°°N)
the AP for mainchain H-bonds V2837*¥0-12877*°N and N2807**0-N284"*N is 0.6, while that of F286">'0A2897>*N is 0.84. In

(b) corresponding |AP|s are less than 0.2. There are no observed changes in TM 7. So, this part of TM 7 is not stabilized in contrast to what is

observed for the mutant D52N. TM, transmembrane
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selection of G proteins. It is of further note that analysis
of structures of thermophilic and mesophilic proteins
show consistent increase in the number of H-bonds with
increased thermostability.”*

2.5 | Conclusion and outlook

ER analysis has been applied on available X-ray crystallo-
graphic structures of CBI1R, p,AR, and A,,AR co-
crystallized with agonists and antagonist/inverse agonists
representing active and inactive conformations, respec-
tively. Our results support the notion of a conformational
selection mechanism when GPCRs bind G proteins or
molecular effectors and might reflect their preferences
for different G proteins and consequently affect the
capacity for biased signaling. However, the observed
changed H-bond patterns and plasticities between active
and inactive states do not reveal which specific effectors
bind in the active state.

Analysis of APs showed that the transition of CB1R
and B,AR from their antagonist-bound (inactive) confor-
mation to the corresponding agonist-bound (active) con-
formation results in destabilization of H-bonds in the
intracellular parts of TM 5, 6, and 7. In particular, main-
chain AP shifts are observed in the vicinity of the micro-
switches. In CBI1R, the DRY motif has two changed main
chain H-bonds, the CWxP and NPxxY motifs has three
each while for f,AR the corresponding changes are one,
two and two, respectively. These shifts reflect the changes
in TM orientations and probably support the enhanced
mobility of the intracellular region. It is noteworthy that
the overall destabilizations of the intracellular regions of
the two examined systems are alike, even though some
details differ.

PCA analysis performed on the ER ensembles as well
as available MD simulation data support that the active
and inactive structures exhibit different essential sub-
space variations. For the lower (intracellular) TM region,
the active conformations exhibit a larger subspace com-
pared to those of inactive conformations, indicating
larger conformational plasticity. In contrast, the smaller
subspace of the inactive conformations indicates
antagonist-induced rigidity in the lower TM region. The
opposite is seen for the upper (extracellular) TM region.
Here, the inactive conformations span a somewhat larger
subspace than the active conformations. The observations
are supported by HDX-MS experiments, which revealed
that binding of an agonist induced the largest degree of
conformational plasticity in the intracellular region while
an inverse agonist was shown to be the most stabilizing
agent.

The impact of sodium-ion binding on A,,AR was
examined by applying ER analyses to structures of wild-
type and two sodium excluding mutants of A,,AR in
complex with same agonist. One mutant, S91°*°A,
exhibits normal activity while the other, D52**N
inhibits activity. The main chain H-bond pattern of the
latter is stabilized in the intracellular part of TM 7 con-
taining the NPxxY motif, indicating an induced rigidity
by the mutation prevents conformational selection of G
proteins. These observations are supported by the
increased temperature stability of D52*°°N which are
further supported by analysis of structures of thermo-
philic and mesophilic proteins, which show a consistent
increase in the number of H-bonds with increased
thermostability.

The importance of water molecules in stabilizing the
active and inactive conformations of GPCRs has been dis-
cussed in some detail previously,”>®* on the basis of
structural and dynamic measurements, revealing the
crucial role for internal water networks in receptor acti-
vation. There appears to be a part of the protein-water
network that is maintained between active and inactive
states, while another part is rearranged upon activation.
As an example, osmotic stress studies underline the
importance of bulk waters in the visual receptor
rhodopsin,®"**> which may suggest a model of GPCR acti-
vation where the receptor becomes solvent-swollen upon
activation. These results encourage future H-bond analy-
sis of water mediated networks in ER ensembles and MD
simulations of GPCRs.

3 | EXPERIMENTAL PROCEDURES

3.1 | Time-averaged X-ray restrained ER
Structure factors and rebuild model coordinates for
structures listed in Table S1 in combination with their
resolution, space group, and co-crystallized proteins
were downloaded from the PDB_REDO server.”” Phe-
nix.ready_set was used to generate ligand restraint and
add explicit hydrogen atoms to the downloaded PDB
files. Refinement was performed with the most recent
implementation of Phenix.refine’® using one TLS group
per domain. ER was performed using the implementa-
tion in Phenix version 1.10.1-2155°” according to refs.
46, 47. A grid search was performed for optimal values
of prrs (0.6-0.9), Tpem (2.5, 5, and 10), and tx (0.5,
1, and 2x the resolution-dependent value) scoring for
the lowest final Ry.... After selection of optimal parame-
ters, five random seed repeats were generated for each
structure.
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3.2 | Analysis of ensembles

The H-bond networks in the ensemble-refined structures
were analyzed using the python script list_mc_hbonds.py
(http://pldserverl.biochem.queensu.ca/~rlc/work/pymol/
list_mc_hbonds.py, accessed on 08/08/2017) executed
from PyMOL (The PyMOL Molecular Graphics System,
Version 2.0 Schrodinger, LLC), with distance
cutoff = 3.5 A and angle cutoff = 45°. Hence, the propen-
sity of a H-bond was determined as the number of struc-
tures in which it was present relative to the total number
of structures in the ensemble. The propensity of a H-bond
is consequently in the range from 0 to 1, the latter mean-
ing presence in all structures. In order to compare ensem-
bles obtained from different structures, the difference in
propensities are mapped to the B-factor column in an
appropriate structure and color-coded accordingly (from
blue, AP = 1, to red, AP = —1), using the python script
data2bfactor.py executed from PyMOL.

3.3 | MD simulations

MD simulations of the p,AR in a bilayer environment
were taken from the GPCRmd database’ (https://
gpcrmd.org) entries corresponding to PDB IDs 41de® and
5jgh.”® Details of how these simulations were set up and
performed are available in the published work.””> Three
trajectories (each of length 500 ns) for each structure
were analyzed. H-bond propensities were analyzed using
MDAnalysis”"'% using the identical geometric definition
as for the ER ensembles (with distance cutoff = 3.5 A
and angle cutoff = 45°).

3.4 | PCA of ensembles and MD
trajectories

PCA was used for reducing the dimensionality of MD
simulation data or ER data in order to extract larger
amplitude motions. The method works by computing the
eigenvalues of the mass-weighted covariance matrix of
the atomic positional fluctuations.*® To perform the PCA,
we used pytraj'®’ and scikit.'®> The atomic positions for
a-carbons in the protein selection were used in the PCA
after aligning the individual frames of the ER ensemble,
MD trajectory, or a pooled dataset of both onto the mean
structure with pytraj.superpose.'**
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