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Abstract

The large conformational flexibility of G protein-coupled receptors (GPCRs) has been a puzzle
in structural and pharmacological studies for the past few decades. Apart from structural
rearrangements induced by ligands, enzymatic phosphorylations by GPCR kinases (GRKs) at
the carboxy-terminal tail (C-tail) of a GPCR also makes conformational alterations to the
transmembrane helices and facilitates the binding of one of its transducer proteins named [3-
arrestin. Phosphorylation-induced conformational transition of the receptor that causes specific
binding to P-arrestin but prevents the association of other transducers such as G proteins lacks
atomistic understanding and is elusive to experimental studies. Using microseconds of all-atom
conventional and Gaussian accelerated molecular dynamics (GaMD) simulations, we
investigate the allosteric mechanism of phosphorylation induced-conformational changes in
[3,-adrenergic receptor, a well-characterized GPCR model system. Free energy profiles reveal
that the phosphorylated receptor samples a new conformational state in addition to the
canonical active state corroborating with recent nuclear magnetic resonance experimental
findings. The new state has a smaller intracellular cavity that is likely to accommodate [3-
arrestin better than G protein. Using contact map and inter-residue interaction energy
calculations, we found the phosphorylated C-tail adheres to the cytosolic surface of the
transmembrane domain of the receptor. Transfer entropy calculations show that the C-tail
residues drive the correlated motions of TM residues, and the allosteric signal is relayed via
several residues at the cytosolic surface. Our results also illustrate how the redistribution of
inter-residue nonbonding interaction couples with the allosteric communication from the
phosphorylated C-tail to the transmembrane. Atomistic insight into phosphorylation-induced
[-arrestin specific conformation is therapeutically important to design drugs with higher
efficacy and fewer side effects. Our results therefore open novel opportunities to fine-tune [3-

arrestin bias in GPCR signaling.


https://doi.org/10.1101/2021.10.01.462841
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.01.462841; this version posted October 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Introduction

G protein-coupled receptors (GPCRs) are vital seven transmembrane receptor proteins that
transduce signals from the extracellular to the intracellular region of eukaryotic cells. The
family of these receptors is targeted by more than 30% of currently marketed drugs for the
treatment of various ailments such as cardiovascular and metabolic diseases, central nervous
system disorders, inflammation, and cancer."* GPCRs recognizes and are activated by a wide
variety of extracellular stimuli, including hormones, neurotransmitters, ions, lipids, and drug
molecules to form stable complexes with the intracellular signal transducers such as G proteins
and (3-arrestins, thereby initiating multiple downstream cellular responses.’”-® In a typical GPCR
activation, binding of an agonist at the extracellular orthosteric pocket causes opening of the
intracellular cavity of the receptor to which a G protein binds. Such allosteric communication
from the exterior to the interior via GPCRs initiates G protein-mediated signaling inside a cell.*-
' Subsequently, the activated receptors are phosphorylated at their cytosolic carboxy-terminus
(C-tail) by G protein-coupled receptor kinases (GRKs) and enable [-arrestin engagement,'? '3

whereby [-arrestins block G protein signaling and initiate their own signaling pathways.'*

The two non-visual arrestins, B-arrestin 1 and fB-arrestin 2, non-specifically interact with
hundreds of GPCRs to elicit a multitude of cellular responses.'*> This implies the presence of
conserved structural motifs in GPCRs that enables [3-arrestin engagement at the intracellular
cavity. Further, arrestin usually binds rapidly to GPCRs, which indicates that a phosphorylated
receptor might be sampling arrestin-favoring conformations in its conformational ensemble

frequently.!6- 17

Recent structural studies on neurotensin receptor 1 (NTSR1), M2 muscarinic receptor (M2R),
and [3;-adrenoceptor (;AR) bound to B-arrestin 1 showed, besides the phosphorylated C-tail,

the intracellular loops and transmembrane (TM) core of the receptors are also involved in the
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GPCR-p-arrestin complex formation.'®?° In particular, inward movements of cytoplasmic ends
of transmembrane helices 5 and 6 (TM5 and TM6) were observed in the structure of ;AR
complexed with B-arrestin 1.'® Although f,-adrenergic receptor (B,AR) is a pharmacologically
important and well-established model system for GPCR studies, no experimental structures are
available in its phosphorylated or 3-arrestin bound states to understand the phosphorylation-
induced conformational changes. However, recent NMR experiments on [3,AR reveal that the
interactions of the phosphorylated C-tail with the cytosolic surface of the receptor induces an
inward movement of the intracellular end of TM6, thereby altering the conformation of the
transducer binding cavity. Also, this TM6 movement is coupled to an increase in separation of
a methionine residue (M215°%) in TMS from a phenylalanine residue (F282¢4) in TM6
(superscript of amino acid residues denotes the Ballesteros-Weinstein numbering scheme of
GPCRs?!). This separation occurs sufficiently far away from the cytosolic surface of the
receptor, accounting for an allosteric communication from its phosphorylated C-tail to the TM
domain. In fact, the phosphorylation-induced conformational changes in TMS and TM6 are
suggested to facilitate the binding of arrestin to $,AR.?> Thus, delineating the mechanisms of
allosteric communication upon phosphorylation is intriguing, and this information is vital in
revealing the complete picture of B-arrestin mediated signaling in GPCRs. Further, the obtained
atomistic insights will help in the rational design of drugs that selectively target GPCR

signalling via either G proteins or arrestins, thereby minimizing the undesired side effects.

In this study, we have performed large-scale all-atom molecular dynamics (MD) simulations
on phosphorylated and unphosphorylated receptor systems to investigate the atomistic
mechanism of phosphorylation-induced conformational changes in [3,AR. We examined the
allosteric effect of C-tail residue phosphorylations by GRK?2, the major G protein receptor
kinase of [3,AR. By determining the directed information transfer (transfer entropy) between

residues and reorganization of inter-residue energy network upon phosphorylation, we
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identified the allosteric communication paths from C-tail to the transmembrane domain of the
receptor. For better sampling of conformation space of the membrane-receptor system, we used
Gaussian accelerated MD (GaMD), an efficient unconstrained enhanced sampling technique,?

24 in addition to the conventional MD (cMD) simulations.

Computational Methods

System preparation and molecular dynamics simulations

Active state X-ray crystallographic structure of [3,AR bound to full agonist BI-167107 and G
protein?® (PDB 3SN6) was considered for all-atom MD simulations. T4 lysozyme was removed
from the chain R of 3SN6, and missing parts in the receptor were modeled using MODELLER
v9.17%, except for the N-terminus that contains 28 residues. Three engineered mutations in the
crystal structure were reverted to maintain the wild type sequence (T96*¢’M, T98E-!'M, and
E187E3N). Missing residues of extracellular loop 2 (EL2) were modeled from an antagonist
bound X-ray structure?’” (PDB 2RH1), and the missing part of intracellular loop 3 (IL3) (F240™3
to S261'"%) and three residues at the intracellular tip of TM6 (526262 to F264°%) were modeled
using the secondary structure elements predicted by Jpred 4 and PSIPRED.”® ? Being an
unstructured region, the C-tail of 3,AR is missing from most of the solved structures;* 72
residue long C-tail (L342 — L413) was modeled from the primary sequence also using
MODELLER v9.17. The modeled C-tail structure was further optimized using a constant NVT
MD simulation for 500 ns to obtain a more viable starting conformation. All the solvent
exposed titrable residues were kept in their dominant protonation states and residues D792,
E122341) D130°*4°, and H172*% were protonated.?! Crystallographically resolved disulfide
bonds between residues, C1063% - C19182 and C184 B2 - C190 B2 were retained. The
parameters for ligand BI-167107 were obtained from CHARMM General Force Field

(CGenFF) ParamChem server.3>3* The modeled [,AR structure was inserted into 1-palmitoyl-
p y
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2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer and the resulting system was
solvated by explicit water molecules using CHARMM-GUI membrane builder module 335
Sodium and chloride ions were added to neutralize the system and obtain a physiological salt
concentration of 150 mM. The final system in a rectangular simulation box contained 116977
atoms, including 258 lipid molecules, 25363 water molecules, 62 Na* ions and 65 CI~ ions and

initially measured roughly 101x101x143 A3 in volume.

The CHARMM36m force-field parameters were used for the receptor,’** CHARMM36 force-
field for the lipid and ions,”” and the CHARMM-modified TIP3P water model*® was used to
solvate the system. All simulations were performed using particle-mesh Ewald molecular
dynamics (PMEMD) implemented in AMBER18 on graphical processing units (GPUs). The
energy minimization involved 5000 steps of steepest descent followed by 5000 steps of
conjugate gradient. The system with positional restraints on all heavy atoms of the protein and
phosphorous atoms of lipids (with a force constant of 10.0 kcal mol-! A) and restraints on
dihedral angles of lipids (250 kcal mol! rad?) was slowly heated to 310 K and equilibrated in
NVT ensemble for 300 ps. The system was further equilibrated in NPT ensemble and the
dihedral restraints on lipid were tapered off in a stepwise manner with the restraint values 100,
50, and 25 kcal mol"! rad?, and subsequently, the positional restraints were tapered off by 2.5
kcal mol! A2, running 1 ns of simulation at each step until no restraint remains on the lipid
bilayer. The system with restraint on protein alone was further equilibrated for 15 ns. Restraint
on protein heavy atoms was removed slowly by reducing it step by step, from 10.0 kcal mol!
A2 10 0, equilibrating the system for 2 ns at each of the steps with harmonic force constants 10,
75,50,40,30,2.0,1.0,08,0.6,04,0.2,0.1 kcal mol! Az, Langevin thermostat was used
to maintain the 310K and Monte Carlo barostat was used to keep the system at 1 bar pressure

throughout the simulations. The SHAKE algorithm was used for constraining bonds involving
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hydrogen atoms and the SETTLE algorithm was used for water molecules. Periodic boundary
conditions were applied, and the cut-off for nonbonded interactions was set at 9 A.The particle
mesh Ewald (PME) method was used to calculate the long-range electrostatic interactions with
Ewald coefficient of approximately 0.31 A and a cubic B-spline interpolation of order 4.
Further the system was equilibrated for 100 ns and the last frame was extracted for in silico

phosphorylation.

Phosphorylation by GRK2 of serine and threonine residues in C-tail of the receptor (T360,
S364, S396, S401, S407, and S411)*°-4 was performed using CHARMM-GUI server. To attain
local equilibration around the newly added phosphate groups, we ran cMD simulations for 25
ns after each phosphate group addition. Lastly, we performed an additional 100 ns equilibration

simulation of the phosphorylated system in NPT ensemble.
Gaussian accelerated molecular dynamics (GaMD) simulations

To alleviate the poor sampling of the conformational space of biomolecular systems of large
size in cMD, enhanced sampling simulation techniques are routinely employed.*'-** Here we
used the recently developed GaMD technique that achieves unconstrained enhanced sampling
of biomolecules. GaMD has been successfully demonstrated in multiple studies of class A
GPCR systems.*“¢ It is shown to accelerate the conformational transitions of proteins by
adding a harmonic boost potential, AV(r), to the system potential, V(r), to overcome the energy

barrier %

V*(r)=V(r)+ AV (r),

1 (1
Ek(E —V(r))? V(r)<E

0, V(ir) > E

AV (r) =
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where V*(r) is the modified system potential, r = {ry, 15, ..., 'y} is the coordinate vector of N
atoms in the system, k is the harmonic force constant, and E is the threshold cut-off for V(r),

below which the boost potential is added.

The GaMD simulations of the unphosphorylated and phosphorylated receptors (hereafter
referred to as B2AR and B2ARP, respectively) were performed using the GaMD module of
PMEMD implemented in AMBER18 software on GPUs.*-47 We used the standard GaMD
simulation protocol as described in previous simulation studies on GPCRs.*¢ Starting from
the last frame of the previous equilibration step of each system, a 12 ns short cMD simulation
was run to collect potential statistics, e.g., the maximum (Vi,,x), minimum (V,,;,), average (V.,),
and standard deviation (0v) of system potential energies. After adding the boost potential, a 40
ns GaMD equilibration was performed. We then randomized the initial atomic velocities for
production simulations and started three independent trajectories of 2 ys each for both B2ZAR
and B2ARP systems. The first 100 ns of each run was further considered as equilibration and
disregarded in the final analyses. GaMD simulations were run using a time step of 2 fs, and the
trajectory frames were written at every 1 ps. We used “dual boost” level (applying boost
potential to the dihedral energy term and the total potential energy term) of GaMD, setting the
reference energy to the lower bound, i.e., E = V.. We calculated the average and standard
deviation of boost potentials in every 800 ps, and 0, (the upper limit of standard deviation) was
set to 6.0 kcal/mol for both potential and dihedral energetic terms. The average and standard

deviation of boost potential for each simulation are given in table S1.

Along with B2AR and B2ARP systems, we also performed another set of GaMD simulations
(two independent trajectories of 1 ys each) on a truncated [3,AR with no C-tail and IL3 (as in

the active crystal structure, PDB 3SN6) using the same parameters and simulation settings
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mentioned above. These simulations were conducted to examine the influence of their absence

on the dynamics of 3,AR.

For the free energy calculations, the canonical ensemble probability distribution (p(A)) along
any reaction coordinate A(r) was recovered by reweighting its biased (GaMD) probability
distribution p*(A), where r denotes the atomic positions, r = {ry,r,, ...,ry} and N denotes
total number of atoms. Using the boost potential AV(r) for each simulation frame, p(A) is

calculated as,(Ref)

(ePaV@)

T ()T i=12,...M )

p(4) =p*(4)

where M is the number of bins and (eﬁ‘w(r)>i is the ensemble-averaged reweighting factor of

AV(r) for simulation frames in the i bin, where f = 1/kgT and k; is the Boltzmann constant.

The reweighting factor is approximated using the cumulant expansion,

(ePav) —exp{zk T } 3)

Usually AV(r) follows near-Gaussian distribution and thus, cumulant expansion to the second
order can be a good approximation for reweighting the distribution, where the first two
cumulants are given by C; = (AV)and C, = (AV?2) — (AV)? = ¢},. The reweighted free

energy or the potential of mean force (PMF) is calculated as F(4;) = —(1/8)In p(4,).
Conventional molecular dynamics (cMD) simulations

We also performed cMD simulations in NVT ensemble on both B2ZAR and B2ARP systems,

starting from specific initial configurations from GaMD simulations (see Results and
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discussion section). Two independent trajectories of 500 ns length were generated for each
system and coordinates were saved at every 5 ps. We used the AMBER18 package, and the

simulation protocols remained the same as discussed earlier.
Analysis of trajectories
Transfer entropy

Transfer entropy (TE) quantifies the directed flow of information from one random physical
process X to another process Y, represented by the time series {x;} and {y,} (with discrete-
valued time index 7), respectively.”® Such flow of information is interpreted as the causal
relationship between X and Y (influence of X on Y) and is defined as the predicted information
about the future of Y from the past of X in addition to the information obtained from its own
past (known as Wiener’s principle of causality). Using Taken’s time-delayed embedding® to
construct the state vectors of the Markov processes X and Y, the information-theoretic measure
of transfer entropy from X to Y is defined as,*:>°

p (ve|y 2 xi,)
(Ve Iytd_y1

d
TEX-Y)= Z r(Ve v 'xf—x1) log

d
y dx
Yt yt_l, xt—l

“4)

where xf ¥ = (xt, Xtepr Xt—2ps e xt_(dx_l)r) represent the delay-embedding state (delay
vector) of the Markov process X at time ¢ with embedding dimension d,, and embedding delay
7. Similarly, ytd ¥ represent the process Y with embedding dimension dy. (e, ytd _yl , xf_"l) is
the joint probability of observing the future state y; of Y, and the past states xf_"l and ytd 2 , of
X and Y, respectively. p(y;| ytd 1) is the conditional probability to find Y in state y,, given its

past ytd _yl, and p (yt| ytd _yl, xfj‘l) is the conditional probability to find Y in state y;, given the

10
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past of both X and Y. When the processes X and Y are independent, the future state of Y is not
influenced by the history of X; the two conditional probabilities are therefore equal in this case
and there is no information flow from X to Y. In fact, the transfer entropy expression (eq 4)
uses the Kullback-Leibler divergence to measure the deviation between the two conditional
probabilities.*® It is obvious that the transfer entropy is by construction asymmetric,

TE(X »Y) # TE(Y - X) in general.

As information transfer in physical systems is necessarily associated with a physical
interaction, it always takes a finite time for information to propagate from X to Y. Thus, to take
into account the true interaction delay 6 between X and Y that maximizes the information flow,
and to ensure an optimal self-prediction from the past of Y to the future of Y, eq 4 can be

rewritten as,>

d x
p(}’tb’t_yl' xf_5)
)

d
TE(X b Y, 5) == z p(ytryt_ylrx;if5) log( dy
pely,Z1)

d
y ,dx
Yt,yt_l,xt_(g

For a practical estimation of TE, eq 5 can be rewritten in terms of different joint and marginal

Shannon entropies H,

TE(X > Y,8) = H(yoy2, ) + H (2 x5 ) = H (yeoy 2o xi5s) - H (y2)) 6

where the Shannon entropy, H (yf_yl) =— Zydy p (yf_yl) logp (ytd_yl) and the sum is over all

t-1

states.

We considered fluctuations of alpha carbon (C,) of individual residues as random processes
and defined the net entropy transfer from residue X to Y as,

NetTExy = TEx.y —TEy_x (7

11
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The change in NetTEyy upon phosphorylation is estimated using the equation,

AnetTExy = NetTEZp4R" — NetTEgy (3

The net entropy transfer from residue X to all other residues can be obtained by summing the
expression of NetTEyy (eq 7) over all Y. Therefore, by summing eq 8 over all Y, the change in
net entropy transfer from residue X to all other residues upon phosphorylation can be calculated

as,

AneTEx = ) ArecTExy ©)
Y

We performed n(n-1) TE calculations (where n is the number of residues in the receptor) for
both B2AR and B2ARP systems using TRENTOOL Matlab toolbox.’! Individual entropy
terms in eq 6 is calculated using the k nearest neighbor search method by Kraskov-Stogbauer-
Grassberger>? on reconstructed state space (embedded time series). Embedding dimension d
and embedding delay 7 for the time series of each residue was optimized using Ragwitz
criterion in which both are estimated jointly by minimizing the prediction error of a local
predictor that predict the future of Y from its past (i.e., provide an optimal self-prediction).>

We found the values of interaction delay d are in the range of 1.4 -1.7 ns.

Finally, the above transfer entropy estimates may give rise to false correlations between X and
Y due to finite data of the two time series. For removing this finite sample bias, the TE values
are compared against surrogate data sets generated by random shuffling of the original time
series X (or Y) that destroys any correlations between X and Y while preserving their
distributions. The TE measure thus obtained and reported in this study is the effective transfer

entropy, and is given by

12
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N

1
TEST(X - Y,8) =TE(X > Y,8) — —z TE(X' > Y,6)
Ne 10
n=1 ( )

where X' represents the shuffled time series of X and N, is the number of times it is shuffled.

For our calculations, we used N, = 100.
Nonbonding interaction energies

The average nonbonding interaction energy of a residue pair is the sum of their electrostatic

and van der Waals’ interaction energies,
(Exy) = (Exy©) + (Ey" (an
We define the change in average pairwise interaction energy upon phosphorylation as,
A(EXY> = (EXY>BZARP - (EXY>BZAR (12)
Pairwise residue interaction energies were calculated using CPPTRAJ module of AMBERI18.

Contact maps

To identify unique contacts in the unphosphorylated and phosphorylated receptors, we
computed all the contact pairs using an in-house python script. MDTraj python library was
used for distance calculations.’® Two residues are considered to be in contact if any two of their

heavy atoms are within 5 A for more than 80% of simulation time.

Trajectories were visualized, and high-resolution pictures were rendered using the visual

molecular dynamics (VMD) program.

13
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Results and discussion

Schematic representation of the system considered for simulations with the receptor 3,AR
inserted in a POPC bilayer, solvated in explicit water, and neutralized using 150 mM NaCl is
shown in Figure S1. Summary of GaMD simulations and their average boost potentials are
given in Table S1. We considered eight residues at the intracellular (cytosolic) and extracellular
region of the TM helices to define their respective ends. Further, eight residues in the middle
of a TM helix is considered as the central part of that helix. A detailed residue-wise description

of TM helices (and other structural elements) is given in Table S2.

Free energy landscape of the phosphorylated receptor sampled a new conformational
state

We used TM3-TM6 distance and the distance between the center of mass of the side chains of
M21555% and F28264 for the potential of mean force (PMF) calculations. Both are major
structural variations observed in NMR spectra of phosphorylated 3,AR; the former corresponds
to the movement of the intracellular half of TM6, and the latter represents a conformational
change in the mid transmembrane region of TMS5 and TM6.22 The free energy landscapes
revealed that compared to the unphosphorylated receptor (B2AR), the phosphorylated receptor
(B2ARP) samples a larger conformational space (Figure 1a, b). While B2ZAR sampled a single
free energy minimum (m; in Figure la) closer to the G protein-bound active structure (PDB
3SN6), the free energy surface of B2ZARP shows two minima, of which one (m;' in Figure 1b)
is similar to the minimum observed in B2AR and the other one (m, in Figure 1b) represents a
new conformational state. Though conformations from the minima m, and m,' are observed to
be quite similar (Figure S2), m, showed significant structural deviations (Figure 1c). In the
newly sampled state, TM6 is moved inward by ~4 A, and the distance between residues

M215554and F282644is increased by ~3 A (Figure 1d, e). These findings corroborate well with

14
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the results obtained in previous NMR experiments,”?> suggesting that our simulations could

successfully capture the phosphorylation-induced allostery in 3,AR.
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Figure 1. The two-dimensional free-energy landscape of a) unphosphorylated receptor (B2AR,
pink) b) phosphorylated receptor (B2ZARP, cyan), plotted against the collective variables, TM3-
TMB6 distance (distance between C, of R1313%° and L272%%*) and the center of mass distance of
M215354(TMS) and F282°44(TM6) side chains. Stars denote the active crystal structure (PDB
3SN6) and the inactive crystal structure (PDB 2RH1). The probability distribution of each
collective variable is depicted on top of the free-energy plot. ¢) Representative conformations
from m; (pink) and m, (cyan). d) Movement of TM6 at the cytosolic end. e) Separation of
F282644and M215%54.
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We noted that contrary to a previous large-scale unbiased MD simulation study on the agonist
bound 3,AR,*' our GaMD simulations did not sample the inactive state of the receptor (Figure
S3). The model system used in that study was a truncated receptor with no C-tail and IL3
residues missing as in the crystal structure. For comparison, we performed GaMD simulations
with a similar starting structure. Our results showed that the receptor attained an inactive state
characterized by an inward movement of the intracellular end of TM6 and the conserved
NPxxY’33 motif (Figure S4) switches to a conformation closer to the inactive crystal structure
(PDB 2RH1). In our simulations, inclusion of both C-tail and IL3 could be the reason for the
agonist-bound (unphosphorylated and phosphorylated) receptors not sampling spontaneously
a conformational state closer to the inactive state. In fact, it is worth mentioning that both the
structural elements, C-tail and IL3, are reported to be involved in spontaneous activation of

B.AR.S

Structural variations in the transmembrane domain and change in residue-residue

contacts upon phosphorylation

We compared the structures obtained from minima m; and m, (Figure la, b) to identify the
structural variations in the conformational state sampled by the phosphorylated receptor
(average structures taken from these minima are shown in Figure S5). On the extracellular part
of the receptor, we observed an outward movement of TMS, TM6, and TM7 (~1 A each) in
B2ARP compared to B2AR. Further, both EL2 and EL3 in B2ARP showed ~1 A shift from
that of B2AR. Consequently, the volume of the ligand-binding pocket is increased to 482.6 +
664 A’ in B2ARP from 407.8 + 51.5 A3 in B2AR (Figure S6a, b). Because of such
rearrangements of different extracellular helices and loops, the agonist BI-167107 lost multiple
contacts in B2ARP, especially with the residue 1169*¢! in TM4, Y174 and T195 in EL2,

F208°47 in TMS5, and Y3087 in TM7. In addition, we observed that the agonist formed unique
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contacts with the residue D113%32 in TM3, S207°4¢ in TMS5, and V2975 in TM6 (Figure 2). It
is to be noted that the extracellular TMS5 and TM6 of ;AR also moved outward in its 3-arresin
bound structure. When compared with the G protein bound structure of B,AR, ;AR bound to
[B-arresin 1 showed contact rearrangements with the agonist ligand,” where the ligand made

fewer contacts with TM3 and TM5 and additional contacts with TM6.

In the intracellular region, besides the significant inward motion of TM6 (~4 A), TM3 and
TMS moved slight inward (~2.0 10\) and outward (~1.5 A), respectively, as compared to B2ZAR
(Figure S5). The net inward motion of intracellular end of helices suggests a reduction in size
of the transducer binding cavity. In fact, our calculations show that the volume of the
intracellular cavity is reduced to 648.3 + 151.1 A3 from 930.6 + 176.9 A3 in B2AR (Figure Séc,
d). We note that, in the cryo-EM structure of §; AR-f3 arrestin 1 complex,* the intracellular ends
of TMS and TM6 of the receptor were observed to move inward, implying a decrease in the
volume of the transducer binding cavity. Further, the structural study also revealed that the
finger loop of [-arrestin 1 binds to a narrower cleft at the cytosolic surface of the 3;AR as
compared to the a5 helix of G protein which requires a broader binding region in the
intracellular cavity of B,AR.2* Moreover, surface plasmon resonance (SPR) experiments
showed that a G protein mimetic nanobody selectively recognizes the unphosphorylated ,AR
having a larger outward movement of TM6, whereas the SPR response diminishes for the
phosphorylated receptor with a relatively smaller TM6 outward movement.?? Thus, the
reduction in the volume of the transducer binding cavity in (3,AR upon phosphorylation

observed in our simulations corroborates with the experimental findings.
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Figure 2. Contact map showing unique contacts formed between residues of TM region (TM
helices and loops) in B2AR (pink) and B2ARP (cyan). The panel on the right represents the
unique contacts formed by residues in the TM region and the agonist ligand BI-167107.

The rearrangement of residue contacts plays a crucial role in allosteric communication in
proteins. To identify such residue level structural variations of the receptor due to
phosphorylation, we compared the unique contacts formed in B2AR and B2ARP (Figure 2,
Table S3). In the TM region (TM helices and loops), the structural rearrangements in B2ZARP
caused breaking of several inter-residue contacts and the number of unique contacts reduced to
half of that found in B2AR. Upon phosphorylation, extensive formation and breaking of
contacts are observed mostly in the extracellular and intracellular ends of the helices and loops.
We observed that the outward movement of extracellular ends of TM5, TM6, and TM7 caused

breaking of many contacts in B2ARP; the contacts of TM3 with TMS (e.g., 112134 with
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F208°47 and E12234! with P2115°), TM6 with TMS5 (e.g., 1294%5¢ with S204543; V2976 with
Q197536 and A200°%%), and TM6 with both EL3 and TM7 (e.g., H29653 with D300E%; F2896-!
with Y3087%) are found to be broken (Figure 2, Table S3). We also observed the formation of
a number of contacts between TM3 and EL2, such as N10332% with C184FL2 A186F-2, N187EL2,

and C190%2, in the extracellular end of the receptor.

The inward movement of TM6 and the outward movement of TMS in the intracellular end
caused the breaking of several contacts (e.g., F223%6% with E268%%°, 1.272%34 and L275%%7;
D23457 with E2373 - F240™* and K267%%). In addition, due to the shift of IL2 (Figure S5),
TM?2 broke several contacts with IL2 as well as with its connecting helices TM3 and TM4,
such as F7124 with D1303%°, V67> with Y1412 and V6723 with T146*3® (Figure 2, Table
S3). Besides the contact rearrangements in the intracellular and extracellular regions,
redistribution of residue contacts is also observed in the central part of different TM helices. In
particular, multiple contacts between TM3 and TMS (e.g., 112134 with F20847 and L2125,
E12234! with P211°5%) as well as between TMS and TM6 (e.g., M2155* with F282644;Y21958
with M279%41) are broken upon phosphorylation of 3,AR (Figure 2, Table S3). Notably, the
breakage of the contacts of methionine residues M215%* and M279%4! with F282%44 and
Y219%38, respectively, is likely an implication of the allosteric conformational variations

around M215%5* and M279%4! observed in NMR experiments.??

C-tail adheres to the cytosolic surface of §,AR and samples a narrow conformational

space upon phosphorylation

Experimental studies show that C-tail is one of the disordered motifs in B,AR and post-
translational modifications such as phosphorylation of this motif is important in the modulation
of GPCR signaling.* In Figure 3a, we show the dynamics of C-tail upon phosphorylation by

comparing its conformational distributions as functions of radius of gyration (R,) and root-
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mean-square deviation (RMSD) in B2ZAR and B2ARP (minima m, and m,, Figure 1a, b). In
B2AR, the barycenter of the scattered plot appears at R, of 16.5 A and RMSD of 10.1 A and in
B2ARP, it appears at R, of 13.8 A and RMSD of 3.1 A. The smaller R, and RMSD values in
B2ARP compared with B2AR imply that the structural ensemble of C-tail samples a more

stable and compact state upon phosphorylation.
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Figure 3. Conformational differences of C-tail in B2AR and B2ARP. a) Conformational
distribution of C-tail as functions of R, and RMSD in B2AR and B2ARP. The blue lines
represent the R, and RMSD values corresponding to the barycenter of the scattered plot
distribution in B2AR and the red lines represent the same in B2ZARP. b) Contact map showing
the unique contacts formed between the C-tail residues and the TM residues in B2AR and
B2ARP. ¢) Difference in interaction energies (JA(Exy)| > 30 kcal/mol) of significant residue
pairs at the interface of the C-tail and the TM domain. d) Surface charge potentials of 3,AR
calculated using Adaptive Poisson-Boltzmann Solver (APBS).
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Next, we examined the unique contacts formed by the C-tail with the TM helices and
intracellular loops of the receptor. C-tail residues formed extensive contacts with the TM region
in B2ZARP as compared to B2AR (seventeen against only one) as shown in Figure 3b and Table
S3. Mostly the residues from IL.1, IL3, H8, and the intracellular ends of TM6 and TM7 formed
contacts with the phosphorylated C-tail, indicating that the C-tail has a strong affinity to bind
with the cytosolic surface of the receptor upon phosphorylation. Importantly, several contacting
residue pairs including, (T360, K2635%), (S407, K259'%%), (S411, K270%%%), and (S411,
K2736%), involved phosphorylated residues. These residue-residue contacts found at the
interface of the intracellular region and C-tail are likely to influence the communication from
the C-tail to the TM domain and therefore play a vital role in phosphorylation induce allostery

in [?)zAR

To further examine the origin of the structural stability of C-tail conformations upon
phosphorylation, we calculated the change in average pairwise interaction energies A(Exy) (eq
12) between the C-tail and TM region residues from the two conventional MD simulation
trajectories (a cumulative length of 1xs) that were started from the minima m; and m, (Figure
la, b). It is to be noted that a negative (or positive) value of A(Eyy) signifies the interaction
between residues X and Y is more (or less) stable in B2ZARP than in B2AR. For the residue
pairs with |A(Eyy )| > 30 kcal/mol, we found that they are largely stabilizing interactions; in
particular, the phosphorylated residues such as T360, S364, S407, and S411 established strong
favorable interactions with positively charged residues in IL3, H8, and the intracellular ends of
TM3, TMS5, TM6, and TM7 (Figure 3c, Table S4). Besides the phosphorylated residues, other
negatively charged residues from the C-tail such as D386 and D410 also formed stable
interactions with the TM region of B2ARP. It is known that class A GPCRs possess a positively
charged residue cluster on the cytosolic face of the TM region.?>3%% Surface charge potentials
calculated using adaptive Poisson-Boltzmann solver (APBS)®' showed a similar cluster of
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concentrated positive charges on the cytosolic surface of 3,AR (Figure 3d). Our simulation
results are in good agreement with the previous NMR experimental findings,* suggesting the
adherence of the C-tail to a positively charged residue cluster in the intracellular regions of the

phosphorylated B,AR and its involvement in the structural rearrangements of the TM domain.

Entropy transfer reveals allosteric communications between different parts of the

receptor

To unravel the allosteric communication from the phosphorylated C-tail to the TM domain of
the receptor, we analyzed the correlated residue motions of all residue pairs using transfer
entropy (TE) measures. It should be noted that TE estimates are quite expensive
computationally, since each calculation requires to be performed in a higher dimensional delay-
embedded state space (see the Computational Methods section). Thus, we considered 100 ns
of well-equilibrated samples from the conventional MD simulations of both the systems
starting from the minima m, and m, (Figure 1a, b) for TE calculations. The positive or negative
sign of NetTExy between two residues X and Y calculated using eq 7 shows whether a residue
acting as a source (donor) or sink (acceptor) of information transfer. The entropy sources drive
the correlated motions, whereas the entropy sinks are the responders. We also note that a
positive value of Ax.TExy (eq 8) implies residue X becomes either of the following upon
phosphorylation: (1) changes its entropy transfer characteristic from acceptor to donor, (i) a
stronger entropy donor, or (iii) a weaker entropy acceptor. Whereas, a negative value of

AneTExy indicates opposite characteristics of residue X.
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Figure 4. Transfer entropy calculations. Net transfer entropy between residues pairs in a)
B2AR and b) B2ARP. ¢) Change in net transfer entropy upon phosphorylation. d) Change in
net transfer entropy from each TM residue to all the C-tail residues is shown as a heatmap on
the [3,AR structure.

Figure 4a, b represents NetTEyy values between all residue pairs of individual systems (B2AR
and B2ARP, respectively), and Figure 4c represents Axe 7 Exy (subtracting the TE values in 4a
from 4b). We observed that the C-tail residues upon phosphorylation mostly drive the
correlated motions in different TM regions of the receptor (Figure 4b, c, zone 1). Figure 4d
shows the change in net transfer entropy from each TM residue X to all the C-tail residues Y

(obtained by summing over all Y, eq 9). We observed that the central regions of several TM
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helices accept entropy from the C-tail residues; specifically, TM3, TM4, TMS5, and TM6
(region marked in Figure 4d) act as entropy sinks. The intracellular ends of TM1, TM2 and
their connecting loop (IL1) appeared to accept entropy from C-tail and the extracellular ends
of TM4, TMS5, and TM6 also showed a similar trend. In addition, the helix H8 and a number
of residues in the intracellular half of TM6 are found to act as entropy acceptor from C-tail

(Figure 4d).

Further, we observed a significant entropy transfer from the intracellular ends of both TMS5,
TMB6 and their connecting loop IL3 to the rest of the TM domain upon phosphorylation (Figure
4b, c, zone 2). The intracellular half of TM7 as well as H8 acted as entropy donor to various
region of TM domain, including residues in TM3, TM4, and intracellular halves of TM1, TM2
and TMS. In addition, EL2 is found to drive correlated motions of different TM helices, mostly,
residues in their extracellular halves (Figure 4c). On the other hand, the central parts of TM2,
TM3, TM4 and TMS responded to the correlated motions of various other structural elements

of TM regions in the receptor.

Next, we examined the residue level correlated motions in different regions of the receptor and
shown in Figure 5. As discussed earlier, the C-tail residues mostly drive the fluctuations of
TM residues upon phosphorylation (as shown in Figure 4d). Figure 5a shows a few selected
residue pairs with significant Ay ZExy values, involved in communication from C-tail to the
central parts of different TM helices (additional pairs are listed in Table S5). Several residues
from TM helices, viz., A46!4, M82233, T123%42) T1644%, V2183557, and C285°4", accepted
entropy from the C-tail. Interestingly, the fluctuations of key residues, M215%%, M279%4! /and
F282644 (associated with the structural rearrangements of TM helices in B2ZARP)? are found to

be driven by the phosphorylated C-tail (Figure 5a). In effect, our results suggest that the
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allosteric communication from C-tail bring about the changes in conformation in the mid-

transmembrane region of 3,AR upon phosphorylation.

0.024 -

Figure 5. Change in net transfer entropy of selected residue pairs from different regions of
32AR upon phosphorylation: a) between C-tail and the mid-transmembrane region, b) between
C-tail and the cytosolic end of the transmembrane domain, and ¢) between cytosolic end of the
transmembrane domain and the mid-transmembrane region.

Further, we looked into AxTExy from C-tail to the cytosolic surface of the TM domain (Figure

5b, Table S5). We found that C-tail residues also drive the correlated motions of a number of
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residues in TM helices and intracellular loops. In fact, several residues from IL1, TM2, TM3,
TM4, TM6, and H8 responded strongly to C-tail residues. Particularly, the positively charged
residues such as R63™!, R1313%, K147+%, R1514*3, and K267 are observed to be notable
entropy acceptors. In addition, we also found that the TMS residue L230>%° and the TM7
residues P3237%and Y3267 are acting as entropy sinks at the cytosolic surface (Figure 5b,

Table S5).

The correlated motions at the cytosolic surface caused by the phosphorylated C-tail, in turn,
influenced the residue fluctuations in the mid-transmembrane region of the receptor (Figure
5c, Table S5). Residues from the cytosolic surface including N69240, R1313%9, 1.2305%,
D234573 F2403, C265%%7, G320747, and P3237° are the major entropy donors. Moreover, the
positively charged residues, K235 and K2676%, also acted as entropy sources of the
correlated motions. On the other hand, residues L80!, T118337 1121340, M215554, V218557,
Y219338, S220°55°, and F28264 are the significant sinks of entropy (Figure Sc, Table S5),
indicating the transfer of information from the cytosolic surface to the mid-transmembrane
region in B2ARP. Taken together, our findings therefore suggest that the residues at the
cytosolic surface relayed the allosteric signals from the phosphorylated C-tail to the central part

of the TM domain of the receptor.

Redistribution of nonbonding interaction energy network upon phosphorylation

In proteins, rearrangement of inter-residue non-bonding interactions at a region distal to the
perturbed site indicates the presence of allosteric communications.'!: 26> Introducing
perturbations in terms of phosphorylations at the C-terminus are expected to redistribute the

interaction energy network in the receptor.
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Figure 6. Change in average inter-residue interaction energies upon phosphorylation. a) The
energy values are divided into seven intervals based on their distribution. Stabilizing
interactions or negative energy values are marked in cyan to violet, and destabilizing
interactions or positive energy values are marked in yellow to red. b-d) Selected significant

high energy residue pairs (|A{(Exy)| > 8 kcal/mol) from the important zones (1-3) are
represented as bar plots.

We calculated the change in average pairwise interaction energies A(Eyy ) (eq 12) for all residue
pairs in the TM domain from the two conventional MD simulation trajectories (a cumulative
length of 1us) that were started from the minima m, and m, (Figure la, b). A(Eyy) values so
obtained are divided into seven energy intervals based on their distribution (Figure 6a). Several
stabilizing and destabilizing interactions are observed in IL3 and the intracellular ends of TM5
and TM6 (Figure 6a, b, Table S6); in particular, the residue pair E237'3 - K267°% established
the most favourable interaction, whereas, the pair D234573 - K267% is found to be the most
unfavourable interaction upon phosphorylation (Figure 6b). Additionally, residue pairs
including E22556 — K232571) R2391L3 — K2675%, and R260™ — E268%3° show significant
stabilization, while the pairs R239™3 — D234573 and R259™ — D251 are significantly

destabilized. Interestingly, the intracellular end of TMS formed stable interaction with IL2
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(K140 - D234573), whereas interactions of TM6 with TM3 and IL2 are destabilized (R1313~°
- K270632,R1313% - K273635 and K140"2— K267%2°) upon phosphorylation (Figure 6a, c, Table
S6). Furthermore, in the intracellular end of the receptor, H8 residues rearranged their
interactions with residues from IL1, TM3, and TM6 (Figure 6a, d, Table S6). It should be noted
that the above rearrangements of the interaction energy network are caused due to the
conformational variations observed in the cytoplasmic end of the phosphorylated receptor

(Figure S5).

We further observed that interactions of TM7 with EL1 and EL2 are found to be stabilized and
interaction between the ligand-binding residues D113332 and Y3167 is destabilized in the
extracellular end (Figure 6a, d, Table S6). In fact, such destabilization commensurate with the
expansion of the ligand-binding orthosteric pocket observed in B2ARP (Figure S6). Selected
residue pairs with significant energy changes shown in Figure 6b, d are also depicted on a

representative structure in Figure 7.
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Figure 7. Interaction energy networks within the TM domain. a-c) Selected significant high
energy residue pairs from different zones as shown in Figure 6b-d. Interactions that become
favorable upon phosphorylation are shown as blue lines, and those that become unfavorable
are shown as red lines. The thickness of lines represents the magnitude of A(Eyy ).

It is to be noted that the contribution of the van der Waals interaction energies to the total
nonbonding energies are found to be mostly negligible (approximately in the range of -3 to 3

kcal/mol, see Figure S7). However, for residue pairs having comparable electrostatic energies

in B2AR and B2ARP systems, change in average pairwise van der Waals energies, A(EYSY),
could play a vital role in the redistribution of energy network upon phosphorylation. In
particular, residue pairs involving nonpolar and uncharged residues show mostly higher values

of |A(E,‘{{}W)| (see Table S7).
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Figure 8. Change in average van der Waals interaction energy (A(Ey$™)) of a) M215%3* and
b) Y219°% with all the other residues in the TM domain of the receptor.

We specifically examined the interaction pairs consisting of residues in the mid-transmembrane
region, M215354, F282644 Y219558 and M279%4!, that NMR data suggested to be allosterically
involved in the structural rearrangements of the TM domain .22 Figure 8 shows A(EYSY) values
for M215%%* and Y219%8 with all the other residues. Clearly, the change in interaction energies
of the residue pairs M215%%* - F28264 and M215%%* - M279%4! are positive, indicating the
weakening of their interactions upon phosphorylation (Figure 8a). In fact, the destabilizing
interaction between M21553* and F282°% correlates well with their increased separation
observed in B2ARP (Figure 1). Notably, other residue pairs including Y2195 - M279%4! and
Y219558 - F28204 also showed positive A(EyS™), suggesting increased destabilizing

interactions in the mid-transmembrane region of the receptor upon phosphorylation (Figure
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8b). Such destabilizations demonstrate the allosteric communication from the phosphorylated

C-tail to the mid-transmembrane region of the receptor.

Conclusion

In this study, we performed large-scale all-atom conventional and enhanced sampling GaMD
simulations to analyze the allosteric effect of phosphorylations at the C-terminus of [3,AR by
GRK2. Compared to the unphosphorylated control, the free energy landscape of the
phosphorylated receptor sampled an additional stable conformational state characterized by an
inward shift of TM6 at the cytosolic end and separation of the TMS residue M215°°* from the
TMG6 residue F282%44in the mid-transmembrane region. The structural rearrangements at the
cytosolic end of the phosphorylated receptor caused a reduction in size of its transducer binding
cavity. The efficient binding of a 3-arrestin is known to require a narrower cleft at the cytosolic
surface in comparison to a G-protein, and therefore, the reduction in cavity volume suggest that
the conformational state sampled by the receptor upon phosphorylation is likely to favor [3-
arrestin over G-protein. The adherence of the phosphorylated C-terminus with a cluster of
positively charged residues at the cytosolic surface aids the allosteric communication to the
transmembrane domain of the receptor. Our results suggested that the C-terminus upon
phosphorylation in general drives the correlated motions of residues in the transmembrane
domain and the cytosolic surface residues relayed the allosteric signals. The rewiring of
interaction energy networks in the transmembrane domain further demonstrated the long-range
communications from the phosphorylated C-terminus. In summary, the residue level insights

presented here can aid in rational design of drugs with lesser side effects and superior efficacy.
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