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Abstract

This thesis focuses on simulating large molecular systems within and beyond the
Born-Oppenheimer framework from first principles. Two approaches have been
developed for very different but important applications.

The first one is a hybrid method based on classical force fields that predicts the
high-energy ensemble of three-dimensional structures of a class of proteins critical
in human physiology: the G protein-coupled receptors (GPCRs). GPCRs’ functions
rely on their activation marked by a series of conformational changes related to
binding of certain ligands, but the short of experimental structures has hampered the
study of their activation mechanism and drug discovery. Our method, combining
homology modeling, hierarchical sampling, and nanosecond (ns)-scale molecular
dynamics, is one of the very few computational methods that can predict their active-
state conformations and is one of the most computationally inexpensive. It enables
the conformational landscape and the first quantitative energy landscape of GPCR
activation to be efficiently mapped out.

This method, named ActiveGEnSeMBLE, allows the inactive- and active-state con-
formations of GPCRs without an experimental structure to be systematically pre-
dicted. We have validated the method with one of the most well-studied GPCRs,
human β2 adrenergic receptor (hβ2AR), and applied the method on a GPCRwithout
an experimental structure, human somatostatin receptor 5 (hSSTR5). Insights on
GPCR activation as well as structure prediction methods are discussed.

The second one is a semiclassical approach for large-scale nonadiabatic dynamics of
condensed systems in extreme conditions, termed Gaussian Hartree Approximated
QuantumMechanics (GHA-QM).Many nonadiabatic processes related to important
applications (e.g. renewable energy) happen in large systems, but existing excited
state dynamics methods are too computationally demanding for their long timescale
simulations. GHA-QM is based on the electron force field (eFF) framework where
we model electrons as Gaussian wavepackets and nuclei as classical point charges,
and obtain a simplified solution to the time-dependent Schrödinger equation as the
equation of motion. We employ a force field philosophy approximating the total
energy as a sum of electronic kinetic energies, electrostatic energies and a Pauli
correction, which corrects for the lack of explicit antisymmetry in thewavefunctions.
New designs of the Pauli potential and preliminary results on hydrogen systems are
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discussed. With the new development, we hope to improve the accuracy and range of
applications of eFF to simulate the nonadiabatic dynamics of hundreds of thousands
of electrons on nanosecond timescale.
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C h a p t e r 1

Introduction

Large and complex chemical systems are ubiquitous in nature, and the understanding
of these systems is critical for the scientific and technological development in some
of the most important areas of the society, such as human health and renewable
energy. Theoretical and computational studies of such systems are essential in
advancing these areas, because they complement experimental studies and are able
to provide insights and key information that experiments cannot provide.

Developments in physics-based models and computing technology have enabled
computational studies of systems people could not imagine being able to study not
many years ago, but the simulation of large molecular systems and long timescale
processes remains one major challenge in the field of computational chemistry. The
ab initio quantum chemistry methods are relatively accurate but computationally
expensive, while the classical force fields are computationally cheaper but not as
accurate, and not able to provide electronic structures.

In addition, there are systems (Case 1) that have a large number of atoms under-
going processes that span a large timescale, whose dynamics are challenging to be
simulated even using classical force fields. There are also systems (Case 2) that
have a size acceptable for a reasonably-long classical simulation, but the nature of
the processes requires methods that take quantum effects into account, and existing
quantum mechanical, mixed quantum-classical or semiclassical methods are either
expensive or not accurate enough, or both.

In this thesis, two computational approaches that respectively aim at dealing with
these two aforementioned cases and their applications will be discussed.

The first one greatly extends the scope of structure prediction and mechanistic study
of a class of membrane proteins called the G protein-coupled receptor (GPCR),
that are "large and slow". When the focus is on a specific system, one could take
advantage of certain features specific to the system to make the simulation more
efficient, and this is the general idea of our approach.

GPCRs exist in many organs of the human body, and play indispensable roles in
human physiology, including but not limited to the senses of vision, taste and smell,



2

mood regulation, cell growth and death, hormone secretion, and immune system
regulation. Therefore, they are important drug targets, and 30%-40% of drugs on
the market target on them. However, only ∼30 of the ∼800 human GPCRs have
three-dimensional (3D) atomistic structures available. In addition, these proteins
are conformationally dynamic in the membrane, but this is very difficult to be
captured in x-ray crystallography. Most of the time they adopt conformations that
are called the inactive states, because these conformations are relatively lower in
energy. An agonist can promote the GPCR to more frequently adopt a collection of
conformations that can accommodate the binding with a G protein or other cellular
effectors such as a β-arrestin. These conformations are called the active states. Most
of the ∼30 GPCRs that have experimental structures only have one inactive-state
structure available, and only 5 of them have an active-state experimental structure.
Therefore, there is a great potential for computation to help elucidating the different
conformations of GPCRs along their activation pathways, to study their activation
mechanisms, and to enable rational design of drugs targeting on them. Because of
the greater availability of inactive-state structures, predicting active-state structures
from inactive-state structures would be particularly valuable. However, the long
timescale for a GPCR to transform from its inactive state to active state poses
challenge for computation too. This long timescale means it is hardly feasible for
a brute-force molecular dynamics to take a GPCR from its inactive state to active
state.

To address this challenge, based on the GPCR Ensemble of Structures in Membrane
BiLayer Environment (GEnSeMBLE) method our group developed, we have de-
veloped a new hybrid computational method, ActiveGEnSeMBLE, that combines
homology modeling, hierarchical discrete screening of protein conformations, and
molecular dynamics (MD) simulations, and enables the prediction of active and
inactive GPCR structures systematically. Chapter 2 devotes to the development of
the ActiveGEnSeMBLE methodology and the validation of the method with exper-
imental GPCR structures. The concluding remarks of Chapter 2 also discuss the
outlook of the method from a higher level. Chapter 3 and 4 discuss the applica-
tion of ActiveGEnSeMBLE on a GPCR without an experimental structure, human
somatostatin receptor 5 (hSSTR5). Chapter 3 focuses on the analysis of the active-
state conformations of hSSTR5 and the insights the analysis provides on GPCR
activation as well as GPCR structure prediction strategies. Chapter 4 focuses on the
structure prediction of hSSTR5 inactive-state conformations and their binding with
antagonists. Chapter 2 and 3 are mainly based on the publication (1), and Chapter
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4 is mainly based on the publication (2).

The second one has the goal of simulating the nonadiabatic electron dynamics of
large and condensed systems. These nonadiabatic processes are the pillars of some
important phenomena that hold the key to questions from fundamental science to
creating clean and renewable energy. Simulation methods for excited state dynamics
are not as well developed as ground state dynamics where the Born-Oppenheimer
approximation applies, especially for long timescale dynamics of large systems
with dense electronic states. Because of the requirements in both computational
efficiency and the description of quantum mechanical properties, a semiclassical
method such as the electron force field (eFF) is a reasonable starting point for large-
scale nonadiabatic dynamics. Based on the eFF framework, we have developed the
Gaussian Hartree Approximated Quantum Mechanics (GHA-QM) framework that
has a new and more complete description on the quantum mechanical contribution
to the total energy. Chapter 5 presents the motivation of the work, reviews the
first generation eFF and GHA-QM methods, and discusses our recent efforts on
improving GHA-QM.

GPCRand nonadiabatic dynamics relate in that there areGPCRs that can be photoac-
tivated through nonadiabatic transitions between adiabatic potential energy surfaces
(PESs). These GPCRs, called rhodopsin, have a covalently linked ligand (reti-
nal) that undergoes photoinduced isomerization that promotes the protein to adopt
active-state conformations and enables vision. The photoisomerization is a nonadi-
abatic process. Because GHA-QM is developed with different applications in mind
and has a mean-field assumption, in its current form it may not apply to rhodopsin
photoactivation. There have already been other methods that can better simulate
this process, so currently we do not see the urgency of developing a new method for
simulating photoisomerization in proteins.

The unifying theme of this thesis is to simulate large molecular systems and their
long-timescale processes. ActiveGEnSeMBLE can be viewed as an exploration
strategy of a rugged ground state PES: The system is directly taken to sparsely spaced
grid points on the PES that cover a wide area of the PES, and then refinement of
the grid surrounding selected grid points allows the local minima satisfying certain
physical features to be efficiently discovered. A key ingredient is a selection rule that
is based on suitable collective variables specific to the system. GHA-QM, on the
other hand, simulates systems that nonadiabatic transitions between different PESs
constantly happen (a.k.a. the Born-Oppenheimer approximation breaks down) by
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taking a mean-field approach and doing wave packet dynamics of electrons, with
the total energy being the sum of electronic kinetic energy, electrostatic energy, and
a potential accounting for the Pauli exclusion principle. To sum up, this thesis has
covered the two major classes of problems in large-scale simulations, one within the
Born-Oppenheimer framework and the other one beyond it.

References

(1) Dong, S. S., Goddard, W. A., and Abrol, R., (2016). Conformational and
Thermodynamic Landscape of GPCR Activation from Theory and Compu-
tation. Biophysical Journal 110, 2618–2629, DOI: 10.1016/j.bpj.2016.
04.028,

(2) Dong, S. S., Abrol, R., and Goddard, W. A., (2015). The Predicted Ensemble
of Low-Energy Conformations of Human Somatostatin Receptor Subtype 5
and the Binding of Antagonists. ChemMedChem 10, 650–661, DOI: 10.
1002/cmdc.201500023,
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C h a p t e r 2

Predicting the Conformational and Thermodynamic Landscape of G
Protein-Coupled Receptor (GPCR) Activation: Development of

ActiveGEnSeMBLE

This chapter is based on the following publication:

Dong, S. S.; Goddard, W. A.; Abrol, R. "Conformational and Thermodynamic
Landscape of GPCR Activation From Theory and Computation". Biophys.
J., 2016, 110 (12), 2618-2629. doi: 10.1016/j.bpj.2016.04.028

2.1 Introduction
G protein-coupled receptors (GPCRs) play critical signaling functions for numer-
ous cellular processes, making important targets for therapeutics. Developing such
therapeutics is complicated because the activation of GPCRs that is integral to their
function involves multiple distinct conformations along the pathway for activation.
Moreover, some GPCRs are capable of activating more than one intracellular (IC)
pathway,(1) making it essential to identify multiple active conformations possibly
involved with different functions. In order to understand GPCR activation mecha-
nisms and to carry out structure-based drug design, it is necessary to obtain accurate
three-dimensional structures for each of these important conformations. This creates
a huge problem for structure determination experiments, since it requires stabilizing
each of these structures sufficiently to have an ordered crystal. Indeed, despite huge
efforts and remarkable experimental breakthroughs, there are experimental struc-
tures for only 4% of the ∼800 human GPCRs. Of these most are for an inactive
conformation and only 5 are for active-like conformations (when this paper was
published in June 2016, there were only 4). In addition, among those 5 GPCRs with
both the active and inactive structures crystalized, only one (rhodopsin) has more
than one active experimental structure.

There is a huge potential role for theory and simulation to fill in this crystal structure
gap for GPCRs. However, there are major problems using theory to predict the
activation of such complex membrane bound proteins. Millisecond-long molecular
dynamics (MD) simulations have not been successful in following activation from
an inactive state to an active-like state along an activation pathway. In addition,
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the sequence homologies between different GPCRs are low to get structures for all
the remaining GPCRs, most of which would be only possible for inactive struc-
tures. To begin to address this problem, we had developed the GEnSeMBLE (2)
method to predict the ensemble of low energy (stable) 3D structures of GPCRs.
This method has successfully predicted the structures for several Class A and Class
B GPCRs: C-C chemokine receptor type 5 (CCR5),(3) adenosine A3 receptor
(AA3R),(4) cannabinoid receptor type 1 (CB1),(5) taste receptor type 2 member
38 (Tas2R38),(6) olfactory receptor 1G1 (OR1G1),(7) glucagon-like peptide 1 re-
ceptor (GLP1R),(8) prostaglandin D2 receptor (DP).(9) Most of the predictions are
for inactive state structures, but we were able to predict and validate active state
structures of AA3R(4) and CB1.(5)

The GEnSeMBLE methodology starts with several template configurations spec-
ifying the initial helix packing (helix locations, tilts and rotations) for the seven
helical transmembrane domains (TMDs) based either on an experimental structure
of a similar GPCR or based on a previous predicted structure. Then we consider
all possible simultaneous rotations by multiples of 30° about the helical axes for all
seven TMDs. We estimate the energies of all 127 ≈ 35 million rotations by calculat-
ing the energies for all combinations of the 12 interacting pairs of helices (BiHelix),
including optimized side chains. We build the best 1000 of these conformations by
energy into seven-helix bundles with optimized side chains and then select ∼20 of
the lowest conformations by energy for further consideration. This is done for all
plausible templates to identify which templates are best and which rotations best
accommodate the target sequence. This is followed by an exhaustive sampling of
simultaneous tilts and rotations of the seven helices (SuperBiHelix), leading to ∼13
trillion helix tilts/rotation combinations. The energies for all 13 trillion conforma-
tions are again estimated by combining BiHelix energies to identify the best 2000
conformations, which are then built into seven-helix bundles for final side chain
optimization. From this list, the ∼20 lowest-energy conformations are selected for
binding to different ligands and for further studies.(2)

Although exhaustive, this conformational sampling tends to be biased toward inac-
tive conformations since a) the available templates are mainly inactive, b) inactive
conformations usually have lower energy than active conformations and the pro-
cedure seeks lower energy structures, c) the agonist that might stabilize the active
configurations are not present during the reduction from 13 trillion to 20 structures.
Even so, GEnSeMBLE has successfully modeled some active GPCRs. In this pa-
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per, we propose a hybrid method, denoted ActiveGEnSeMBLE, that builds upon the
original GEnSeMBLE method to systematically predict multiple potentially-active
conformations of GPCRs. It utilizes a hierarchical sampling scheme that first sam-
ples conformations on a coarse grid followed by another conformational sampling
with a finer grid. In addition, rather than using only energy-based scoring, Active-
GEnSeMBLE method uses both structural and energy information to identify the
higher-energy candidates for active conformations that may reside in local energy
wells stabilized by appropriate agonists or other cellular effectors (e.g. G protein or
β-arrestin).

Herein we first validate the ActiveGEnSeMBLEmethod against experimental struc-
tures of GPCRs that have been obtained in active conformations with non-covalently
bound ligands: human β2 adrenergic receptor (hβ2AR),(10, 11) and humanM2mus-
carinic acetylcholine receptor (hM2),(12, 13). [The x-ray structure of the agonist-
bound mouse µ-opioid receptor (mOPRM or µOR) stabilized with a nanobody(14)
was not available at the time of this study, so we did not include it as a test case.]
Then we apply ActiveGEnSeMBLE to predict multiple active and inactive forms of
human somatostatin receptor subtype 5 (hSSTR5), which are discussed in Chapters 3
and 4. We selected hSSTR5 because:

a. It plays an important role in anti-proliferation, hormone secretion, and human
diseases such as pancreas cancer;(15)

b. There is no experimental structure available for use in drug development; and

c. A recent study identified hSSTR5 as the most valuable template for homology
modeling of the non-orphan and non-olfactory class A GPCRs that constitute the
majority of this class of GPCRs.(16)

2.2 DevelopingActiveGEnSeMBLEfor the systematic prediction of theGPCR
conformations along its activation pathway

Our original GEnSeMBLE method follows the following steps, described in detail
elsewhere:(2)

Step 1: Align the target sequence to the other GPCR sequences homologous up to
an Expect (E) value of 0.1, and use the PredicTM method to determine
the lengths and ranges of the helical hydrophobic core regions. Then use
secondary structure prediction servers to predict helical regions that might
extend beyond the hydrophobic core outside the membrane.
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Step 2: Generate the structures for the helical regions of the target receptor with
a variety of helical shapes using either (a) OptHelix which generates helical
shape usingminimization andmolecular dynamics; or (b) homologymodeling
based on TMD from known GPCR crystal structures with high sequence
identity to the target protein sequence.

Step 3: For each template-based structure (usingOptHelix or homology helix shapes),
sample 127 ≈35 million combinations of simultaneous rotations (η) of all
seven helices (using BiHelix), then select the best 1000 (based on energy)
to build full seven-helix bundles (CombiHelix) with optimized side chains.
From these conformations, select a few diverse structures with lowest pre-
dicted energies as the starting points for the subsequent simultaneous opti-
mization of tilt angles (θ, φ) and helix rotation angles (η). This SuperBiHelix
sampling generally involves (5×5×3)7 ≈13 trillion combinations. We then
select the best 2000 that are then built into seven-helix bundles (SuperCom-
BiHelix) from which the best ∼20 conformations are selected (by energy) as
the conformational ensemble that might play roles in GPCR function. These
20 conformations are then analyzed in terms of interhelical hydrogen bonds,
particularly whether there are salt bridges between different TMD including
the salt bridge interaction between domains TM3 and TM6, which is asso-
ciated with inactive conformations for many Class A GPCRs.(17) Typically,
helix shapes based on homology lead to more stable conformations, except
for CB1 (5) and DP (9) where OptHelix was the best.

Step 4: Use the DarwinDock/GenDock (18, 19) method to validate the predicted
GPCR structures by exhaustive sampling of poses of known agonists and
antagonists (including numerous torsional conformations) over possible bind-
ing regions. It involves assessing the contributions of binding from various
protein residues in the ligand binding cavity (cavity analysis) and often com-
parisons with the binding for a range of ligands (structure-activity relationship
analysis).

Step 5: Use homology or Monte Carlo procedures to add the loops and the amino
(N-) and carboxyl (C-) terminal segments to the TMD of the predicted ligand-
GPCR structures and optimize the loops through annealing. Build these
complete predicted structures into the lipid membrane surrounded by explicit
water and salt (∼60 000 atoms per cell) and carry out modest (10-50 ns)
of MD simulation to validate the stability of the predicted structures. The
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goal of the MD simulations is to allow water and ions to interact with the
ligand-protein complex to relax the predicted structures. Here we analyze the
changes in the strong interhelical interactions within the GPCR and strong
ligand-protein interactions. For a valid structure, we expect to gain new
interactions (sometimes due to water molecules) while not losing the original
strong couplings. Such short MD would not allow an inactive structure to
become activated.

Two GPCRs (rhodopsin and hβ2AR) have reported crystal structures in which the
full or partial Gα subunit C-terminus of the G protein is bound to the IC side of
the GPCR. It is believed that these structures capture a stable GPCR active state.
Comparison of these active structures to their inactive state counterparts shows that
the active states have a different packing of the transmembrane (TM) helices and that
TM6 changes shape during activation. In hβ2AR, bovine rhodopsin (bRho), hM2
and mOPRM, the TM6 IC end moves horizontally away from its position relative
to TM3 in the inactive state with a residue near the hydrophobic plane as the pivot
point, resulting in the TM3-TM6 space on the IC side opening up by about 3-5
Å (Table 2.1). Both experiment and previous predictions provide strong evidence
that each GPCR sequence may have multiple active states, with the active states
generally higher in energy (less stable) than the inactive state.(20)

These insights inspired a modification of Steps 2 and 3 of GEnSeMBLE to develop
the ActiveGEnSeMBLE method. In ActiveGEnSeMBLE, for Step 2, the template
for the homology model is based, in addition to an inactive-state crystal structure,
either on an available active-state crystal structure (for validation purposes only),
or on another model based on a hybrid template in which only TM6 comes from
an active-state crystal structure while the other 6 TMs (1 through 5, and 7) come
from an inactive-state crystal structure. In ActiveGEnSeMBLE, Step 3 of GEnSeM-
BLE is replaced by a two-step conformational sampling scheme for SuperBiHelix
that includes a coarse conformational sampling aimed at locating structures in the
active-state potential energy wells followed by a finer conformational sampling
starting from specific potential functionally-diverse conformations identified by the
coarse sampling. Coarse conformational sampling casts a wide net to catch confor-
mations that are potentially active. Specific conformations from coarse sampling
are identified along an activation coordinate by using a geometric criterion prior to
the energetic criterion as described below. Fine conformational sampling starting
from these conformations relaxes them in their local potential energy wells. We
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Protein
(PDB ID) Protein Description Coupled Protein R36 (Å) R(a)

36 – R(i)
36 (Å)

hβ2AR
(3SN6)(11) active G protein

heterotrimer 13.83 4.12

hβ2AR
(2RH1)(10) inactive - 9.71 -

bRho
(3PQR)(21)

active
(metarhodopsin II)

Gα C-terminal
fragment 11.44 3.69

bRho
(1U19)(22)

inactive
(rhodopsin) - 7.75 -

hM2
(4MQS)(13) active

G protein
mimetic
camelid
antibody
fragment

11.34 2.84

hM2
(3UON)(12) inactive - 8.50 -

mOPRM
(5C1M)(14) active

G protein
mimetic
camelid
antibody
fragment

12.21 5.08

mOPRM
(4DKL)(23) inactive - 7.13 -

hAA2AR
(2YDO)(24) agonist-bound - 7.48 1.34

hAA2AR
(3EML)(25) antagonist-bound - 6.14 -

Table 2.1: Comparison of R36 between inactive-state and active-state GPCR crystal
structures. R36 is the minimal approach distance between the backbone atoms of
the intracellular ends of TM3 and TM6, defined in Section 2.2. R36 of active state
structure is R(a)

36 ; R36 of inactive state structure is R(i)
36.

contend that this procedure is much faster and more efficient than using a standard
MD simulation to identify and relax active-like conformations.

In summary, the ActiveGEnSeMBLE method (Figure 2.1) is as follows:

Step 1: Same as Step 1 of GEnSeMBLE.

Step 2: Same as Step 2 of GEnSeMBLE, except that we include a template based on
an active-state crystal structure (for validation purposes only) and a hybrid
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InactiveConfs! ActiveConfs!
(Type 1)!

ActiveConfs!
(Type 2)!

Initial values of 
(x,y,h,θ,φ,η) and 

helix shape $
(Templates)$

Coarse sampling of 
(θ,φ,η) for a rough 
potential energy 

surface$

Identifying different 
energy wells by 

TM3-6 distance (R36)$

Fine sampling of 
(θ,φ,η) to obtain 

local minimum of 
each well$

Selected final 
structures$

Inactive crystal structure template!

BiHelix/CombiHelix and 
Coarse SuperBiHelix/
SuperComBiHelix!

Inactive structure: the 
lowest energy structure 
with TM3-6 ionic lock!

Potentially active structure: lowest 
energy with R36 > R36

(i) + R!

Replace TM6 with TM6 
mutated from active 
hβ2AR template!

TM6 shape from 
active-state 

template structure$

Fine SuperBiHelix/SuperComBiHelix!

Complete sampling of 
η: BiHelix/CombiHelix 
(optional)!

Figure 2.1: Schematic view of ActiveGEnSeMBLE. R36 is the minimal approach
distance between the backbone atoms of the intracellular ends of TM3 and TM6,
defined in Section 2.2. R(i)

36 is that of the inactive structure. R is a distance, usually
chosen around 4 Å. Among all cases involved in this paper, the optional step was
only carried out for hSSTR5 structure prediction, and it was found to be unnecessary
as the final selected structures are the same as those without this step carried out.
The sampling space of BiHelix is ∆η from 0 to 360° in 30° increments. If not
noted otherwise, the sampling space of Coarse SuperBiHelix is ∆θ: 0, ±15°; ∆φ: 0,
±45°, ±90°; ∆η: 0, ±30°, selected angles from BiHelix/CombiHelix, starting with
the best from BiHelix/CombiHelix. The sampling space of Fine SuperBiHelix is
∆θ: 0, ±15°; ∆φ: 0, ±15°, ±30°; ∆η: 0, ±30°. The active state template for TM6
is chosen to be hβ2AR (PDB ID: 3SN6) in this study because it is by far the only
GPCR co-crystalized with a full G protein heterotrimer.

template based on the inactive-state template with an active-state TM6 for the
active conformation prediction.

Step 3.1: Sample the orientations of the helices usingBiHelix/CombiHelix as inGEnSeM-
BLE followed by a coarse SuperBiHelix/SuperComBiHelix (∆φ from -90° to
90° in 45° increments; ∆θ = 0, ±15° and ∆η = 0, ±30° as in GEnSeMBLE). In
contrast to GEnSeMBLE, in which we select the conformations correspond-
ing to 20 lowest-energy states for further analysis, in ActiveGEnSeMBLE
we measure the distance between the TM3 and TM6 IC ends (R36) of 1000
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lowest-energy structures generated during coarse conformational sampling.
We also measure R36 for the inactive-state template, and denote it as R(it)

36 .

To select potential active-state structures from the coarse conformational sam-
pling we will search for the lowest-energy structure with R36 - R(it)

36 > 4 Å. We
denote the selected structures S2.1 (for the case with hybrid or active-state
initial template) and S3.1 (for the case with inactive-state initial template).
Potential inactive-state structures from the coarse conformational sampling
(S4.1) are selected using the same criteria as those in GEnSeMBLE.

The definition of R36 and the rational behind its usage are as follows:

– Defining the distance between the TM3 and TM6 IC ends (R36)

We define R36 to be the minimal approach distance between the IC ends
of TM3 and TM6 backbone atoms. We do not define it as the distance
between the two residues 3.50 and 6.30 (denoted in the Ballesteros-
Weinstein numbering scheme)(26) that usually form a salt bridge in the
inactive-state crystal structure because pure rotations of TMs 3 and 6 can
increase the distance between these two (or any two) residues without
opening any space between the two TMs for Gα to couple to the receptor.
In order to calculate R36, we use the following algorithm:

i) The GPCR is oriented such that its hydrophobic plane is in the x-y
plane (z=0), the extracellular (EC) end has positive z-coordinates,
and the IC end has negative z-coordinates. For the IC ends of
domains TM3 and TM6, the one with the less negative z-coordinate
value is named as shortTM, and the other one as longTM.

ii) Select a range of neighboring residues r1, r2, ..., rn starting from the
most intracellular residue of shortTM. In our example here we used
n = 4 because there are usually 4 residues per turn on a peptide
α-helix.

iii) For each given residue rm selected in ii), determine the z-coordinate
zm for each of its backbone atoms. Calculate all distances between
the shortTMbackbone atoms in rm and the longTMbackbone atoms
with z-coordinate in the range (zm-∆zIC, zm+∆zEC). In general, the
value of ∆zIC is chosen to be 5.4 Å since this is the height of one
turn of the α-helix. For structure prediction steps, ∆zEC is chosen to
be 5.4 Å. For analyzing the trajectory from the MD simulation step
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discussed below, the value of ∆zEC is chosen such that zm+∆zEC is
about the same as the least negative z-coordinate of the Gα subunit
C-terminus in the Gα-coupled case. For the structure-prediction
cases discussed in this article, the latter choice of ∆zEC gives the
same R36 value as choosing ∆zEC = 5.4 Å.

iv) The smallest distance among all distances between TM3 and TM6
calculated in iii) is R36.

This definition provides a robust geometric and steric measure of the IC
distance between TM3 and TM6, which correlates with the potential of
G protein coupling to the active conformations.

– Using R36 values to facilitate selection of the active state candidates

Let R36 for the active state structure be R(a)
36 , and that for the inactive

state structure be R(i)
36. Define ∆R36 = R(a)

36 - R(i)
36. Class A GPCRs hβ2AR

and bRho were crystalized with the G protein or the C-terminus of the
Gα subunit in complex with the GPCR, and they both have ∆R36 ≈ 4 Å
(Table 2.1). For hM2 and mOPRM, their active states were crystalized
with a G protein mimetic camelid antibody fragment and their ∆R36 are
about 3 Å and 5 Å, respectively. Since the G protein couples to the
receptor with the C-terminus of the Gα subunit inserted into the IC side
of the GPCR in between TM3 and TM6, it is reasonable to estimate
∆R36 by adding the diameter of a peptide α-helix (2.3 Å) to a C-C single
bond length (1.5 Å) which leads to 3.8 Å. Thus we take ∆R36 > 3 Å as
a reasonable target separation to locate active-like conformations. We
show below that our final predicted active hSSTR5 structures result in
∆R36 ≈ 3.5 Å.

Step 3.2a: The structure S2.1, S3.1 or S4.1 is used directly as the starting structure of a
finer SuperBiHelix/SuperComBiHelix (φ from -30° to 30° in 15° increments;
θ and η similar to GEnSeMBLE).

Step 3.2b: The structure S3.1 has its TM6 replaced by a TM6 shape from an existing
active state crystal structure according to method described in Appendix A.
The resulting structure S3.1b is then used as the starting structure for fine
conformational sampling (∆φ from -30° to 30° in 15° increments; ∆θ and ∆η
similar to GEnSeMBLE).
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Step 3.3: To select final active-state candidates, check whether the lowest-energy struc-
ture from Step 3.2a) or Step 3.2b) at least satisfies the criterion R36 - R(it)

36 > 3
Å. If it does, then select this structure as a potential active-state conformation
for the target protein. If it does not, then check the second lowest-energy
structure and so on. This step is carried out separately for different initial
templates to have a set of candidate structures diverse in TMD shapes. The
final inactive-state candidates are again selected using the same criteria as
those in GEnSeMBLE.

Step 4: Same as Step 4 of GEnSeMBLE.

Step 5: Same as Step 5 of GEnSeMBLE, except that we also do MD simulation of
the docked active-state candidates with the agonist bound and the G protein
bound.

2.3 Validating ActiveGEnSeMBLE: Methods
Structure prediction
Starting from the TMD of crystal structures of each validation case, hβ2AR (PDB
ID: 3SN6, 2RH1) and hM2 (PDB ID: 4MQS, 3UON), we did Step 3 following
the ActiveGEnSeMBLE protocol as described above. The energy ECNti was used
in energy ranking and is defined in Appendix A. The resulting active and inactive
conformations were compared to those observed in experimental structures.

Molecular dynamics of hβ2AR crystal structures
We did MD simulation of hβ2AR starting from its active-state crystal structure
(PDB ID: 3SN6) and inactive-state crystal structure (PDB ID: 2RH1). The MD was
carried out for the following cases with explicit lipid and water environment:

• Agonist + active GPCR + Gαs,

• Agonist + active GPCR,

• Active GPCR (apo) + Gαs,

• Active GPCR (apo),

• Agonist + inactive GPCR,

• Inactive GPCR (apo),



15

• Gαs, and

• Agonist.

We chose the agonist to be BI-167107 which is in the binding site of the active-state
crystal structure for hβ2AR. Only the Gα subunit of the G protein is included in the
simulation because our main focus is on the binding interface between the GPCR
and the G protein, which only involves the Gα subunit and the GPCR. The case
“active GPCR (apo) + Gαs” starts from the equilibrated “agonist + active GPCR
(apo) + Gαs” with the agonist removed.

MD simulation We used AMBER force field engine implemented in NAMD
2.9.(27) The conjugate gradient method was used in minimization. The Nosé-
Hoover Langevin piston pressure control was used in the NPT dynamics. The 51 ns
MD simulation followed the protocol detailed in Appendix A.

Energy analysis of the MD trajectories We used the self-interaction energy
function of NAMD 2.9 to do a single-point energy calculation of each component
in the complexes along the trajectories obtained from MD simulation above. A
minimization of 5000 steps was carried out on each frame before the single-point
energy was calculated. The energies were computed for the receptor, the Gα protein,
the ligand, and for the interactions of Gα/ligand with the receptor, for whichever
non-solvent molecules present in the complex to be studied. We then clustered the
complexes along each trajectory that were saved every 100 ps such that complexes
within an RMSD of 2 Å of each other were grouped into one family. The families
were then classified as “inactive”, “intermediate”, or “active” states which are
defined as R36 < 10 Å, 10 Å < R36 < 13 Å, and R36 > 13 Å, respectively. For each of
these activation states of a trajectory, themean value of the energy of each component
was calculated, which is labeled ER, EG, EL, ELR, ERG, or ELRG with the component
in consideration in the subscript. R denotes the receptor, G denotes the Gα protein,
L denotes the ligand, LRG denotes the ligand+receptor+Gα complex, LR denotes
the ligand+receptor complex, and RG denotes the receptor+Gα complex. We also
calculated the corresponding standard deviations. We were then able to calculate
the total energy of the receptor plus the stabilization from the interaction between
the receptor and the ligand and/or the Gα protein as follows:
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ELRG
R+interaction = ELRG

LRG − ELRG
L − ELRG

G

ELR
R+interaction = ELR

LR − ELR
L

ERG
R+interaction = ERG

RG − ERG
G

ER
R+interaction = ER

R .

The total energy of the system, with the internal energy of the ligand and the Gα
protein also considered, was calculated as follows:

ELRG
Total = ELRG

LRG

ELR
Total = ELR

LR + EG
G

ERG
Total = ERG

RG + EL
L

ER
Total = ER

R + EL
L + EG

G .

The superscript indicates which MD simulation case the energy is from, and the
subscript indicates which components of the case were grouped to obtain the energy.

2.4 Validating ActiveGEnSeMBLE: Results and Discussion
Structure prediction
We validated the ActiveGEnSeMBLE method with hβ2AR and hM2 receptor sys-
tems, which have both their active-state and inactive-state structures crystalized. For
bRho, its ligand, retinal, is covalently bound to the GPCR. As this does not represent
the majority of Class A GPCRs which do not have covalently bound ligands, we did
not consider bRho as a validation case. In addition, it is nontrivial to quantify the
energies of the receptor with and without the ligand for a covalently bound ligand to
account for the effect of the receptor-ligand interaction energy on the thermodynamic
state of the receptor system. Figure 2.2 summarizes the methods tested, with each
final structure sharing the same numbering as the method that generated the struc-
ture. Starting from an active-state structure, an inactive-state structure, and a hybrid
structure mixing active state (TM6) and inactive state (TM1-5 and TM7) helices,
we compared the best final structures from different methods with the active-state
crystal structure. The structural features and energy value of the last node in every
pipeline in Figure 2.2 (i.e. the final structure of each method) are summarized in
Table 2.2, with further details in Table 2.3. We assumed that the energy values
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and R36 values are the only information that will be available in selecting candidate
structures for prediction of an unknown structure. For hβ2AR and hM2, using the
active-state crystal structure as a starting structure aiming at predicting active-state
structures (Methods 1.x), the procedure is able to reproduce the TM orientations in
the active-state crystal structure (Table 2.2 and 2.3). This is a good but necessary
test of the overall methodology and the force field as they are able to identify a con-
formation close to the experimentally observed conformation out of (5×3×3)7 ≈374
billion conformations sampled. Similarly, using the inactive-state crystal structure
as a starting structure aiming at predicting inactive-state structures (Methods 4.x),
the procedure is able to reproduce the TM orientations in the inactive-state crystal
structure (Table 2.2 and 2.3).

Starting 
Structure 
TMs only 

Sample for a 
rough potential 
energy surface 

Coarse SuperBiHelix 
sampling (Δθ: 0°, 

±15°; Δφ: 0°, ±45°, 
±90°; Δη: 0°, ±30°) 

Identify different 
wells 

Potentially active 
structure: lowest 

energy structure with 
R36 > R36

(i) + R 
Potentially inactive 
structure: lowest 
energy structure 

Obtain local 
minimum of 

each well 
Fine SuperBiHelix 
sampling (Δθ: 0°, 

±15°; Δφ: 0°, ±15°, 
±30°; Δη: 0°, ±30°) 

Modify  
TM6  

shape 
Replace TM6 
with TM6 from 
active crystal 

structure 

1.1 
1.2 

2.1 
2.2 

3.2 
3.3 

Active-state crystal 
structure 

TM6: active-state 
crystal structure;  

Other TMs: 
inactive-state 

crystal structure 
Inactive-state 

crystal structure 

E 

3.1 

4.2 
4.1 

Reproduced  
inactive-state 

crystal 
structure 

Reproduced 
active-state 

crystal 
structure 
          

Predicted 
active-state 
structures 

 
 

Figure 2.2: Methods for validating inactive- and active-state predictions using
hβ2AR and hM2 as test cases. The black node indicates that the corresponding
step is applied to the structure from the previous black node on the same line on the
left. Each number beside a black node denotes the optimal structure obtained from
the method that is denoted by the same number.

Next, as a test of ActiveGEnSeMBLE on more practical cases, we find that both
active-state prediction methods either starting from the inactive-state crystal struc-
ture or the hybrid structure (Methods 2.x and 3.x, see rows with the first column 2.x
and 3.x in Table 2.2) can reduce the RMSD of the predicted active-state candidate
to the active-state crystal structure by 1.0 Å for hβ2AR and 0.8 Å for hM2. These
numbers are significant as the RMSD between the inactive-state and active-state
crystal structures are 2.48 Å and 2.30 Å for hβ2AR and hM2, respectively. Com-
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Structure / 
Method 

Identifier 
Method Name 

Method Description h!2AR hM2 

Sampling 
Target Starting Structure Sampling Method 

ECNti 
(kcal 
mol-1) 

RMSD to Target 
Crystal Structure 

(Å) 

R36 

(Å) 

ECNti 
(kcal 
mol-1) 

RMSD to Target 
Crystal Structure 

(Å) 

R36 

(Å) 

Active crystal 
structure - Active 

State 
Active crystal 

structure None - 0.00 13.72 - 0.00 11.14 

Inactive 
crystal 

structure 
- Active 

State 
Active crystal 

structure None - 2.48 9.71 - 2.30 8.55 

1.1 AfromA_Coarse Active 
state 

Active crystal 
structure Coarse -146.8 0.04 13.68 -168.5 0.37 11.15 

1.2 AfromA_Fine Active 
state 

Active crystal 
structure Fine after Coarse -146.8 0.04 13.68 -168.5 0.37 11.15 

2.1 AfromH_Coarse Active 
state 

Active crystal 
TM6 + inactive 

other TMs 
Coarse -158.0 1.41 15.12 -96.9 1.55 13.60 

2.2 AfromH_Fine Active 
state 

Active crystal 
TM6 + inactive 

other TMs 
Fine after Coarse -196.9 1.48 14.64 -100.3 1.69 13.45 

3.1 AfromI_Coarse Active 
state 

Inactive crystal 
structure Coarse -95.0 1.79 12.85 -77.4 1.94 14.45 

3.2 AfromI_Fine Active 
state 

Inactive crystal 
structure Fine after Coarse -114.5 1.86 13.41 

-127.2 2.68 15.20 

-111.6 1.92 15.22 

3.3 AfromIH_Fine Active 
state 

Inactive crystal 
structure 

Fine after replacing TM6 
of 3.1 result by active 
crystal structure TM6 

-169.5 1.47 14.03 -113.2 1.52 14.44 

Inactive 
crystal 

structure 
- Inactive 

state 
Inactive crystal 

structure None - 0.00 9.71 - 0.00 8.55 

4.1 IfromI_Coarse Inactive 
state 

Inactive crystal 
structure Coarse -220.6 0.07 9.72 -168.8 0.04 8.54 

4.2 IfromI_Fine Inactive 
state 

Inactive crystal 
structure Fine after Coarse -220.6 0.07 9.72 -168.8 0.04 8.54 

 

 

!
!
!
!
 

Table 2.2: Summary of structural features and energies of hβ2AR and hM2 optimal
structures generated from different methods. The “Structure Identifier” corresponds
to the numbers in Figure 2.2. Each RMSD value is between the backbone atoms of
the resulting optimal structure of the particular method and the backbone atoms of
the active-state crystal structure preprocessed according to Appendix A. For hM2,
the second best choice of 3.2 is also listed for comparison. Unlike hβ2AR for which
the inactive state is 73.8 kcal mol−1 more stable than the active state, this value
for hM2 is only 3.7 kcal mol−1. Therefore, the number of seven-helix bundles
built from SuperBiHelix results is increased to 2500 to capture more candidates
in the active-like regime. (For hβ2AR, building 1000 or 2500 bundles has the
same the final results shown in this table.) While hM2’s lowest-energy structure
from AfromI_Fine that satisfies the active-like R36 criterion (upper row of 3.2 in
the table) has a much larger RMSD than Structure 3.1 to the active-state crystal
structure, the second-lowest-energy structure (lower row of 3.2 in the table) has
an improved RMSD comparing to 3.1. This suggests selecting a small number of
diverse structures from the potential energy well may help in active-state structure
prediction as well.
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TABLE S3 Summary of structural features and energies of a) h!2AR and b) hM2 optimal structures 
generated from different methods. The “Method Identifier” corresponds to the numbers in Fig. 1. Each 
RMSD value is between the backbone atoms of the resulting optimal structure of the particular method 
and the backbone atoms of the active-state crystal structure. For TM4, none-zero $% values do not have 
as big effect as $% on the orientations of other TMs because the absolute value of & for TM4 is close to 
zero.  

a) 
Structure / 

Method 
Identifier Method Name $& (°) $% (°) $' (°) 

ECNti  
(kcal mol-1) 

RMSD to 
crystal active 

(Å) 
R36 
(Å) 

 
 

H1 – 
H7 H1 H2 H3 H4 H5 H6 H7 H1 H2 H3 H4 H5 H6 H7 

   Active 
crystal 

structure - - - - - - - - - - - - - - - - N/A 0.00 13.72 
Inactive 
crystal 

structure - - - - - - - - - - - - - - - - N/A 2.48 9.71 

1.1 AfromA_Coarse 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -146.8 0.04 13.68 

1.2 AfromA_Fine 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -146.8 0.04 13.68 

2.1 AfromH_Coarse 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -158.0 1.44 15.12 

2.2 AfromH_Fine 0 0 0 0 -15 0 15 15 0 0 0 0 0 0 0 -196.9 1.48 14.64 

3.1 AfromI_Coarse 0 0 0 0 0 0 -45 0 0 0 0 0 0 -30 0 -95.0 1.79 12.85 

3.2 AfromI_Fine 0 0 0 0 -15 0 -75 30 0 0 0 0 0 -60 0 -114.5 1.86 13.41 

3.3 AfromIH_Fine 0 0 0 0 15 0 15 15 0 0 0 0 0 0 0 -169.5 1.47 14.03 

4.1 IfromI_Coarse 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -220.6 2.47 9.72 

4.2 IfromI_Fine 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -220.6 2.47 9.72 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

! "+!

b) 

Structure / 
Method 

Identifier Method Name $& (°) $% (°) $' (°) 

ECNti  
(kcal 
mol-1) 

RMSD to 
crystal 
active 

(Å) 
R36 
(Å) 

 
 H1 H2 H3 H4 H5 H6 H7 H1 H2 H3 H4 H5 H6 H7 H1 H2 H3 H4 H5 H6 H7 

   Active 
crystal 

structure - - - - - - - - - - - - - - - - - - - - - - N/A 0.00 11.14 
Inactive 
crystal 

structure - - - - - - - - - - - - - - - - - - - - - - N/A 2.30 8.55 
 

1.1 AfromA_Coarse 0 0 0 0 0 0 0 0 0 0 -45 0 0 0 0 0 0 0 0 0 0 -168.5 0.37 11.15 

1.2 AfromA_Fine 0 0 0 0 0 0 0 0 0 0 -45 0 0 0 0 0 0 0 0 0 0 -168.5 0.37 11.15 

2.1 AfromH_Coarse 0 0 0 0 0 0 -15 0 0 0 0 0 0 -90 0 0 0 0 0 -30 0 -96.9 1.55 13.60 

2.2 AfromH_Fine 0 0 0 0 0 0 0 0 0 0 -15 15 15 -60 0 0 0 0 0 -30 0 -100.3 1.69 13.45 

3.1 AfromI_Coarse 0 0 0 0 15 15 -15 0 0 0 0 0 -90 0 0 0 0 0 0 0 0 -77.4 1.94 14.45 

3.2 AfromI_Fine 

0 0 0 0 30 15 0 0 0 0 -15 15 -60 0 0 0 0 0 -30 0 0 -127.2 2.68 15.20 

0 0 0 0 15 15 0 0 0 0 -15 30 -60 15 0 0 0 0 0 0 0 -111.6 1.92 15.22 

3.3 AfromIH_Fine 0 0 0 0 0 0 0 0 0 0 0 15 0 15 0 0 0 0 0 -30 0 -113.2 1.52 14.44 

4.1 IfromI_Coarse 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -168.8 0.04 8.54 

4.2 IfromI_Fine 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -168.8 0.04 8.54 
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Table 2.3: Summary of structural features and energies of a) hβ2AR and b) hM2
optimal structures generated from different methods. The “Method Identifier” cor-
responds to the numbers in Figure 2.2. Each RMSD value is between the backbone
atoms of the resulting optimal structure of the particular method and the backbone
atoms of the active-state crystal structure. For TM4, none-zero ∆φ values do not
have as big an effect as ∆φ on the orientations of other TMs because the absolute
value of θ for TM4 is close to zero.
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paring different methods that start from inactive-state crystal structure or the hybrid
structure (Methods 2.1 with 3.1 as well as Methods 3.3 with 3.2 in Table 2.2), it
can be seen that replacing inactive-state TM6 shape with active-state TM6 shape
further lowers the RMSD value between the candidate structure from sampling and
the actual active-state crystal structure by 0.4 Å more. This implies that the active-
like TM6 shape plays an important role and may be necessary for a high-accuracy
computational prediction of active-state GPCR structures.

From the coarse sampling results, two structures are picked. One is for the inactive-
state prediction (Structure 4.1 of Figure 2.2, Tables 2.2 and 2.3), and the other is for
the active-state prediction (Structure 3.1 of Figure 2.2, Tables 2.2 and 2.3). From
the energy profiles in Figure 2.3 (hβ2AR) and Figure 2.4 (hM2), it can be found that
the fine samplings can effectively achieve lower energies while keeping R36 of its
lowest-energy final structures in the active-like energy well to be similar (within 1
Å) to the starting structures of the corresponding fine sampling. In other words, the
fine sampling helps to locate the local minimum of a potential energy well (defined
by R36) even when the activation coordinate R36 was not sampled explicitly. These
potential energy profiles, while being crude, are also consistent with the hypotheses
that structures with R36 that deviate more than 3-4 Å from R(i)

36 correspond to
potential energy wells with higher energy local minima. In addition, they show that
there are multiple higher-energy potential energy wells, which is consistent with
biophysical evidence for multiple active states for a given GPCR. Furthermore, the
recently published arrestin-bound receptor structure (28) was used to match arrestin
to all the minimum energy structures of these energy wells for hβ2AR. We found
conformations for hβ2AR that could accommodate arrestin but not the Gs protein
(Figure 2.5). This is also consistent with the hypothesis that some of these different
active states might be capable of activating different signaling pathways by coupling
to different regulators. These results demonstrate that ActiveGEnSeMBLE method
is able to predict functionally distinct active-like conformations of GPCRs that might
be responsible for coupling to different signaling pathways. The method has the
potential to map out the activation landscape of a GPCR for multiple signaling
pathways efficiently.

MD simulation and analysis
So far, only qualitative energy landscapes have been generated for GPCR activation,
among which the most well-studied case is hβ2AR.(29) To obtain a quantitative
energy landscape that may provide more insights into GPCR activation, and to have
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Figure 2.3: Potential energy profile from sampling hβ2AR conformations. The
black curve illustrates how our sampling results can be qualitatively translated
into a potential energy curve using R36 as the x axis and does not quantitatively
represent any real data. Results of the coarse sampling starting from the inactive-
state crystal structure are in blue circles. Starting from structure 3.1, results of
methods that generated structures 3.2 and 3.3 are shown in red crosses and red
squares, respectively. Starting from structure 4.1, results of the fine sampling that
generated structure 4.2 are in green dots. Every blue arrow points from a starting
structure toward the optimal structure from the fine sampling of the corresponding
method.

a strategy that can facilitate the understanding of activation of GPCRs for which only
predicted structures are available, we carried out MD simulation of hβ2AR starting
from its crystal structures as described in Section 2.3. The analysis of R36 during
the MD simulations showed that the inactive conformation with and without the
agonist remains inactive (Figure 2.6), the Gαs-bound active conformation remains
stable during MD, and the active conformation not bound to the Gαs slowly loses its
activity (decrease in R36) during the 51 ns MD simulation as expected (Figure 2.7).
In addition, the apo-GPCR on average always has a slightly smaller R36 value than
the agonist-bound GPCR towards the end of the 51 ns, which is consistent with
the picture that the agonist shifts the equilibrium towards more activated states.
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Figure 2.4: Potential energy profile from sampling hM2 conformations. The black
curve is an illustration showing how our sampling results can qualitatively be trans-
lated into a potential energy curve using R36 as the x-axis and does not quantitatively
represent any real data. Results of the coarse sampling starting from the inactive-
state crystal structure are in blue circles. Starting from Structure 3.1, results of
methods that generated Structures 3.2 and 3.3 are shown in red crosses and red
squares respectively. Starting from the Structure 4.1, results of the fine sampling
that generated Structure 4.2 are in green dots. Every blue arrow points from a
starting structure towards the optimal structure from the corresponding sampling
method.

We then grouped the conformations in corresponding trajectories by R36, with
“inactive”, “intermediate”, and “active” states defined as R36 < 10 Å, 10 Å < R36 <
13 Å, and R36 > 13 Å, respectively, and calculated ER+interaction for each group. Note
that each of the “inactive”, “intermediate”, and “active” state here contain multiple
3D conformational states that satisfy the respective R36 criterion. The resulting
energy landscape (Figure 2.8) is overall consistent with the qualitative picture from
experiments [Figure 2.9 adapted from ref.(29)].

For agonist-bound (BI-167107 being the agonist) and apo-GPCR systems, our
inactive-state energy is lower than the active state but higher than the interme-
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Gαs  arrestin 
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hβ2AR  

Gαt  

Figure 2.5: Predicted minimum-energy hβ2AR structure (cyan) in one of the energy
wells can accommodate arrestin (green) but not Gαs (yellow). An energy well is
defined by clustering the structures with R36 values within 0.25 Å of each other. We
positioned the Gαs protein and the arrestin by aligning hβ2AR (orange) in its Gαs-
coupled crystal structure (PDB ID: 3SN6)(11), bRho (grey) in its arrestin-coupled
crystal structure (PDB ID: 4ZWJ)(28) and bRho (pink) in its Gαt-C-terminus-
coupled crystal structure (PDB ID: 3PQR)(21) to the predicted hβ2AR structure
without changing the relative orientation within each crystal structure. We find the
minimum energy structure of hβ2AR in the R36 ≈ 12.4 Å well clashes with Gαs
but not with arrestin. It is hard to determine by speculation whether it distinguishes
arrestin with the Gi protein because the C-terminus helix of Gαt subunit (red) co-
crystalized with the active-state bRho is similar in position with the part of arrestin
inside the GPCR. (Therefore, similar analysis was not carried out on hM2 which
couples with the Gi protein instead of Gs in vivo.) This structure is from the
ensemble of structures generated using Method 3.2 which uses the inactive-state
TM shapes for all TMs. It is characterized by ∆θ = 0 for all helices; ∆φ = -15°, 0,
0, 15°, 0, -30°, 15°; ∆η = 0, 0, 0, 0, 0, -30°, 0 with the values ordered from TM1 to
TM7. It has ECNti = -114.1 kcal mol−1.

diate state (Fig. 3). This is a signature of BI-167107-bound hβ2AR as opposed to
isoproterenol-bound hβ2AR and has been found in these experiments.(29)

When the Gα protein is present, both agonist-bound and apo-GPCR energies are
significantly lowered for the “active state”, which is the only group of states that
can accommodate the G protein. This finding for the agonist-bound GPCR’s energy
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Figure 2.6: Fluctuation of R36 of hβ22AR during 51 ns molecular dynamics simu-
lation starting from the inactive-state structure.

lowering upon coupling with Gα is consistent with experiments. Apo-GPCR cou-
pled with the G protein is not in the picture of the experimental energy landscape,
but we are able to do MD simulation and analysis of this system, and rationalize
our finding on its relative energy. To be specific, our results suggest that if an
apo-GPCR can indeed couple with the G protein, its energy will be lowered upon
coupling but not as low as the agonist-bound GPCR. This explains the basal activity
of hβ2AR and suggests that an agonist is able to increase the activity of a GPCR by
shifting the equilibrium from the apo-GPCR+Gα complex towards the more stable
agonist+GPCR+Gα complex.

Furthermore, the agonist-bound GPCR has lower energy than the apo-GPCR for
all other states as well, including the inactive states. This is also what has been
found in the experiments.(29) As the agonist-bound “intermediate state” remains
the lowest-energy state among the three, and the energy is lowered to a greater extent
than the other states, this supports a second route for GPCR activation, which starts
from an increased equilibrium population of the intermediate state upon binding
with the agonist. As the agonist-bound receptor is more dynamic in conformation
than apo-GPCR,(29) the agonist-bound receptor can then be stabilized by the G



25

	  

0 5 10 15 20 25 30 35 40 45 50
9

10

11

12

13

14

15

16

17

18

19

Time / ns

R
36

 / 
Å

Fluctuation of R36 During 51 ns of MD

 

 w/ agonist
apo
w/ agonist, w/ G
apo w/ G

Figure 2.7: Fluctuation of R36 of hβ2AR during 51 ns molecular dynamics simula-
tion starting from the active-state structure.

protein as it transits from the intermediate state to the active state.

The above analysis is based on the quantitative energy landscape plotted with
ER+interaction, which is chosen because we would like to eliminate the possible inter-
nal energy changes in the Gα and the ligand caused by Gα not coupling with the
other subunits of the G protein and by the ligand strain, which may not be captured
accurately by the computational methods. Nevertheless, energy profiles of ER and
ETotal are shown in Figure 2.10 and Figure 2.11, respectively. Although ETotal is
qualitatively the same as ER+interaction for hβ2AR, later we would see that they are
different for hSSTR5 (Figure 3.9). The energy profile of the receptor by itself (ER)
shows that the receptor is actually destabilized by the G protein if the agonist is not
present. Combining with the previous analysis, we conclude that, upon the GPCR
coupling to the G protein, it is the interaction between the G protein and the GPCR
that stabilizes the system, instead of the G protein directly lowering the energy of
the GPCR by itself. This insight was lacking from experimental profiles, but we are
able to deduce it from our analysis.
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Figure 2.8: Energy landscape of hβ2AR activation from MD simulation. The
horizontal bars are ER+interaction calculated as described in Section 2.3. The curved
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defined by the corresponding ER+interaction values. Inactive, intermediate, and active
states in the figure are defined as R36 < 10 Å, 10 Å < R36 < 13 Å, and R36 > 13 Å,
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! !
Figure 2.9: Qualitative energy landscape of hβ2AR from experiments. This figure
is adapted from Manglik et al. 2015. Cell 161:1101-1111 with permission.

2.5 Conclusions and Future Work
We have presented a new, to our knowledge, method for GPCR structure prediction,
termed ActiveGEnSeMBLE, that overcomes the conformational sampling limits



27

8200

8000

7800

7600

7400

7200

7000

6800

6600
E of Receptor Only

 

 

apo
w/ agonist
w/ G
w/ agonist+G

Inactive Intermediate Active 

E
ne

rg
y 

/ k
ca

l m
ol

-1
 

Figure 2.10: Energy profile of hβ2AR during activation. The horizontal bars are ER
obtained according to Section 2.3. “Inactive”, “intermediate”, and “active” states in
the figure are defined as R36 < 10 Å, 10 Å < R36 < 13 Å, and R36 > 13 Å respectively.

of MD simulations. This method can be used to identify multiple energetically
accessible conformations for a GPCR that might play a role in its activation in
addition to multiple lower-energy structures that might correspond to in inactive
states. We validate ActiveGEnSeMBLE by predicting the active hβ2AR and hM2
crystal structures. We found that ActiveGEnSeMBLE sampled the orientations of
the TM helices and located structures in various energy wells spanning the range
of TM3–TM6 distances (R36) traversed in the process of activation. Subsequent
analysis finds a local minimum in each of these energy wells that was close or iden-
tical to a crystal-structure conformation with a similar R36 value. MD simulations
of the crystal structures of hβ2AR with and without the G protein and the agonist
generated energy profiles that are consistent with the qualitative energy landscape
of hβ2AR obtained from experiments, providing information about how the ligand
and G protein may play are role in activation. These results indicate that the agonist
alone is not enough to stabilize the active state and that the Gα C-terminal chain
needs to be bound to the GPCR to promote activation, in agreement with conclusions
from experiments.
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Figure 2.11: Energy profile of the system during hβ2AR activation. The horizontal
bars are ETotal calculated according to Section 2.3. “Inactive”, “intermediate”, and
“active” states in the figure are defined as R36 < 10 Å, 10 Å < R36 < 13 Å, and R36
> 13 Å respectively.

Combined with results from applying ActiveGEnSeMBLE to hSSTR5, which are
discussed in the next chapter, it is confirmed that ActiveGEnSeMBLE is an effective
new method in predicting active-state conformations of at least class A GPCRs. To
our knowledge, it enables the first quantitative energy profile for GPCR activation
that is consistent with the qualitative profile deduced from experiments.

Future work can follow two directions: First, we could calculating the free energy
instead of potential energy to generate the energy landscape of GPCR activation.
This free energy profile should be quantitatively more accurate than a potential
energy profile. Second, we could apply ActiveGEnSeMBLE on a large number of
different GPCRs to map out their energy landscape of activation and compare the
differences in their activation mechanisms. This will allow us to study GPCR acti-
vation systematically, and to further study the interactions between different GPCRs
and their signaling pathways. This is highly meaningful not only for understanding
the fundamentals of biology, but also for designing more effective drugging strate-
gies, such as combining several drugs that respectively target on several selected
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GPCRs to diminish drug resistance.

In addition, the ActiveGEnSeMBLE strategy is possible to be generalized to other
macromolecules that the conformations and energetics from the large-scale motion
of well-defined and relatively-rigid domains are of interest. As discussed in Chap-
ter 1, apart from the hierarchical screening of grid points on the potential energy
surface, a key ingredient of ActiveGEnSeMBLE is a selection rule that is based
on suitable collective variable(s) specific to the target system. The identification of
such variables in this thesis was based on human observation of available data to find
the most prominent features, partly because of the small size of the available data
set and the uncertainty in data being too large for more subtle features. However,
with generalization of our strategy in mind, a more systematic identification process
(e.g. applying a feature selection algorithm) can be more proper for certain systems
that more high-quality data is available.
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C h a p t e r 3

The Activation of Human Somatostatin Receptor 5 (hSSTR5)

This chapter is based on the following publications:

Dong, S. S.; Goddard, W. A.; Abrol, R. "Conformational and Thermodynamic
Landscape of GPCR Activation From Theory and Computation". Biophys.
J., 2016, 110 (12), 2618-2629. doi: 10.1016/j.bpj.2016.04.028

Dong, S. S.; Abrol, R; Goddard, W. A. "The Predicted Ensemble of Low
Energy Conformations of Human Somatostatin Receptor Subtype 5 and the
Binding of Antagonists". ChemMedChem, 2015, 10 (4), 650–661. doi:
10.1002/cmdc.201500023

3.1 Introduction
Somatostatins (SSTs) are regulatory peptides involved in inhibition of a number of
endocrine and exocrine secretion functions through somatostatin receptors, which
are G protein-coupled receptors (GPCRs). (1, 2) They regulate the secretion of
factors such as insulin and growth hormone. All five somatostatin receptor subtypes
(SSTRs) are able to down regulate cell proliferation, but they vary in a number of
other functions such as the regulation of ion channels.[1a] Thus, their effects on
cell proliferation and apoptosis are of interest for developing nonpeptidic agonists to
enhance tumor growth suppression.(3) The subtype 5, SSTR5, forms heterodimer
with SSTR2 and presents enhanced cell growth inhibition ability.(4)

Of the five human somatostatin receptor subtypes (hSSTRs), hSSTR5 is the only
one that has different affinities for the two endogenous ligands SST-14 and SST-28,
which are cyclic peptideswith 14 and 28 residues respectively.(5) SSTR5has a higher
affinity for SST-28, which is shown to suppress glucagon-like peptide-1 (GLP-1)
secretion more effectively than SST-14.(6, 7) Therefore, hSSTR5 antagonists are
potentially useful in diabetes treatment. Indeed, it has been shown that certain
nonpeptidic antagonists are able to improve glucose tolerance in rodent models of
type 2 diabetes.(8)

Two peptide-based somatostatin mimics, octreotide and vapreotide, have been com-
mercialized to treat various diseases or conditions such as metastatic carcinoid tu-
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mors and esophageal variceal bleeding. In recent years, a number of small-molecule
agonists and antagonists have also been published.(9–12) However, to the best of
our knowledge, none have passed clinical trials. We expect that designing higher
potency and higher selectivity small-molecule ligands would be useful to minimize
off-target side effects.

For rational design of improved hSSTR5 ligands, it is essential to know themolecular
details of the receptor binding pockets for both the active and inactive states. Since
no experimental structures are available for any of the SSTRs, to predict the 3D
structures of hSSTR5, we used the computational method ActiveGEnSeMBLE we
developed based on our previous method GEnSeMBLE, as described in Chapter 2.

Apart from the biological functions described above, a recent study has identified
hSSTR5 as one of themost valuable templates for homologymodeling of non-orphan
and non-olfactory classAGPCRswhich represent themajority of the classAGPCRs
(highest sequence identity sum, and a percentage of sequences for accurate models
value of 31%).(13) This has increased the significance of obtaining the hSSTR5
structure.

In this chapter, we focus on discussing the active-state hSSTR5 structures we pre-
dicted using ActiveGEnSeMBLE, their binding with agonists and the G protein, and
their energy profiles of activation. Results on inactive-state hSSTR5 structures and
their binding with antagonists are in Chapter 4.

3.2 Methods
Structure prediction and ligand docking
We applied the ActiveGEnSeMBLEmethod to the hSSTR5 receptor, for which there
are no experimental structures. The exact procedures of Steps 1) - 3) follow the
ActiveGEnSeMBLE protocol in Chapter 2 and are described in detail in our previous
publication (14, 15) as well as Appendix A and B. The agonists (L-817,818 and F21)
were docked to each of the five predicted hSSTR5 structures, InactiveConf1,2,3 and
ActiveConf1,2, as described in Appendix A.

Molecular dynamics simulation and analysis
We carried out MD simulations of the complexes

• agonist+ActiveConf2+Gαi,

• agonist+ActiveConf2,
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• apo-ActiveConf2+Gαi,

• apo-ActiveConf2,

• agonist+InactiveConf2,

• apo-InactiveConf2, Gαi alone, and

• the agonist alone.

Similar to the MD simulation of hβ2AR, these systems were chosen so that we
can use interaction energy analysis of the MD trajectories to extract meaningful
information for studying the GPCR activation mechanism. The starting agonist-
GPCR complexes were the lowest-energy L-817,818-bound inactive- and active-
state structures from docking. For apo-ActiveConf2+Gαi, its starting structure
was from removing the agonist from the last frame of 51 ns MD simulation of
agonist+ActiveConf2+Gαi.

The detailed procedure of building the starting system of the MD simulation is in
Appendix A. The MD procedure and energy analysis were performed as described
above. The “inactive”, “intermediate”, or “active” states in the energy analysis are
defined as R36 < 8 Å, 8 Å < R36 < 11 Å, and R36 > 11 Å, respectively.

3.3 Results and Discussion
Structure Prediction
We have applied ActiveGEnSeMBLE to a GPCR without a known experimental
structure, hSSTR5. The workflow is shown in Figure 2.1, with the starting crystal
structure template being mOPRM. When generating active conformations from
hybrid templates, the optional BiHelix step in the flow chart in Figure 2.1 was
carried out. The detailed methods used for the inactive-state structural prediction
have been discussed in our previous publication (14) as well as Chapter 4. When
selecting the potentially active structure from the coarse sampling, 10.04 Å is used
as a criterion because R(it)

36 is 6.04 Å. Similar to hβ2AR and hM2, Table 3.1 shows the
fine conformational sampling is able to lower the energies starting from the results
of coarse conformational sampling. In addition, all Structures 3.x have R36 within
1.14 Å of each other, and all Structures 4.x have R36 within 1.58 Å of each other. In
other words, the lowest-energy structures from fine samplings have similar R36 to the
structures the fine samplings start with. This means we have successfully explored



36

lower energy structures for the inactive- and active-like states in their respective
energy wells.

! ""!

TABLE S4 Summary of starting structures (Methods 3.1, 4.1) and best resulting structures (Method 3.2, 
3.3, 4.2.x) of sampling hSSTR5 conformations using different strategies. Method 3.x are active state 
samplings, and Method 4.x are inactive state samplings. The original homology template is from the 
mOPRM inactive-state crystal structure. The methods used are outlined in Fig. S1 and detailed in our 
previous publication.(25) 

Structure  / 
Method 

Identifier Method Name $& (°) $% (°) $' (°) 
ECNti  

(kcal mol-1) R36 (Å) 

  

H1 – 
H5, H7 H6 H1 H2 H3 H4 H5 H6 H7 H1 H2 H3 H4 H5 H6 H7 

  Homology w/ 
mOPRM 

inactive-state 
crystal 

structure - 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 N/A 6.04 

3.1 AfromI_Coarse 0 0 0 0 0 0 0 -90 0 0 0 0 0 30 270 0 -265.8 11.34 
3.2 

(ActiveConf1) AfromI_Fine  0 0 0 0 0 0 0 -60 -15 0 0 0 0 30 270 0 -313.2 10.71 
3.3 

(ActiveConf2) AfromIH_Fine  0 -15 0 0 -15 0 -30 -60 0 0 0 0 0 30 240 0 -306.6 10.20 

4.1 IfromI_Coarse 0 0 0 0 0 90 0 0 0 0 0 0 -30 30 0 0 -303.3 6.01 
4.2.1 

(InactiveConf1) IfromI_Fine  0 0 0 0 0 105 0 -15 0 0 0 0 -30 0 0 0 -350.7 7.18 
4.2.2 

(InactiveConf2) IfromI_Fine 0 0 0 0 -15 60 30 15 0 0 0 0 0 60 0 0 -345.7 7.59 
4.2.3 

(InactiveConf3) IfromI_Fine 0 0 0 0 -15 60 -30 15 0 0 0 0 0 30 0 0 -328.9 7.56 
 
 
 
 

 

 

!
!
!
!
!
!

Table 3.1: Summary of starting structures (Methods 3.1, 4.1) and best resulting
structures (Method 3.2, 3.3, 4.2.x) of sampling hSSTR5 conformations using differ-
ent strategies. Method 3.x are active state samplings, and Method 4.x are inactive
state samplings. The original homology template is from the mOPRM inactive-state
crystal structure. The methods used are outlined in Figure 2.1 and detailed in our
previous publication.(14)

In addition to the methods described above, we have also tested ActiveGEnSeMBLE
using hβ2AR active-state x-ray structure as the template of all the hSSTR5 TMs.
The lowest-energy structure has ECNti of -224.7 kcal mol−1, which is less stable than
any of Structures 3.x (-265.8 to -306.6 kcal mol−1), which used either the mOPRM
inactive-state template or the hybrid template. As a result, we did not use this
structure for the later steps. This suggests that the crystal structure of the hβ2AR
active-state conformation may not be the best template for building an active-state
homology model for many GPCRs. As there are more inactive-state templates than
active, if a target receptor has the best sequence homology to a receptor with only an
inactive-state template, one should build the starting structure using that template.
Then, one can use ActiveGEnSeMBLE can be used on that structure to predict the
active-state and inactive-state conformations of the target receptor.

The energy profile of hSSTR5 plotted against R36 is illustrated in Figure 3.1. Unlike
hβ2AR and hM2, hSSTR5 seems to have a flatter energy surface. This may be a
feature of hSSTR5, but can also be affected by the homology template used. As the
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energies of ActiveConf1 and ActiveConf2 are comparable and we would like to have
a diverse set of candidate structures, we chose both of these structures as active-state
candidates. To see whether our predicted structures are reasonable, ligand-binding
studies and MD simulation have been carried out.
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Figure 3.1: Energy profile from hSSTR5 samplings. The black curve is an il-
lustration showing how our sampling results can qualitatively be translated into a
potential energy curve using R36 as the x-axis and does not quantitatively represent
any real data. Results of the coarse sampling are in blue circles. Starting from
Structure 3.1, results of methods that generated Structures 3.2 (ActiveConf1) and
3.3 (ActiveConf2) are shown in red crosses and red squares respectively. Starting
from the Structure 4.1, results of the fine sampling that generated Structures 4.2.1,
4.2.2, and 4.2.3 (InactiveConf1,2,3) are in green dots. Every blue arrow points from
a starting structure towards the optimal structure from the corresponding sampling
method.

Ligand Binding Studies
In order to verify the hSSTR5 structures predicted, we have docked five antago-
nists (11) (Figure 3.2) and two agonists (10) (Figure 3.3) to all the five candidate
structures, InactiveConf1, InactiveConf2, InactiveConf3, ActiveConf1, and Active-
Conf2. The detailed binding studies of the antagonists docking are in Dong et



38

al.,(14) partly reproduced in Chapter 4, in which the predicted binding energy of the
antagonist series is consistent with experimental binding constants.
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Figure 3.2: Antagonists series docked to hSSTR5 predicted structures.
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Figure 3.3: Structures of the docked agonists a) L-817,818 (Ki = 0.4 nM) and b)
F21 (IC50 = 0.56 nM).

The agonists L-817,818 and F21 are selected because they have very high affinities
(subnanomolar binding constants) with hSSTR5, and they display similar but differ-
ent structural features. We did not select a series of agonists with the same scaffold
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for structure-activity relationship (SAR) analysis due to the lack of published exper-
imental SAR data. The selected agonists’ structures are shown in Figure 3.3. They
are both peptide mimics derived from the endogenous ligand, somatostatin. They
both have polycyclic aromatic groups, and have a group mimicking lysine. However,
L-817,818 has one more positively charged amine group than F21.

For each agonist, docking to the five predicted structures finds that the lowest-
energy poses with the inactive state and the active state are only slightly different
(Table 3.2, 3.3 and 3.4). This suggests an easy pathway for the agonist-bound
receptor to interconvert between the inactive state and the active states, consistent
with experiments on hβ2AR.(16) Binding energies from docking have also shown
that, in the absence of a G protein, agonist stabilizes its inactive conformation. This
is again consistent with experiments on hβ2AR (16) and is further supported by
interaction energy analysis of MD trajectories described in the next section.

Pose Name Ligand Protein Structure SnapBE (kcal mol−1)
L_i2 L-817,818 InactiveConf2 -118.32
L_a2 L-817,818 ActiveConf2 -106.05
F_i2 F21 InactiveConf2 -99.41
F_a2 F21 ActiveConf2 -92.39

Table 3.2: Best pose of L-817,818 and F21 docked to active structures determined
by lowest snap binding energy (SnapBE).

We also find that for both agonists, L-817,818 and F21, the best active-state pose
is with ActiveConf2 (Table 3.2). Since ActiveConf2 was generated using struc-
ture prediction Method 3.3, this again suggests that TM6 shape is an important
factor in GPCR activation and a more active-like TM6 shape makes computational
prediction of active-state conformations more likely to succeed. Contrary to the
antagonist M59, the highest binding affinity antagonist we docked, which favors In-
activeConf1, the best inactive-state poses for both agonists are with InactiveConf2,
which has slightly higher energy (by 5 kcal mol−1) and greater R36 (by 0.4 Å) than
InactiveConf1. This implies that agonists may stabilize a slightly “more-active”
inactive state than the antagonist, and is a direct demonstration of the ability of
ActiveGEnSeMBLE to predict multiple states that is crucial in elucidating GPCR
activation mechanisms.

There are no published mutation studies that have probed the interaction between
hSSTR5 and small molecule ligands. In addition, there is only limited mutation data
of the SSTRs’ binding with the endogenous S-14 and S-28, especially in the TM
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F_i2 F_a2
a) b)

	   	  c) d)

	   	  
Table 3.3: a) 3D visualization of the docking pose F_i2, the lowest-energy complex
with agonist F21. b) 3D visualization of the docking pose F_a2. The ligand is
shown in purple. c) Ligand interaction diagram (LID) of the pose F_i2. d) LID of
the pose F_a2. LIDs are generated by Maestro9.3.(26) The cutoff distance for the
residues shown is 4.0 Å. Hydrophobic interaction: green; polar interaction: blue;
hydrogen bonds (cutoff distance 2.5 Å): purple arrows; π-π stacking: straight green
lines.

regions. Here we have attempted to compare our binding analysis with the available
experimental mutation data, and will suggest mutations that can be experimentally
tested to probe the binding of agonists L-817,818 and F21.

As shown in Table 3.3, the positively charged amine group in the ligand F21 forms
a salt bridge with D1193.32 on TM3, which is common among the closely related
opioid receptors. We can also find that ActiveConf2 forms a hydrophobic pocket that
is in contact with the majority non-polar groups in F21. Note that the hydrophobic
pocket includes F2646.51 on TM6. It is known that themutation F6.52Y in rat SSTR5
(rSSTR5) can increase the binding affinity of S-14 to rSSTR5 by 20-fold,(17) and
this means F2656.52 is involved in the SSTR5-agonist binding. Since F2656.52 and
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	   	  c) d)

	   	  
Table 3.4: a) 3D visualization of the docking pose L_i2, the lowest-energy complex
with agonist L-817,818. b) 3D visualization of the docking pose L_a2. The ligand
is shown in purple. c) Ligand interaction diagram (LID) of the pose L_i2. d) LID
of the pose L_a2. LIDs are generated by Maestro9.3.(26) The cutoff distance for the
residues shown is 4.0 Å. Hydrophobic interaction: green; polar interaction: blue;
hydrogen bonds (cutoff distance 2.5 Å): purple arrows; π-π stacking: straight green
lines.

F2646.51 are neighboring residues and the ligand F21 is much smaller than S-14,
we can hypothesize that F2646.51 is important in F21 binding with the activated
hSSTR5. Notice that residue 6.52 is tyrosine for all other SSTRs, but F6.51 is
conserved in all SSTRs. As a result, we suggest F6.51 is responsible for the affinity
of SSTRs to the ligand F21 but not the selectivity.

L-817,818 has different binding modes because of its two positively charged amine
groups. The 3D visualization and ligand interaction diagrams (LIDs) of the best
pose with the inactive state (L_i2) and the active state (L_a2) are shown in Table 3.4.



42

Similar to ligand F21, the salt bridge between one amine group with D1193.32 is
present, and there is π-π interaction between the aromatic groups in L-817,818 and
F2646.51. The other lysine-like amine group in L-817,818 forms a hydrogen bond
with Q1233.36 and has the potential to have electrostatic interaction with D862.50. In
theMDsimulation discussed inmore detail in the next section, wefind that this amine
group is indeed forming a salt bridge with D862.50 in the active-state simulation.
Thus, we suggest D862.50 is involved in hSSTR5 activation by L-817,818. Also,
hSSTR5 mutant F264Y is predicted to have higher affinity for L-817,818 due to
the potential of an additional hydrogen bond between the ester oxygen atom in
L-817,818 and Y264.

MD Simulation and analysis
To further investigate the activation mechanism of hSSTR5, we have carried out
molecular dynamics simulations on the L-817,818-bound and apo predicted struc-
tures. We have considered six cases: 1) agonist+ActiveConf2+Gαi, 2) ago-
nist+ActiveConf2, 3) apo-ActiveConf2+Gαi, 4) apo-ActiveConf2, 5) agonist+InactiveConf2,
and 6) apo-InactiveConf2. The binding site of agonist+ActiveConf2 is from L_a2,
and that of agonist+InactiveConf2 is from L_i2. As expected, similar to hβ2AR,
the inactive state remains inactive during the MD simulation (Figure 3.4), and the
coupling of Gαi is able to keep both the agonist-bound and apo-GPCR active during
the MD simulation (Figure 3.6). Interestingly, contrary to hβ2AR for which both
the agonist-bound and apo-GPCR lose their activity during the MD simulation, for
hSSTR5, starting from active-state conformations without Gαi, the apo-GPCR is
able to keep hSSTR5 with a large R36 capable of coupling to Gαi, while the agonist-
bound GPCR goes back to its “intermediate state” within 5 ns and goes back to
its inactive state in 28 ns (Figure 3.5). This suggests the constitutive activity of
hSSTR5 plays an important role in its activation mechanism. The G protein is more
likely to couple with hSSTR5 before the agonist binds.

For each case, we have analyzed the potential energy of the agonist-bound and apo-
GPCR along the MD trajectory and the resulting energy landscape (Figure 3.7) is
consistent with the illustration derived from experimental findings of hβ2AR.(16,
18) To be more specific, although the active state of a GPCR has higher energy than
its inactive state, binding of the G protein lowers the energy of the active state of
the GPCR, and ER+interaction of the apo-GPCR+Gαi complex is not as low as the
agonist-bound complex. This activation picture is another example besides hβ2AR
that has quantitatively confirmed the belief that the G protein facilitates GPCR
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Figure 3.4: Fluctuation of R36 of hSSTR5 during 51 ns molecular dynamics simu-
lation starting from the predicted inactive-state structure.

activation by stabilizing both the agonist-bound and apo-GPCR. The former leads
to agonist-induced activity and the latter leads to constitutive activity.

Comparing the energy landscape of hβ2AR in Figure 2.8 and that of hSSTR5
in Figure 3.7, we find that their intermediate states have different features. The
intermediate states of the BI-167107-bound hβ2AR have lower energy than the
inactive states, while those of the L-817,818-bound hSSTR5 have higher energy
than the inactive states. This can be reasonable because the energy landscape of
even the same receptor can be altered by different agonists. For example, another
hβ2AR agonist isoproterenol makes hβ2AR have higher energy intermediate states
than inactive states (Figure 2.9).(16) In addition, the definition of “intermediate
state” here include many different states that have R36 between the inactive state
and the states that can couple to the G protein, and the average energy of these
intermediate states depends on the distribution of these states in the MD trajectory.

Furthermore, there have been experimental structures of several agonist-bound
GPCRs that present features from inactive to partially-active of various degrees
without the presence of the G protein, suggesting a role of the agonist in the initial
steps of GPCR activation that varies with different GPCRs. For example,
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Figure 3.5: Fluctuation of R36 of hSSTR5 during 51 ns molecular dynamics simu-
lation starting from the predicted active-state structure without the presence of the
Gα protein.

• In turkey β1 adrenergic receptor, the agonist-bound structure is nearly identical
as the antagonist-bound inactive-state structure except for a 1 Å contraction
of the binding pocket.(19)

• In contrast, for human adenosineA2A receptor, the agonist-bound structure has
all active-like features except that the IC end of TM6 is only partially opened
for coupling with the G protein (Table 2.1).(20) The agonist-bound human
serotonin 1B (5-HT1B) receptor, human serotonin 2B (5-HT2B) receptor and
rat neurotensin 1 receptor (NTSR1) do not have an antagonist-bound inactive-
state structure of the same receptor to compare to, but they show partially-
active features.

• Bound with the same agonist, the 5-HT2B receptor has a less-active TM6 and
a more-active TM7 than the 5-HT1B receptor, while they both have an outward
shift of TM6 IC end comparing to inactive-state structures of other aminergic
receptors.(21, 22)

• NTSR1 also shows active-like features found in bRho and hβ2AR, with a
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Figure 3.6: Fluctuation of R36 of hSSTR5 during 51 ns molecular dynamics sim-
ulation starting from the predicted active-state structure in complex with the Gα
protein.

TM6 position similar to that of the active-state bRho but not to the extent of
active-state hβ2AR.(23)

Therefore, we conclude that different GPCRs may adopt different activation path-
ways with different agonists in terms of the energy ordering of different states
dictated by respective energy landscapes of activation. It is reasonable that our
agonist-bound inactive states of hSSTR5 have the lowest energy among its various
states displaying different degrees of activation. Thus, we consider that the com-
putation of energy landscape of GPCRs using the method detailed in this article is
valuable since it may allow for the activation mechanisms of a broader variety of
GPCRs to be mapped out efficiently.

Similar to the discussion of hβ2AR, hSSTR5 energy profile plotted with ER (Fig-
ure 3.8) also shows that the G protein destabilizes the receptor, except that in the
case of hSSTR5 this is regardless of whether the agonist is bound. This may be
reasonable as the hSSTR5 agonist L-817,818 destabilizes hSSTR5while the hβ2AR
agonist BI-167107 stabilizes hβ2AR. As ER+interaction shows a lower energy for the
agonist-bound hSSTR5, we can conclude that the stabilization of hSSTR5 comes
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Figure 3.7: Energy landscape of hSSTR5 activation fromMD simulation. The solid
horizontal bars are ER+interaction calculated as described in Section 2.3. The dashed
horizontal bar is fictitious. The curved lines are fictitious energy surface, with the
barriers being qualitative and minima defined by the corresponding ER+interaction
values. Inactive, intermediate, and active states in the figure are defined as R36 < 8
Å, 8 Å < R36 < 11 Å, and R36 > 11 Å, respectively. Energy landscape of hSSTR5
activation from MD simulation.

from the interaction between the agonist and the receptor, in addition to the inter-
action between Gαi and the receptor. As mentioned in the previous chapter, unlike
hβ2AR, however, ETotal (Figure 3.9) is qualitatively different from ER+interaction for
hSSTR5.

The stabilizing effect of the G protein on the active state of the GPCR can indeed be
explained by the specific interactions between the Gα subunit and the GPCR. During
the MD simulation of agonist+ActiveConf2+Gαi, salt-bridge and hydrogen-bond
networks are able to form between the C-terminal helix of Gαi and ActiveConf2
as shown in Figure 3.10. In particular, the formation of the salt-bridge network
involving Gαi’s D261G.h3s5.2 and D350G.H5.22, and hSSTR5’s K72 on IC loop 1
(ICL1), R151 on ICL2, and the formation of the hydrogen bond between R1373.50

andGαi’s C351G.H5.23, replace the inactive state’s R151-D1363.49-R1373.50-T2476.34
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Figure 3.8: Energy profile of hSSTR5 during activation. The horizontal bars are
ER obtained according to Section 2.3. The dashed horizontal bar is fictitious.
“Inactive”, “intermediate” and “active” states in the figure are defined as R36 < 8 Å,
8 Å < R36 < 11 Å, and R36 > 11 Å, respectively.

network. Additional salt-bridge network is formed between the carboxylate group
on the Gαi C-terminal residue F354G.H5.26 and hSSTR5’s K2456.32 on TM6 and
R239 on ICL3. In addition, a hydrogen bond is formed between R2486.35 and
G352G.H5.24, and a weaker hydrogen bond is formed between W150 on ICL2 and
N347G.H5.19. Furthermore, the highly conserved L348G.H5.20 and L353G.H5.25 are
in a hydrophobic pocket that consists of V1413.54, I2245.61, V2466.33, M2496.36, and
V228 on ICL3. Since experimental mutagenesis studies have shown that the mu-
tations L348AG.H5.20, L353AG.H5.25, and G352AG.H5.24 severely hindered the cou-
pling between Gαi and light-activated bRho (bRho*),(24) which has the conserved
residues V1393.54, L2265.61, V2506.33, M2536.36, and R2526.35, we may conclude
that the corresponding interactions we found between hSSTR5 and Gαi are con-
sistent with experiments. The same experimental paper showed that N347AG.H5.19

did not have a significant effect on the coupling between Gαi and bRho*, which is
consistent with the weak interaction we found between W150 and N347G.H5.19. In-
terestingly, the mutation D350AG.H5.22 seems to stabilize the bRho*-Gαi complex.
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Figure 3.9: Energy profile of the system during hSSTR5 activation. The horizontal
bars are ETotal calculated according to Section 2.3. The dashed horizontal bar is
fictitious. “Inactive”, “intermediate” and “active” states in the figure are defined as
R36 < 8 Å, 8 Å < R36 < 11 Å, and R36 > 11 Å, respectively.

This might be a property specific to bRho*-Gαi arising from the differences in helix
packing and ICL sequences between bRho and hSSTR5.

After the agonist is removed, K72 on ICL1 breaks away from D350G.H5.22 and
D261G.h3s5.2 and forms a hydrogen bondwith the backbone oxygen atomofD350G.H5.22.
In addition, the hydrogen bond between R1373.50 and C351G.H5.23 backbone oxygen
atom and the hydrogen bond between R2486.35 and G352G.H5.24 backbone oxygen
atom become water-mediated. The weakening of the interaction between the apo-
GPCR and Gα is consistent with the picture that the agonist stabilizes the binding
of the G protein with GPCR.

Looking into the protein-ligand interactions in more detail, we have found a char-
acteristic interaction formed at around 25 ns of the agonist+ActiveConf2+Gαi MD
simulation, but absent in the entire agonist+InactiveConf2 MD trajectory: the salt
bridge between the lysine-like positively charged amine of L-817,818 and D862.50

on hSSTR5 (Figures 3.11-3.13). The highly conservative residue 2.50 has been
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Figure 3.10: Interactions between the Gαi C-terminus and hSSTR5 after a 51 nsMD
simulation of (a) agonist+ActiveConf2+Gαi and (b) apo-ActiveConf2+Gαi. Gαi
is shown in yellow and hSSTR5 is shown in cyan. The superscript of Gα residue
numbers follows the common Gα numbering system.(25)

studied in several GPCRs, but its role is not well understood and varies across differ-
ent systems.(26, 27) In particular, the mutation D2.50N presents different effects in
SSTR1 and SSTR2. Although D2.50 is widely viewed as an allosteric site, our re-
sult suggests that the orthosteric site of L-817,818 in hSSTR5 may extend to D2.50.
Therefore, our result opens up the possibility of D862.50 being crucial in hSSTR5
activation by engaging in the interaction with the agonist, and further experimental
investigation of this residue would be worthwhile. If the significance of D862.50 is
verified, designing agonists that are able to form salt bridges with both D1193.32 and
D862.50 may be a desired path towards drugs targeting hSSTR5.
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b) Agonist+ActiveConf2+G!i 

W2616.48 
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Figure 3.11: a) The salt bridge between L-817,818 (the agonist) and D862.50 of
hSSTR5 is not present during the MD simulation of the agonist+InactiveConf2
complex. Instead, water molecules are surrounding D862.50. Water molecules
within 10 Å of the side chain of D862.50 are displayed. b) A salt bridge between
L-817,818 and D862.50 of hSSTR5 is formed during the MD simulation of the
agonist+ActiveConf2+Gαi complex. In addition, there is π-π stacking between
L-817,818 and W2616.48 in the agonist+ActiveConf2+Gαi complex. There is no
water molecule within 10 Å of the side chain of D862.50. c) The presence of the
transmission switch: W2616.48 and F2576.44 are oriented towards P2135.50 in
ActiveConf2 (right panel) but not in InactiveConf2 (left panel) partly due to the
rotation of TM6. The secondary structure in agonist+InactiveConf2 is shown in
grey, and that in agonist+ActiveConf2+Gαi is shown in orange. Carbons in the
residues on hSSTR5 are shown in cyan. The agonist carbon atoms are shown in
purple.

3.4 Conclusions
We applied the validated ActiveGEnSeMBLE method to the hSSTR5 receptor, for
which there is no available experimental structure. Importantly, we found that a hy-
brid template consisting of the TM6 from the available active-state crystal structure
combined with TM1-5 and TM7 of inactive-state crystal structures from GPCRs
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Figure 3.12: Distance between the N atom in an amine group of L-817,818 and
a carboxylic acid oxygen atom in D862.50 of hSSTR5 along the trajectory of MD
simulation of the agonist+ActiveConf2+Gαi complex.

with high-sequence identity generated even lower energy active-like structures than
a template based purely on the available active-state crystal structures. Thus, it is
not necessary to have the full structure for an active GPCR to apply ActiveGEnSeM-
BLE. In other words, the method’s application to the somatostatin receptor hSSTR5
shows that, to predict an active conformation, it is better to start from an inactive-
state template based on a close homolog than to start from an active template based
on a distant homolog.

Docking of agonists and the subsequentMDsimulations identified important residues
involved in hSSTR5 activation by the respective agonists. MD simulations of the
predicted structures of hSSTR5 with and without the G protein and the agonist gen-
erated energy profiles that are consistent with the qualitative energy landscape of
hβ2AR obtained from experiments and also with the quantitative energy landscape
of hβ2AR presented in this study. The differences are compatible with previous
findings from agonist-bound experimental structures for various GPCRs in that the
agonist promoted the initial steps of GPCR activation to degrees that varied among
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Figure 3.13: Distance between the N atom in an amine group of L-817,818 (the same
amine group in Fig. S15) and a carboxylic acid oxygen atom in D862.50 of hSSTR5
along the trajectory of MD simulation of the agonist+InactiveConf2 complex.

different GPCRs. These energy profiles indicate that the G protein helps to sta-
bilize the agonist-bound GPCR. These results confirm that ActiveGEnSeMBLE is
effective in predicting the active-state conformations of at least class A GPCRs, and
provides a powerful new tool for elucidating the activation mechanisms of GPCRs
by identifying the sequence of conformations along the pathway for activation. We
hope that this will accelerate the rational design of new, more potent and selective
agonists.
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C h a p t e r 4

The Predicted Ensemble of Low-Energy Conformations of hSSTR5
and the Binding of Antagonists

This chapter is based on the following publication:

Dong, S. S.; Abrol, R; Goddard, W. A. "The Predicted Ensemble of Low
Energy Conformations of Human Somatostatin Receptor Subtype 5 and the
Binding of Antagonists". ChemMedChem, 2015, 10 (4), 650–661. doi:
10.1002/cmdc.201500023

In this chapter, we focus on predicting the ensemble of structures for hSSTR5 using
the ActiveGEnSeMBLE method and their binding with several known antagonists.
An account on the significance of the research is in Chapter 3.

4.1 Structure Prediction of hSSTR5
Our predictions of the ensemble of low energy 3D structures for hSSTR5 followed
ActiveGEnSeMBLE.An overview ofActiveGEnSeMBLE applied to hSSTR5 struc-
ture prediction is provided in Figure C.1. The procedure is detailed in Appendix
B.

To prepare the starting structures for the ActiveGEnSeMBLE procedure, we first car-
ried out PredicTM and secondary structure predictions to determine which residues
are in the seven transmembrane domains (TMDs). The PredicTM result is in Fig-
ure C.2, and the final assignment of each TMD is in Figure C.3. Then we carried out
multiple sequence alignments between hSSTR5 and theGPCRswith x-ray structures
available, which identified human nociceptin receptor (hOPRX), mouse µ-opioid
receptor (mOPRM), and human κ-opioid receptor (hOPRK) as the best candidate
templates to model hSSTR5 structure. To determine the shapes of the helices, we
used OptHelix and homology modeling. Then the TMD bundle of hSSTR5 was
assembled based on the helix positions of each template. A total of 15 starting
structures with different helical shapes and positions were generated.

Among the six parameters (x,y,h,θ,φ,η) that uniquely define the orientation of a
rigid TMD, the hydrophobic center (HPC) residue h and the Cartesian coordinates
(x,y) of the HPCwere taken from the template. Among the helical tilts and rotations
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(θ,φ,η), the helical rotations η were first sampled using the BiHelix method with a
sampling range of ∆η from 0° to 360° and a step size of 30°.

The top 10 structures from the BiHelix step are shown in Table C.2, where we see
that all 10 use homology helix shapes. Since all three templates were represented
in the top 10, we used the rotations for the best candidate from each template in the
next step, SuperBiHelix (optimizing tilts).

SuperBiHelix optimizes (θ,φ,η) based on the best structures from BiHelix. For each
of these, we first carried out a coarse sampling step (∆θ = 0, ±15°; ∆φ = 0, ±45°,
±90°; ∆η = 0, ±30°, other selected angles) from angles optimized in BiHelix. This
sampled at least (3×5×3)7 ≈ 374 billion configurations from which we built and
optimized the lowest 2000 seven-helix bundles. This was done for all three starting
templates (mOPRM, hOPRK, hOPRX), with the sampling space for each template
summarized in Table C.3, and the resulting lowest-energy structure for each template
shown in Table 4.1.

Template ∆ϕ (°) ∆η (°) ∆θ
(°)

ECNti
(kcal
mol−1)

H1 H2 H3 H4 H5 H6 H7 H1 H2 H3 H4 H5 H6 H7 All
mOPRM 0 0 0 90 0 0 0 0 0 0 -30 30 0 0 0 -303.3
hOPRX 0 0 0 -90 0 -45 0 0 0 0 0 0 60 0 0 -324.9
hOPRK 0 0 0 -30 0 0 30 0 0 0 0 0 0 0 0 -306.5

Table 4.1: Coarse SuperBihelix/SuperCombiHelix optimal structures of the three
templates. The angles ∆φ, ∆η and ∆θ are deviations from the respective homology
templates. The ∆θ values for all helices are zero for the cases listed.

To predict the structures for inactive states, we selected the lowest-energy struc-
ture with a TM3-TM6 ionic lock for each template. Then we carried out a finer
SuperBiHelix sampling (∆θ = 0, ±15°; ∆φ = 0, ±15°, ±30°; ∆η =0, ±30°). This
examined (3×5×3)7 ≈ 374 billion configurations fromwhich we built and optimized
the lowest 2000 seven-helix bundles.

As shown in Table 4.2, the top 10 structures from this fine SuperBiHelix sampling
all come from the mOPRM template except for the one ranked 5th which is from
hOPRK. Thus, we focused on structures using the mOPRM template in the sub-
sequent procedures. The structure ranked 4th by ECNti has the largest number of
interhelical hydrogen bonds among the top 10 among which

• the TM3-TM6 (3-6) ionic lock [R1373.50-E2436.30],
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• the TM1-TM2-TM7 (1-2-7) network [N581.50-S2977.46-D862.50, N3007.49-
D862.50] and

• the TM2-TM3-TM4 (2-3-4) network [W1644.50-N812.45-C1293.42]

are conserved from the inactive states across class A GPCR x-ray structures (Fig-
ure 4.1). In addition, there are 7 strong interactions involving residues that are
conserved in all or most hSSTRs (Figure 4.1). They are

• Y782.43-D1363.49,

• N1223.35-A852.49 (A852.49 backbone),

• T1253.38-S1674.53,

• K2275.64-Y1383.51,

• Y2947.43-D1193.32,

• R1133.26-L1744.60 (L1744.60 backbone; valine in hSSTR1,4), and

• K2456.32-F3067.55 (F3067.55 backbone; R2546.32-F3157.55 in hSSTR3).

Therefore, we considered this structure as the most promising inactive-state candi-
date, denoted InactiveConf1. We also found an important polar interaction,

• Y2867.35-N2716.58,

that seems likely only for hSSTR3 and hSSTR5 because the other hSSTRs do not
have a tyrosine on 7.35. In addition, we found one interaction,

• T1173.30-S1714.57,

that we expect to be unique to hSSTR5. These interactions are shown in Figure 4.1.

In order to obtain a diverse set of low energy protein structures, we selected two
other protein conformations from the lowest-energy 25 predicted hSSTR5 structures
(listed in Table C.4). Here we selected the two that have the largest root-mean-square
deviation (RMSD) with InactiveConf1 and with each other. These two are labeled
InactiveConf2 (ranked 7th in Table 4.2, and 6th in Table C.4) and InactiveConf3
(ranked 16th in Table C.4).
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! !
Figure 4.1: Interhelical hydrogen bonds in the predicted hSSTR5 structure that are
a) conserved across inactive-state Class AGPCRs, and b) possibly conserved among
hSSTRs or unique to hSSTR5.

To obtain structures that might be candidates for active-states (with TM6 well
separated fromTM3), we carried out a finer sampling starting from the best structures
from the coarse sampling that satisfy specific structural criterion, which is described
below. The resulting optimal active-state structures are named ActiveConf1 and
ActiveConf2.

To distinguish potential active-state from inactive-state structures, we defined R36,
the measure of the distance between the intracellular (IC) ends of TM3 and TM6, to
be the shortest distance between the backbone atoms of the four residues at the IC
ends of TM3 and TM6. We selected the lowest-energy structure with an R36 value 4
Å larger than the R36 value of 7.18 Å from the inactive-state structure InactiveConf1.
The active-inactive R36 difference of 4 Å was chosen because the x-ray structures
for both human β2-adrenergic receptor (hβ2AR) and bovine rhodopsin display this
feature. Then we carried out a finer sampling of (θ,φ,η) on this selected structure to
obtain the first putatively active conformation ActiveConf1. Substituting the TM6
shape in this starting structure with the TM6 from the homology model with active
hβ2AR x-ray structure followed by finer sampling gives the second putatively active
conformation ActiveConf2, discussed in Chapter 3.

A summary of all structures used in the following antagonist binding study is in
Table 4.3.
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4.2 Antagonist Binding
To validate the structures predicted for the hSSTR5 receptor, we predicted the
binding site and energy for 5 known small molecule antagonists to the 5 predicted
protein structures (InactiveConf1,2,3; ActiveConf1,2). The antagonists chosen for
the docking were from a series of benzoxazole piperidines screened by Martin and
coworkers(1) which exhibit a wide range of binding affinities while retaining the
same structural scaffold of the ligand (Figure 4.2). The molecules are labeled “Mx”,
with “x” preserving the numbering scheme fromMartin et al., 2009.(1) We selected
M38, M40, M42, M59, M60 based on their experimentally determined binding
affinities (Ki) for hSSTR5—M59 is the most potent derivative reported, exhibit- ing
a Ki value of 3 nm, while the other compounds selected ex- hibit a diverse range of
binding affinities (from 23 nm to over 1000 nm).

N

O
NH

N
R3

O

R1

R4

R2

Figure 4.2: The common scaffold of the docked antagonists.

The experimental binding affinity, predicted binding site and energy for the 5 an-
tagonists chosen are summarized in Table 4.4. To determine the best pose for each
antagonist, we allowed each antagonist to select its preferred conformations out of
the docking results to all 5 predicted protein structures. For each ligand, we selected
the optimal pose for the ligand’s preferred bindingmode using the best unified-cavity
(UCav) energy in comparing the ligand binding. The UCav energy ranked the five
ligands as M59 (best) < M60 <M40 <M42 <M38 (worst) while the binding energy
calculated from ∆G1−∆G2 = RT ln(Ki2/Ki1) using experimental binding constants
should give M59 < M60 < M38 < M40 < M42. Thus, only M38 is an outlier. The
UCav energies range over a factor of 9 of the binding energies calculated from the
experimental binding constants, which range over 3.57 kcal mol−1 (Table C.5).

To further investigate how well our predicted binding energies correlate with the
experimental results, we plot the UCav energy against the negative logarithm of the
experimental binding constants in Figure 4.3. This shows that the UCav energies
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Ligand Ki (nM) UCav E
(kcal mol−1) Ligand Interaction Diagram

M59 3 -118.48

	  

M60 23 -115.00

	  

M38 113 -86.35

	  

M40 524 -92.88

	  

M42 >1000 -87.04

	  

Table 4.4: The predicted binding energy and pharmacophore for the antagonists
in the binding study. Each ligand interaction diagram (LID) was generated using
Maestro 9.3.(2) The cutoff distance for the residues shown is 4.0 Å. Hydrophobic
interactions: green; polar interactions: blue; hydrogen bonds (cutoff distance: 2.5
Å): purple arrows; π-π stacking: straight green lines.
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for the optimal poses of the antagonist series correlate with the experimental pKi

with a linear regression coefficient of 0.78. This suggests that UCav captures the
essential aspects of the relative binding affinities of these antagonists.
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-130!

-120!

-110!

-100!

-90!

-80!

-70!
4! 5! 6! 7! 8! 9!

U
C

av
 E

 / 
kc

al
 m

ol
-1
!

pKi!

Ucav Energy vs. pKi !
of the Antagonist Series!

M42, InactiveConf2!
(<6.00,-87.04)!
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M60, InactiveConf2!
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Figure 4.3: Relationship between the UCav energy from docking and the experi-
mental pKi of the antagonist series. R2 is the coefficient of determination. The
arrow represents the possible direction of change of the M42 data point.

We also find that M42 and M60 favor the InactiveConf2 conformation while the
other three favor InactiveConf1, which means InactiveConf1 and InactiveConf2
could possibly be two inactive conformations selected by the antagonist series. This
suggests that structures of hSSTR5 predicted to be more stable are more likely to be
in the inactive state than the less stable ones.

Table 4.4 shows the ligand interaction diagram (LID) of the best pose for each
antagonist. We find that the antagonists predominantly bind with a pocket defined
by TMDs 1-2-3-6-7. In these best poses, all antagonists form a salt bridge between
their positively charged piperidine amine group and D1193.32. This aspartic acid
on TM3 is conserved in all somatostatin receptors, and mutagenesis studies have
shown it is essential in SST binding by forming an electrostatic interaction with a
positively charged group in SST.(3, 4) Therefore, our result has further confirmed
that D1193.32 is a critical residue in hSSTRs’ binding with positively charged ligand
groups.
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The 3D visualization of these poses is shown in Figure 4.4. For M59 and M60,
the ligand position is clearly dominated by the two salt bridges: one between the
positively charged amine group in the ligand and D1193.32, and the other between the
carboxylic group in the ligand and R391.31. For M59, we did molecular dynamics
simulationwith lipidmembrane and awater box, and both salt bridges becamewater-
mediated after the MD simulation (discussed in the next section). Unlike D1193.32,
R391.31 is not conserved in any hSSTRs. This might explain why the antagonists
with polar groups at R1 or R2 are extremely selective towards the subtype 5.(1)
Mutating R391.31 to a negatively charged residue, a nonpolar residue, or Ser (as in
hSSTR1, 2, 3) should be able to test this hypothesis.

Other residues playing an important role in these high affinity antagonists are polar
residues N1002.64, Q1233.36, N2686.55 and S2937.42, and nonpolar residues V431.35,
Y471.39, Y892.53, W2616.48, F2646.51, F2656.52, V2907.39 and Y2947.43. Residues
shared by M59, M60, M38 and M40 are polar residues Q1233.36 and S2937.42, and
nonpolar residues Y892.53, W2616.48, F2646.51, F2656.52, V2907.39 and Y2947.43.
This is shown in the pharmacophore mapping in Table 4.4. The residues interacting
with the strongly binding antagonists that are missing in the predicted pose for the
nonbinding molecule M42 are F2656.52 and V2907.39. Since M42 binding is not
experimentally detected, we can deduce that Phe265Ala and/orVal290Alamutations
may cause the other antagonists to have a decreased affinity towards hSSTR5.

In the predicted binding poses, M38 and M40 both form a π-π stacking interaction
between the benzoxazole and W2616.48, but both lack the salt bridge with R391.31

that is found in the predicted interactions for M59 and M60. Therefore, without
the strong electrostatic interaction constraining the ligand position, the weaker π-π
interaction becomes a dominating force of the ligand with the protein. Although
M38 does not have a stronger binding in docking than M40 and M42 as predicted,
its exposed chlorine group may lower the binding energy once solvation is taken
into account.

Apart from the polar groups, the ligand size also plays a role in determining the
binding affinities. Figure 4.4 shows that the ethoxy group at the R4 position in M59
prevents the phenyl group of M59 from being parallel to the hydrophobic plane of
the GPCR as in the M60 pose. The ethoxy group has directed the M59 phenyl head
to go deeper into the binding pocket and reach more polar and nonpolar residues
than M60. This explains why M59 has a higher affinity to hSSTR5 than M60.
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Figure 5. Predicted 3D structures of the best docking pose of a) M59, b) M60, c) M38, d) M40 and e) M42. Each pose is presented in both the side view and

the top view. Ligand carbon: purple, protein carbon: cyan.
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Full Papers

Figure 4.4: Predicted 3D structures of the best docking pose of a) M59, b) M60, c)
M38, d) M40, and e) M42. Each pose is presented in both the side view and the top
view. Ligand carbon: purple, protein carbon: cyan.

4.3 Molecular Dynamics Simulation
In order to anneal and validate our predicted structure, we carried out 50 ns of
MD simulation of the system with the protein embedded in explicit lipid and water
box starting with the predicted structure of M59-bound InactiveConf1. The RMSD
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analysis of the trajectory (Figures C.4 and C.5) and fluctuation of R36 (Figure 4.5)
all suggest that the protein starts to rearrange to a different state at ∼41 ns. Such
fluctuations between slightly different states of the GPCR along the trajectory are
typical inGPCRMDsimulations duringwhichwater is diffusing into and throughout
the protein, modulating various hydrogen bonds and other interactions.
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Figure 4.5: The fluctuation of R36 during the 50 nsMD simulation of theM59-bound
predicted hSSTR5 structure. R36 is the shortest distance between the backbone atoms
of the intracellular ends of TM3 and TM6.

The hydrogen bond distances for various interactions are shown in Figures C.6-C.14
along the trajectory. The constancy of these interactions suggest that the overall
protein structural features from the region of 33 ns to 41 ns and that of later times
are similar with most structural features maintained at the end of 50 ns trajectory.
Thus we consider these structural features to provide a reliable representation of the
structure.

We find that the ionic lock between the R1373.50 in the DRY motif on TM3 and
E2436.30 on the IC end of TM6 breaks after 20 ns (Figure C.15). Then, R1373.50

establishes electrostatic interactions with D1363.49, while E2436.30 forms a salt
bridge with R2416.28 on the IC loop 3 (ICL3). The strong electrostatic interaction
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with the loop explains the changes in the interatomic distance between R1373.50

and E2436.30 in Figure S14. D1363.49 also makes a polar interaction with R151
on the IC loop 2 (ICL2) as shown in Figure 4.6. Similar polar interaction patterns
were also observed in the x-ray crystallographic structure of mOPRM, coupling
D1643.49 and R1653.50 in the DRY motif, and coupling D1643.49 and R179 on ICL2
(Figure 4.6).(5) The x-ray structure for hβ2AR was also found to have analogous
patterns (R1313.50 interacts withD1303.49 rather than E2686.30, and at the same time
D1303.49 has polar interaction with S143 on ICL2).(6) The observation that the salt
bridge between the IC sides of TM3 and TM6 is not formed in the antagonist-bound
mOPRM structures supports our observation for the predicted hSSTR5. In addition,
all the other interhelical interactions between side chains found in the apo hSSTR5
structure remain intact except for the one involving D1193.32 because D1193.32

now engages in interaction with the ligand. Among the interhelical interactions,
K2275.64-Y1383.51 as well as T1173.30-S1714.57 become water-mediated.

Figure 4.5 shows how R36 changes during the 50 ns MD. It remains in the inactive
state range 87% of the time if we set the inactive/active cut-off to be 8.0 Å, and
71% of the time if we set the cut-off 7.5 Å. We do not find much rotation of TM3
or TM6 relative to each other because the closest backbone atoms between the IC
side of TM3 and TM6 remain to be between the Cα atoms of R1373.50 and T2476.34

81% of the time. In addition, the polar interaction between R1373.50 and T2476.34

side chains converges to a water-mediated hydrogen bond with a length of ∼4.5 Å
although the bond length starts from 5.2 Å and quickly drops to 1.9 Å (Figure C.12).
This is an intriguing result because the polar interaction R1653.50-T2796.34 is also
found in the antagonist-bound mOPRM x-ray structure, and mutating T2796.34 to
lysine (which most likely breaks this polar interaction) can result in a constitutively
active mOPRM receptor.(5) We can also infer that the distance between R1373.50

and T2476.34 is critical in determining hSSTR5 activity too, and mutating T2476.34

to a lysine is likely to give a constitutively active hSSTR5. More importantly, since
both R1373.50 and T2476.34 are conserved in all hSSTRs, this hypothesis may be
extendable to all hSSTRs.

Analysis of the changes of several protein-ligand interactions during the dynamics
finds that all the protein-ligand salt bridges become water-mediated during the MD
simulation. The salt bridge with D1193.32 starts to be water-mediated after 4.47
ns, and the one with R391.31 starts to be water-mediated after 2.41 ns. Although
there are fluctuations during the 50 ns process, during 33-41 ns, distance between
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Figure 4.6: Interactions between important residues on the intracellular end of
a) the predicted hSSTR5 structure after 50 ns MD with antagonist M59, and b)
mOPRM X-ray structure (Protein Data Bank identifier (PDB ID): 4DKL (5)). The
intracellular loop 2 is labeled ICL2, and the intracellular loop 3 is labeled ICL3.

M59 piperidine amine nitrogen atom and D1193.32 carboxylic acid oxygen atom
fluctuates around 4.5 Å (Figure C.13). The distance between the M59 carboxylic
acid oxygen atom and R391.31 amine nitrogen atom fluctuates more vigorously as
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shown in Figure C.14, but this could be because R391.31 becoming part of the loop
during the dynamics.

Although the protein has a structural shift right after 41 ns and the protein can be in
different states a few nanoseconds before and after 41 ns, the two states have many
similar antagonist-bound inactive-state characters. Therefore, we conclude that the
MD simulation retains the character of an antagonist-bound inactive-state structure.

4.4 Conclusions
In this study, we predicted the ensemble of low energy structures of hSSTR5 and
found plausible binding sites for a series of antagonists with a common scaffold but
a diverse set of binding constants. We obtained binding energies consistent with
the experimental binding constants. These structures exhibit a TM3-TM6 coupling
associated with an inactive GPCR. This indicates that predicted structures Inac-
tiveConf1 and InactiveConf2 are reasonable hSSTR5 inactive-state structures, and
that ActiveGEnSeMBLE is effective in predicting inactive-state GPCR structures
as well as active-state structures discussed in Chapters 2 and 3 . In addition, we
have identified residues that might be critical in antagonist binding to hSSTR5, and
the results are able to rationalize the order of experimentally determined binding
affinities for the five antagonists in the series. Furthermore, the MD simulations
show that our antagonist-bound InactiveConf1 structure gains features consistent
with those experimentally found in closely related GPCRs. We also introduced an
approach aimed at systematically sampling structures in which TM6 is well sepa-
rated from TM3 as candidates for active structures in addition to sampling small
TM3-TM6 separation inactive structures.

In conclusion, this study provides structural information for understanding the an-
tagonist binding of hSSTR5 that likely to be useful in designing new small molecule
antagonists for hSSTR5. We have also provided structural features that are possible
to be extended to other hSSTRs.
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A p p e n d i x A

Additional Computational Details for the Validation and Application
of ActiveGEnSeMBLE: Preparing Input Files, Ligand Docking, and

Molecular Dynamics Simulations

A.1 Pre-processing of crystal structure templates for structure prediction
For each validation case, hβ2AR and hM2, we determined the range of TM regions
by taking a consensus of the helix assignment in the Protein Data Bank (PDB) of its
active state structure and inactive structure, taken from the Orientations of Proteins
in Membranes (OPM) database.(1) We then cropped out the TM regions and added
missing atoms using tleap in AmberTools1.4.(2) To have meaningful comparisons
of the energetics of structures sampled from inactive state crystal structure and from
active state crystal structure, we minimized all these structures (TM regions only)
using MPSim (3) with a convergence criterion of root mean square force (RMS
force) = 0.25 kcal mol−1 Å−1 before proceeding to the conformational sampling
steps.

A.2 Constructing the hybrid templates
For Validation Method 2.1
We aligned the active state crystal structure to the inactive-state crystal structure
using Visual Molecular Dynamics (VMD).(4) We considered only the backbone
atoms in TM1-5 and TM7 in the alignment. Then we replaced the TM6 in the
inactive-state crystal structure with the TM6 in the active-state crystal structure.

For Validation Method 3.3
We obtained an active state candidate, denoted S1, from coarse SuperBiHelix sam-
pling of the inactive-state crystal structure. Then we aligned the active-state crystal
structure to S1 using VMD. We considered only the backbone atoms in the align-
ment. Last, we replaced the TM6 in S1 with the TM6 in the active-state crystal
structure.

For application to hSSTR5
We obtained a homology model of the target protein using an inactive-state crystal
structure as the template, and did coarse SuperBiHelix to obtain an active-state
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candidate T1. We also obtained the homology model of the target protein using
an active-state crystal structure as the template, and name this model T2. Then
we aligned T2 to T1 using VMD. We considered only the backbone atoms in the
alignment. At last, we replaced the TM6 in T1 with the TM6 in T2. The x,y
coordinates of the hydrophobic center (HPC) of the hybrid template remain to be
that of T1.

A.3 Energy scoring function in structure prediction
We considered 4 ways to compare the energies: a) the total energy of the charged
protein (CTotal), b) the interhelical energy of the charged protein (CInterH), which
neglects the intrahelical energy of each chain, c) the total energy (NTotal), and
d) the interhelical energy (NInterH) of the neutralized protein. We find that the
isolated net charges on Asp, Glu, Lys, and Arg, particularly on the external surfaces
of the protein, can cause what we consider to be artifacts in the energetics. Thus
we neutralize these charged residues by adding or subtracting a proton for surface
residues and transferring a proton within each salt bridge. This leads to two sets of
energy: NTotal and NInterH.

From many previous studies we found that the most reliable scoring criterion for
identifying the best structures is to combine these four criteria. Thus whenever
energy ranking was performed in structure prediction procedures, we used energy
“ECNti”, which is the average energy of CTotal, CInterH, NTotal, and NInterH.
This averaging method puts more weight on interhelical energies than on intra-
helical energies. We have validated that for the known x-ray structures, and this
procedure correctly identifies the known x-ray rotation angles as the lowest-energy
structures.(5)

A.4 Ligand docking
Our strategy for docking (GenDock) is to select a diverse set of low energy ligand
conformations for each of which we sample a complete set of poses.

Scanning regions in protein for docking
The first step of GenDock (6, 7) is DarwinDock, whichmodifies the protein structure
to replace the six types of hydrophobic residues by alanine, and then samples the
complete set of poses for regions that could potentially bind a ligand. To do this
sampling, the potential binding region is filled by SphGen with "spheres" having 2
Å overlaps with each other and the spheres classified into "boxes" of 10 Å sides.
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Boxes containing 75 or more spheres were kept. For docking purpose, we have
discarded all spheres except for those that are in the extracellular half of the GPCR
TMDs and are not potentially in contact with the membrane lipids (i.e. are in the
interior of the GPCR helix bundle).

GenDock
For each ligand conformation and for the “spheres” selected in the previous step, we
generated 200 000 poses without energy evaluation aiming at providing a complete
set of poses. The poses were clustered into ∼8000-9000 Voronoi families based
on RMSD and the binding energy of the family head evaluated. Then for the top
10% of families, we evaluated the energy for all children. Then we selected the top
50 based on each three energy scores: polar energy, hydrophobic energy, and total
energy. Then for these 150, we dealanized (mutating alanine back to the original
hydrophobic residues) and optimized the side chains using SCREAM. Then the
protein-ligand complexes (poses) were subject to minimization for 50 steps.

Docking procedure of antagonists and agonists to hSSTR5
For each ligand, we first did a conformational search using MacroModel 9.7 (8)
in Maestro 9.1. (9) The conformational search was a torsional sampling of the
rotatable bonds that could cause large conformational changes using a Monte Carlo
Multiple Minimum (MCMM) method (10, 11) with the force field OPLS2005.(11)
The energy window for the generated structure to be kept was set to be 10.04 kcal
mol−1. Then we clustered the resulting conformations with an RMSD cutoff of 2 Å.

The initial structure of M59 was built based on the x-ray crystallographic structure
of a molecule, M48, which has the same benzoxazole piperidine scaffold.(12) To
reduce the torsional sampling space we replaced the ethoxy groups in M59 with
methoxy groups for the sampling of conformations. This modified molecule is
labeled “M59m”. The conformational search involved six rotatable bonds other
than those in the piperidine ring. Subsequently, another clustering was performed to
identify 12 distinct ligand conformations expected to represent the entire set of 705
conformations generated from the previous step. This clustering criterion is RMSD
of 0.5 Å. Then we added the terminal methyl groups back to M59m, rotated the O-C
bond in the ethoxy groups and generated 5 possible M59 conformations from each
M59m conformation. Similarly, we modified theM59 structures to obtain structures
for the other antagonists.

For L-817,818, we sampled 6 rotatable bonds. For F21, the –CH2-CH2-Ph groupwas
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first replaced by amethyl group. Thismodifiedmolecule is labeled F21m. For F21m,
7 rotatable bonds were sampled. For L-817,818 and F21m, the clustering resulted
in 18 and 8 distinct conformations, respectively. Then each F21m conformation was
modified into F21 by adding back the –CH2-Ph group with each of the 9 possible
conformations.

The ligand conformations were then docked to each candidate protein structure using
our standard docking strategy, GenDock, described above. The charge distribution
used in docking was obtained by the Mulliken population analysis using B3LYP/6-
311G** in Jaguar 7.6.(13)

For each antagonist conformation and for each protein structure to be docked, we
generated 200,000 poses without energy evaluation aiming at providing a complete
set of poses. The poses were clustered into ∼7300 Voronoi families based on RMSD
and the binding energy of the family head evaluated. Then for the top 10%of families
we evaluated the energy for all children. Then we selected the top 50 based on each
three energy scores: polar energy, hydrophobic energy, and total energy. Then for
these 150 we dealanized (mutating Ala back to the original hydrophobic residues)
and optimized the side chains using SCREAM. Then the protein-ligand complexes
(poses) were subject to minimization. Then a simulated annealing was performed
on the lowest-energy 15 complexes before another minimization was done. All final
poses were scored together by unified-cavity (UCav) energy. The UCav energy of
a particular pose is defined as the binding energy of the ligand of this pose and the
union of the binding pocket (cavity) of all poses. A “cavity” is defined as residues
within 5 Å of the ligand of a particular pose.

For each agonist and each protein structure to be docked, we collected 1000 lowest
unified-cavity (UCav) energy complexes. Then for each ligand, we collected 15
lowest UCav energy complexes and matched ligands at different positions in these
complexes into each of the protein conformations in these complexes. We did a
simulated annealing on the resulting complexes’ ligands and residues within 10 Å
from the ligands. In the end, we minimized each of the complexes. The final
complexes were scored by snap binding energy (SnapBE). For each ligand, the
lowest-energy complex among all complexeswith an active-stateGPCRwas selected
as the final active-state pose, and the lowest-energy complex among all complexes
with an inactive-state GPCR was selected as the final inactive-state pose.
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A.5 Molecular dynamics simulation
Preparing the crystal structures of hβ2ARand theGs protein forMDsimulation
Starting from the active-state crystal structure coupled with the Gs protein (PDB ID:
3SN6), we modeled the missing loops in the Gα domain of the G protein using the
SWISS-MODEL server,(14) and built the missing loops in the GPCR with a Monte
Carlo technique that grows geometrically allowed loop structures from the two TM
ends. We then relaxed the modeled loops by simulated annealing of 10 cycles
(lowest temperature: 50 K, highest temperature: 600 K) followed by minimization
till RMS force reached 0.25 kcal mol−1 Å−1. For the inactive-state case, we aligned
the inactive-state crystal structure to the active-state crystal structure to match the
agonist into the inactive-state structure. We then minimized the complex till RMS
force reached 0.25 kcal mol−1 Å−1 and did simulated annealing of the binding site
within 6 Å of the ligand, followed by minimization.

Loop building of hSSTR5
We modeled ICL1, ECL1 and ECL2 from mOPRM crystal structure (PDB ID:
4DKL)(15) using homology modeling. The remaining loops, ICL2, ICL3, and
ECL3, were built with a Monte Carlo technique that grows geometrically allowed
loop structures from the two fixed TM ends. Then we added the C-terminus of
hSSTR5 up to the C-terminus of Helix8 (C320) by attaching Helix8 of the template
after aligning their NPxxY motifs followed by mutating to hSSTR5. In addition,
we added the N-terminus from residue 36 to 38. Minimization was then carried out
on the final structure while keeping the TM domains (except the end residues) fixed
until energy was converged.

Modeling Gαi

We used SWISS-MODEL (14) to model Gαi (UniProt ID: P63096, canonical) from
Gαs in the G protein heterotrimer crystalized with hβ2AR (PDB ID: 3SN6).(16)
UsingMPSim,(3) weminimizedGαi in vacuumuntil theRMS force is lowered to 0.1
kcal mol−1 Å−1. Then Gαi was placed with ActiveConf2 by aligning ActiveConf2
to hβ2AR in 3SN6 and aligning Gαi to Gαs in 3SN6. Only backbone atoms were
considered in the alignment.

For the ActiveConf2+Gαi complex, we used MPSim to optimize all loops plus one
more residue at each end of each TM the GPCR together with residues 352 to 354
of Gαi in the ActiveConf2+Gαi complex.
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Building the lipid/water environment for hβ2AR

• For the agonist+GPCRcomplex: WeusedVisualMolecularDynamics (VMD),(4)
to insert the prepared complex into a 75 Å × 85 Å lipid bilayer structure (for
the inactive state) or into a 75 Å × 95 Å lipid bilayer structure (for the ac-
tive state). This system was then placed into a water box with a total of
∼11300 (for the inactive state) water molecules or ∼13000 (for the active
state) water molecules in the 15 Å and 35 Å thick space on the extracellular
and intracellular sides of the lipid bilayer.

• For the agonist+GPCR+Gαs complex: UsingVMD, the prepared agonist+GPCR+Gαs

complexwas inserted into a 120Å× 130Å lipid bilayer structure. This system
was then placed into a water box with a total of ∼39500 water molecules in
the 15 Å and 60 Å thick space on the extracellular and intracellular sides of
the lipid bilayer.

• For Gαs alone: Using VMD, the prepared Gαs protein was placed into a
rectangular water box with 10 Å thick of water padded on each of x-, y-, z-
direction of the protein. There were a total of ∼19400 water molecules.

• For the agonist alone: Using VMD, the agonist taken from the prepared
agonist+GPCR+Gαs complex was placed into a rectangular water box with
15 Å thick of water padded on each of x-, y-, z- direction of the molecule.
There were a total of ∼1700 water molecules.

For all the cases above, in the end, Na+ and Cl− ions were placed into the system
using tleap for a physiological NaCl concentration (0.9% w/v) and a neutral system.

Building the lipid/water environment for hSSTR5

• For ligand-bound GPCR: Using VMD, the final hSSTR5 structure with loops
built was inserted into a 75 Å × 75 Å lipid bilayer structure. The system was
then placed into a water box with a total of ∼8300 water molecules in the 15
Å and 25 Å thick space on the extracellular and intracellular sides of the lipid
bilayer.

• For agonist+GPCR+Gαi complex: Using VMD, the agonist+GPCR+Gαi

complex was inserted into a 120 Å × 100 Å lipid bilayer structure. The system
was then placed into a water box with a total of ∼29600 water molecules in
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the 15 Å and 60 Å thick space on the extracellular and intracellular sides of
the lipid bilayer.

• For Gαi alone: Using VMD, the modeled Gαi was placed into a rectangular
water box with 10 Å thick of water padded on each of x-, y-, z- direction of
the protein. There were a total of ∼20800 water molecules.

• For the agonist alone: UsingVMD, the agonist taken from the agonist+GPCR+Gαi

complex was placed into a rectangular water box with 15 Å thick of water
padded on each of x-, y-, z- direction of the molecule. There were a total of
1855 water molecules.

For all the cases above, in the end, Na+ and Cl− ions were placed into the system
with tleap for a physiological NaCl concentration and a neutral system.

MD simulation protocol
MD_Step1) With the ligand and TM regions of the receptor fixed, the loops
and Helix8 of the receptor, lipids and water molecules in the system were min-
imized for 10000 steps using the conjugate gradient method. In the case of the
agonist+GPCR+Gα complex, Gα is fixed in this step too. In the case of Gα alone
in solvent, only Gα is fixed in this step, and the minimization was carried out for
5000 steps.

MD_Step2) With the ligand and TM regions of the receptor fixed, the loops and
Helix8 of the receptor, the lipids and water molecules were equilibrated at 310 K
and 1 atm for 1 ns using the NPT ensemble. This allowed the water molecules to
defuse into the ligand-protein system filling any artificial voids in the simulation
system. In the case of the agonist+GPCR+Gα complex, Gα is fixed in this step too.
In the case of Gα alone in solvent, only Gα is fixed in this step, and the equilibration
was for 1.5 ns.

MD_Step3) The whole system was then minimized for 10000 steps using the con-
jugate gradient method. In the case of Gα alone in solvent, the minimization was
carried out for 5000 steps.

MD_Step4) The whole system was heated from 0 K to 310 K in hundreds of ps and
then equilibrated using the NPT ensemble for a total of 51 ns MD simulation.

For the simulation of apo-GPCR+Gα, we took the last frame of agonist+GPCR+Gα
complex from the above procedure, removed the ligand from the system, adjusted
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the number of Na+ or Cl− ions to make the system neutral again if the ligand was
charged, and repeated the above MD protocol MD_Step1) to MD_Step4) with the
all parts of the proteins fixed in MD_Step1).
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A p p e n d i x B

Additional Computational Details for the Application of
ActiveGEnSeMBLE: Predicting hSSTR5 Structures

B.1 PredicTM and secondary structure prediction: determining the 7 trans-
membrane domains (TMDs) and any helical extensions past the mem-
brane

We carried out multiple sequence alignments using MAFFT (1) method over
all GPCRs having a sequence identity higher than 8.8% (from BLAST)(2) with
hSSTR5. Then we used the hydrophobicity values from the White and von Heijne
scales (3, 4) to predict the hydrophobicity along the target sequence. Then, we re-
moved noise in the hydrophobicity profile by using the mean hydrophobicity values
obtained from averaging windows ranging from 7-residues to 21-residues. Regions
with a hydrophobicity value above zero in the final smooth hydrophobicity profile
for hSSTR5 (Figure C.2), are defined as “raw” TMDs, leading to exactly seven con-
tinuously positive regions expected to correspond to the seven TMDs buried inside
the membrane.

The x-ray structures for GPCRs often find helical extensions of the TMDs well
past what would correspond to the boundary of the membrane (for example, in
squid opsin, TM5 and TM6 are helical 25Å beyond the membrane).(5) To identify
these helical extensions protruding from the membrane for each helix, we predicted
helix propensity using a cross comparison of consensus results from protein sec-
ondary structure prediction servers Porter,(6) SSpro,(7, 8) APSSP,(9) Jpred,(10) and
PSIPRED,(11, 12) all of which predict helical regions using trained neural networks.
The raw results are in Figure C.3. The final TM helical domains extended from the
raw TMDs are denoted as “cap” regions, as indicated in Figure C.3.

In PredicTM, we specified the hydrophobic center (HPC) of each helix by one of
two criteria:

• “Rawmid” takes HPC to be the geometric midpoint of the raw TMD.

• “Area” integrates the hydrophobicity over the raw TMD, and takes HPC to be
the centroid (half the total area on each side).
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The HPCs for all chains were taken to be in the same x-y plane (the midplane of the
lipid membrane bilayer).

B.2 Template selection
The sequence alignment from PredicTM identified three GPCRs for which x-ray
structures were available that had the highest sequence identity over the TM region
with hSSTR5:

• nociceptin receptor (OPRX_HUMAN, hOPRX, 46.79%),

• µ-opioid receptor (OPRM_MOUSE, mOPRM, 44.62%) and

• κ-opioid receptor (OPRK_HUMAN, hOPRK, 40.33%)

The next closest was human C-X-C chemokine receptor type 4 (CXCR4_HUMAN,
hCXCR4, 32.13%). Thus, for exploring a diverse set of relatively high sequence
identity templates, we used hOPRX (PDB ID: 4EA3(13)), mOPRM (PDB ID:
4DKL(14)) and hOPRK (PDB ID: 4DJH(15)) as templates for our structure predic-
tions. There was no experimental structure available at the time of this study for
δ-opioid receptor (OPRD_MOUSE). A summary of the selected sequence identity
comparison is in Table C.1. All template structures used in the following steps were
from the Protein Data Bank (PDB).

B.3 Predicting the helical shape: OptHelix vs homology modeling
Predicted shape of the TMD is to be used in the future step that determines the tilts
and rotations of the TMD. Two methods were used to predict the shape of TMDs:

• OptHelix generates the helical shape features using energy minimization and
molecular dynamics starting with an α-helix based on the peptide sequence in
which residues other than Pro, Gly, Ala, Ser, and Thr are replaced with Ala.
Then after dynamics the average structure is mutated to the correct sequence.

• Homology to the template shape. Here we start with the backbone from the
template (usually from an x-ray structure), mutate it to the new sequence,
optimize side chains using Side Chain Rotamer Energy Analysis Method
(SCREAM),(16) and minimize the TMD.

The following is a detailed description of these two methods:
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OptHelix
This method treats each of the seven helices separately. It first takes the TM
lengths predicted above, and generates seven separate canonical polyalanine helices
accordingly. Then, it mutates the Pro and Gly back to their respective positions
on the helices using Side Chain Rotamer Energy Analysis Method (SCREAM).
A first structural optimization is then done to minimize the energy of each helix.
Subsequently, the Ser and Thr adjacent to Pro are mutated back, and a molecular
dynamics simulation on each helix is run for 2 ns. Finally, all remaining residues are
mutated back to have their original side chains, and a second energy minimization
is performed. For each helix, the structures that go to the final step are selected
based on “minrmsd”, which takes the snapshot that has the average root mean
square deviation (RMSD) closest to the average structure from the MD, and based
on “mineng”, which takes the snapshot that has the lowest energy from the latter
75% of the MD.

Homology modeling
The template structures were taken from the Orientations of Proteins in Membranes
(OPM) database. For each template protein, the sequence was aligned with that of
the target protein hSSTR5, and the corresponding residues in the template structure
were mutated to be that of the target protein using SCREAM. Then each helix was
truncated or extended to the previously determined start/end residues, which was
followed by a geometry optimization of each individual helix for 100 steps using the
DREIDING-III force field.(17, 18)

B.4 Assembling the bundle
With the shape of each TMD determined, the next step is to assemble the helices
into a bundle.

Assuming each TMD to be rigid, six parameters uniquely define the orientation of
the TM helices: 1) the HPC residue h (which is taken to be at z = 0 so that all
TMD have their HPC on the same plane); 2) & 3) the Cartesian coordinates (x,y)
of the HPC; 4) the inclination angle θ of the helical axis relative to the z-axis; 5)
the azimuthal angle φ; 6) the rotation angle η of the helix around its own helical
axis. Except for TM3, we define the reference point for the rotation angle η using
the most conserved residue in each TM, which is denoted as n.50 in the Ballesteros
numbering scheme. For TM3, we choose 3.32 rather than 3.50 because 3.32 is
closer to the center of the helix, and is also well conserved.
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The hydrophobic centers used in assembling OptHelix helices were obtained using
PredicTM (based either on the “area” or “rawmid” criterion as described in Ex-
perimental Section 1.1). The other parameters (x,y,θ,φ,η) were all based on the
template protein structure from the Orientations of Proteins in Membranes (OPM)
database.(19) We chose helical shapes from both the “minrmsd” (minimum root
mean square deviation to the average structure) and “mineng” (minimum energy)
criteria. Thus, for each of the three template proteins we generated a total of four
structures based on OptHelix, for a total of 12. For homology helices, we selected
(x,y,h,θ,φ,η) from the template.

Now GEnSeMBLE starts with the x, y, h, θ, φ, η parameters of a starting structure.
It then optimizes first η using the BiHelix method,(20) and then optimizes θ, φ, η
using the SuperBiHelix(21) method, as described in the next section.

B.5 Determining the optimum helical rotations and tilts
Selecting the optimum helical rotations (η) using the BiHelix method
Mutating from the template sequence to the target sequence, hSSTR5 in this case, is
likely to make dramatic changes in some of interhelical interactions. Thus the first
step of GEnSeMBLE is to sample all changes in the rotation angles, ∆η, from 0° to
360° with a step size of 30°. This leads to 127 ≈ 35 million combinations. Rather
than construct seven-helix bundles for all 35 million, the BiHelix method simplifies
the problem by considering the 12 pairs of interacting helices independently. Thus
for each pair we considered 122 = 144 cases, for each of which we optimized
the residue side chain conformations with SCREAM. This set of 12×144 = 1728
numbers was used to estimate the energies for all 35 million combinations. We then
took the lowest 1000 combinations to analyze in the CombiHelix step.

In the CombiHelix step for each of the 1000 combinations from BiHelix, we built
the full seven-helix bundle, reoptimized the side chains using SCREAM and mini-
mized for 10 steps. Then the total energies from these 1000 were ordered and the
lowest-energy cases were kept for consideration of the optimum tilt angles. The
conformations were ranked by “ECNti”.

Selecting the optimum helical tilts (θ,φ) and rotations (η) using the SuperBiHe-
lix method
Our previous studies showed that, starting with the x-ray structure of one GPCR, we
could not match the structure of a different GPCR without allowing both the helix
rotations and helix tilts to change. To make this search practical, we developed the
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SuperBiHelix method.(21) Starting with the optimum rotation angles from BiHelix,
we first carried out a coarse sampling step (∆θ = 0, ±15°; ∆φ = 0, ±45°, ±90°; ∆η
=0, ±30°, selected angles from BiHelix) which involved more than (3×5×3)7 ≈ 374
billion configurations. The selected angles of ∆η apart from 0 and ±30° were those
appearing more than twice in top 20 structures of the BiHelix result or appearing in
top 3, and are shown in Table C.2. The energies for all these configurations were
estimated using the BiHelix energies but combined into 3 groups of quad helices
as explained by Bray and coworkers.(21) For the top 2000 combinations of tilts and
rotations, we built the seven-helix bundles, optimized the side chains, and selected
the best case based on the energy ranking.

The subsequent finer SuperBiHelix sampling was based on the selected coarse
sampling resulting structures, and the sampling range was ∆θ = 0, ±15°; ∆φ =
0, ±15°, ±30°; ∆η =0, ±30°. Again, the top 2000 combinations were built into
seven-helix bundles.
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A p p e n d i x C

Additional Figures and Tables for hSSTR5 Structure Prediction and
Antagonist Binding

InactiveConf1 
InactiveConf2 
InactiveConf3!

ActiveConf1! ActiveConf2!

Initial values of 
(x,y,h,θ,φ,η) and 

helix shape $
(Templates)$

Coarse sampling of 
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Selected final 
structures$

Opioid receptors!

BiHelix/CombiHelix and 
Coarse SuperBiHelix/
SuperCombiHelix!

Inactive structure: the 
lowest energy structure 
with TM3-6 ionic lock!

Potentially active structure: lowest 
energy with R36 > R36(inactive) + 4 Å!

Replace TM6 with TM6 
mutated from active 
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TM6 shape from 
active-state 

template structure$

Fine SuperBiHelix/SuperCombiHelix!

Complete sampling of η 
(BiHelix/CombiHelix)!

Figure C.1: Flow chart of ActiveGEnSeMBLE for hSSTR5 structure prediction.
R36 is the shortest distance between the backbone atoms of the intracellular ends
of transmembrane (TM) 3 and TM6. The sampling space of BiHelix is ∆η from 0
to 360° in 30° increments. The sampling space of Coarse SuperBiHelix is ∆φ: 0,
±45°, ±90°; ∆η: 0, ±30°, selected angles from BiHelix/CombiHelix, starting with
the best from BiHelix/CombiHelix. The sampling space of Fine SuperBiHelix is
∆φ: 0, ±15°, ±30°; ∆η: 0, ±30°.
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Figure C.2: Hydrophobicity profile of hSSTR5 before applying the capping rules.
The residues expected to lie in the membrane are indicated by red dashed lines.
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                   10        20        30        40        50        60        70        80        90       100       110       120
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   MEPLFPASTPSWNASSPGAASGGGDNRTLVGPAPSAGARAVLVPVLYLLVCAAGLGGNTLVIYVVLRFAKMKTVTNIYILNLAVADVLYMLGLPFLATQNAASFWPFGPVLCRLVMTLDG
NEW_RAW:   -----------------------------------------HHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHH
NEW_CAP:   --------------------------------------HHHHHHHHHHHHHHHHHHHHHHHHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHH
 PORTER:   cccccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHcHHHHHHHHHHccccccHHHHHHHHHHHH
  SSPRO:   cccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHcHHcHEEEEEEEEcccccccHHHHHHHHHHHHHHHHHcccHHHHHHHHccccccHHHHHHHHHHHH
 APSSP2:   --ccccccccccccccccccccccccccccccccccccccEHHHHHHHHHHHHHHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHHHcccHHHHHHHHcccccccHHHHHHHHHHH
 APSSP2:   --99999999999999999998898898878799998455377899*999***967766897977758786989888999*********9756689****8886*886559989897865
PSIPRED:   cccccccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccHHHHHHHHHH
PSIPRED:   999999999999999999999999999877899863522234545677778662023588899876437789835889996899989987211299898830987554100255345466
  JPRED:   cccccccccccccccccccccccccccEEEccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHH
  JPRED:   998887777777777777777777776000078875000899999999999999999999998875068887527999999999999998400799999870378744022343100000
OLD_RAW:   -----------------------------------------HHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHH
OLD_CAP:   --------------------------------------HHHHHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHH

                   70        80        90       100       110       120       130       140       150       160       170       180
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   VIYVVLRFAKMKTVTNIYILNLAVADVLYMLGLPFLATQNAASFWPFGPVLCRLVMTLDGVNQFTSVFCLTVMSVDRYLAVVHPLSSARWRRPRVAKLASAAAWVLSLCMSLPLLVFADV
NEW_RAW:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
NEW_CAP:   HHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHHHHH-----
 PORTER:   HHHHHHHccccccHHHHHHHHHHHHHHHHHHcHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHcHHHccccE
  SSPRO:   EEEEEEEcccccccHHHHHHHHHHHHHHHHHcccHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHEEHHEEHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHccccEEEEEc
 APSSP2:   HHHHHHcccccccHHHHHHHHHHHHHHHHHHcccHHHHHHHHcccccccHHHHHHHHHHHccHHHHHHHHHHHHHHHHHHHHccccccccccccHHHHHHHHHHHHHHHHHHHHHHHccc
 APSSP2:   97977758786989888999*********9756689****8886*8865599898978655878989**9698999899*885675678877664777899****88***9888797557
PSIPRED:   HHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEEcccccccccccccHHHHHHHHHHHHHHHHccEEEEEEE
PSIPRED:   899876437789835889996899989987211299898830987554100255345466857678999999987443202114676887785300003577989999832030346761
  JPRED:   HHHHHHcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHEc
  JPRED:   998875068887527999999999999998400799999870378744022343100000000079999999861000578800567777780000000056899998874221000000
OLD_RAW:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
OLD_CAP:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHH--------------------HHHHHHHHHHHHHHHHHHHHHHH-

                  130       140       150       160       170       180
                    |         |         |         |         |         |
    SEQ:   VNQFTSVFCLTVMSVDRYLAVVHPLSSARWRRPRVAKLASAAAWVLSLCMSLPLLVFADV
NEW_RAW:   HHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
NEW_CAP:   HHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHHHHH-----
 PORTER:   HHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHcHHHccccE
  SSPRO:   HHHHHHHHEEHHEEHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHccccEEEEEc
 APSSP2:   ccHHHHHHHHHHHHHHHHHHHHccccccccccccHHHHHHHHHHHHHHHHHHHHHHHccc
 APSSP2:   5878989**9698999899*885675678877664777899****88***9888797557
PSIPRED:   HHHHHHHHHHHHHHHHHHHHEEcccccccccccccHHHHHHHHHHHHHHHHccEEEEEEE
PSIPRED:   857678999999987443202114676887785300003577989999832030346761
  JPRED:   HHHHHHHHHHHHHHHHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHEc
  JPRED:   000079999999861000578800567777780000000056899998874221000000
OLD_RAW:   HHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
OLD_CAP:   HHHHHHHHHHHHHHHH--------------------HHHHHHHHHHHHHHHHHHHHHHH-

                  190       200       210       220       230       240
                    |         |         |         |         |         |
    SEQ:   QEGGTCNASWPEPVGLWGAVFIIYTAVLGFFAPLLVICLCYLLIVVKVRAAGVRVGCVRR
NEW_RAW:   --------------------HHHHHHHHHHHHHHHHHHHHHHHH----------------
NEW_CAP:   --------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH----------
 PORTER:   cccccccEcccccccccHHHHHHHHHHHHcHHHHHHHHHHHHHHHHHHHHcccccccccc
  SSPRO:   cccccEEcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccccc
 APSSP2:   cccccEEcEcccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccccccc
 APSSP2:   9988686559**86779**9989998***989*99*98999**98989667999975564
PSIPRED:   ccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccc
PSIPRED:   038800003899950389999999999997878999999889999999626876654332
  JPRED:   ccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH
  JPRED:   467777510157777700012222101225689999999999999999999999998576
OLD_RAW:   --------------------HHHHHHHHHHHHHHHHHHHHHHHH----------------
OLD_CAP:   -----------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------------

                  250       260       270       280       290       300       310       320       330       340       350       360
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   RSERKVTRMVLVVVLVFAGCWLPFFTVNIVNLAVALPQEPASAGLYFFVVILSYANSCANPVLYGFLSDNFRQSFQKVLCLRKGSGAKDADATEPRPDRIRQQQEATPPAHRAAANGLMQ
NEW_RAW:   ---------HHHHHHHHHHHHHHHHHHHHHHHH--------------HHHHHHHHHHHHHHHHHH-------------------------------------------------------
NEW_CAP:   --HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHH------------------------------------------------------
 PORTER:   HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHcHHHHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
  SSPRO:   ccHHHHHHEEEEHHHHHHHEHcHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHcccHHHHHEccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
 APSSP2:   cccHHHHHHHHHEHHHHHHHHccHHHHHHHHHHHHccccHHHHHHHHHHHHEHHHHHcccHHHHHHHcHHHHHHHHHHHHccccccccccccccccccEEEEEccccccccccccccccc
 APSSP2:   565679999**95686699965797**9999999656767687997997885899966557678665989889*****9568789999888999999977687578898664676698*9
PSIPRED:   ccccHHHHHHHHHHHHHHHcccHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
PSIPRED:   233204556688776654213415699999970149971569899999999963442596988763670788999997332248999989998889887655544789888776457644
  JPRED:   HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHHHHHccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
  JPRED:   337750046666688999999998862000000777777770001799999999990074678800035899999999800245777777777777765323466777777777777777
OLD_RAW:   ---------HHHHHHHHHHHHHHHHHHHHHHHH--------------HHHHHHHHHHHHHHHHHH-------------------------------------------------------
OLD_CAP:   -------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHHHH---------------------------------------------------

                  310       320       330       340       350       360
                    |         |         |         |         |         |
    SEQ:   PVLYGFLSDNFRQSFQKVLCLRKGSGAKDADATEPRPDRIRQQQEATPPAHRAAANGLMQ
NEW_RAW:   HHHHH-------------------------------------------------------
NEW_CAP:   HHHHHH------------------------------------------------------
 PORTER:   HHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
  SSPRO:   HHHHHEccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
 APSSP2:   HHHHHHHcHHHHHHHHHHHHccccccccccccccccccEEEEEccccccccccccccccc
 APSSP2:   7678665989889*****9568789999888999999977687578898664676698*9
PSIPRED:   HHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
PSIPRED:   988763670788999997332248999989998889887655544789888776457644

                   10        20        30        40        50        60        70        80        90       100       110       120
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   MEPLFPASTPSWNASSPGAASGGGDNRTLVGPAPSAGARAVLVPVLYLLVCAAGLGGNTLVIYVVLRFAKMKTVTNIYILNLAVADVLYMLGLPFLATQNAASFWPFGPVLCRLVMTLDG
NEW_RAW:   -----------------------------------------HHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHH
NEW_CAP:   --------------------------------------HHHHHHHHHHHHHHHHHHHHHHHHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHH
 PORTER:   cccccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHcHHHHHHHHHHccccccHHHHHHHHHHHH
  SSPRO:   cccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHcHHcHEEEEEEEEcccccccHHHHHHHHHHHHHHHHHcccHHHHHHHHccccccHHHHHHHHHHHH
 APSSP2:   --ccccccccccccccccccccccccccccccccccccccEHHHHHHHHHHHHHHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHHHcccHHHHHHHHcccccccHHHHHHHHHHH
 APSSP2:   --99999999999999999998898898878799998455377899*999***967766897977758786989888999*********9756689****8886*886559989897865
PSIPRED:   cccccccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccHHHHHHHHHH
PSIPRED:   999999999999999999999999999877899863522234545677778662023588899876437789835889996899989987211299898830987554100255345466
  JPRED:   cccccccccccccccccccccccccccEEEccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHH
  JPRED:   998887777777777777777777776000078875000899999999999999999999998875068887527999999999999998400799999870378744022343100000
OLD_RAW:   -----------------------------------------HHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHH
OLD_CAP:   --------------------------------------HHHHHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHH

                   70        80        90       100       110       120       130       140       150       160       170       180
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   VIYVVLRFAKMKTVTNIYILNLAVADVLYMLGLPFLATQNAASFWPFGPVLCRLVMTLDGVNQFTSVFCLTVMSVDRYLAVVHPLSSARWRRPRVAKLASAAAWVLSLCMSLPLLVFADV
NEW_RAW:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
NEW_CAP:   HHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHHHHH-----
 PORTER:   HHHHHHHccccccHHHHHHHHHHHHHHHHHHcHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHcHHHccccE
  SSPRO:   EEEEEEEcccccccHHHHHHHHHHHHHHHHHcccHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHEEHHEEHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHccccEEEEEc
 APSSP2:   HHHHHHcccccccHHHHHHHHHHHHHHHHHHcccHHHHHHHHcccccccHHHHHHHHHHHccHHHHHHHHHHHHHHHHHHHHccccccccccccHHHHHHHHHHHHHHHHHHHHHHHccc
 APSSP2:   97977758786989888999*********9756689****8886*8865599898978655878989**9698999899*885675678877664777899****88***9888797557
PSIPRED:   HHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEEcccccccccccccHHHHHHHHHHHHHHHHccEEEEEEE
PSIPRED:   899876437789835889996899989987211299898830987554100255345466857678999999987443202114676887785300003577989999832030346761
  JPRED:   HHHHHHcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHEc
  JPRED:   998875068887527999999999999998400799999870378744022343100000000079999999861000578800567777780000000056899998874221000000
OLD_RAW:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
OLD_CAP:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHH--------------------HHHHHHHHHHHHHHHHHHHHHHH-

                  130       140       150       160       170       180
                    |         |         |         |         |         |
    SEQ:   VNQFTSVFCLTVMSVDRYLAVVHPLSSARWRRPRVAKLASAAAWVLSLCMSLPLLVFADV
NEW_RAW:   HHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
NEW_CAP:   HHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHHHHH-----
 PORTER:   HHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHcHHHccccE
  SSPRO:   HHHHHHHHEEHHEEHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHccccEEEEEc
 APSSP2:   ccHHHHHHHHHHHHHHHHHHHHccccccccccccHHHHHHHHHHHHHHHHHHHHHHHccc
 APSSP2:   5878989**9698999899*885675678877664777899****88***9888797557
PSIPRED:   HHHHHHHHHHHHHHHHHHHHEEcccccccccccccHHHHHHHHHHHHHHHHccEEEEEEE
PSIPRED:   857678999999987443202114676887785300003577989999832030346761
  JPRED:   HHHHHHHHHHHHHHHHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHEc
  JPRED:   000079999999861000578800567777780000000056899998874221000000
OLD_RAW:   HHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
OLD_CAP:   HHHHHHHHHHHHHHHH--------------------HHHHHHHHHHHHHHHHHHHHHHH-

                  190       200       210       220       230       240
                    |         |         |         |         |         |
    SEQ:   QEGGTCNASWPEPVGLWGAVFIIYTAVLGFFAPLLVICLCYLLIVVKVRAAGVRVGCVRR
NEW_RAW:   --------------------HHHHHHHHHHHHHHHHHHHHHHHH----------------
NEW_CAP:   --------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH----------
 PORTER:   cccccccEcccccccccHHHHHHHHHHHHcHHHHHHHHHHHHHHHHHHHHcccccccccc
  SSPRO:   cccccEEcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccccc
 APSSP2:   cccccEEcEcccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccccccc
 APSSP2:   9988686559**86779**9989998***989*99*98999**98989667999975564
PSIPRED:   ccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccc
PSIPRED:   038800003899950389999999999997878999999889999999626876654332
  JPRED:   ccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH
  JPRED:   467777510157777700012222101225689999999999999999999999998576
OLD_RAW:   --------------------HHHHHHHHHHHHHHHHHHHHHHHH----------------
OLD_CAP:   -----------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------------

                  250       260       270       280       290       300       310       320       330       340       350       360
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   RSERKVTRMVLVVVLVFAGCWLPFFTVNIVNLAVALPQEPASAGLYFFVVILSYANSCANPVLYGFLSDNFRQSFQKVLCLRKGSGAKDADATEPRPDRIRQQQEATPPAHRAAANGLMQ
NEW_RAW:   ---------HHHHHHHHHHHHHHHHHHHHHHHH--------------HHHHHHHHHHHHHHHHHH-------------------------------------------------------
NEW_CAP:   --HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHH------------------------------------------------------
 PORTER:   HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHcHHHHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
  SSPRO:   ccHHHHHHEEEEHHHHHHHEHcHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHcccHHHHHEccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
 APSSP2:   cccHHHHHHHHHEHHHHHHHHccHHHHHHHHHHHHccccHHHHHHHHHHHHEHHHHHcccHHHHHHHcHHHHHHHHHHHHccccccccccccccccccEEEEEccccccccccccccccc
 APSSP2:   565679999**95686699965797**9999999656767687997997885899966557678665989889*****9568789999888999999977687578898664676698*9
PSIPRED:   ccccHHHHHHHHHHHHHHHcccHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
PSIPRED:   233204556688776654213415699999970149971569899999999963442596988763670788999997332248999989998889887655544789888776457644
  JPRED:   HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHHHHHccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
  JPRED:   337750046666688999999998862000000777777770001799999999990074678800035899999999800245777777777777765323466777777777777777
OLD_RAW:   ---------HHHHHHHHHHHHHHHHHHHHHHHH--------------HHHHHHHHHHHHHHHHHH-------------------------------------------------------
OLD_CAP:   -------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHHHH---------------------------------------------------

                  310       320       330       340       350       360
                    |         |         |         |         |         |
    SEQ:   PVLYGFLSDNFRQSFQKVLCLRKGSGAKDADATEPRPDRIRQQQEATPPAHRAAANGLMQ
NEW_RAW:   HHHHH-------------------------------------------------------
NEW_CAP:   HHHHHH------------------------------------------------------
 PORTER:   HHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
  SSPRO:   HHHHHEccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
 APSSP2:   HHHHHHHcHHHHHHHHHHHHccccccccccccccccccEEEEEccccccccccccccccc
 APSSP2:   7678665989889*****9568789999888999999977687578898664676698*9
PSIPRED:   HHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
PSIPRED:   988763670788999997332248999989998889887655544789888776457644

                   10        20        30        40        50        60        70        80        90       100       110       120
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   MEPLFPASTPSWNASSPGAASGGGDNRTLVGPAPSAGARAVLVPVLYLLVCAAGLGGNTLVIYVVLRFAKMKTVTNIYILNLAVADVLYMLGLPFLATQNAASFWPFGPVLCRLVMTLDG
NEW_RAW:   -----------------------------------------HHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHH
NEW_CAP:   --------------------------------------HHHHHHHHHHHHHHHHHHHHHHHHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHH
 PORTER:   cccccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHcHHHHHHHHHHccccccHHHHHHHHHHHH
  SSPRO:   cccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHcHHcHEEEEEEEEcccccccHHHHHHHHHHHHHHHHHcccHHHHHHHHccccccHHHHHHHHHHHH
 APSSP2:   --ccccccccccccccccccccccccccccccccccccccEHHHHHHHHHHHHHHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHHHcccHHHHHHHHcccccccHHHHHHHHHHH
 APSSP2:   --99999999999999999998898898878799998455377899*999***967766897977758786989888999*********9756689****8886*886559989897865
PSIPRED:   cccccccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccHHHHHHHHHH
PSIPRED:   999999999999999999999999999877899863522234545677778662023588899876437789835889996899989987211299898830987554100255345466
  JPRED:   cccccccccccccccccccccccccccEEEccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHH
  JPRED:   998887777777777777777777776000078875000899999999999999999999998875068887527999999999999998400799999870378744022343100000
OLD_RAW:   -----------------------------------------HHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHH
OLD_CAP:   --------------------------------------HHHHHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHH

                   70        80        90       100       110       120       130       140       150       160       170       180
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   VIYVVLRFAKMKTVTNIYILNLAVADVLYMLGLPFLATQNAASFWPFGPVLCRLVMTLDGVNQFTSVFCLTVMSVDRYLAVVHPLSSARWRRPRVAKLASAAAWVLSLCMSLPLLVFADV
NEW_RAW:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
NEW_CAP:   HHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHHHHH-----
 PORTER:   HHHHHHHccccccHHHHHHHHHHHHHHHHHHcHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHcHHHccccE
  SSPRO:   EEEEEEEcccccccHHHHHHHHHHHHHHHHHcccHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHEEHHEEHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHccccEEEEEc
 APSSP2:   HHHHHHcccccccHHHHHHHHHHHHHHHHHHcccHHHHHHHHcccccccHHHHHHHHHHHccHHHHHHHHHHHHHHHHHHHHccccccccccccHHHHHHHHHHHHHHHHHHHHHHHccc
 APSSP2:   97977758786989888999*********9756689****8886*8865599898978655878989**9698999899*885675678877664777899****88***9888797557
PSIPRED:   HHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEEcccccccccccccHHHHHHHHHHHHHHHHccEEEEEEE
PSIPRED:   899876437789835889996899989987211299898830987554100255345466857678999999987443202114676887785300003577989999832030346761
  JPRED:   HHHHHHcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHEc
  JPRED:   998875068887527999999999999998400799999870378744022343100000000079999999861000578800567777780000000056899998874221000000
OLD_RAW:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
OLD_CAP:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHH--------------------HHHHHHHHHHHHHHHHHHHHHHH-

                  130       140       150       160       170       180
                    |         |         |         |         |         |
    SEQ:   VNQFTSVFCLTVMSVDRYLAVVHPLSSARWRRPRVAKLASAAAWVLSLCMSLPLLVFADV
NEW_RAW:   HHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
NEW_CAP:   HHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHHHHH-----
 PORTER:   HHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHcHHHccccE
  SSPRO:   HHHHHHHHEEHHEEHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHccccEEEEEc
 APSSP2:   ccHHHHHHHHHHHHHHHHHHHHccccccccccccHHHHHHHHHHHHHHHHHHHHHHHccc
 APSSP2:   5878989**9698999899*885675678877664777899****88***9888797557
PSIPRED:   HHHHHHHHHHHHHHHHHHHHEEcccccccccccccHHHHHHHHHHHHHHHHccEEEEEEE
PSIPRED:   857678999999987443202114676887785300003577989999832030346761
  JPRED:   HHHHHHHHHHHHHHHHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHEc
  JPRED:   000079999999861000578800567777780000000056899998874221000000
OLD_RAW:   HHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
OLD_CAP:   HHHHHHHHHHHHHHHH--------------------HHHHHHHHHHHHHHHHHHHHHHH-

                  190       200       210       220       230       240
                    |         |         |         |         |         |
    SEQ:   QEGGTCNASWPEPVGLWGAVFIIYTAVLGFFAPLLVICLCYLLIVVKVRAAGVRVGCVRR
NEW_RAW:   --------------------HHHHHHHHHHHHHHHHHHHHHHHH----------------
NEW_CAP:   --------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH----------
 PORTER:   cccccccEcccccccccHHHHHHHHHHHHcHHHHHHHHHHHHHHHHHHHHcccccccccc
  SSPRO:   cccccEEcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccccc
 APSSP2:   cccccEEcEcccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccccccc
 APSSP2:   9988686559**86779**9989998***989*99*98999**98989667999975564
PSIPRED:   ccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccc
PSIPRED:   038800003899950389999999999997878999999889999999626876654332
  JPRED:   ccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH
  JPRED:   467777510157777700012222101225689999999999999999999999998576
OLD_RAW:   --------------------HHHHHHHHHHHHHHHHHHHHHHHH----------------
OLD_CAP:   -----------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------------

                  250       260       270       280       290       300       310       320       330       340       350       360
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   RSERKVTRMVLVVVLVFAGCWLPFFTVNIVNLAVALPQEPASAGLYFFVVILSYANSCANPVLYGFLSDNFRQSFQKVLCLRKGSGAKDADATEPRPDRIRQQQEATPPAHRAAANGLMQ
NEW_RAW:   ---------HHHHHHHHHHHHHHHHHHHHHHHH--------------HHHHHHHHHHHHHHHHHH-------------------------------------------------------
NEW_CAP:   --HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHH------------------------------------------------------
 PORTER:   HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHcHHHHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
  SSPRO:   ccHHHHHHEEEEHHHHHHHEHcHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHcccHHHHHEccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
 APSSP2:   cccHHHHHHHHHEHHHHHHHHccHHHHHHHHHHHHccccHHHHHHHHHHHHEHHHHHcccHHHHHHHcHHHHHHHHHHHHccccccccccccccccccEEEEEccccccccccccccccc
 APSSP2:   565679999**95686699965797**9999999656767687997997885899966557678665989889*****9568789999888999999977687578898664676698*9
PSIPRED:   ccccHHHHHHHHHHHHHHHcccHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
PSIPRED:   233204556688776654213415699999970149971569899999999963442596988763670788999997332248999989998889887655544789888776457644
  JPRED:   HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHHHHHccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
  JPRED:   337750046666688999999998862000000777777770001799999999990074678800035899999999800245777777777777765323466777777777777777
OLD_RAW:   ---------HHHHHHHHHHHHHHHHHHHHHHHH--------------HHHHHHHHHHHHHHHHHH-------------------------------------------------------
OLD_CAP:   -------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHHHH---------------------------------------------------

                  310       320       330       340       350       360
                    |         |         |         |         |         |
    SEQ:   PVLYGFLSDNFRQSFQKVLCLRKGSGAKDADATEPRPDRIRQQQEATPPAHRAAANGLMQ
NEW_RAW:   HHHHH-------------------------------------------------------
NEW_CAP:   HHHHHH------------------------------------------------------
 PORTER:   HHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
  SSPRO:   HHHHHEccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
 APSSP2:   HHHHHHHcHHHHHHHHHHHHccccccccccccccccccEEEEEccccccccccccccccc
 APSSP2:   7678665989889*****9568789999888999999977687578898664676698*9
PSIPRED:   HHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
PSIPRED:   988763670788999997332248999989998889887655544789888776457644

TM1! TM2!

TM3! TM4!

                   10        20        30        40        50        60        70        80        90       100       110       120
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   MEPLFPASTPSWNASSPGAASGGGDNRTLVGPAPSAGARAVLVPVLYLLVCAAGLGGNTLVIYVVLRFAKMKTVTNIYILNLAVADVLYMLGLPFLATQNAASFWPFGPVLCRLVMTLDG
NEW_RAW:   -----------------------------------------HHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHH
NEW_CAP:   --------------------------------------HHHHHHHHHHHHHHHHHHHHHHHHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHH
 PORTER:   cccccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHcHHHHHHHHHHccccccHHHHHHHHHHHH
  SSPRO:   cccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHcHHcHEEEEEEEEcccccccHHHHHHHHHHHHHHHHHcccHHHHHHHHccccccHHHHHHHHHHHH
 APSSP2:   --ccccccccccccccccccccccccccccccccccccccEHHHHHHHHHHHHHHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHHHcccHHHHHHHHcccccccHHHHHHHHHHH
 APSSP2:   --99999999999999999998898898878799998455377899*999***967766897977758786989888999*********9756689****8886*886559989897865
PSIPRED:   cccccccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccHHHHHHHHHH
PSIPRED:   999999999999999999999999999877899863522234545677778662023588899876437789835889996899989987211299898830987554100255345466
  JPRED:   cccccccccccccccccccccccccccEEEccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHH
  JPRED:   998887777777777777777777776000078875000899999999999999999999998875068887527999999999999998400799999870378744022343100000
OLD_RAW:   -----------------------------------------HHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHH
OLD_CAP:   --------------------------------------HHHHHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHH

                   70        80        90       100       110       120       130       140       150       160       170       180
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   VIYVVLRFAKMKTVTNIYILNLAVADVLYMLGLPFLATQNAASFWPFGPVLCRLVMTLDGVNQFTSVFCLTVMSVDRYLAVVHPLSSARWRRPRVAKLASAAAWVLSLCMSLPLLVFADV
NEW_RAW:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
NEW_CAP:   HHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHHHHH-----
 PORTER:   HHHHHHHccccccHHHHHHHHHHHHHHHHHHcHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHcHHHccccE
  SSPRO:   EEEEEEEcccccccHHHHHHHHHHHHHHHHHcccHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHEEHHEEHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHccccEEEEEc
 APSSP2:   HHHHHHcccccccHHHHHHHHHHHHHHHHHHcccHHHHHHHHcccccccHHHHHHHHHHHccHHHHHHHHHHHHHHHHHHHHccccccccccccHHHHHHHHHHHHHHHHHHHHHHHccc
 APSSP2:   97977758786989888999*********9756689****8886*8865599898978655878989**9698999899*885675678877664777899****88***9888797557
PSIPRED:   HHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEEcccccccccccccHHHHHHHHHHHHHHHHccEEEEEEE
PSIPRED:   899876437789835889996899989987211299898830987554100255345466857678999999987443202114676887785300003577989999832030346761
  JPRED:   HHHHHHcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHEc
  JPRED:   998875068887527999999999999998400799999870378744022343100000000079999999861000578800567777780000000056899998874221000000
OLD_RAW:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
OLD_CAP:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHH--------------------HHHHHHHHHHHHHHHHHHHHHHH-

                  130       140       150       160       170       180
                    |         |         |         |         |         |
    SEQ:   VNQFTSVFCLTVMSVDRYLAVVHPLSSARWRRPRVAKLASAAAWVLSLCMSLPLLVFADV
NEW_RAW:   HHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
NEW_CAP:   HHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHHHHH-----
 PORTER:   HHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHcHHHccccE
  SSPRO:   HHHHHHHHEEHHEEHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHccccEEEEEc
 APSSP2:   ccHHHHHHHHHHHHHHHHHHHHccccccccccccHHHHHHHHHHHHHHHHHHHHHHHccc
 APSSP2:   5878989**9698999899*885675678877664777899****88***9888797557
PSIPRED:   HHHHHHHHHHHHHHHHHHHHEEcccccccccccccHHHHHHHHHHHHHHHHccEEEEEEE
PSIPRED:   857678999999987443202114676887785300003577989999832030346761
  JPRED:   HHHHHHHHHHHHHHHHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHEc
  JPRED:   000079999999861000578800567777780000000056899998874221000000
OLD_RAW:   HHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
OLD_CAP:   HHHHHHHHHHHHHHHH--------------------HHHHHHHHHHHHHHHHHHHHHHH-

                  190       200       210       220       230       240
                    |         |         |         |         |         |
    SEQ:   QEGGTCNASWPEPVGLWGAVFIIYTAVLGFFAPLLVICLCYLLIVVKVRAAGVRVGCVRR
NEW_RAW:   --------------------HHHHHHHHHHHHHHHHHHHHHHHH----------------
NEW_CAP:   --------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH----------
 PORTER:   cccccccEcccccccccHHHHHHHHHHHHcHHHHHHHHHHHHHHHHHHHHcccccccccc
  SSPRO:   cccccEEcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccccc
 APSSP2:   cccccEEcEcccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccccccc
 APSSP2:   9988686559**86779**9989998***989*99*98999**98989667999975564
PSIPRED:   ccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccc
PSIPRED:   038800003899950389999999999997878999999889999999626876654332
  JPRED:   ccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH
  JPRED:   467777510157777700012222101225689999999999999999999999998576
OLD_RAW:   --------------------HHHHHHHHHHHHHHHHHHHHHHHH----------------
OLD_CAP:   -----------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------------

                  250       260       270       280       290       300       310       320       330       340       350       360
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   RSERKVTRMVLVVVLVFAGCWLPFFTVNIVNLAVALPQEPASAGLYFFVVILSYANSCANPVLYGFLSDNFRQSFQKVLCLRKGSGAKDADATEPRPDRIRQQQEATPPAHRAAANGLMQ
NEW_RAW:   ---------HHHHHHHHHHHHHHHHHHHHHHHH--------------HHHHHHHHHHHHHHHHHH-------------------------------------------------------
NEW_CAP:   --HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHH------------------------------------------------------
 PORTER:   HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHcHHHHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
  SSPRO:   ccHHHHHHEEEEHHHHHHHEHcHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHcccHHHHHEccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
 APSSP2:   cccHHHHHHHHHEHHHHHHHHccHHHHHHHHHHHHccccHHHHHHHHHHHHEHHHHHcccHHHHHHHcHHHHHHHHHHHHccccccccccccccccccEEEEEccccccccccccccccc
 APSSP2:   565679999**95686699965797**9999999656767687997997885899966557678665989889*****9568789999888999999977687578898664676698*9
PSIPRED:   ccccHHHHHHHHHHHHHHHcccHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
PSIPRED:   233204556688776654213415699999970149971569899999999963442596988763670788999997332248999989998889887655544789888776457644
  JPRED:   HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHHHHHccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
  JPRED:   337750046666688999999998862000000777777770001799999999990074678800035899999999800245777777777777765323466777777777777777
OLD_RAW:   ---------HHHHHHHHHHHHHHHHHHHHHHHH--------------HHHHHHHHHHHHHHHHHH-------------------------------------------------------
OLD_CAP:   -------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHHHH---------------------------------------------------

                  310       320       330       340       350       360
                    |         |         |         |         |         |
    SEQ:   PVLYGFLSDNFRQSFQKVLCLRKGSGAKDADATEPRPDRIRQQQEATPPAHRAAANGLMQ
NEW_RAW:   HHHHH-------------------------------------------------------
NEW_CAP:   HHHHHH------------------------------------------------------
 PORTER:   HHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
  SSPRO:   HHHHHEccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
 APSSP2:   HHHHHHHcHHHHHHHHHHHHccccccccccccccccccEEEEEccccccccccccccccc
 APSSP2:   7678665989889*****9568789999888999999977687578898664676698*9
PSIPRED:   HHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
PSIPRED:   988763670788999997332248999989998889887655544789888776457644

                   10        20        30        40        50        60        70        80        90       100       110       120
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   MEPLFPASTPSWNASSPGAASGGGDNRTLVGPAPSAGARAVLVPVLYLLVCAAGLGGNTLVIYVVLRFAKMKTVTNIYILNLAVADVLYMLGLPFLATQNAASFWPFGPVLCRLVMTLDG
NEW_RAW:   -----------------------------------------HHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHH
NEW_CAP:   --------------------------------------HHHHHHHHHHHHHHHHHHHHHHHHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHH
 PORTER:   cccccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHcHHHHHHHHHHccccccHHHHHHHHHHHH
  SSPRO:   cccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHcHHcHEEEEEEEEcccccccHHHHHHHHHHHHHHHHHcccHHHHHHHHccccccHHHHHHHHHHHH
 APSSP2:   --ccccccccccccccccccccccccccccccccccccccEHHHHHHHHHHHHHHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHHHcccHHHHHHHHcccccccHHHHHHHHHHH
 APSSP2:   --99999999999999999998898898878799998455377899*999***967766897977758786989888999*********9756689****8886*886559989897865
PSIPRED:   cccccccccccccccccccccccccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccHHHHHHHHHH
PSIPRED:   999999999999999999999999999877899863522234545677778662023588899876437789835889996899989987211299898830987554100255345466
  JPRED:   cccccccccccccccccccccccccccEEEccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHH
  JPRED:   998887777777777777777777776000078875000899999999999999999999998875068887527999999999999998400799999870378744022343100000
OLD_RAW:   -----------------------------------------HHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHH
OLD_CAP:   --------------------------------------HHHHHHHHHHHHHHHHHHHHHHHHHH------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHH

                   70        80        90       100       110       120       130       140       150       160       170       180
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   VIYVVLRFAKMKTVTNIYILNLAVADVLYMLGLPFLATQNAASFWPFGPVLCRLVMTLDGVNQFTSVFCLTVMSVDRYLAVVHPLSSARWRRPRVAKLASAAAWVLSLCMSLPLLVFADV
NEW_RAW:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
NEW_CAP:   HHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHHHHH-----
 PORTER:   HHHHHHHccccccHHHHHHHHHHHHHHHHHHcHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHcHHHccccE
  SSPRO:   EEEEEEEcccccccHHHHHHHHHHHHHHHHHcccHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHEEHHEEHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHccccEEEEEc
 APSSP2:   HHHHHHcccccccHHHHHHHHHHHHHHHHHHcccHHHHHHHHcccccccHHHHHHHHHHHccHHHHHHHHHHHHHHHHHHHHccccccccccccHHHHHHHHHHHHHHHHHHHHHHHccc
 APSSP2:   97977758786989888999*********9756689****8886*8865599898978655878989**9698999899*885675678877664777899****88***9888797557
PSIPRED:   HHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEEcccccccccccccHHHHHHHHHHHHHHHHccEEEEEEE
PSIPRED:   899876437789835889996899989987211299898830987554100255345466857678999999987443202114676887785300003577989999832030346761
  JPRED:   HHHHHHcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHEc
  JPRED:   998875068887527999999999999998400799999870378744022343100000000079999999861000578800567777780000000056899998874221000000
OLD_RAW:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
OLD_CAP:   HHHH------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHH--------------------HHHHHHHHHHHHHHHHHHHHHHH-

                  130       140       150       160       170       180
                    |         |         |         |         |         |
    SEQ:   VNQFTSVFCLTVMSVDRYLAVVHPLSSARWRRPRVAKLASAAAWVLSLCMSLPLLVFADV
NEW_RAW:   HHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
NEW_CAP:   HHHHHHHHHHHHHHHHHHHH-------------HHHHHHHHHHHHHHHHHHHHHH-----
 PORTER:   HHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHcHHHccccE
  SSPRO:   HHHHHHHHEEHHEEHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHccccEEEEEc
 APSSP2:   ccHHHHHHHHHHHHHHHHHHHHccccccccccccHHHHHHHHHHHHHHHHHHHHHHHccc
 APSSP2:   5878989**9698999899*885675678877664777899****88***9888797557
PSIPRED:   HHHHHHHHHHHHHHHHHHHHEEcccccccccccccHHHHHHHHHHHHHHHHccEEEEEEE
PSIPRED:   857678999999987443202114676887785300003577989999832030346761
  JPRED:   HHHHHHHHHHHHHHHHHHEEEEEccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHEc
  JPRED:   000079999999861000578800567777780000000056899998874221000000
OLD_RAW:   HHHHHHHHHHHH-------------------------HHHHHHHHHHHHHHHHHH-----
OLD_CAP:   HHHHHHHHHHHHHHHH--------------------HHHHHHHHHHHHHHHHHHHHHHH-

                  190       200       210       220       230       240
                    |         |         |         |         |         |
    SEQ:   QEGGTCNASWPEPVGLWGAVFIIYTAVLGFFAPLLVICLCYLLIVVKVRAAGVRVGCVRR
NEW_RAW:   --------------------HHHHHHHHHHHHHHHHHHHHHHHH----------------
NEW_CAP:   --------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH----------
 PORTER:   cccccccEcccccccccHHHHHHHHHHHHcHHHHHHHHHHHHHHHHHHHHcccccccccc
  SSPRO:   cccccEEcccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccccc
 APSSP2:   cccccEEcEcccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccccccc
 APSSP2:   9988686559**86779**9989998***989*99*98999**98989667999975564
PSIPRED:   ccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccc
PSIPRED:   038800003899950389999999999997878999999889999999626876654332
  JPRED:   ccccccccccccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH
  JPRED:   467777510157777700012222101225689999999999999999999999998576
OLD_RAW:   --------------------HHHHHHHHHHHHHHHHHHHHHHHH----------------
OLD_CAP:   -----------------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------------

                  250       260       270       280       290       300       310       320       330       340       350       360
                    |         |         |         |         |         |         |         |         |         |         |         |
    SEQ:   RSERKVTRMVLVVVLVFAGCWLPFFTVNIVNLAVALPQEPASAGLYFFVVILSYANSCANPVLYGFLSDNFRQSFQKVLCLRKGSGAKDADATEPRPDRIRQQQEATPPAHRAAANGLMQ
NEW_RAW:   ---------HHHHHHHHHHHHHHHHHHHHHHHH--------------HHHHHHHHHHHHHHHHHH-------------------------------------------------------
NEW_CAP:   --HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH-------HHHHHHHHHHHHHHHHHHHHHHHHH------------------------------------------------------
 PORTER:   HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHccccccHHHHHHHHHHHHHHHcHHHHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
  SSPRO:   ccHHHHHHEEEEHHHHHHHEHcHHHHHHHHHHHHcccccccHHHHHHHHHHHHHHHHcccHHHHHEccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
 APSSP2:   cccHHHHHHHHHEHHHHHHHHccHHHHHHHHHHHHccccHHHHHHHHHHHHEHHHHHcccHHHHHHHcHHHHHHHHHHHHccccccccccccccccccEEEEEccccccccccccccccc
 APSSP2:   565679999**95686699965797**9999999656767687997997885899966557678665989889*****9568789999888999999977687578898664676698*9
PSIPRED:   ccccHHHHHHHHHHHHHHHcccHHHHHHHHHHccccccHHHHHHHHHHHHHHHHHHHHHHHHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
PSIPRED:   233204556688776654213415699999970149971569899999999963442596988763670788999997332248999989998889887655544789888776457644
  JPRED:   HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHcccccccccccHHHHHHHHHHHHHHHHHHHHHHHccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
  JPRED:   337750046666688999999998862000000777777770001799999999990074678800035899999999800245777777777777765323466777777777777777
OLD_RAW:   ---------HHHHHHHHHHHHHHHHHHHHHHHH--------------HHHHHHHHHHHHHHHHHH-------------------------------------------------------
OLD_CAP:   -------HHHHHHHHHHHHHHHHHHHHHHHHHHHHHH------HHHHHHHHHHHHHHHHHHHHHHHHHH---------------------------------------------------

                  310       320       330       340       350       360
                    |         |         |         |         |         |
    SEQ:   PVLYGFLSDNFRQSFQKVLCLRKGSGAKDADATEPRPDRIRQQQEATPPAHRAAANGLMQ
NEW_RAW:   HHHHH-------------------------------------------------------
NEW_CAP:   HHHHHH------------------------------------------------------
 PORTER:   HHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
  SSPRO:   HHHHHEccHHHHHHHHHHHHcccccccccccccccccccccccccccccccccccccccc
 APSSP2:   HHHHHHHcHHHHHHHHHHHHccccccccccccccccccEEEEEccccccccccccccccc
 APSSP2:   7678665989889*****9568789999888999999977687578898664676698*9
PSIPRED:   HHHHHHccHHHHHHHHHHHccccccccccccccccccccccccccccccccccccccccc
PSIPRED:   988763670788999997332248999989998889887655544789888776457644

TM5!

TM6! TM7!

Figure C.3: Secondary structure prediction for hSSTR5 from various servers.
NEW_RAW is PredicTM prediction; NEW_CAP is from consensus of different
secondary structure prediction servers.
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Table S1. Sequence similarity (in percentage) between hSSTR5 and Class A GPCRs with experimentally available 
structures. The bold underlined cases were used as templates in this study.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S2. Top 10 structures from the BiHelix/CombiHelix predictions for all 15 starting structures. Shaded rows 
represent the lowest energy case for each template. These cases were used for the SuperBiHelix step. The !" values are 
the deviations of helix (H) rotation angles from the respective homology templates. 
 

Protein Identifier Rank All TM  Avg TM1 TM2 TM3 TM4 TM5 TM6 TM7 

P35346|SSR5_HUMAN 1 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

P41146|OPRX_HUMAN 24 33.79 46.79 56.52 58.33 47.37 22.22 41.67 45.83 55.56 

P42866|OPRM_MOUSE 29 33.24 44.62 52.17 50.00 42.11 27.78 33.33 45.83 61.11 

P32300|OPRD_MOUSE 37 34.07 43.96 47.83 50.00 47.37 27.78 33.33 45.83 55.56 

P41145|OPRK_HUMAN 42 31.04 40.33 39.13 50.00 47.37 16.67 33.33 45.83 50.00 

P61073|CXCR4_HUMAN 83 23.63 32.13 39.13 45.83 31.58 16.67 33.33 25.00 33.33 

P02699|OPSD_BOVIN 432 20.05 29.99 26.09 33.33 15.79 33.33 45.83 33.33 22.22 

P07700|ADRB1_MELGA 464 20.33 33.73 34.78 25.00 26.32 16.67 29.17 54.17 50.00 

P07550|ADRB2_HUMAN 574 18.68 27.59 30.43 25.00 21.05 16.67 20.83 45.83 33.33 

P31356|OPSD_TODPA 764 17.03 26.44 30.43 29.17 15.79 11.11 45.83 25.00 27.78 

P08172|ACM2_HUMAN 1027 19.23 30.37 17.39 25.00 36.84 44.44 25.00 25.00 38.89 

P29274|AA2AR_HUMAN 1042 16.76 27.74 21.74 20.83 21.05 33.33 25.00 33.33 38.89 

P08483|ACM3_RAT 1231 18.13 30.62 26.09 29.17 36.84 27.78 25.00 25.00 44.44 

Table C.1: Sequence similarity (in percentage) between hSSTR5 and Class A
GPCRs with experimentally available structures. The bold underlined cases were
used as templates in this study.
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Method 

!" (°) Energy (kcal mol-1) 

H1 H2 H3 H4 H5 H6 H7 CInterH CTotal NInterH NTotal ECNti 

mOPRM 
homology 

0 0 0 0 0 0 0 -418.5 -225.2 -386.9 -349.4 -345.0 

mOPRM 
homology 

0 0 0 0 120 0 0 -378.1 -181.0 -351.0 -299.4 -302.4 

mOPRM 
homology 

0 0 0 0 90 0 0 -380.5 -158.8 -359.9 -305.7 -301.2 

mOPRM 
homology 

0 0 0 -30 0 0 0 -390.2 -145.8 -359.7 -305.8 -300.4 

mOPRM 
homology 

0 0 0 0 -30 0 0 -396.4 -131.5 -369.8 -274.3 -293.0 

hOPRK 
homology 

0 0 0 0 30 0 0 -407.0 -112.4 -372.6 -255.7 -286.9 

mOPRM 
homology 

0 0 0 0 -120 90 -30 -370.4 -123.3 -354.6 -290.8 -284.8 

hOPRX 
homology 

0 0 0 0 0 0 0 -381.2 -124.0 -363.4 -257.1 -281.4 

mOPRM 
homology 

0 0 0 -30 30 0 0 -382.2 -129.4 -353.8 -254.0 -279.9 

mOPRM 
homology 

0 0 0 0 -150 90 -30 -353.2 -133.7 -337.6 -290.2 -278.7 

 
 
 
Table S3. Sampling space of the coarse SuperBiHelix for each of the three templates. The deviation angles apply to 
every helix (H) unless otherwise labeled. The angles apply specifically to one helix are from top 20 BiHelix results of the 
respective template. The starting structure of the sampling is the lowest energy case in BiHelix for each template (the 
shaded cases in Table S2). 
 

Template !# (°) !$ (°) !" (°) 

mOPRM 0, ±15 0, ±45, ±90 0, ±30, -60 (H6), -90 (H5, H6),  
-120 (H5), -150 (H5) 

hOPRK 0, ±15 0, ±45, ±90 0, ±30 

hOPRX 0, ±15 0, ±45, ±90 0, ±30, ±120 (H5), 60 (H6), 90 (H6),  
-60 (H7), -90 (H7) 

 
 
 
 
 
 
 
 
 
 
 
 
Table S4. Top 25 structures from fine SuperBiHelix/SuperCombiHelix with mOPRM as the initial template. 
 

Table C.2: Top 10 structures from the BiHelix/CombiHelix predictions for all 15
starting structures. Shaded rows represent the lowest-energy case for each template.
These cases were used for the SuperBiHelix step. The ∆η values are the deviations
of helix (H) rotation angles from the respective homology templates.

Template ∆θ (°) ∆ϕ (°) ∆η (°)

mOPRM 0, ±15 0, ±45, ±90 0, ±30, -60 (H6), -90 (H5, H6),
-120 (H5), -150 (H5)

hOPRK 0, ±15 0, ±45, ±90 0, ±30

hOPRX 0, ±15 0, ±45, ±90 0, ±30, ±120 (H5), 60 (H6), 90
(H6), -60 (H7), -90 (H7)

Table C.3: Sampling space of the coarse SuperBiHelix for each of the three tem-
plates. The deviation angles apply to every helix (H) unless otherwise labeled.
The angles apply specifically to one helix are from top 20 BiHelix results of the
respective template. The starting structure of the sampling is the lowest-energy case
in BiHelix for each template (the shaded cases in Table C.2).
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Rank
∆θ
(°) ∆ϕ (°) ∆η (°)

ECNti
(kcal
mol−1)

All H1 H2 H3 H4 H5 H6 H7 H1 H2 H3 H4 H5 H6 H7
1 0 0 0 0 120 15 -15 0 0 0 0 -30 0 0 0 -352.9
2 0 0 0 0 105 15 -15 0 0 0 0 0 0 0 0 -352.8
3 0 0 0 0 120 15 -15 0 0 0 0 0 0 0 0 -351.3
4 0 0 0 0 105 0 -15 0 0 0 0 -30 0 0 0 -350.7
5 0 0 0 0 75 15 -15 0 0 0 0 -30 0 0 0 -346.9
6 0 0 0 -15 60 30 15 0 0 0 0 0 60 0 0 -345.7
7 0 0 0 0 105 15 0 15 0 0 0 0 0 0 0 -343.7
8 0 0 0 -15 75 15 0 0 0 0 0 0 60 0 0 -342.8
9 0 0 0 0 120 0 0 15 0 0 0 -30 0 0 0 -341.4
10 0 0 0 0 105 0 -15 0 0 0 0 0 0 0 0 -337.5
11 0 0 0 0 90 0 0 15 0 0 0 0 0 0 0 -334.8
12 0 0 0 -15 75 30 15 0 0 0 0 0 60 0 0 -333.8
13 0 0 0 0 90 15 -15 0 0 0 0 0 0 0 0 -333.8
14 0 0 0 0 105 15 -30 0 0 0 0 0 0 0 0 -333.3
15 0 0 0 0 120 15 -30 0 0 0 0 0 0 0 0 -332.7
16 0 0 0 -15 60 -30 15 0 0 0 0 0 30 0 0 -328.9
17 0 0 0 -15 60 -15 0 0 0 0 0 0 0 0 0 -328.1
18 0 0 0 -15 60 -15 15 0 0 0 0 0 0 0 0 -328.1
19 0 0 0 -15 60 -15 0 0 0 0 0 0 30 0 0 -328.0
20 0 0 0 -15 75 -15 0 0 0 0 0 0 0 0 0 -327.8
21 0 0 0 0 120 -15 0 15 0 0 0 -30 0 0 0 -327.6
22 0 0 0 -15 60 30 15 15 0 0 0 0 60 0 0 -327.5
23 0 0 0 -15 75 15 15 0 0 0 0 0 60 0 0 -326.8
24 0 0 0 -15 60 0 0 0 0 0 0 0 0 0 0 -325.9
25 0 0 0 -15 60 -30 0 0 0 0 0 0 0 0 0 -324.3

Table C.4: Top 25 structures from fine SuperBiHelix/SuperCombiHelix with mO-
PRM as the initial template.

Antagonist Ki (nM) Relative Binding Energy (kcal mol−1)
M59 3 0.00
M60 23 1.25
M38 113 2.23
M40 524 3.17
M42 >1000 3.57

Table C.5: Antagonists’ experimental binding constants and their corresponding
calculated binding energies relative to M59. The binding energies are calculated
according to equation ∆G1 − ∆G2 = RT ln(Ki2/Ki1).



114

0 5 10 15 20 25 30 35 40 45 50

1

1.5

2

2.5

3

3.5

4

R
M

SD
 (Å

)

Time (ns)

0 5 10 15 20 25 30 35 40 45 50

1

1.5

2

2.5

3

3.5

4

R
M

SD
 (Å

)

Time (ns)

a) 

b) 

Figure C.4: RMSD changes of the protein along the MD trajectory of M59-bound
predicted hSSTR5 structure. a) The snapshots were aligned against the first frame,
and RMSD values were calculated with the first frame as the reference. b) The
snapshots were aligned against the last frame, and RMSD values were calculated
with the last frame as the reference. Only backbone atoms were considered in
calculating RMSD values.
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Figure C.5: Results of clustering by RMSD along the MD trajectory of M59-bound
predicted hSSTR5 structure. The k-means algorithm was used. The k-means
clustering radius is 2 Å.
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Figure C.6: The fluctuation of interatomic distance between S2977.46 O-donated H
atom and D862.50 O atom on their side chains during the 50 ns MD simulation of
M59-bound predicted hSSTR5 structure.
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Figure C.7: The fluctuation of interatomic distance between N581.50 N-donated H
atom on its side chain and S2977.46 O atom on its backbone during the 50 ns MD
simulation of M59-bound predicted hSSTR5 structure.
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Figure C.8: The fluctuation of interatomic distance between N812.45 N-donated H
atom and W1644.50 N atom on their side chains during the 50 ns MD simulation of
M59-bound predicted hSSTR5 structure.
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Figure C.9: The fluctuation of interatomic distance between Y782.43 O-donated H
atom and D1363.49 O atom on their side chains during the 50 ns MD simulation of
M59-bound predicted hSSTR5 structure.
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Figure C.10: The fluctuation of interatomic distance between T1253.38 O-donated
H atom and S1674.53 O atom on their side chains during the 50 ns MD simulation
of M59-bound predicted hSSTR5 structure.
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Figure C.11: The fluctuation of interatomic distance between N2716.58 N-donated
H atom and Y2867.35 O atom on their side chains during the 50 ns MD simulation
of M59-bound predicted hSSTR5 structure.

0 5 10 15 20 25 30 35 40 45 50
1

2

3

4

5

6

7

8

9

10

Time (ns)

Di
st

an
ce

 b
et

we
en

 R
13

7 
NH

 a
nd

 T
24

7 
O

 (Å
)

Figure C.12: The fluctuation of interatomic distance between R1373.50 N-donated
H atom and T2476.34 O atom on their side chains during the 50 ns MD simulation
of M59-bound predicted hSSTR5 structure. Visualization of this interaction is in
Figure 4.6.
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Figure C.13: The fluctuation of distance between the M59 piperidine amine N atom
and D1193.32 carboxylic acid O atom during the 50 nsMD simulation ofM59-bound
predicted hSSTR5 structure.
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Figure C.14: The fluctuation of distance between M59 carboxylic acid O atom and
R391.31 amine N atom during the 50 ns MD simulation of M59-bound predicted
hSSTR5 structure.
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Figure C.15: The fluctuation of distance between the R1373.50 side chain N atom
and E2436.30 side chain O atom during the 50 ns MD simulation of M59-bound
predicted hSSTR5 structure. After 20 ns, the intracellular end of TM6 including
E2436.30 unwinds to accommodate the salt bridge between E2436.30 and R241 on
the loop, and E2436.30 can be considered part of the loop.




