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1. Introduction




One of the principal computational tools in the theoretical study
of b iological mo lecules is th e me thod o fmo lecular dynamics
simulations (MD). T his computational approach permits the study
of the evolution of a system in time, giving us insights on processes
that occur in biological systems, at atomic scales, such us the role of
protein flexibility in ligand binding.

The MD method was first introduced by Alder and Wainwright in
the late 1950’s"* and performs integration of Newton’s second law
of motion to calculate the forces at sequential time steps and thereby
displacing atoms accordingly. They studied the interactions of hard
sphere m otions during a 9.2 ps total s imulation. S everal s ystems
were calculated using M D but it was not until 1977 when the first
protein s imulations a ppeared, i nvestigatinga f olded g lobular
protein, the bovine pancreatic trypsin inhibitor, with total simulation
times of 8.8 ps.’ Since then, in parallel with the increasing impact of
computational m ethodsi nm any areasof s cience,va st
improvements have been seen. Improved theory, methodology and
hardware now mean that since the late 1990°s M D is increasingly
used t o unde rstand ¢ hemistry a nd b iology o fp rotein s ystems.
Furthermore, in t he 1 ast d ecade t he i mpressive fast t echnological

development i n ¢ omputational s peed a nd da ta s torage vol ume

2



permits s imulations to be p erformed r eaching the time scales o f
many biologically relevant processes,’ (Figure 1). For instance, it is
common to see modern reports of simulations with micro- to milli-
second timescales enabling side chain rotations and loop motions to
be investigated.® But, making longer simulations is not enough to
extend the conformational sampling in biomolecular systems. Most
of t he s imulations j ust e xplore a s mall region around the energy
minimum c losest t o t he i nitial ¢ onformation. T aking a dvantage
again of t he t echnological a dvances, a n obvi ous s trategy i st o
performa s eries o fp arallel s imulations w ith s everal s tarting
conformations.” Mathematical ap proaches ar e u sed t o an alyze t he
amount of trajectories generated, clustering the results.*’

Hence,th ef ieldh ase volvedf roms tudyingis olated
macromolecules in vacuum in a picosecond time scale to studying
complex biomolecular systems composed of millions of atoms with
simulation t ime s cales s panning u p to millis econds. Nowadays
computational chemistry is still undergoing significant changes due
to acces s an d p orting o f al gorithms t o G raphics P rocessing U nit
(GPU) hardware which contain thousands of cores in a cheap highly
parallel architecture that is efficient for co mputational ap proaches

such as MD.'*!!



Timescales of typical protein motions
Loop motions Protein folding
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Figure 1. Timescales for typical protein conformational changes. Below the
axis is a rough estimate of the amount of ‘wallclock’ time required to perform
a molecular dynamics (MD) simulation of a typically sized protein-protein
complex solvated in explicit water (45,000 atoms) on a typical (2.6 GHz dual-
core) desktop computer. Taken from Zwier and Chong Curr Opin. Pharmacol,

2010, 10, 745-752.

1.1. Applications

The use of MD simulations is now an essential technique enabling
more relevant events to be observed in silico for the rationalization
of experimental d ata. O ne of the m ost common uses of M D has
focusedons  tudyingl igand-macromolecule co mplexes. For
instance, modeling in reverse the activation process of a membrane
protein such a G-protein coupled receptor (GPCR), starting from an
active state and simulating to wards the inactive conformation and

thereby w itnessing t he atomistic ch anges r equired for | arge s cale



protein m otion a ssociated w ith G -protein bi nding.'* Further, t he
same [,-adrenergic receptor system has been studied with other MD
methods, s ucha sM arkov S tate M odelst oi nvestigatet he
differences b etween agonist an d an tagonist i nteraction with th e
activation pathways."

The a pplication t o dr ug-target co mplexes,can b eu sedi n
conjunction w ith X -ray c rystallographic s tructures, or hom ology
models t o e lucidate t he bi nding mode o fa p articular ligand at a
given p rotein ta rget.'* The r esulting trajectories ar e an alyzed t o
extract i nformation s uch as d istances an d i nteractions b etween
atoms or r esidues o f interest,a ndc anbe usedt o ge nerate
hypotheses f or s ubsequent m olecular de sign, examples i nclude
studies o fm uscarinic r eceptors,” and s phingosine-1-phosphate
receptor 1.'® MD can also overcome the major limitations of static
structure-based drug design and in particular the limitation of rigid
docking ¢ alculations, w hich do not s amplet hepr otein
conformational ¢ hanges obs erved dur ing ligand binding.'® During
unbiased M D s imulations, t he m odel s ystem e volves freely ov er
time and the binding site can be sampled with different amino acid
side ¢ hain a nd ba ckbone ¢ onformations t hat m ay be r equired for

binding of some molecules. Therefore MD simulations are an ideal
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way to o btain mu ltiple ¢ onformations o f ma cromolecular ta rgets
that can then be used, for instance, for ensemble docking. 17 Also,
the dynamic nature of proteins is now increasingly understood'® and
working onl y with s ingle X-ray c rystallographic s napshots ¢ an
hinder understanding of the mechanism of action of drug molecules.
Int his s ense M D a Iso pr ovides a n a dvantage t o a nalyze and
interpret ¢ onformational e ffects w hicha re likely imp ortant,
particularly for m olecules w hich m ay h ave allosteric f unctional

effects.'’

1.2. Free energy perturbation

Knowledge o fthe energetics of ligand bi nding would facilitate
successful c ompletion o f drug di scovery p rojects. In this regards,
state of the art methods such as docking have proven to pe rform
poorly in this task as they were t ypically designed t o r eproduce
binding modes or enrichment for virtual screening, but not predict
the r elative af finities o f an alogues from a 1 ead ch emical s eries.
Buildingon t he advancesi nM D ha sbr ought Free-Energy
perturbation ( FEP) c alculations closer to reality for application in

drug di scovery pr ojects. H ence, f ree-energy s imulations ar ¢ a



valuable approach. This includes methods such as FEP that employ
molecular d ynamics o r M onte C arlo ( MD/MC) s imulations to

assess t he fre e-energy d ifference b etween t wo r elated 1 igands v ia
either a chemical or alchemical path.”**' FEP has previously shown
to be a promising in silico technique to estimate binding affinities.*
In fact, in a typical lead optimization program, the calculation of the
relative difference in binding energy b etween two compounds is a
key parameter. Interestingly, this relative difference is more easily
computed t han t he © absolute’ bi nding f ree-energy o fas ingle
compound due t o1 nherent di fficulties i n a ccurately ¢ omputing
components of the thermodynamic cycle such as absolute solvation
energies. Instead,t he F EP m ethod pe rformst hea lchemical
perturbation between two close analogue molecules in solution and
in protein (see Figure 2), processes A and B are difficult to simulate
using mo lecular d ynamics ( Figure 2 p anel le ft), s o to d etermine
A(AG) computationally, an alternative route is used (Figure 2 panel
right). T hese ne w path mutate the ligand A into ligand Binthe
unbound and bound s tates and hence many expected errors cancel
due to the similarity of the two systems. FEP calculations per se are
not new. Based on t he ideas of Zwanzig,” FEP was applied in the

1970s and 1980s, when a number of research groups presented the
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first c oncepts o f f ree-energy m ethods (e.g., M cCammon et al in
Nature and Bash and co-workers in Science).”** However, lack of
computational pow er and limite d p arameterization in e arly f orce
fields, imp eded s ubstantial p rogressin th ef ield d espite its

attractiveness.”’

Figure 2. The F EP t hermodynamic c ycle s howing t he p erturbation p erformed
between t wo a nalogous molecules i n s olution a nd i n pr otein. Adapted f rom

Biomolecular Simulations Methods and Protocols.*

Recent a dvances s uch a s be tter f orce f ields, nove 1 s ampling
algorithms, and 1 ow-cost ( GPU-based) compute pow er ¢ an now
deliver the level of accuracy and speed required for a t ypical drug
discovery p roject.”**"** Combined w ithth e large in crease in
crystallographic structures available in the public domain ( Protein
Data Bank)® and inside many pharmaceutical companies this opens

the door for routine application of structure-based methods such as



FEP, in drug discovery. Hence the pharmaceutical industry is highly
interested in applying this approach and many avenues are needed
to be e xplored t o fully unde rstand i ts us e f or f ast m oving 1 ead

optimisation projects.
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1.4. Objectives

The a im o f'th is th esis is to a pply mo lecular dynamics ( MD)
simulations t o a nswer ¢ ontemporary bi ochemical ¢ hallenges. T his
includes t he us e o f c omputer-aided d rug d iscovery techniques to
develop therapeutically important molecules.

The thesis is organized in two sections.

The first s ection focuses on us ing all-atom M D s imulations to
understand t he s tructure a nd f unction of G pr otein-coupled
receptors ( GPCRs). T hus,th ef irsta imo fth is thesisi s
understanding how G PCR (' hetero) ol igomerization i nfluences t he
physiological role of receptors, and their use as therapeutic targets
(chapter 1). Despite the proven success of GPCRs as drug targets,
useful 1 igands do not e xist f or t he m ajority of them. The m ain
reason being that the orthosteric binding sites across members of a
GPCR s ubfamily fora pa rticular endogenous | igand a re o ften
highly conserved, making it difficult to achieve high selectivity for
specific GPCR subtypes. Novel approaches to modulate GPCRs, to
overcome this problem, involve the discovery of multivalent ligands
that target physiologically relevant GPCR hetero-oligomers (chapter
2), o r a llosteric lig ands th at b ind a t a llosteric s itesand a ctin

conjunction w ith t he e ndogenous 1 igand (chapter 3 ). Thus, t he

13



knowledge of the structural el ements involved in G PCR (hetero)
oligomerization achieved in chapter 1 i s translated into predictive
tools f ort hes electiona ndde signof m olecules targeting
physiologically r elevant G PCR h eteromers (chapter 2) . Recent
publications of ¢ rystal s tructures of m etabotropic glutamate
receptors (class C GPCRs) led us study how negative (NAMs) and
positive (PAMs) allosteric modulators bind and, in particular, how

the ligand exerts its allosteric functional effects (chapter 3).

The s econd s ectionf ocusesont heus eof F ree E nergy
Perturbations ( FEP) m ethods f or t he de sign of be ta-secretase 1

(BACE]1) inhibitors.

14



15

2. Methods



The term M olecular Modeling is us ed t o de scribe t he s tudy of
molecules us ing ph ysical m odels. T he group ofr ulesus edt o
describe a s ystem i s de nominated t heory, and i s of ten e xpressed
with ma thematical e quations. T he aim o f c ombining a th eoretical
formalism with a physical model is double: it a llows rationalizing
experimental data and also provides a tool that is able to predict the
behavior of a system when lacking experimental information.

The following sections describe the methods used in this
thesis. The topics covered include: Homology modeling;
Docking; Protein and ligand preparation; MD simulations and
FEP calculations. The specific details for the methods employed

in each of the studies will be described within each chapter.

2.1. Homology modeling

Homology modeling is the process of constructing a 3D atomic
model of a target protein normally based on the known
structure of a similar protein. Perhaps the largest number of
applications has been in the field of membrane proteins such as
ion channels and GPCRs, due to the difficulties to solve

crystallographic structures for these protein families, despite

16



their huge pharmaceutical interest. In the following paragraphs
we describe some specific considerations for homology
modeling of GPCRs and their complexes. It is relevant for this
thesis given our interest to study a Class A GPCR such as the
A1R-A2AR heterotetramer for which structure is unavailable,
but also Class C mGlu receptors which will be amongst the more
difficult systems we study with this technique.

The n umber of de tailed 3D pr otein s tructures deposited in the
Protein Data B ank ( PDB)' continues t o i ncreasein a s ignificant

manner (Figure 1).

1397

1336

Figure 1. Yearly growth of total structures. Extracted from PDB.'
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In t he field o f G PCRs, i nnovative crystallographic t echniques
have increased the number of GPCR structures resulting in a golden
age fo r s tructure-based dr ug d esign ont his ¢ lass of m embrane
proteins.2 Structures are available for Class A, B C, and F receptors,
in complex with agonists, inverse agonists, antagonists, or allosteric
modulators, bound t o intracellular proteins such as the G -protein’
(also G protein fragments and G-protein mimicking nanobodies)” or
arrestin.’ Despite t his ¢ ontinuous i ncrease ofs olved G PCR
structures, f ort he v ast m ajority o fp harmaceutically r elevant
receptors, structural information is accessible only by cost-efficient
alternatives like homology modeling.®

Development of homology models is a multi-step process (Figure
2), that can be summarized in the following way (1) identification
of a template; (2) perform single or multiple sequence alignments;
(3) model building for the target based on t he 3 D structure of the
template; (4) model refinement, analysis of alignments (including

gap deletions and additions) and (5) model validation.
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Protein with unknown 3D structure

Identification of a homologous e WL
protein with experimental structure 5‘ &or A
J’ 7 &
Targetitemplate OIS oot e - E i
seduence signment =R s
l ™ ‘{.’ oo
Model building N < Yks

Refinement & validation 3 e o

Study of protein function and mechanism
Assessment of target druggability

Applications to

drug discovery Design of mutagenesis experiments

High-throughput docking
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DTQ _chovery Today

Figure 2. Summary of the multi-step process for homology modeling. Taken

from Cavasotto and Phatak Drug Discovery Today, 14, 2009, 676-683 .7

One such tool which is suitable for building homology models is
the p rogram M ODELLER,® which ha s be en m ostly us ed i n t his
thesis. T he pr ogram u ses hom ologous s tructurest o ¢ onstruct
constraints on atomic distances, dihedral angles, and so forth, these
are then combined with statistical distributions derived from many
pairsi nt he P DB. T he software co mbinest he s equences an d
structures into a co mplete al ignment w hich can then b e ex amined
using m olecular graphics pr ogramsa nde dited m anually.
Alternatively, similar methods are available (and have been used in
this th esis) in the M OE s oftware suite.” The ho mology m odeling

tools in M OE share some similarities with MODELLLER and the
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overall workflow is to 1. Specify the initial target geometry coming
from one or multiple te mplate s tructures 2. Handle insertions and
deletions i n t he s equence 3. Loops a nd s idechain m odeling a nd
packing 4. Final model selection and refinement is performed based
ont he c onsiderations s uch a st he R MSD of t he i ntermediate
models, the s olvation e nergy, know ledge-based assessment o f'the
packing q uality, co ntact en ergies. Both M ODELLER and M OE
permit building homology models in the presence of bound ligands.
This is a useful feature to maintain a binding site which can then be

used for molecular docking.

2.2. Protein and ligand preparation

Before using crystallographic or homology-modeled structures in
simulations it is imp ortant to pre-process both protein and ligand.
This s tep, w hich 1 s s ometimes ove rlooked, i s ¢ rucial t o r each

11 YWithr egardst opr otein

accurate co mputational r esults.
preparation, i ssues t o ¢ onsider include filling gaps o r 1 oops t hat
were unr esolved 1 n ¢ rystal s tructures, i onization of a mino a cids,

correct r otamer ¢ onformations, a nd ¢ orrect h ydrogen pl acements

which is p articularly im portant f or b inding s ite w ater mo lecules.
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Correspondingly, ligand preparation presents similar concerns with
regards to ionization, tautomerization and correct parameterization
for the corresponding molecular mechanics force fields. Hence, the
methods used for protein and ligand preparation are dependent on
the approaches that are to be used for subsequent work, for instance

the software and force field used in MD and FEP calculations.

When performing MD calculations we have typically applied the
following approach. Ligand a tomt ypes a re assigned w itht he
appropriate force field in mind, and the partial charges have been
obtained us ing H F/6-31G*-derived R ESP'* atomic ch argesi n
Gaussian. "

Although Maestro'* tools have been used for preparing protein for
the subsequent Glide docking,"® in the case of MD simulations the

proteins were prepared using AMBER,' to add Hydrogens, missing

side chains and cap the N- and C-termini.

For FEP calculations we also used Schrodinger Maestro software,
hence the protein and ligands were prepared in the following way
that i s s imilar t o t he pr otocol us ed for do cking. F or t he pr otein,

structure pr eparation w as pe rformed using the P rotein P reparation
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Wizard with default settings to fix missing sidechains/atoms, assign
protein protonation states with PROPKA,'” optimize the hydrogen
bonding network, assign ligand charges, and relax crystal contacts
with a brief minimization to RMSD 0.5 A. The catalytic aspartates
present in the active site were treated in their ionized states. Ligands
were ionized and then docked into the binding site. D ocked poses
were used as input for FEP calculations, but manual inspection was
always performed, and in some cases the dihedral angles of terminal
aromatic rings ne ed to be corrected to e nsure they are ¢ onsistent
with the entire set of input ligands. In short, some manual curation

of input to FEP is always recommended.

2.3. Docking

Computational doc king i s t he pr ocess of placinga ligandina
binding site in a plausible binding mode and assessing the quality

(or en ergetics) o f't he fit. C omputational pos e pr ediction w ith

18-20

docking is possible with different strategies. However, assessing

the qua lity of the fitis regarded highly challenging, b ecause t he
scoring f unctions e mployed a reh ighlys implified e mpirical

21-23

approaches t o as sess b inding en ergies. Ultimately, d ocking
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scoring f unctions ar e d eliberately p arameterized t o b e s imple i n
order to keep them as fast as possible to enable large scale virtual

screening of millions of compounds.

Over the last three decades structure-based methods have taken a
prime place in the drug discovery process.”*** Docking is typically
used for virtual s creening to computationally differentiate a ctives
from inactives to find hit molecules for a target protein. In a simple
way t his a pproach d epends on's uccessfully d iscriminating t he
molecules which can fit, or bind, at the site of interest versus those
with [ ittle ¢ hance. D ocking i s a Iso us ed 1 n dr ug di scovery 1 ead
optimization o f analogues but the analysis of results is typically a
subjective task be cause t he s coring f unctions a re not de emed
accurate enough to rely upon. Hence, while useful to differentiate
between act ivesan dd ecoys,d ockingh asb eenr elatively
unsuccessful i n't he pr ediction of bi ndinga ffinity.***’ Recent
developments i nt erms of doc king a Igorithms ha ve pr imarily
focused on m ore a ccurate i nclusion of ( de)solvation e ffects.
Examples of these i mproved doc king a lgorithms i nclude W Score

and W aterFLAP ( Molecular D iscovery).”® Improvingt he
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(de)solvation effects have indeed increased the ability of docking to

better distinguish between (highly) actives and inactives.

In this thesis two approaches have been used for docking: MOE
and GLIDE docking. In the former, the ligand placement method is
based on the Triangle matcher al gorithm. P oses are generated by
aligning lig and triplets of atoms on triplets o f alpha spheres in a
more s ystematic w ay th an in th e A Ipha T riangle me thod. T he
binding poses are scored based on the London dG approach.*’ The

energy functional is a sum of the following terms:

AG =c+ Eflex + Zh—bonds CHBfHB + Zm—lig CMfM + Zatoms i ADi (1)

Where ¢ representst he a verage gain/loss of r otational a nd
translational entropy; Ey., is the energy due to the loss of flexibility
of the ligand (calculated from ligand topology only); fzz measures
geometric 1 mperfections of h ydrogen bonds and takes a valuein
[0,1]; cup 1s the energy of anideal h ydrogen bond; f), measures
geometric imperfection of metal ligations and takes a value in [0,1];
cM is the energy of an ideal metal ligation; and Di is the desolvation

energy of atom 1.
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For G LIDE doc king t he M aestro s oftware w as us ed. G LIDE
relies upon t he pr e-calculation of a fixed grid t hat na rrows t he
search space then the next step is to perform a torsionally flexible
energy optimization on an O PLS-AA*" non-bonded potential grid
with s ubsequent r efinement vi aa M onte C arlo pos e s ampling
method. Ligands are placed with an algorithm based on Emodel,’’
to s elect b etween p rotein-ligand co mplexes o fag ivenl igand
scoring functiona nd G lideScore™  function, t or ank-order
compounds to separate those that bind strongly (actives) from those
that don’ t ( inactives). The G LIDE X P E xtra-Precision G lide,"
scoring function was used in this thesis. It was developed to more
accurately predict binding energies. The scoring functions have the

following form:

XP GlideScore = Ecoul + EvdW + Ebind + Epenalty (2)
Ebl'nd = Ehydenclosure + Ehbnnmotif Ehbccmotif + EPI + Ehbpair +

Ephobicpair (3)
Epenalty = Edesolv + Eligand_strain (4)

The terms in equation 3 f avor binding, while those presented in

equation 4 hi nder bi nding. T he Ejyq enciosure termr epresents an
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improved model of hydrophobic interactions, if a ligand is placed in
an active-site cavity, as opposed to on the surface of the protein, the
lipophilic atoms of the ligand are likely to receive better scores, if
they arel ocatedi na “ hydrophobic po cket” of t hep rotein
surrounded b y | ipophilic pr otein a toms ( hydrophobic e nclosure),
scores should be better than in a location surrounded primarily by
polar o r ch arge groups ( see F igure 3 ), t he pr oper t reatment o f
hydrophobic e nclosure is the ke y t o di scrimination of hi ghly and
weakly pot ent bi ding m otifs a nd c ompounds; the Ejp pn mory term
captures h ydrogen bonds that represent k ey molecular recognition
motifs a nd t hey arei mportanti ni ncreasingt he pot ency a nd
specificity of m edicinal c ompounds; the Ejp cc monr term d escribes
special charged-charged hydrogen bond interactions,; the EP/ term
rewarding pi staking and pi-cation interactions; the Ejj pqi- and the
Ephobvic pair terms are standard ChemScore-like* hydrogen bond a nd
lipophilic p air te rms; meanwhile th e Eg.,, term w ater s coring
implements a ¢ rude explicit w ater mo del u singa grid-based
methodology adding 2.8 A spheres, approximating water molecules
to high scoring docked poses. Finally, the Ejigana sirain term refers to
contact penalties, considering the rigid-receptor approximation that

is made when the ligand has to adjust to fit into an imperfect and
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rigid cavity, often a dopting hi gh e nergy, non -ideal torsion angles,
the function penalize pos es with close internal c ontacts. Hence, it
contains ¢ orrection t erms f or pr operties, s uch a s ¢ harged a nd
strongly polar groups adequately e xposed to solvent, not typically

well included in other scoring functions.

mﬁ

(L]

Figure 3 . Ligandi nteracting witht wo di fferent e nvironments: ( A)a n
hydrophobic pl ane a nd ( B) e nclosed i na hy drophobic ¢ avity. Taken from
Friesner et al Journal of Medicinal Chemistry, 2006, 49, No, 21.

All docking computations within this thesis were performed using

the Glide software version 2015-3 from Schrodinger.

2.4. MD simulations

By using Newton’s classical e quations of motion, computational
simulations s tudy t he ¢ onformational ¢ hanges of a pr otein (fo r

instance) with time. MD simulations are being used more and more
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to study protein conformational changes due to the importance of
generating en sembles o fen ergetically ac cessible co nformations.
Molecular D ynamic simulation is a deterministic method based on
the te mporal e volution o fa s ystem. F rom a n in itial s tructure,
successive coordinates a nd ve locities a re obt ained b y i ntegrating
Newton’s equation (5) for the motion in each coordinate direction:

dt? m;

where x; and m; aret he co ordinates an d m ass o fea ch at om,
respectively, ¢ isthe time and F; are t he forces a cting upont he
particles in the system.

The equations are solved simultaneously in small time steps; the

coordinates as a function of time represent a trajectory of the system

(see Figure 4).
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THE GLOBAL MD ALGORITHM

1. Input initial conditions

Potential interaction V" as a function of atom positions
Positions 7 of all atoms in the system
Velocities v of all atoms in the system

¥

repeat 2,3,4 for the required number of steps:

2. Compute forces

The force on any atom
v
ar;
is computed by calculating the force between non-bonded atom
pairs:
Fi=%,Fy
plus the forces due to bonded interactions (which may depend on 1,
2, 3, or 4 atoms), plus restraining and/or external forces.
The potential and kinetic energies and the pressure tensor may be

computed,

Fi=—

3. Update configuration

The movement of the atoms is simulated by numerically solving
Newton’s equations of motion
d*r; _F;
a2  m;
or
dr; du; F;

@& Ut E® T m

4. if required: OQutput step
write positions, velocities, energies, temperature, pressure, etc.

Figure 4 . Global flow scheme for M D s imulations. T aken from G ROMACS
5.0.7 manual (ftp://ftp.gromacs.org/pub/manual/manual-5.0.7.pdf).

There are several al gorithms for the integration of the equations
of motion, such as Verlet or leap-frog. Due to the large number of
particles interacting with each other, the leap-frog algorithm is the
most ¢ ommonly us ed toupda tet het imes tep. T hel eap-frog
algorithm is a mo dification o fthe V erlet algorithm and its name
refers to the fact that the velocity leaps over the coordinate to give
the n ext h alf-step va lue of t he ve locity, w hichisthenusedto

calculate the new positions. The integration step, the time step, is
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limited b y th e f astest mo tion in th e s ystem. This m eans t ypical
values of 1fs for atomistic simulations. By restraining bond lengths,
using SHAKE™ and LINCS™ algorithms it is possible to use larger

time step, typically 2fs.

The s imulations pe rformedi1 nt his thesis ha ve f ocused on
membrane pr oteins. T he m ajority o f m embrane pr otein X -ray
crystallographic structures do not include a membrane environment
and at best reveal only a small number of bound lipid or detergent
molecules. T o fully understand m embrane pr otein f unction it is
essential to accurately insert the protein into a lipid bilayer. Various
computational m ethods have e merged that are able to predict the
bilayer-spanning region of a m embrane p rotein s tructure. T hese
methods p ermit s emi-automatic an notation of membrane p rotein
structures an dt her esults ar e p ublicly a ccessible ( e.g. O PM
database).*

In o rder t o s imulate m embrane p roteins, d ifferent as pects ar e
taken into account. The most relevant are the macroscopic boundary
conditions ( different ensembles)a nddi fferent m icroscopic

interaction parameters (force fields).
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There are d ifferent en sembles such as constant volume (NVT),
constant surface tension (NyT), and constant isotropic pressure
(NPT). Constant volume (NVT), means to keep the dimensions of a
box constant, which is the standard condition to simulate a protein
in a crystal lattice. H owever, th is c ondition is n ot s uitable for a
membrane pr otein ¢ ontaininga 1 ipid bi layer, be causet he
dimensions of the box are determined by the area and the length per
lipid, w hichar ev ariablean dn otw ell characterized.’” The
appropriate bounda ry condition f or am embrane pr oteint hat

contains a | ipid bi layer i s t herefore constant i sotropic pr essure

(NPT).

The cal culation o ft he i nteraction en ergy w ithinacl assical
description of a molecular system requires a force field. The number
of different force fields is even larger than the number of boundary
conditions. Beside the packages such as AMBER,'® CHARMM,***
GROMOS™, et c. s pecial f orce f ields h ave b een i ntroduced i ..
OPLS, which includes optimized parameters for liquid systems, and
more recent versions are o ptimized also for s ynthetic s mall d rug-

like molecules.
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2.4.1. Preparation and execution of a MD simulation

MD simulations were performed with GROMACS v5.0.6.* As a
general approach, the receptor complexes were embedded in a pre-
equilibrated box ( 9x9x9 or 10x 10x19 nm 3) containing a 1 ipid
bilayer (205 or 297 POPC molecules) with explicit solvent (~14000
or ~47000 waters) and 0.15 M concentration of Na+ and CI- (~140
or ~490 ions). The exact size, and number of lipids, waters and ions
varied depending on the specific system, see each chapter for exact
details. E ach s ystem w as en ergy m inimized and s ubjectedto a5
step MD equilibration extending 21 ns in total. . In the first step (10
ns) th e w hole s ystem was fixed e xcept h ydrogen atoms; in the
second step (5 ns), the protein loops were released from restraints;
and in the final three steps (2 + 2 + 2 ns) the restraints on the ligand
and protein atoms were relaxed from 100, 50 t o 10 kJ .mol-1nm-2,
respectively. Unrestrained M D t rajectories w ere p roduced w ith
varying t otal t ime | ength de pending on e ach s ystem but a lways
using a 2 fs time step. Constant temperature of 300K using separate
v-rescale t hermostats® for p rotein-ligand, 1 ipids, a nd w ater pl us
ions was used. The L INCS algorithm w as applied to freeze bond

lengths. L ennard-Jones i nteractions w ere c omputed using a 10 A
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cut-off, and the electrostatic interactions were treated using Particle
Mesh E wald ( PME)** witha d irects um c ut-offof 10A . T he
AMBER99SD-ILDN fo rce fi eld” was us ed f or t he pr otein, t he
parameters described by Berger et al.’” For lipids, and the general
Amber fo rce field (GAFF) and HF/6-31G*-derived R ESP a tomic
charges fort hel igand. T his ¢ ombination of pr otein a nd 1 ipid

parameters has recently been validated.*®

2.5. Free-energy calculations

A quantitative measure of the favorability of a given (biophysical)
process at constant temperature and pressure is the change in Gibbs
free-energy (AG). T hus, a s di scussed br iefly i n t he i ntroduction,
free-energy c alculations ar e extremely u seful f or i nvestigating
protein-ligand bi nding affinities or p artition ¢ oefficients. F EP
methods pr ovide a n e stimate of t he ¢ orrect free-energy of s ome
change givena particulars eto fp arametersan dp hysical
assumptions.

Relative bi nding free e nergiesc anbe c¢ alculatedus ing
thermodynamics cycles (see Figure 5). All methods for computing

free-energy differences consist of the following steps
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1. Construct a thermodynamic cycle that allows easy
calculation of the free-energy of interest, and determine the end
states for each calculation required.

2. Choose a sequence of intermediate states connecting the
two end states for each free-energy calculation.

3. Perform equilibrium simulations of the states of interest
and any required intermediate states to collect uncorrelated,
independent samples.

4. Extract the information of interest required for the desired
free-energy method from the sampled configurations.

5. Analyze the information from the simulations to obtain a
statistical estimate for the free-energy, including an estimate of

statistical error.

Figure 5. The thermodynamic cycle for the relative binding affinities of ligands
A and B to a host molecule. Taken from Biomolecular simulations M ethods and

Protocols, Springer.31
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AAping = DAping — DMping = AZIFE — AT (6)
There a ret wo m ain methodologies t o pr actically ¢ onstruct
alchemical pathways b etween two molecular end states. These are
the single topology and the dual topology approach (see Figure 6).
7% In single topology sites correspond to atoms in both molecules.
In dual topology no atoms change their type; they merely change
from being dummies to fully interacting particles. One advantage to
dual t opology is t hat the groups/atoms w hich ¢ hange are freeto
sample the configurational s pace while being d ecoupled. This can
helpi ncreaset he s ampling, how ever, m orea toms m ust be
annihilated or decoupled from the environment, therefore requiring
more i ntermediates. D espite s uch 1 arge m olecular changes,
convergence time is often t he 1 imiting factor, so a dual t opology
approach can be more efficient. Single topology is used within the
LOMAP® and GR OMACS F EP i mplementation f ori nstance.
Recent r eports ha ve h ighlighted di fficulties f or r ing br eaking
alchemical mo difications a rising d ue to th e mu ltiply ¢ onnected
dummy atoms that interact with the remaining system.’® This does

not occur with dual topology which instead annihilates and replaces

a larger ring with a smaller one.
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Most of the common simulation packages can p erform this kind

of calculation (AMBER, CHARMM, GROMACS, Desmond...)

Dual Topology
Figure 6 . Schematic e xample o ft he t wo ap proaches t o co nstruct al chemical

pathways. T aken from B iomolecular simulations M ethodsa nd P rotocols,

Springer.

The F EP calculations h ave be en pe rformed us ing S chrodinger
Maestro s oftware. A 11 ¢ alculations w ere ¢ onducted us ing ve rsion
2015-3 of the S chrodinger m olecular m odeling s uite. T he FEP
methodology us ed he re combines an accurate m odern force field,
OPLSv3 ( with pa rameterization f or each 1 igand ¢ alculated up
front)’!, t he ef ficient G PU-enabled p arallel m olecular d ynamics
engine D esmond ve rsion3.9,t he R EST e nhanced s ampling

>33 and't hec ycle-closure ¢ orrection a lgorithm™ to

technique
incorporate r edundant i nformation into free-energy e stimates, it is

often referred to as FEP+. Calculations w ere c onducted using the
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FEP+ mapper technology to automate setup and analysis. Desmond
uses so ft ¢ ore pot entials t o ove rcome pos sible va nde r W aals
endpoint instabilities at A 0 and 1. Overall default computation
protocols were used with a 5 ns simulation length for ligands both
in complex and in solution.

We r eport t heoretical e rror es timates b ased o n ¢ ycle cl osure
methodology, t he t heoretical F EP+ pr edicted e rror a nd a Iso t he
mean u nsigned er ror co mpared t o ex periment. T he ¢ ycle closure
error assesses the reliability of the predictions by determining how
much the sum of the calculated free-energy changes, for each closed
thermodynamic c ycle within the F EP+ mapper, deviates from the
theoretical value of 0.>* The FEP+ theoretical error (Bennett error)
is derived from the Bennett acceptance ratio (BAR) analytical error
as t he s quare r oot of t he e stimated v ariance of't he t otal f ree-

54,55 56
energy.”
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3.1. Introduction to G protein-coupled receptors

G pr otein-coupled r eceptors ( GPCRs) ar e t he 1 argest cl asso f
membrane proteins i n t he hum an g enome.! GPCRs areab let o
detect an d transduce chemical s ignals p resentin th e e xternal
environment of the cell to the cytoplasmic side (Figure 1). GPCRs
transduce sensory signals of external origin such as photons, odors
orphe romonesa nde ndogenouss ignals,i ncluding
neurotransmitters, (  neuro)peptides, pr  oteases,  glycoprotein

hormones and ions.

Figure 1. Illustration o f G PCR function, r ecognizing many d ifferent t ypes o f
extra-cellular signaling molecules s uch as p eptides, neurotransmitters, a nd
hormones and transmitting this signal to the intracellular side of the membrane
via activation o f the 7 -transmembrane helices and the initiation o f in tracellular

signaling cascades through G-proteins and p-arrestin.
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The response is operated through secondary messenger c ascades
controlled b y di fferent he terotrimeric guanine nuc leotide-binding
proteins ( G-proteins) ¢ oupled and G-protein i ndependent at th eir

intracellular regions (Figure 2).

d

Figure 2 . Schematic s howmg at ypical G PCR in teracting w h i Htracellular
signaling p roteins s ucha G -proteins o r a rrestin. Adapted from D eupietal.

Physiology 2010, 25, 293-303.

Dueto th eirr elevanceto c ellularp hysiology’ andt heir
accessibility from the extracellular environment, membrane proteins
representa s ignificant por tion of t herapeutic dr ugt argets.’
Reflecting the vast variety of signal impulses, GPCRs have evolved
as a very diverse protein superfamily which can be grouped into six
classes ba sed on's equence hom ology and f unctional s imilarity:
Class A (Rhodopsin-like), Class B (Secretin receptor family), Class

C ( Metabotropic glutamate/pheromone), C lass D ( Fungal m ating
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pheromone receptors), Class E (Cyclic AMP receptors), and Class F
(Frizzled/Smoothened).”” Withm oret han 700 m embers, t he
rhodopsin-like C lass-A family is by farthe biggestofall GPCR

families.

3.2. The structure of G protein-coupled receptors

For many years the only available high resolution crystal structure
available for GPCRs was of bovine rhodopsin solved in 2000.°* By
2007-2008 a dvances i n e xperimental ¢ rystallization a nd ot her
techniques permitted solving the crystal structure of other members
of class-A GPCRs, including B2 adrenergic receptor’ and the A,
adenosine receptor.'’ To date, 142 GPCR crystal structures (81 of
unique ligand-receptor c omplexes and 37 of unique receptors) are
deposited in the P rotein D ata Bank''. A vailable cr ystal s tructures
include receptors from classes A, B,12 C,13 and F,14 in complex with
agonists, antagonists, inverse agonists,"” allosteric modulators,'® or
biased 1 igands,17 incomplexwitha G protein18 or w ith be ta-
arrestin,”” and in the form of monomers of hom o-oligomers (11—
15)."%%%  Interestingly, de spitet heir ove ralll ows equence

identity,” GPCRsdi splay ahi ghlyc onserved molecular
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architecture. T his ar chitecture is ch aracterized by the presence o f
seven a-helical transmembrane (7 T M) s egments, w hich s pan the
cell m embrane, co nnected t o each o ther b yt hree ex tracellular
(ECL) and t hree intracellular (ICL) 1 oops, and a di sulfide bridge
between E CL2 and T M3 ( Figure 3) . T he N -terminal r egion is

located towards the extracellular side of the membrane whereas the
C-terminal region, containing a short a-helix lying perpendicular to

the membrane plane (Hx8), faces the intracellular milieu.

Figure 3. Schematic representation of the 7TM architecture.

Analysis o fthe known crystal s tructures of G PCRs s hows t hat
ligand binding mostly occurs in a main cavity located between the
extracellular segments of TMs 3, 5, 6, a nd 7. However, reflecting
the la rge v ariety o f's timuli th at ¢ an in teract w ith G PCRs, th e
cavity’s s ize a nd de pth w ithin t he T M bundl e ¢ an a Iter 1 argely

between different receptor subfamilies (Figure 4).25
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Figure 4: Comparison of size and depth of ligand binding pockets using TM4 as
a frame of reference. Figure from Venkatakrishnan et al Nature. 2013, 494, 185—
194)

3.3. GPCR activation

GPCR a ctivationi nvolvest he bi ndingof 1 igandsi nt he
extracellular p arto ft he T M egion, w hichr esultsi ns everal
conformational ¢ hanges inthe T M core. Itis now ac cepted t hat
despite t he s tructurally diverse t ype o f extracellular s ignals, t he
processes that propagate the signal from the ligand binding site to
the intracellular amino acids of the TM bundle converge towards
structurally co nserved mechanisms o f ef fector act ivation.”® While
the f irst s teps o fth ese me chanisms w ill b e specific for each
subfamily, th e f inal s teps w ill s hare ma ny common s tructural
features. For instance a conserved  transmission switch’>’ has been
proposed ba sedont he f actt hata h ydrogen bondi nteraction
between a gonistsa nd T M51i n ;- and [,-receptorsor t he

conformational c hange of inactive 11 -cis retinal to the active 1 1-
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trans r etinal i n r hodopsin or a gonist-binding to the A,a receptor,
stabilizes a r eceptor conformationt hati ncludesa ni nward

530 relative to inactive

movement of TM5 at the highly conserved P
structures. T his inward movement of T MS is sterically c ompeting
with a bulky hydrophobic side chain at position 3.40, triggering a
small anticlockwise rotation, viewed from the extracellular side, of
TMB3. T his r otation o f TM3 r epositions t he s ide ¢ hain of F **,
facilitating th e outward movement of TM6 for receptor activation
and G protein binding. This ‘transmission switch’ is also present in
family B G PCRs*®%,a nd o therin tracellular ¢ onformational

switches ha ve be en i dentified w hich a re i mportant f or r eceptor

activation (Figure 5).
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Figure 5. Action of molecular switches in GPCRs. Taken from Trzaskowski et al.

Current Medicinal Chemistry, 2012, 19, 1090-1109.

Either d irect lig and in teraction o r allosteric in terference w ith
these s witchesi s1 ikely as ource o fs mall moleculei nduced
modification of the conformational behavior of the receptor, shifting
the balance from active to inactive c onformational s tates.”® These
small lo cal s tructural c hanges n ear th e binding site are tr anslated
into l arger-scale h elix mo vements at th e in tracellular s ite, mainly
TMs 5 and 6, opening a cavity for the binding of the C-terminal a5

helix of the G-protein.'®
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3.4. Allosteric modulators

Traditionally mo sts mall mo leculed rugsh avea cteda tth e
orthosteric GPCR binding site where they bind competitively with
the endogenous agonist, (Figure 6). However, increasing attention is
turning towards the advantageous approach of allosteric modulation
of G PCRs. The G reek r oot f or allo- means another. A llosteric
literally translated from its Greek root means ‘other site’. In contrast
with o rthosteric lig ands, a llosteric mo dulators o f G PCRs in teract
with bi nding s ites di fferent t han e ndogenous | igands. Allosteric
modulators do not activate receptors on their own, but modulate the
response in the presence of the endogenous ligand. Based on t heir
effects, al losteric m odulators ar e o rganized i nto t hree d ifferent
groups:

Positive A llosteric M odulators ( PAMs): en hance t he affinity
and/or responsiveness of the orthosteric ligand.

Negative A llosteric M odulators ( NAMs): d ecrease t he affinity
and/or responsiveness of the orthosteric ligand.

Neutral Allosteric Modulators (also referred to as Silent Allosteric

Modulators: S AMs): d o n ot a lter th e a ffinity o r e fficacy o fth e
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orthosteric | igand, but t hey pr ovide i mportant t ools t o va lidate
binding sites.

The d iscovery o f al losteric I igands h as en riched t he w ays i n
which t he functions of GPCRs c an be m anipulated f or pot ential
therapeutic benefit. In general, the orthosteric binding site is highly
conserved within a GPCR family due to the evolutionary pressure to
retain a mino acid s equences n ecessary for bi ndingo ft he
endogenous | igand. In c ontrast, a llosteric s ites a re often 1 ess
conserved, and he nce c an a ssist greatly w ith t he i dentification of
selective s mall mo lecule mo dulators, w hich is o ften d esirable for
the purpose of biological validation or therapeutic purposes. Also,
orthosteric binding sites may have inherent undesirable p roperties
which can be avoided by targeting a distinct site, for instance the
high p olarity o fth e glutamate b inding s ite in me tabotropic
glutamate ( mGlu) receptorsis d etrimental f or C NS-targeting
therapeutics, or the peptide binding sites of class B GPCRs may be
detrimental f or id entifyingd rug-like s mall mo lecules. A Iso,
endogenous agonists are often synthesized by the body, in situ, and
on de mand, pr oducing t ransient r eceptor s timulation a nd c ellular
activation. T raditional orthosteric dr ugsu suallyh ave av ery

different pr ofile, pos sibly i n an unde sirable w ay causing t arget-
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related t oxic ef fects andr eceptord esensitization. A llosteric
modulators only function in the presence of the endogenous agonist
and a s s uch s hould r espond t 0 a nd w ork in h armony with th e
physiological changes in a gonist. T herefore a llosteric m odulators

3133 There ar e

are | ess 1 ikelyt o causer eceptor d esensitization.
currentlyonl y two marketed G PCR a llosteric mo dulators:
Cinacalcetan d M araviroc, w hicht argett he -calcium-sensing
receptor and chemokine CCRS, respectively.

Class A ClassB Class C
[for example, M2 mACHR) [for example, CRFI) (for example, GABA,)

: _. | 1 —0y
@ g
= > Orthosteric @I Allosteric

Figure 6.S chematic o f G PCR s tructure s howing o rthosteric a nd a llosteric
binding s ites. T aken f rom C onn, P . J .; C hristopoulos, A .; L indsley, C . W .
Allosteric modulators o f G PCRs: a n ovel a pproach for t he t reatment o f C NS
disorders. Nat Rev Drug Discov 2009, 8, 41-54.
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3.5. Oligomerization of GPCRs

GPCRsh aveb eencl assicallyd escribed asm onomeric
transmembrane receptors that form a ternary complex: a ligand, the
GPCR, and its associated G-protein. Thus, conventional drug design
targeting GPCRs has mainly focused on the inhibition/activation of
a single receptor. N evertheless, it is now well accepted that many
GPCRs oligomerize in cells.** There is a broad consensus that Class
Cr eceptors,i np articular,e xista ss table dimers, bot ha s
homodimeric r eceptors, f or examplet hec ovalently bound
metabrotopic glutamate r eceptor ( mGlus) hom odimer,a nda s
heterodimeric r eceptors, a s se en int he GAB Ag receptor 1 a nd
GABAg receptor 2, he terodimer. A number of other GPCRs have
also s hown t o dimerize, m ost no tably t he a drenergic r eceptors,
opioid r eceptors, s omatostatin r eceptors a nd ot her dr uggable
targets.”> New ¢ ombinations of r eceptors a re ¢ ontinually being
discovered to form homo- and heterodimers, as well as higher order
oligomers in natural tissues like A, AR/DQR/CB]36 or A;{R/A, AR.37

In a ddition, r eceptor activationi s m odulatedb y allosteric
communication between protomers of class A GPCR dimers.”® The

minimal s ignaling u nit, tw o r eceptors and a s ingle G p rotein, is
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maximally a ctivated b y a gonist b indingto a s ingle p rotomer.
Inverse agonist binding to the second protomer enhances signaling,
whereas a gonist binding to the s econd pr otomer bl unts s ignaling.
Thus, GPCR dimer function can be modulated by the activity state
of the second protomer, which for a heterodimer may be altered in
pathological states.

Cysteine cr oss-linking e xperiments ha ve suggested that receptor
oligomerization i nvolves t he s urfaces of T M1,4,a nd/or5 R
Recently, the crystal structure of the p-opioid receptor has revealed
crystallographic tw o-folda xist hrought he T Mla nd T M5
interfaces,40 while the crystal structure of the histamine H,-receptor

shows a parallel dimer through TM4.*! (Figure 7)

M4 TM4

histamine [3RZE)

TM4/5 TM4/S

b1AR (4PGO),
rhodopsin AFM (1N3M)
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Figure 7. Crystalize interface of several GPCRs. Adapted from Cordomi et al.
Trends in Biochemical Sciences, 2015, 40, 548-551.
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The me tabotropic glutamate ( mGlu) r eceptors a re f amily C
GPCRs that participate in the modulation of s ynaptic transmission
and ne uronal e xcitability throughout t he c entral ne rvous s ystem
(CNS). T hese r eceptors a re d istinguished f rom th eir f amily A
relatives by the presence of a large extracellular N-terminal domain,
(Figure 8). Known as the Venus fly trap domain (VFD) this domain
contains the endogenous ligand-binding site, the glutamate-binding
site.* Evidence suggests that two VDFs dimerize together, back to
back, and large c onformational changes are induced when a gonist
bindst oone or b oth V FDs.® These conformational ch anges
induced b y ligand bi nding a re pr opagated fromt he V FD vi a
cysteine-rich domains (CRDs) which connects the 7TM. The CRD
contains nine critical cysteine residues, eight of which are linked by
disulfide bridges.** Significant e ffort has been made to understand
the large scale domain movements involved in receptor activation.
Activation of the mGlu, receptor shifts the 7-TM dimer in terface

from TMs 4 and 5 in the inactive state to TM6 in the active state.*’
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| —
Class C

orthosteric

binding site

QO

binding site \
Figure 8. Schematic representation of the structure of Class C GPCRs. Adapted
from Wu et al. Science, 2014, 344, 58-64.

Family C GPCRs also include GABAGg receptors, calcium-sensing
receptors, phe romone receptors a nd t aste receptors.”> The mG lu
receptors a re s ubclassified i nto t hree g roups ba sed on s equence

homology, G-protein coupling, and ligand selectivity (Table 1).

Group | Group |l Group Il

mGlu,, mGlu,
mGlu, mGlu;  mGlu,mGlu,, mGlu;, mGlu,,

Gg Gi/o Gifo

AP3/DAG, Ase Ca”*  Wse cAMP ¥se cAMP

Somatodendric
Somatodendric and Merve terminals
nerve terminals

Table 1. Classification of mGlu receptors according to sequence similatiry (first

row), coupling G-protein, intracellular effect, and location.
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Because families A and C of GPCRs bind orthosteric ligands and
allosteric m odulators, respectively, within binding po ckets 1 ocated
in a similar position in the 7TM domain (Figure 9)*-% and maintain
the spatial conservation of the TM helices, despite the low sequence

identity, we may expect similar mechanisms of receptor activation.

Class C

Figure 9. Comparison of the orthosteric binding site of Class A and B with the
allosteric b iding s ite o f Class C. Shown are the Class C N AM mavolglurant
(magenta), a n a ntagonist b ound t o CFF|R ( blue) and a s election o f Class A
ligands (yellow). Adapted from Dor¢ et al. Nature 2014, 511, 557-562.

The r ecent C lass C cr ystal s tructures o fm Glu; and m Glus
receptors solved w ith NAMs have c onfirmed the 7-TM binding

site."*! Crystal s tructures ar e also av ailable of t he ex tracellular
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domains o f'several m Glu receptors such as m Glu152 and m Glu2.53
However, t here i sno fulllength crystal s tructure of t he e ntire

protein, in either monomeric or dimeric state.

3.6. mGlu2 receptor as a drug target

Glutamate is the major excitatory neurotransmitter in the central
nervous s ystem ( CNS) of ve rtebrates and e licits a nd m odulates
synaptic r esponses i nt he C NS vi a i onotropic a nd m etabotropic
glutamate r eceptors (mGlu r eceptors). Glutamate playsa pivotal
role i n num erous ph ysiological f unctions, s uch a s 1 earning a nd
memory but a Iso s ensory p erception, de velopment of s ynaptic
plasticity, m otor control,r espiration, andr egulationo f
cardiovascular f unction® Ani mbalance ing lutamatergic
neurotransmission i s be lievedt obe a tt he center of various

. T 55-61
neurological an d p sychiatric d iseases.

The m Glur eceptors
contribute tot he f ine-tuning of s ynaptic e fficacy and ¢ an be

considered slow responders to glutamate effect, compared to faster
ionotropic channels.>*%*

Of the eight mGlu receptors the mGlu, receptor has proven to be

of i mportance in n europharmacology. Preferentially expressed on
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presynaptic nerve terminals, m Glu2 receptors n egatively m odulate
glutamate an d GABA r elease an d are w idely distributed i nt he
brain.®® High levels of mGlu2 receptor are seen in brain areas such
as prefrontal c ortex, hi ppocampus and amygdala w here g lutamate
hyperfunction may be implicated in disorders and diseases such as
anxiety an d schizophrenia.*®” Tti st herefore considered that
activation of group Il mGlu (Table 1) receptors may offer anxiolytic
and/or antipsychotic effects.®®

The first generation of m Glu2 activators were co nformationally
constrained a gonists, a nalogs of glutamate.” Examples s howed
efficacyi n preclinical m odels d riven b yex cessive glutamate
transmission, i ncluding s tress/anxiety, pain and ps ychosis.
Meanwhile clinical e ffects w ere s een in both ge neralized a nxiety
disorder and schizophrenia patients. Although the findings were not
replicated i nl arger s tudies, a nalyses s uggest s ubgroups w ere
responsive to the mechanism of action.

Given the promise of fered by mGlu2/3 receptor activation there
has be en ¢ onsiderable e fforts t o 1 dentify nov el dr ug-like mG Iu2

. : 0-72
receptor p ositive a llosteric mo dulators.”"”’

Like a gonists, s uch
molecules h ave al sos hown ef ficacyi n p reclinical m odels o f
LY354740,LY544344 and LY379268. Two examples are known to
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have advanced t o clinical t rials, J NJ-40411813 a nd AZD8529.7
The former did not show efficacy in patients with major depressive
disorder with significant anxiety symptoms, but in a Phase II study
in s chizophrenia, i t m ett he pr imary obj ectives of s afety and
tolerability and also demonstrated an effect in patients with residual
negative s yrnptoms.74 Meanwhile the latter compound from A stra
Zeneca was discontinued in a phase II trial in schizophrenic patients
for unknown reasons.

Alternatively, blockade of mGlu2/3 receptors is a novel approach
to e nhance glutamate t ransmission, ha ving pot ential t herapeutic
benefiti nC NS di sorders f orw hich di minished g lutamate
transmission is suggested. In this regard, mGlu2/3 antagonists elicit

9

robust a ntidepressant-like be haviors,””” cognitive e nhancing

8082 and pr omote w akefulness® inr odents. A t le ast tw o

effects
mGlu2/3 antagonists have entered clinic, an or thosteric antagonist
oral pr odrug B CI-838 whichisa pr odrugfor B CI-632,anda
negative allosteric m odulator ( NAM), R 04995819, R G1538,
Decoglurant.** The 1 atter m olecule s howed a 1 ack of e fficacy on

inventories of depression, cognition and physical functioning when

dosed in conjunction with either selective serotonin uptake or mixed
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serotonin/norepinephrine upt ake i nhibitorsi nnon -responding
depressed patients.®

In conclusion there is still significant p harmaceutical in terest in
discovering and further exploring pos itive a nd ne gative a llosteric

modulators of mGlu2 receptors for indications in CNS disorders.
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3.8. Quaternary s tructure of a G -protein-coupled

receptor heterotetramer coupled to G; and G

This C hapteri sa collaboration w ith R afael Franco, Gemma
Navarro, Marc B rugarolas, E stefania M oreno, D avid A guinaga,
Antoni C ortés, V icent C asadd, J osefa M allol, E nric 1. C anela,
Carme L luis att he U niversity o f Barcelona, Monika Z elman-
Femiak at the M ax P lanck Institute for Intelligent S ystems, P eter
McCormick at the University of E ast Anglia and A rnau C ordomi
and Leonardo Pardo from the Universitat Autonoma de Barcelona.

This work is currently published at BMC Biology 2016, 5, 14-26.

3.8.1. Background

G-protein-coupled r eceptor ( GPCR) ol igomerization i s he avily
supported onr ecent biochemical a nd s tructural da ta.'® Optical-
based t echniques are i nstrumentalt os tudyt he d ynamics an d
organization of r eceptor ¢ omplexes in 1iving cells.” For i nstance,
total internal reflection fluorescence microscopy shows that 30% of
muscarinic M 1 r eceptors e xist a s d imers ( with n o e vidence o f
higher oligomers) that undergo interconversion with monomers on a

timescale of seconds.® Similarly, the B;-adrenegic receptors (B;-AR)
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are e xpressed as a mixture of monomers and di mers w hereas [3,-
adrenergic receptors (B,-AR) have a tendency to form dimers and
higher-order oligomers.9 Moreover, the monomer-dimer equilibrium
of the chemo attractant N-formyl peptide receptor at a physiological
level o f expression lie s w ithina time scale of millis econds.'
Together, these studies in heterologous s ystems show that a given
GPCRispresentina dynamic e quilibrium be tween m onomers,
dimers and higher order oligomers.

114 show t hat t hese

Studiesi na br oad s pectrum of G PCRs
receptors may form h eteromers. G PCR h eteromers are d efined as
novel s ignaling uni ts with f unctional pr operties di fferent f rom
homomers a nd r epresent aco mpletelyn ew fieldo fs tudy."
Innovative c rystallographic t echniques ha ve pe rmitted t o obt ain
crystal s tructures of families A, B, C and F of GPCRs, bound to
either a gonists, a ntagonists, inversea gonists, or a llosteric
modulators, i nt he f orm of m onomers or hom o-oligomers, in
complex w itha G pr otein or w itha B -arrestin.'® Nevertheless,
crystal structures of GPCR heteromers have not yet been obtained.

Here we propose a q uaternary structure of a heteromer, taking into

account the molecular stoichiometry and the interacting G proteins.
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Adenosine A -Ajs receptor (A 1R-AzaR) ¢ omplexes ¢ onstitute a
paradigm in the GPCR heteromer field as AR is coupled to G; and
AR to Gy, i.e. they transduce opposite signals in cAMP-dependent
intracellular ¢ ascades. F irst d escribed as a concentration-sensing
device in striatal glutamatergic neurons,17 the A R-Ay4R heteromer
is thought to function as a G¢/Gi-mediated switching mechanism by
which 1 ow a nd hi gh concentrations of a denosine i nhibita nd

1718 The structural basis of

stimulate, respectively, glutamate release.
this s witchi s ke yt ounde rstand he teromer f unction a nd t he
biological a dvantagebe hindt he G PCR he teromerization
phenomenon. Here, we have devised the molecular architecture o f
the a denosine A;R-A;AR he teromer in complex w ith G pr oteins
using a combination of microscope-based single-molecule tracking,
molecular modeling, and energy transfer assays in combination with
molecular ¢ omplementation. T he results poi ntt o A | and A ;4
receptors or ganizing i nto a r hombus-shaped h eterotetramer t hat

couples to G and G. The o verall s tructure is very compact and

provides interacting interfaces for GPCRs and for G proteins.

76



3.8.2. Results and Discussion

Reciprocal res triction o f a denosine recep tor m otion i n t he
plasma membrane

To examine the dynamics of A;R-A,AR heteromers in the plasma
membrane of a living cell, the motion of the receptors tagged with
fluorescent proteins (A;R-GFP or A;sR-mCherry) was measured by
real time s ingle-particle t racking (SPT) (F igure 1 ). E xamples o
fluorescent images and individual receptor trajectories are shown in
Additional file 1: Figure S1. Analysis of data corresponding to 500
A 1R-GFP particles shows a | inear relationship b etween the m ean-
square-displacement (MSD) versus time lag in the trajectories of up
to 1,600 s ingle f luorescent pa rticles ( Figures 1A, 1C ). T hisi s
typical for Brownian di ffusion, indicating a lack of restrictions in
A R-GFP motion. Co-expression of A;sR-mCherry (Figure 1B) led
toa r eduction in la teral mo bility o f A |R-GFP, w hich b ecame
confined t o pl asma m embrane regions of 0. 461+0.004 p mi n
diameter. Its di ffusion c oefficient de creased from 0.381+ 0.002
um?/s to 0.2914+0.003 pm?*/s (p=0.002, one-tailed t-test). Similarly,
A R-GFP al so d ecreased t he A ;,R-mCherry di ffusion c oefficient

from 0.317+0.002 pm?/s to 0.143+0.005 pm?/s (p<0.0001) (Figure
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1D-F). A;aAR moved within a confinement zone of 0.941+0.007 pm
in diameter that was reduced to 0.360+£0.001 pm (p<0.0001) when
both receptors were co-expressed. We conclude from these mobility
comparisons t hat r eciprocally r estricted m otion of t he i ndividual
receptor p articlesm ustb ed uet o A;R-AsR r eceptor-receptor

interactions.

Figure 1. Cell s urface mobility of A ;R-GFP and A ,,R-mCherry. Individual
trajectories of particles containing enhanced GFP fused to the C-terminus of A|R
(A,-GFP) (A and B) or mCherry fused to the C-terminus of A,sR (A;a-mCherry)
(D and E) on HEK-293T cells expressing A;-GFP (A), Ays-mCherry (D) or both
(B and E). The trajectory and the intensity of the individual fluorescent particles
were recorded over time using total internal reflection microscopy (TIRFM) and
an electron multiplying (EMCCD) camera recording. Receptor motion was
determined by plotting (versus time lag) the mean square displacement (MSD) of

A;-GFP (C) in the absence (black line) or presence of Ayx-mCherry (blue line), or
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Asa-mCherry (F) in the presence (black line) or presence of A-GFP (blue line).
Data sets were fitted to mathematical models of free and confined diffusion, for
AR and A;,R respectively. Panel G. Colocalization of A;-GFP and A;,-mCherry
is obs erved ( yellow d ots). S cale b ar: 1 00 n m. P anel H . Distribution o fth e
fluorescence signal of A -eGFP (left) and A,,-mCherry (right) within the stably
co-localized r eceptors (yellow d ots). Curves r epresent ap proximate a mounts o f
monomers, d imers, 0 rt rimers withint he co localized co mplex. PanelI .
Stoichiometry an alysis p erformed f or co -localized A |-GFP a nd Aj,-mCherry
receptor p articles co -expressedi n H EK-293T ¢ ells ( yellow dot s). G reen
corresponds to A;-GFP and red to A;,-mCherry.
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Stoichiometry of A; and A, receptor heterocomplexes

The stoichiometry of the fluorescent receptors on the cell surface
can be calculated from the brightness distribution of the individual
particles” (see M ethods). In cells ex pressing A;R-GFP, we found
the m ajority of clusters t o c onsist of either t wo (~47%) or four
(~34%) r eceptors, and clusters w ith one or t hree r eceptors w ere
scarce (~10% and ~ 9%, r espectively) (Additional file 2: F igure
S2A and black bars in Additional file 2: Figure S2C). In the case of
AzaR-mCherry, the s toichiometry analysis s hows that the clusters
mostly expressed trimers (45%), being dimers (29%) and tetramers
(12%) the second and third most common popul ations ( Additional
file 2: Figure S2D and black bars in Additional file 2: Figure S2F).
Remarkably, this stoichiometry for either A or A, receptors was
altered w hen the p artner receptor was also ex pressed. In cells co-
expressing A |R-GFP a nd A ;aR-mCherry t he di mer popul ation
significantly i ncreased (60% f or A |R-GFP and 5 0% fo r A ,AR-
mCherry, blue bars in Additional file 2: Figures S2C,F) and became
the predominant species (Additional file 2: Figures S2B-C,E-F).

Ino rdert o f ocust he analysis onh eteromer complexes, w e
identified i ndividual c lusters c ontaining both r eceptors (individual
yellow dot si n Figure 1G , di splaying bot h GFP a nd C herry
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fluorescence). In~ 1000 a nalyzed ¢ o-localized ¢ lusters th at
consisted of a mixture of A |—GFP and A,s—Cherry (yellow dots in
Figure 1G ), we found a s imilar hi gh a mount of di mers of A ;R
(75%, left panel in Figure 1H and green bar in Figure 11) and A;5R
(74%, right panel in Figure 1H and red bar in Figure 11). Trimers
and t etramers o f A ;R and m onomers or t etramers of A, R w ere
minority o r n egligible (see F igures 1 H-I). Ins ummary, a st he
percentage o fd imers o fei ther A JR-GFP o r A;sR-mCherryi n
yellow dots, co-localizing the two receptors, was similar and high
(~75%), t he he terotetramer c ontaining tw o0 A;Rs and t wo A ;5Rs
was the m ost pr edominant s pecies. To our kno wledge thisis the
first stoichiometry data for a GPCR heteromer in living cells.

Arrangement o f G p roteins in teracting w ith A ;R a nd A 74R
receptors.

Monomeric G PCRs a re ¢ apable o fa ctivating G p roteins.?’
However, recent findings suggest that one GPCR homodimer bound
to a single G protein may be a common functional unit.?' Thus, an
emerging question is how G proteins couple to GPCR heteromers.
As A |R selectively couplesto G; and A,;psRto G 5,22 the w orking
hypothesis was that both G; and G, proteins may couple to the A;R-

AsaR h  eterotetramers. T ote stth ish ypothesisw eu sed
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bioluminescence r esonance en ergy t ransfer ( BRET) as says.” In
agreement w itht he S PT e xperiments ( see above), hom o- and
heterodimers w ere d etected by BRET as says i n cel Is ex pressing
AjR-Rluc and A |R-YFP (Figure 2 A), A,asR-Rluc and A ;oR-YFP
(Figure 2B), or A;R-Rluc and A,;AR-YFP (Figure 2E). Neither A R-
Rluc nor A;5R-YFP interacted with the ghrelin receptor 1a fused to
YFP (GHS1a-YFP), used as a control of a protein unable to directly
interact with these ad enosine receptors (Figure 2A-B). In order to
test the presence o fthe t wo G proteins in the heterotetramer w e
transfected c ells w ith minigenes t hat ¢ ode f or pe ptides bl ocking
either G; or G bindingto G PCRs.** Inad dition, cel Is w ere al so
treated w ith p ertussis o rc¢ holerato xinsth atc atalyze A DP-
ribosylation of G;j or Gg. Clearly, cells treated with pertussis toxin or
expressing t he m inigene-coded p eptide t hat bl ocks a; coupling,
reduced the value of BRET,.x for A jR-A;R homodimers ( Figure
2A) and for A R-AaR heterodimers (Figure 2E) but not for A;4R-
AsaR homodimers (Figure 2B). This indicates that G; is coupled to
AR in both the homo- and he terodimer. S imilarly, bl ocking G «—
receptor 1 nteraction us ing cholerat oxin, or a m inigene-coded

peptide that blocks as coupling, reduced BRET ,x for A;aR-AzaR
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homodimers ( Figure 2 B) and for A |R-AaR h eterodimers ( Figure
2E) but not for A |R-A;R hom odimers ( Figure 2A). Interestingly,
BRET c urves s howed sensitivity t o bot h ¢ holera a nd p ertussis
toxins in ¢ ells e xpressing e ither A |R-Rluc-A;R-YFP a nd A ;sR
(Figure 2 C)o r A ;4R-Rluc-A;4R-YFP a nd A |R (F igure 2 D).
Functionality of  constructsa nd ¢ ontrolsi nc ells e xpressing
minigenes, an d i n cel Is ex pressing t he g hrelin G HS1a r eceptor
instead of one of the adenosine receptors, are shown in A dditional
file 3: Figure S 3. T o further ¢ onfirm t hat G; binds A ;4R inthe
receptor heteromer, the energy transfer between R luc fused to the
N-terminal domain of the a-subunit of G; (G;j-Rluc) and A;5R-YFP
was an alyzed i n cel Is ¢ o-expressing or not A R (F igure 2 F). A
hyperbolic BRET curve was observed only in the presence of AR,
but not in its absence, indicating that G; and G, are bound t o their

respective receptor homodimers within the A;R-AsR heteromer.
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Figure 2 . Influence o f G proteins o n A ;R a nd A ;,R h omo- and he tero-
dimerization. BRET saturation curves were performed in HEK-293T cells 48 h
post-transfection with (A, C) 0.3 ug of cDNA corresponding to A;R-Rluc and
increasing amounts of A;R-YFP (0.1 to 1.5 pg cDNA) or GHS1a-YFP (0.25 to 2
pg cDNA) as negative control (A, purple line), without (A) or with (C) 0.15 pug of
cDNA corresponding to A,sR; (B, D) 0.2 pg of cDNA corresponding to A;zR-
Rluc and increasing amounts of A;aR-YFP (0.1 to 1.0 pg cDNA) or GHS1a-YFP
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(0.25 to 2 ug cDNA) as negative control (B, purple line), without (B) or with (D)
0.5 pg of cDNA corresponding to A|R; (E) 0.3 pg of cDNA corresponding to
A;R-Rluc and increasing amounts of A,ar-YFP (0.1 to 1.0 pg cDNA) and (F) 0.5
pg of cDNA corresponding to AR (except control blue curves that were obtained
in c ells no t e xpressing AjR), 2 pg of cDNA corresponding to Gj-Rluc, a nd
increasing amounts o f Ayag-YFP (0.1 to 0.5 pg cDNA). In panels A, B and E,
cells were also transfected with 0.5 pg of cDNA corresponding to the G;- (orange
curves) or G- (blue curves) related minigenes. Cells were treated for 1 6h with
medium (black curves) or with 10 ng/ml of pertussis toxin (green curves) or 100
ng/ml of c holera toxin (red curves) prior to BRET de termination. T o ¢ onfirm
similar donor expressions (approximately 100,000 bioluminescence units) while
monitoring t he i ncrease i n a cceptor ex pression (1,000 t o 40, 000 f luorescence
units), f luorescence a nd | uminescence o feach s ample were m easured b efore
energy-transfer d ata acq uisition. MiliBRET unit (mBU) values are the mean +
SEM of 4t o 6 di fferent e xperiments g rouped as a function of the a mount of
BRET acceptor. In each panel (top) a cartoon depicts the proteins to which Rluc
and YFP were fused and the presence or not of partner receptors and/or G or G;
proteins (schemes in C to F are not intended to illustrate on stoichiometry as the
most predominant form in cells expressing the two receptors is the heterotetramer

containing two A, and two A, receptors (see Results)).

Further, two complementary BRET experiments were p erformed
to know t he or ientation of G ; and G ; withint he A |R-A>AR
heterocomplex. First, Rluc and Y FP were respectively fused to the
N-terminal domains of the a-subunit of G; (o-Rluc) and G (o,-
YFP) ( Figure 3, a b ar)ands econd, they were fusedtotheN -
terminal d omain of'the y-subunit (y-Rluc and y-YFP) (Figure 3, b
bar). We observed significant energy transfer between y-Rluc and -
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YFP in cells co -expressing A |R and A ;4R ( Figure 3, bba r) but
minimal amounts in negative control cells (Figure 3, c-d bars). In
cells expressing either A R or AR, the energy transfer between -
Rluc and y-YFP was also low (Figure 3, e -f bars), suggesting that
dimers b ut n ot te tramers a re th e mo st p revalent f orm o f s urface
receptors in single-transfected cells. These results in co-transfected
cells corroborate the 2:2 stoichiometry obtained from analysis of the
fluorescence i n s ingle dots a nd a re ¢ onsistent w ith G ; and G

binding to these A;R-A,4R heterotetramers.
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Figure 3. G; and G; coupling t o a denosine A ;R-A,,R h eterocomplexes.
BRET ex periments were p erformed in H EK-293T cells 4 8 h pos t-transfection
with (a, b) 0.2 pg of cDNA corresponding to A;R and 0.15 pg of cDNA
corresponding to AysR, (c, d) 0.2 pg of cDNA corresponding to AjR or 0.15 pg
of cDNA corresponding to A,sR and 0.4 pg of cDNA corresponding to growth
hormone secretagogue r eceptor G HS1a, (e) 0.2 pg of cDNA corresponding to
AR, or (f) 0.15 pg of cDNA corresponding to AjaR. Cells were also transfected
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with 2 pg of cDNA corresponding to a-subunit of G; fused to Rluc and increasing
amounts of cDNA corresponding to a-subunit of G fused to YFP (a) or 0.3 ug of
cDNA corresponding to y-subunit fused to Rluc and increasing amounts of cDNA
corresponding to y-subunit fused to YFP (b-f). Maximum miliBRET unit (mBU)
values are the mean + SEM of 4 different experiments. A scheme showing the
protein to which Rluc and YFP were fused is provided (top). ***p<0.001 by one-
way ANOVA with post hoc Dunnett's test.

Molecular m odel of G; and G boundt ot he A {R-A;AR
heterotetramer

To 1 dentify t he or ientation of t he G pr otein int he r eceptor
homodimer, we c ombined en ergy-transfer as says b etween os-Rluc
(Rluc at the N-terminus of the G protein a-subunit) and A,5R-YFP
(Figure 4 A) with transmembrane (TM) interfaces based on crystal
structures o f G PCRs,>* which h ave b een r ecently s ummarized.”
The obs erved hi gh-energyt ransferu sing os- and A ,AR-YFP
indicated a close proximity between the N-tail of the a-subunit of
G and t he C -tail o f A AR, Interestingly, Rlucand Y FPinthe
‘monomeric’ A;4R-Gg complex (see Methods), point toward distant
positions i n s pace ( Figure 4B ). T herefore, t he obs erved B RET
should occur between Rluc in the G protein a-subunit and a second
A2aAR-YFP p rotomer. A mong al 1d escribed T M i nterfaces f or

receptor hom odimerization ( see A dditional file 4: Figure S4), we
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propose the TM4/5 interface, which is observed in the oligomeric
structure of Bl-AR4 and with structures derived from coarse-grained
molecular d ynamic simulations.” In fact, this is the only interface
that f avors BRET b etween os-Rluca nd as econd A ;oAR-YFP
protomer i n a hom odimer ( Figure 4C ). T he hom ologous AR
homodimer was built using the same TM4/5 interface as for AysR

(see Additional file 4: Figure S4 and its legend).
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Figure 4 . O rientation ofa G p roteini na recep tor h omodimer. BRET
saturation experiments were performed in HEK-293T cells transfected with 2 pg
of cDNA corresponding to a-subunit of G fused to Rluc and increasing amounts

of A,AR-YFP (0.1 to 0.5 pg) cDNA. Panel A. BRET measurements in cells pre-
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treated for 16h with medium (black line) or with 100 ng/ml of cholera toxin (red
line). Both fluorescence and luminescence of each sample were measured before
every e xperiment t o ¢ onfirm s imilar don or e xpressions ( approximately 50, 000
bioluminescence u nits) while m onitoring t he i ncrease i n accep tor ex pression
(1,000 to 10,000 fluorescence units). miliBRET unit (mBU) values are the mean
+ S EM o f4 -5 di fferent e xperiments g rouped as a function of t he a mount of
BRET accep tor. A s cheme oft he p lacement o fd onor and accep tor B RET
moieties is provided (top). Panel B. Molecular model of the A;sR-G; complex.
Rluc (in blue) is attached to the N-terminal aN helix of G; (in gray) and YFP (in
yellow) is a ttached to t he C-terminal d omaino f A;sR (inlight green) ( see
Additional file 9 : Figure S 9 f or details). Panel C . Arrangemento fA ;4R
homodimers modeled via t he T M4/5 i nterface as o bserved i nt he o ligomeric
structure o f BI—AR“. The AR protomer bound to oy is shown inlight green,
whereas the second A,,R-YFP protomer is shown in dark green. This molecular
model in panel C (center-to-center distance between Rluc and YFP of 6.5 nm), in
contrast to the model shown in panel B (8.3 nm), would favor the observed high-

energy transfer (see panel A) between ag-Rluc and AyyR-YFP.

The remaining possible TMs able to form heteromeric interfaces
are T M1 and T M5/6 ( Figure 5) . Both are po ssible i nter-GPCR
interfaces as observed in the structure of the p-opioid receptor (-
OR).? To di scern be tween t hese t wo pos sibilities a bi molecular
fluorescence co mplementation s trategy w as u ndertaken. F or s uch
purpose the N-terminal fragment of Rluc8 was fused to AR (A R-
nRluc8) and its C-terminal domain to A;aR (AaR-cRluc8), which

only upon complementation can act as a BRET donor (Rluc8). The
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BRET acceptor protein was obtained upon ¢ omplementation of the
N-terminal f ragment of Y FP V enus pr otein fusedto A |R (A ;R-
nVenus) and its C-terminal domain fused to A,aR (AaR-cVenus).
When all four receptor constructs w ere transfected w e obtained a
positive and saturable BRET signal (BRET,.x 0of 35+ 2 mBU and
BRETsy of 16 + 3) that w as not obt ained f or negative c ontrols
(Additional file 5: Figure S5). Figure SA -B shows that t he he mi-
donor (A;R-nRluc8 and A;sR-cRluc8) and the hemi-acceptor (A;R-
nVenus and A;sR-cVenus) moieties, placed at the C-terminus of the
receptors, ¢ an o nly complement i f A jR-A;sR h eterodimerization
occurs vi at he T M5/6 interface. T M4/5 f or h omo- and T M5/6
interface f or h etero-dimerization g ive a r hombus-shaped t etramer
organization ( Figure 5 A). R emarkably, ¢ ell pr e-incubation w ith
either pe rtussis or cholera t oxins de creased the BRET,x by 35%
(Figure 5C), further suggesting that both G and Gj proteins bind to

the AjR-A,AR heterotetramer.
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Figure 5. BRET-aided construction of a model consisting of G; and G, bound
to an A {R-A,,R heterotetramer. Panels A -B. A jz-A,, receptor tetramer b uilt
using TM5/6 (A) or TM1 (B) inter-receptor interfaces modeled as in the structure
of the p-opioid receptor’. TM helices involved in receptor dimerization: 1, 4, and
5, are hi ghlighted in d ark b lue, l ight b lue, a nd gr ay, r espectively. n Rluc8 a nd
cRluc8 are shown in blue and nVenus and cVenus in dark yellow. Panel C: BRET
and b imolecular fluorescence co mplementation ex periments were p erformed in
HEK-293T cells transfected with 1.5 pg of cDNA corresponding to A;R-cRluc8
and A, R-nRluc8 and 1.5 pg of cDNA corresponding to AjR-nVenus and A;zR-
cVenus. Negative control corresponds to cells transfected with 1 pg of cDNA
corresponding to nRIuc8 and 1.5 pg of cDNA corresponding to A;sR-nRluc8,
AjR-nVenus a nd A,pR-cVenus. Cells were t reated for 1 6h with medium ( —
toxins) or with 10 n g/ml of pertussis toxin (+pertussis) or 100 ng/ml of cholera
toxin (+cholera) prior to BRET determination. T he relative amount of BRET is
given as in Figure 4 and values are mean + S.E.M. of 3 different experiments.
Student’s t te st showed s tatistically s ignificant d ifferences r espect to ¢ ontrol
(#p<0.05, ##p<0.01) and a significant effect in the presence of either toxin over
BRET in the a bsence of toxins ( *p<0.05). At top, a s chematic r epresentation
showing the protein to which the hemi luminescent or fluorescent proteins were
fused. Panel D. Molecular model ofthe A R-A 4R tetramer in complex with G;
and G,. The color code of the depicted complex is: A;R bound to G; is shown in
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red, G ;-unbound A R in orange, A;sR bound to G in dark green, G ;-unbound
AR in light green, and the o, B-, and y-subunits of G; and G, in dark grey, light
grey and purple, respectively. TM helices 4 and 5 are highlighted in light blue and

gray, respectively.

We next evaluated, by computational tools, whether the proposed
AR-AR heterotetramer could couple to both G; and G, proteins.
Clearly, t heex ternal protomerso f the pr oposed A jR-AaR
heterotetramer can bind Gj and G, proteins (Figure 5D). This model
positions the oa-subunits of G; and G in cl ose co ntact facing the
interior of the tetrameric complex, while the N-terminal o-helices of
ai- and os- point outside the complex. The N-terminal a-helices of
the y-subunits are in close proximity facing to the inside (Additional
file 6: Figure S 6), which e xplains t he s ignificant e nergy t ransfer
observed between y-Rluc and y-YFP (Figure 3, b bars). The model
provides e xperimental i nsights i nto t he s tructural a rrangement of
heteromers ¢ onsisting oft wo G PCRsa ndc¢ oupledt ot wo G
proteins, the possibility of which has been recently discussed.”> We
used molecular dynamics simulations (MD) to study the stability of
this complex. Additional file 7: Figure S7 shows root-mean-square

deviations ( rmsd) on pr otein o-carbonst hroughoutt he M D
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simulation,a sw ella sk eyin termolecular distances a mong
protomers and G proteins. Clearly, A;R and A;4R, both bound and
unbound to the G protein, G; and G maintain a c lose s tructural
similarity ( rmsd = 0.3 nm) relative to th ein itial s tructures
(Additional file 7: Figure S7A). The fact that rmsd values of the
whole system, formed by the A;R-AsR heterotetramer bound to G;
and Gg, are of the order of 0.6 nm suggests that the initial structural
model is maintained during the M D simulation ( Additional file 7:
Figure S7A). As a consequence, s elected intermolecular distances
among p rotomers and G proteins remain c onstant dur ing the M D
simulation ( Additional file 7 : Figure S 7B). A key process in the
assembly o f't he h eterotetramer i s t he T M i nterfaces f or h omo-
(TM4/5) a nd he tero- (TM5/6) d imerization. A dditional f ile 8 :
Figure S8B shows rmsd values of the four-helix bundle forming the
TM4/5 and TMS5/6 interfaces, the initial and final snapshots of these
bundles, as well as the evolution of the A ;R-A,aR heterotetramer
during th e M D s imulation. C learly, th e rather s mall s tructural
variations of these four-helix bundle, also reflected in rmsd < 0.3
nm, s uggesta s table c omplex. N otably, t he TM5/6 f our-helix
bundle seems more stable than the TM4/5 bundles as shown by its

lower r msd va lues. A dditional file 8: Figures S 8B and C de pict
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contact maps of the TM4/5 and T M5/6 interfaces, as well as the
evolution of the network of hydrophobic interactions within these

interfaces during the MD simulation.

3.8.3. Conclusions

For more than a decade, experimental evidence has supported the
occurrence of homo- and hetero-oligomers of GPCRs.”' However,
our ba sic unde rstanding of w hat m akes he teromers di fferent t han
homomers r emains unknow n. O urr esults, s tudying a denosine
receptors a s a m odel he teromer, poi nt t o t hree i mportant ne w
findings. F irst, t he pr edominant s toichiometry in c ells e xpressing
A1R-AAR h eteromers is 2 :2,1. e.d imer o f dimers ( tetramer).
Second, t wo di fferent heterotrimeric G p roteins ¢ an ¢ ouple t o
heteromers, t he ove rall ¢ omplex ¢ onstituting a f unctional uni t.
Third, th e mo lecular o rientation w ithin th e h eteromer ¢ omplex
affords va rious qua litatively di fferent i nterfaces; t he t wo m ore
relevant are: the inter-protomer heteromeric interface and the inter-
G-protein interface. Presumably, the two interfaces provide the key
characteristic of heteromers: the ability of one protomer/G protein
complex to in fluence th e signaling o f th e o ther. Surely, allosteric

effects o ccurring b etween h eteroreceptors and b etween G and G;
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proteins are due to c onformational ¢ hanges t ransmitted a long t he
intimately in teracting mo lecules in the c omplex. T he fact that, in
our c ontrolled c ell t ransfection s ystem e xpressing | ow de nsity o f
receptors, minor s pecies f ormed b y m onomers a nd t rimers w ere
found in addition to a high predominance of tetramers in the plasma
membrane strongly supports the occurrence of an in vivo dynamic

distribution of receptors.

Adenosine was, from an evolution point of view, one of the first
extracellular regulators as it is involved in energy and nucleic acid
metabolisms. A denosine A | and A ;o receptors ar e ex pressed i n
almost e very m ammalian or gan/tissue. In he art, w here a denosine
plays a key role in both inotropic and chronotropic regulation, A ;R-
mediated c ardioprotection di d not oc cur in A ;5R knoc kout m ice,
suggesting an interaction between A; and A, receptors. In neurons,
A and A, receptors s how ¢ olocalization, t hus, 1 eading t o i nter-
receptor interactions unveiled by p harmacological t reatments. F or
instance, O kada et al .’ showed t hat c AMP-dependent pr otein
kinase A plays arolein the regulation of hippocampal s erotonin
release m ediated b y b oth A ; and A 4 receptors. S imilarly, th e

control of y-amino butyric acid transport in astrocytes was attributed
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tot he e xpression of A;R-AaR h eteromers andt oas pecific
mechanism b y which th e h eteromer s ignals viaG; orviaG g
depending on the concentration of adenosine.”® The structural basis
ofth ed ifferential s ignalingb yth eh eteromer-G pr otein
macromolecular ¢ omplex lik ely imp lies ¢ ommunication a tth e
receptor-receptor | evel but al so b etween G and G ;. B ecause t he
binding of two G proteins to a heterodimer is not feasible due to
steric c lashes, our finding that the A |R-A;4R h eterotetramer m ay
bind to both G4 and G; provides a structural framework to interpret

experimental data.

3.8.4. Methods

Total i nternal ref lection single-molecule microscopy a nd
single particle data analysis

Single-molecule i maging a nd t racking w ere pe rformed on a
Nikon T otal Internal R eflection Fluorescence ( TIRF) s ystem as
detailed i n S upplementary M ethods. T ypically 500 r eadouts of a
512x 512 pi xelsregion, t he full a rray of t he C CD ¢ hip w ere
acquired. Fors inglep articled ataan alysis p arameters w ere
calculated applyingt he e quations de scribed i n S upplementary

Methods.
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Cell culture and transient transfection

CHO a nd HE K-293T c ells w ere grow at 3 7°C i n D ulbecco’s
modified E agle’s me dium ( DMEM) ( Gibco) s upplemented w ith
2mM L-glutamine, 100 U/ml penicillin/streptomycin, and 5% (v/v)
heat inactivated Foetal Bovine Serum (FBS) (all supplements were
from Invitrogen, P aisley, S cotland, U K). C ells w ere transiently
transfected with cDNA corresponding to receptors, fusion proteins,
AaR mutants or G protein minigene vectors obtained as detailed in
Expanded View by the PEI (PolyEthylenImine, Sigma) method. To
controlt hec ellnum ber,s ample pr otein ¢ oncentration w as
determined using a Bradford assay kit (Bio-Rad, Munich, Germany)
using bovi ne s erum a lbumin di lutions a s s tandards. F or s ingle-
molecule imaging, cells were seeded into six-well plates containing
glass ¢ overslips ( No. 1,r ound, 24 m m; A ssistent, S ondheim,
Germany) or into Lab-Tek Chambered #1.0 Borosilicate Coverglass
System (Nunc, Thermo Fisher Scientific, Schwerte, Germany). Cell
transient tr ansfections w ere p erformed w ith Lipofectamine 2000
(Invitrogen, Life Technologies, Darmstadt, Germany) or FuGENE 6

(Roche Applied Science, Indianapolis, IN, USA) and application of
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0.1-0.2 pg plasmid DNA per well. Before each experiment cells

were washed three times with 200 puL phenol red-free DMEM.

Plasmids

Sequences encoding amino acid residues 1-155 and 155-238 of
YFP Venus protein, and amino acids residues 1-229 and 230-311 of
RLuc8 protein w ere s ubcloned in the pc DNA3.1 ve ctor to obtain
the Y FP V enus a nd R Luc8 h emi-truncated pr oteins. T he hum an
cDNAs f or ad enosiner eceptors A ;sRa nd A |R, ¢ lonedi nto
pcDNA3.1, were amplified w ithout t heir s top ¢ odons using s ense
and antisense primers harboring unique EcoRI and BamHI sites to
clone receptors in pc DNA3.1RLuc vector (pRLuc-N1 PerkinElmer,
Wellesley, MA) and EcoRI and KpnlI to clone A;4R, AR or ghrelin
la receptor, GHS1a, in pEYFP-NI1 vector (enhanced yellow variant
of G FP; C lontech, H eidelberg, G ermany). Gy clonedin SFVI
vector, G; cloned in the pcDNA3.1 vector or G, cloned in pEYFP-
C1 vector, were amplified without their stop codons using sense and
antisense pr imers ha rboring uni que Hindlll a nd BamHI sites to
clone them into the pc DNA3.1-Rluc vector or EcoRI and Kpnl to
clone Gg; into the pEYFP-N1 vector. The amplified fragments were

subcloned to be in-frame with restriction sites of pcDNA3.1RLuc or
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pEYFP-NI1 vectors to give the plasmids that express proteins fused
to RLuc or YFP on the N-terminal (Gqs-RLuc, G4i-RLuc, Gy-RLuc,
Gus-YFP and G,-YFP) or on the C-terminal end (A;R-RLuc, AR-
RLuc, A{R-YFP, A,AR-YFP and GHS1a-YFP). The human cDNA
for A ;R o r GHS la w ere s ubcloned i nto pc DNA3.1-nRLuc8 or
pcDNA3.1-nVenus to give pl asmids t hat e xpress A ;R or GHS 1a
fused to either nR Luc8 or n-YFP Venus on t he C-terminal end of
the receptor (A;R-nRLuc8 and A;R-nVenus or GHS1a-nRLuc8 and
GHS1a-nVenus). T he h uman ¢ DNA f or AaAR o rG HSlaw ere
subcloned i nto pc DNA3.1-cRLuc8 or pc DNA3.1-cVenusto give
plasmids t hat e xpress r eceptors fused t o ei ther cR Luc8 or cY FP
Venus on t he C -terminal e nd of the r eceptor ( A;sR-cRLuc8 an d
AsaR-cVenus or GHS1a-cRLuc8 and GHS1a-cVenus). Expression
of constructs was tested by confocal microscopy and the receptor-
fusion pr otein f unctionalityb ys econd m essengers, E RK1/2
phosphorylation andc AMPpr oductiona sde scribed
previously.'>!*!7%

“Minigene” p lasmid v ectors ar e co nstructs d esigned t o e xpress
relatively s hort pol ypeptide s equences following their transfection

into mammalian cells. Here we used minigene constructs encoding
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the carboxyl-terminal 11 amino acid residues from G, subunits of
Gii2 (Gi minigene) or G (G minigene) G proteins that inhibit G-
protein ¢ ouplingt ot he r eceptor a nd ¢ onsequently i nhibitt he
receptor-mediated cellular responses as previously described.”* The
cDNA e ncoding t hel ast 11 a mino a cids of hum an G , subunit
corresponding to Gjj,(IKNN LKDCGLF)orGG(QRMHL
RQ Y E L L),insertedina pc DNA 3.1 plasmid ve ctor w ere

generously provided by Dr. Heidi Hamm.

Energy Transfer Assays

For BRET and complementation BRET assays, HEK-293T cells
were t ransiently cotransfected w ith a constant amount o fcD NA
encoding for proteins fused to RLuc, nR Luc8 or cRLuc8§, and with
increasing amounts of the cDNA corresponding to proteins fused to
YFP,nY FPV enusor ¢ YFPV enus ( see Figurel egends). T o
quantify p rotein-YFP e xpression or pr otein-reconstituted Y FP
Venus expression, cells (20 pg protein) were distributed in 96-well
microplates ( black pl atesw itha t ransparent bot tom)a nd
fluorescence wasreadina Fluo S tar Optima F luorimeter (BMG
Labtechnologies, O ffenburg, Germany) e quipped w itha hi gh-

energy xenon flash lamp, using a 10 nm bandwidth excitation filter
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at 400 nm reading. Protein fluorescence expression was determined
as f luorescence o ft he s ample m inus t he fluorescence o f cells
expressing the BRET d onor alone. For BRET measurements, the
equivalent of 20 ug of cell suspension were distributed in 96-well
microplates (Corning 3600, white plates; Sigma) and 5 pM
coelenterazine H (Molecular Probes, Eugene, OR) was added. After
I minute for BRET or a fter 5m in for BRET w ith bimolecular
fluorescence complementation, the readings were collected using a
Mithras LB 940 that allows the integration of the signals detected in
the short-wavelength filter at 485 nm (440-500 nm) and the long-
wavelength filter at 530 nm (510-590 nm ). T o qua ntify pr otein-
RLuc or pr otein-reconstituted R Luc8 e xpression | uminescence
readings were also performed after 10 minutes of adding 5uM
coelenterazine H. The net BRET is defined as [(long-wavelength
emission) / (short-wavelength e mission)]-Cf where C f corresponds
to [ (long-wavelength e mission)/(short-wavelength e mission)] f or
the donor construct expressed alone in the same experiment. BRET

is expressed as miliBRET units, mBU (net BRET x 1,000).
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Computational m odel of t he A {R-A;,R t etramer i n co mplex
with G; and G,

The crystal s tructure o f inactive A ;R (PDB co de 4 EIY)30 was
used for the construction of human A »sR (Uniprot entry P 29274)
and A |R (P30542) homology models using Modeller 9.12.*' These
receptors s hare 51 % of s equence i dentity a nd 62% of s equence
similarity, excludingth e C -term a fterh elix 8 . ICL 3 o f A ;aR
(Lys209-Gly218) and AR ( Asn212-Ser219) w ere m odeled us ing
Modeller 9.12°" using ICL3 of squid rhodopsin (PDB code 2Z73) as
a template. The C-terminus tails of AR, containing 16 amino acids
(Pro311-Asp326),a nd of A AR, ¢ ontaining 102 a mino a cids
(GIn311-Ser412), w ere m odeleda s suggested f ort he O XE
receptor’” (see Additional file 9 : Figure S9 for de tails). T he N-
terminus of A R and A,AR werenoi ncludedinthe model. T he
“active” conformations of A ;R bound to G;and A,sR bound to G
were modeled from the crystal structure of 3,-AR in complex with
G, (PDB c ode 3SN6).** The globular a-helical dom ain of the a-
subunit w as m odeled i n t he  closed” ¢ onformation,*® using t he
crystal s tructure o f[ AlF, ]-activated G; (PDB c ode 1A GR). T he

location of Y FP (PDB code 2RH7) attached to the C-tail of A;4R
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was determined as suggested for the OXE receptor’” (see Additional
file 9: Figure S9 for details). Rluc (PDB code 2PSD) and YFP were
fused to the to the N-terminus of the a- and y- subunits of G; and G,
by a covalent bond. The structures of adenosine receptor oligomers
were modeled via the TM4/5 interface for homo-dimerization, using
the oligomeric structure of the p;-AR (PDB code 4GPO),” or via the
TM5/6 interface for hetero-dimerization, using the structure of the
1-OR (PDB code 4DKL).> The Gi-bound A R and G¢-bound A,xR
protomers w ere r otated 10°t o a void the s teric ¢ lash of t he N -
terminal helix of G; and G with the C-terminal helix (Hx8) of Gs-
unbound A ;pRa nd G j-unbound A |R,r espectively. T his
computational m odel, withoutR lucandY FP,w aspl acedina
rectangular box containing a lipid bilayer (814 molecules of POPC)
with e xplicit s olvent ( 102,973 w ater m olecules)anda 0.15M
concentration of Na'" and C1™ (1,762 ions). This initial complex was
energy-minimized a nd s ubsequently s ubjectedt oa 10ns M D
equilibration, w ith pos itional r estraints on pr otein ¢ oordinates.
These r estraints w ere released and 500 ns of M D trajectory were
produced at constant pressure and temperature (see Additional file

10: M ovie M 1). C omputer s imulations w ere p erformed w ith th e
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GROMACS 4.6.3 s imulation pa ckage,” using t he A MBER99SB
force field as implemented in GROMACS and Berger p arameters

for POPC lipids. This procedure has been previously validated.*

3.8.5. Supporting information

Single particle data analysis

Data p rocessing w as performed u sing M atlab ( MathWorks,
Natick, M A, US A). By co rrelation an alysis b etween co nsecutive
images the two dimensional trajectories of individual molecules in
the plane of focus were reconstructed by determining the probability
and setting a high-confidence threshold that each step in a trajectory
was from the same p article. M ultiple d ata s ets were produced for
every receptor type and for the existing complexes of the receptors
separately. In b rief, t rajectories w ere t hen an alyzed as d escribed
previously.1 For t he analysis of the (7, 2, tiag) Pl ots, a pos itional
accuracy of 14 £ 3 nm was considered in our measurements.

Thel ateral di ffusion of B rownianp articlesi na m edium

characterized b y adi ffusion c onstant D is describedb yt he
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cumulative pr obability di stribution f unction f ort hes quare

: 23
displacements, 7:”

2

ﬁf?l,th]ZI—EIp _r_z

T
[Eq.1]

P(#*, tiug) 1s the probability that the Brownian particle starting at
the o rigin will b e found w ithin a circle o fradius » attime #,,.
Providedt hatt hes ystemunde rs tudys egregatesi ntot wo
components, characterized by mean-square displacements 7; 2 and 7

2 an dr elative fractions o and (1 — o), T espectively, e quation 1

13
becomes:

f’(rl.r,,‘}=1—|:ﬁ'-'“P[_:_z]"'“_“:]'up(_:_lﬂ'

[Eq.2]

The ¢ umulative p robability di stributions P(7; 2, lug) W ere
constructed for each time lag from the single-molecule trajectories
by c ounting t he num ber of s quare di splacements w ith va lues <77,
and subsequent normalization by the total number of data points”.
Probability distributions with n >1,000 data points were least-square

fitted to equation 2, resulting in a parameter set {r; 2(t1ag), 7 2(t1ag),

a}, for each time lag, #,. This approach of fitting leads to a robust
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estimation o f th e me an-square d isplacements 7; > even w hen t he
mobility is not purely random.'

An example of the data is provided in Graph 1.

Time,,=058s
r =0.00431 +/- 0.00004

Graph 1. Example o f the mobility probability distribution. Example from d ata

using cells expressing A;R- eGFP at 7,,,=0.58 s

For mobility analysis, the di ffusional be havior o f the respective
populations of molecules was revealed by plotting the mean square
displacement (7; 2) Versus ty,g. The (7; 2, tlug) data sets were fitted by
a free diffusion model,

?;1 (I*"s) - 4Dir‘=x
[Eq. 3]

where 7; 2is proportional to time #,,. When diffusion is hindered
by obs truction or t rappingin such aw ay t hat t he m ean s quare
displacement is proportional to some power of time <1 (r;* ~ *, a <

1) (anomalous subdiffusion), the diffusion constant becomes:'
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D=Tz
[Eq. 4]

If a =1, then 2~ 1, D =T is constant and diffusion is normal.
The confined diffusion model assumes that diffusion is free within a
square of side length L, surrounded by an impermeable, reflecting
barrier. Then the mean-square displacement depends on L and the

initial diffusion coefficient Dy, and varies with #,, as:

) I’ —12D¢
GO

[Eq. 5]

Fluorescence di stributionm ay beus edt od eterminel ocal
stoichiometry.”® The only difference between fluorescence of small
fluorophore clusters and single fluorophores is the higher intensity.
Fluorophore photobleaching or blinking has a significant impact on
an a verage intensity of a fluorophore c luster, reducing it and this
way making a direct fluorescence intensity count more complicated.
The pr obability de nsity f unction of t he f luorescence i ntensity
displays a d iscrete s tructure a nd m ay b e f itted w ith mu ltiple

Gaussians models to calculate the molecular stoichiometry™®.
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Figure S1. Examples of receptor trajectories in HEK-293T cells.

Images of cells expressing A;R-eGFP (A) and of particular trajectories of A |R-
eGFP- (B) or A;sR-mCherry- (C) containing particles.
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Figure S2. Graphical d escription o f t he s toichiometry of A ;R-GFP, A ,,R-
mCherry or both A-eGFP and A,;,-mCherry.

The fluorescence intensity signal distribution (grey area) detected for more than
7000 independent observations is given for HEK-293T cells expressing A;-eGFP
(A), A yo-mCherry (D ),0 rb oth A;-eGFPa nd Aj;,-mCherry (B ,E ). T he
stoichiometry analysis was performed for A;-eGFP (A-B) and A,,-mCherry (D-
E). C urves s howing a pproximate a mounts of monomers, di mers, t rimers a nd
tetramers were al so displayed in green for A |-eGFP (A-B) and inred for A,x-
mCherry (D-E). The occurrence of monomers, dimers, trimers and tetramers for
A-eGFP (C) ex pressed al one ( black bars) or in the presence o f A;x-mCherry
(blue bars) or Ayx-mCherry (F) alone (black bars) or in the presence of A-eGFP

(blue bars) onthe cell surface was c alculated b y s toichiometry a nalysis from

results shown in (A-B, D-E).
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Figure S 3. C ontrols of ¢ AMP p roduction an d B RET as saysi nc ells
expressing minigenes a nd i n celIs ex pressing t he g hrelin GHS1a recep tor

instead of one of the adenosine receptors.

Panels A-B. cAMP determination in HEK-293T cells transfected with 0.3 pg of
cDNA corresponding to AR (A) or with 0.2 pg of cDNA corresponding to A,4R
(B) plus (control)/minus 0.5 pg of cDNA corresponding to minigenes coding for
peptides b locking either Gi or Gs binding. Cells were stimulated with the AjR
agonist CPA (10 nM, red bars) in the presence of 0.5 uM forskolin. or with the
AxR agonist CGS 21680 ( 200 nM, blue bars). V alues e xpressed as % o fthe
forskolin treated cells (red bars) or of the basal (blue bars) are given as mean +
SD (n=4-8). One-way ANOVA followed by a Bonferroni post hoc test showed a
significant effect over forskolin (red bars, ***p < 0.001) or over basal (blue bars,

"p<0.01, ™p< 0.001).

Panels C -D. B RET s aturation ¢ urves were p erformed i n H EK-293T c ells
transfected with (C) 0.3 pg cDNA coding for A;R-Rluc, increasing amounts of
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cDNA coding for A|R-YFP (0.1 to 1.5 ng cDNA) and 0.4 ug cDNA coding for
GHSla, or (D) with 0.2 ug of cDNA coding for A;sR-Rluc, increasing amounts
of cDNA coding for A;pR-YFP (0.1 to 1.0 pg ¢cDNA) and 0.5 pg cDNA coding
for t o G HS1a. P rior t o B RET de termination c ells were t reated for 16h with
medium (black curves), with 10 ng/ml of pertussis toxin (green curves) or with
100 ng/ml of cholera toxin (red curves). mili BRET units (mBU) are given as the
mean + SD (n=4-6 different experiments grouped as a function of the amount of

BRET acceptor).

Figure S4. Possible interfaces in A, R homodimers in complex with G

In (A-E) the AR homodimer was modeled through TM4 using the H,- receptor
structure a s t emplate ( panel A ), t hrough T M5 us ingt he s tructure o f's quid
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rhodopsin (panel B), through TM4/5 using the B;- receptor structure ( panel C),
andviaT M5/6 ( panel D )a nd T M1 ( panel E ) us ing the p-opioid r eceptor
structure. TM helices 1, 4, and 5 involved in receptor dimerization are highlighted
in dark blue, light blue, and gray, respectively. A;sR protomers bound to G, (in
gray) are shown in light green, whereas G -unbound A,,R protomers are shown
in dark green. Rluc (in blue) is attached to the N-terminal aN helix of G, and YFP
(in yellow) is a ttached tot he C-terminal d omaino ft he G -unbound A ;4R
protomer (in light green). It is important to note that the position of YFP is highly
dependent on the orientation of the long and highly flexible C-tail of AR (102
amino a cids, G In311-Ser412), w hich w as m odeled as described for the O XE
receptor (O XER)* (see Additional file 9: Figure S9 for details). D espite th ese
limitations, we can crudely estimate the approximate distances between the center
of mass of Rluc and YFP: 4.6, 10.1, 6.5, 11.6, 8.3 nm for panels A-E,
respectively. T hus, among all these p ossible d imeric interfaces, o nly molecular
models d epicted in p anels A ( TM4 interface) and C ( TM4/5 interface) w ould
favor the observed high-energy transfer between Gs-Rluc and A,,R-YFP (Figure
4A in main paper). However, there is a steric clash between the N-terminal helix
of Gs and the dark-green protomer in the T M4 interface. A ccordingly, we have
modeled A,,R homodimerization via the TM4/5 interface. Unfortunately, similar
experiments with c ells tr ansfected with G ;-Rluc a nd A {R-YFP c ould n ot be
accomplished because of lack of receptor expression (not shown); probably the
shorter C-tail of AR (16 amino acids, Pro311-Asp326) could not accommodate
YFP inthe presence o f G; intheright t hree d imensional s tructure. T he A |R

homodimer was built using the same TM4/5 interface as for AsR.
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Figure S5. BRET assays in cells expressing fusion proteins containing hemi
Rluc8 and hemi Venus moieties and expressing the ghrelin GHS1a recep tor

instead of one of the adenosine receptors.

Panel A. Saturation BRET curve in HEK-293T co-transfected with 1.5 pg of the
two cDNA corresponding to A;R-cRLuc8 and A, R-nRLuc8 and with increasing
amounts of ¢ DNAs ¢ orrespondingt o A;R-nVenus a nd A ,4R-cVenus ( equal
amounts of the two cDNAs). BRET,,,, was 3542 mBU and BRET;, was 1643.
BRET incel Is ex pressing ¢ Rluc8 i nstead o f A;R-cRluc8 gave al inear -non

saturable- signal.

Panel B . C omparison of B RET r esponses us ing ¢ omplementary a nd n on-
complementary pairs, or replacing one adenosine receptor by the ghrelin GHS1a
(gn) receptor. Data are mean £ SD of three different experiments grouped as a

function of the amount of BRET acceptor.

**%* p <0.001 respect to BRET in cells expressing adenosine receptors and hemi-

Rluc8 and Venus proteins.
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Figure S 6. D etails of the r elative p osition of Rlucand YFP in ar eceptor

heterotetramer interacting with two G proteins

Computational-based model of G and G; bound t ot he adenosine A;R-AjsR
heterotetramer. Rluc and YFP fused to the N-terminal domain of the G,-subunits
point toward different positions in space (A), whereas Rluc and YFP fused to G,-

subunits are close (B). The color code of the proteins is depicted in the adjacent
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schematic representations (TM4 and TMS5 of GPCR protomers are in light blue
and gray, respectively).
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Figure S7. Molecular dynamics simulation of the adenosine A-A,, receptor

heterotetramer in complex with G; and G,

(A) R oot-mean-square de viations ( rmsd) on pr otein a-carbons of t he whole
system (black solid line), of the two A;Rs (orange and red solid lines), of the two
A,ARs (light and dark green solid lines), of G; (gray solid line), and G, of (gray
dotted line) throughout the M D simulation. This color scheme matches with the
coloro fth ed ifferentp roteins depictedi nt he two ad jacents chematic

representations.

(B) Intermolecular distances between the N-terminal helices of the y-subunit of
Gi and Gs (magenta line), the N-terminal helices of the a-subunit of G; and G
(gray line), the N-terminal helix of the a-subunit of G; and the C-terminal helix
(Hx8) of inactive AR (orange line), the N-terminal helix of the a-subunit of G,
and the C-terminal Hx8 of inactive A;sR (green line), the C-terminal Hx8 of A|R
and A ;AR (blue lines). These computed intermolecular distances are depicted as

double arrows in the two adjacent schematic representations.
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Figure S8. Evolution of TM4/5 and TMS5/6 interfaces as devised from
molecular dy namicss imulationo f thea denosine A -A,, receptor

heterotetramer in complex with G; and G,.
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(A) R epresentative snapshots ( 20 structures co llected every2 5n s)o ft he
transmembrane d omains o f A;R bound to G; (red), G ;-unbound A |R (o range),
AAR bound to Gy (dark green), and Gs-unbound A;,R (light green). TM helices 4
and 5 a re hi ghlightedi n1ightb lue a nd gr ay, r espectively. I nitial ( at 0 ns,
transparent ¢ ylinders) an d f inal ( at 500ns, s olid c ylinders) s napshots of T M
interfaces for homo- (TM4/5, within r ectangles) a nd h etero- (TM5/6, w ithin a
circle) dimerization bundles. TM helices 4 (light blue), 5 (gray) and 6 (orange and
green) are highlighted.

(B) Root-mean-square deviations (rmsd) on protein a-carbons of the four-helix
bundles forming the TM5/6 interface (orange solid line), TM4/5 interface of A|R
(blue dotted line) and TM4/5 interface of AR (blue solid line) throughout the

MD simulation.

(C) Contact maps of the TM4/5 interface (rectangles in panel A) in the A|R or
A;AR h omodimer (left and right p anels) and o fthe T M5/6 interface ( circle in
panel A) inthe A;R-A,,R heterodimer (middle panel). Darker dots show more

frequent contacts.

(D) Detailed view of the extensive network of hydrophobic interactions (mainly
of ar omatic s ide ch ains) within the T M4/5 (left an d right p anels) and T M5/6
(middle p anel)i nterfaces. Thea mino ac ids ar e numbered f ollowing t he
generalized numbering scheme of Ballesteros & W einstein.’”** This allows easy

comparison among residues in the 7TM segments of different receptors.
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Figure S9. Positioning YFP in the C-tail of A;,R

The complex between the A;sR protomer (in light green) and G (o-subunit in
dark gr ey a nd yellow, B-subunitinlightgray, and y-subunitinp urple) was
constructed from the crystal structure of B,- in complex with G.** Although the
exact conformation of the A,sR C-tail (102 amino acids, GIn311-Ser412) cannot
unambiguously b e d etermined, i ts o rientation was modeled as inthe C -tail o f
squid r hodopsin® that ¢ ontains t he ¢ onserved a mphipathic he lix 8 t hat r uns
parallel to the membrane and an additional cytoplasmic helix 9. Thus, the C-tail

of A,AR expands (see solid light green line) points intracellularly toward the N-
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termini of the y-subunit as suggested for OXER.?” The laboratory of Kostenis has
shown that the C-term of O XER, labeled with Rluc (OXER-Rluc), gets close to
the N-term of the y-subunit, labeled with GFP (y-GFP). Analogously, we propose
that YFP attached to the C-tail of A,4R is positioned near the N-termini of the y-

subunit (in purple).

Movie M1. Assembly of adenosine A; and A,, receptors in complex with two

G proteins and molecular dynamics simulations of the system

The assembly of G4 and G; bound to the adenosine A;R-A,4R heterotetramer was
subjected t 0 5 00 ns o fm olecular d ynamics s imulations i n a r ectangular b ox
containing the system, the lipid bilayer, explicit solvent and ions. AR protomers
are in orange and red, A,4R protomers in light and dark green, G, in white, Gg in
gray, and G, in purple. For easier visualization of protomer-protomer interfaces,

TMs 4 and 5 are highlighted in blue and white, respectively
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3.9. The transmission switch mechanism of allosteric

modulation of the metabotropic glutamate 2 receptor

3.9.1. Background

Glutamate is the ma jore xcitatory n eurotransmitter in th e
mammalian ¢ entral n ervous s ystem of ve rtebrates and ¢ ontributes
excitatory input to as many as 80 to 90 % of central synapses.' It
plays a m ajor r ole 1 n num erous ph ysiological functions, such a s
learning and memory but also sensory p erception, de velopment o f
synaptic pl asticity, m otor ¢ ontrol, r espiration, a nd r egulation o f
cardiovascular f unction. A ni mbalancei ng lutamatergic
neurotransmissioni s b elievedt ob ea tt he center of v arious
neurological an dp sychiatricd iseases.”” Glutamatea ctsv ia
activation of 1onotropic or metabotropic glutamate receptors (1Glu
or m Glu). T he f ormer i ncludes i on ¢ hannels s uch a s N MDA,
AMPA an dk ainater eceptors r esponsible f or f ast ex citatory
transmission; whereas the latter are a family of eight class C GPCRs
contributing t o t he fine-tuning of s ynaptic e fficacy.>* Within th is
family, the mG lu, receptor iso fp articular imp ortance f or

neuropharmacologyas 1 ti sex pressedp resynapticallyan d
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negatively m odulates glutamate an d GABA r elease. G lutamate
hyperfunctioni s1 inked w ith di sorderss ucha sa nxiety and
schizophrenia®” hence, mGlu, receptor activation, is seen as a drug
discovery approach to dampen these effects. Alternatively, blocking
of mGlu, receptors is expectedt oh avea beneficial effecto n
glutamate receptor h ypofunction w hich may provide treatment for
depression disorders® or even be linked with cognition enhancement
and possible therapy for Alzheimer’s disease.’

The first generation of pharmacological tools for mGlu2 receptors
were conformationally c onstrained an alogs o f glutamate active as
agonists a tbot h mGlu, and m Glu; receptors.10 Whilst th ese
molecules ha ve pr ogressed t hrough p reclinical'' and ¢ linical

testing,'>"

various difficulties such as selectivity, brain penetration,
and intellectual property space hamper drug discovery in this area.
In recent years, there have been huge advances in the discovery of
allosteric modulators that bind at less conserved allosteric sites and
acti nc onjunction w itht he e ndogenous | igand.14 Allosteric
modulation can decrease (negative allosteric mo dulator, N AM) or
increase (positive allosteric mo dulation, P AM) the action (affinity
and/or e fficacy) of the orthosteric ligand.15 As such, P AMs have

emerged as arguably the preferred approach to activate the receptor
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with many ¢ hemical s eries being characterized i n a nimal mo dels

h. 16171826 T date,

providing preclinical proof of the PAM approac
two mG lu, PAM m olecules ha ve a dvanced i nto ¢ linical t rials,
AZD8529%" and J NJ-40411813%*% (also know n a s A DX71149).
Various key reference molecules are known in the field, including
BINA ( 1),”° JNJ-40068782 ( 2)*' and JNJ-46281222( 3).**
Meanwhile, inhibition o fmG lu, receptors also started w ith
development of  orthosteric 1 igands s ucha st he w ell-studied
LY351495 from Eli Lilly,33 and s ubsequently s hifted t o allosteric
antagonists. F. Hoffmann-La R oche has been major players in the
development of NAMSs, w ith m olecules such as R 0-676221 ( )"
R0-4491533 ( 5),* and Ro0-4995819 (6) beingr epresentative
examples of t heir w ork. A num ber of t hese NAMs ha ve b een
characterized in vivo.**>® Molecule 6 (Ro-4995819/Decoglurant) has

advanced 1 nto ¢ linical trials,37 and its u se with ot her mGluy;

antagonists is reported for the treatment of autistic disorders.®
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Figure 1. Selected mGlu, receptor PAMs (1 to 3) and NAMs (4 to 6)
studied in this work.

The mG lu receptors exist as homodimers, which are covalently
linked via a disulfide bond in the orthosteric ex tracellular binding
domain.”® Glutamate bi nding i nduces a conformational ¢ hange i n
the receptor resulting in activation of the G protein and intracellular
signaling.** Activation of the mGlu, receptor shifts the 7-TM dimer
interface from T Ms 4 and 51 nthe inactive stateto TM6 inthe
active s tate.*! Mutagenesis s tudies d emonstrated th at mG lu,
allosteric modulators bind in an evolutionary conserved site in the
upper half of the 7-TM similar to that of orthosteric ligands in Class
A Indeed, monomeric mGlu, receptors, either as an isolated 7-

TM domain or in full-length, couple to G proteins upon a ctivation
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by a PAM alone.*” Also, only one of the allosteric binding sites in
the m Glu hom odimer needs to be occupied by a PAM in order to
achieve m aximal pot entiation, he nceonl y onem onomeri s
activated.”® Ther ecent Class C cr ystal s tructures o fm Glu; and
mGlus receptors solved w ith NAMs have co nfirmed the 7-TM

binding s ite.**”°

The crystallized ligands m ake f ew p olar
interactions, i nstead forming multiple h ydrophobic a nd 1 ipophilic
contacts a nd pr oviding steric c omplementarity with th e r eceptor.
However, there are some differences for these closely related mGlu
receptors; Mavoglurant binds much deeper into the mGlus receptor
than FITM at mGlu;.

Given the attraction of allosteric GPCR modulation in drug
discovery r esearch, here we perform a detailed study based upon
mGlu, receptor experimental functional activity, binding data, site
directed mutagenesisa ndc omputational structure a ctivity
relationships, doc king and m olecular d ynamics (MD) s imulations.
The co mbined an alysis defines how mGlu, allosteric mo dulators
bind, and in particular, how the ligand exerts its allosteric functional
effects. Up to now, these aspects have been largely unknown but the

insight provided will provide new directions for drug discovery in

this area. In addition, it w ill further our und erstanding o f G PCR
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allosteric mo dulation a nd th e s ynergies b etween f amilies a nd

classes.

3.9.2. Results

Molecules 1 to 6 ar e functional allosteric modulators with an
overlapping binding site

Molecules 1 to 6 were tested in mGlu, receptor functional assays
aimed to detect positive or negative allosteric modulation (Table 1).
Molecules 1, 2 and 3 showed the characteristic profileofa P AM
with pECsg’s of 7.03, 6.90 a nd 8.09 respectively. These molecules
showed no effect up to the concentration limit of 10 or 30 uM in the
NAM assay. Correspondingly, molecules 4, 5 and 6 showed mGlu,
receptor N AM a ctivity w ith p ICsy’s of 8.29 ,8.57a nd 8.60
respectively. In turn, these molecules showed no effect in the PAM
assay u pto th ec oncentration limits . A I PAMsa nd N AMs
competed with the tritiated PAM ["H]INJ-46281222 in the binding
displacement assay, displaying pK;’s ranging from 7.22 to 8.33 and
with Hill slopes approximately 1 suggesting a single population of

binding sites. Hence, these molecules either augment or inhibit the
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glutamate response at mGlu, receptors, by binding to an allosteric

site, which is likely shared between PAMs and NAMs.

Table 1 mGlu; receptor activity and affinity of mGlu; positive and negative
allosteric modulators determined by [3>S]GTPyS and [3H]JN]J-46281222

binding experiments using stably expressing hmGlu2-CHO cells

PAM NAM Binding
Compound
pE(:5()a pIC50b pKic
7.03 £
1, BINA PAM <5.0 7.22+0.26
0.14
2, INJ- 6.90 +
PAM <5.0 7.58+0.16
40068782 0.10
3, INJ- 8.09 £
PAM <4.52 8.33+0.34
46281222 0.23
8.29 +
4, Ro-676221 NAM <43 7.96+0.13
0.21
8.57
5, Ro-4491533 NAM <43 8.09 £0.16
0.22
8.60 +
6, R0-4995819 NAM <43 0.07 7.56 £0.07

? Functional activity of mGlu, receptor PAMs determined by the enhancement
of glutamate (ECy) induced [*S]GTPyS binding. ® Functional activity of mGlu,
NAMs d etermined b y th e r eduction o f g lutamate ( ECg) i nduced [ S1GTPYS
binding. ¢ Affinity for th e a llosteric b inding p ocket o fth e mGlu, receptor as
determined by [*H]INJ-46281222 binding experiments. Data are shown as mean
+ SD of at least three individual experiments performed in duplicate.
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The binding site of NAMs and PAMs

To confirm the location of the binding site of both mGlu, NAMs
and P AMs, w e pe rformed s ite di rected m utagenesis e xperiments.
All m Glu2 receptor mutants confirmed proper o rthosteric receptor
binding and s howed s imilar a ffinity for glutamate, as d etermined
using [3H]LY341495 (data not shown). Results for PAMs 1, 2 and 3
are presented in T able 2. A Ithough s everal of the mutated amino
acids are n ot imp ortant for a ctivity, th e mu tagenesis e xperiments
reveal that R635°2****A (numbering as recommended for class A
and class C GPCRs”"), L639°3%3 A, F43°362:40cp  N735%47247e),
and W773%%3%A mutations a ffected th e a ctivity o f P AMs. T he
H723°3%3¢V  mutation a ffects th e f unction o fmo lecule 2 and
F776%°'*3A affectst hef unctiono fm olecules 1 and 2.
Mutagenesis experiments of NAMs are reported in Table 3. Clearly,
F643336a40cp [ 73p54addep  \y773648a50cp  pr766SIasies 4 pg
F780%%9%7 A mutations reduced the activity of NAMs 4, 5 and 6.
The L639****A mutation only significantly reduced the activity
of NAM s 4 and 6, w hereas 1693*°*%°\ | D725%3%37°A and
V79874243 A only affected t he act ivity o f 6. F igure 2's hows
concentration-response curves f or t he m utants t hat pr oduce t he

largest e ffect o nt he activity o fe ach o ft he three NAMs ( see
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supplementary information Figure S1 for additional curves). Figure
3alsos howsthat N AM 5 affects t he glutamate c oncentration-
response curve s imilar f or bot h W T a nd m utant F776%°'*3¢A
mGlu, receptors ( we previously d escribed s imilar r esults f or
PAMs®).

Only 163933236 Fg43336ad0e 7736480506 54 py76051asie 5pe
important for the action of PAMs and NAMs, suggesting that within
the s hared bi nding s ite, t here a re bot h ¢ ommon a nd s pecific
interactions f or th et ype o fa llosteric mo dulator. Interestingly,
R6357 732 and N735°47%47¢ affected only P AMs but not N AMs,

whereas F780°°°*97°A only affected NAMs and not PAMs.
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Table 2. Effect of mGlu, receptor mutations on activity of PAMs as determined

by [**S]GTPyS binding assay in the presence of an ECy glutamate concentration

(4 uM).
Mutant PAM compound
1, BINA 2, INJ-40068782 3, INJ-46281222
pEC5o pEC50 pECSO
Transient WT  7.11 +£0.30 7.08+0.13 8.22 +0.23
Stable WT ~ 7.03+0.14 6.88+0.13 8.09 + 0.23

R635° 75432 A 621" 6.42 +0.03 n.c.
R636°29%33¢A n.c. n.c. n.c.
163973236 p 5.89 + 6.27+0.16 n.c.

0.01*"
F643°30240c A 5.85+ 5.64+0.18 6.32+ 025

0.08*"
S644337%41°A 6,99 +0.15 6.7+0.22 n.c.
S688*° 1341, 693 + (.33 6.90 + 0.44 7.69
G689* 4V 620+ 0.37 6.27+0.20"" 7214030
[693%36a-46ep n.c. n.c. n.c.
V700*63233, n.c. n.c. n.c.
H723%34-3%¢y n.c. 6.26 +0.06 n.c.
D725°3%37¢ A n.c. n.c. n.c.
M728°3%3:40¢ A n.c. n.c. n.c.
§731°42a43¢ A n.c. n.c. n.c.
7325484 780 +0.03 7.03 £ 0.06 7.31+0.33
N735>4747ep 5.13% 5.5 6.67 +0.23*
V73648248 n.c. n.c. n.c.
W773048830cp <5 0™ <50 7.11%07
F776%1*3¢A 670 +0.06 638 +0.23 n.c.
F780%3%57¢ A n.c. n.c. n.c.
V7987-42-36c A n.t. n.t. n.t.

Tp<0.05, p<0.01l,  p<0.001 significantly different from value obtained
for tr ansiently tr ansfected W T m Glu, receptor. D etermined u sing o ne-way
ANOVA with Dunnett’s post-test. Data represent the mean £+ SD of at least three
individual e xperiments p erformed in tr iplicate. “For o ne o r t wo e xperiments,
pECso was <5 ; "n=2. n.c.: No change in response upon testing compound at 2
concentrations (concentrations chosen are equivalent to concentration producing
half-maximal or maximal response as determined for these compounds on the WT
receptor); n.t.: Not tested
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Table 3. Effect o f mGlu, mutations o n activity o fN AMs as d etermined b y

[*S]GTPyS binding assay in the presence of an ECg, glutamate concentration (60

uM).
Mutant NAM compound
4, Ro-676221 5, Ro-4491533 6, Ro-4995819
pICso pICso pICso

Transient WT 8.18 £ 0.28 8.69+0.18 9.00+0.21

Stable WT 8.29+0.21 8.57+0.22 8.60 £ 0.07
R635°°%3°A  8.08 + 0.09° 8.91 + 0.50° n.t.
R636°27433¢A 8.29 + 0.24 8.75+0.28 8.68 +0.11
L639°3%3¢A 779 +0.28" 8.40 £ 0.25 8.41+0.097"
F643°3024%¢A 73940217 750020 717 +£0.07
S644737841c A 8.32+0.35 8.77 +0.37 n.t.
S688*>1a4ler, 8.17+0.12 8.43 +0.35 n.t.
[693*0a40ep\ g 8.06 = 0.09 8.67 +0.03 8.47+0.117
V7004933, 826 +0.10° 8.65+0.23 n.t.
H723°3435ey 8.30 +0.29 8.61 +0.30 8.62 +0.08
D725%36837c A 8.15+0.16 8.38 +0.10 8.07+0.14"
M728>3%4% A 8.55+0.07 8.49 +0.07 9.23 +0.04
§731°>4%43c A 8.55+0.16 8.71+0.23 9.14 +0.08
L7323%4en 764 +£0.28 721+0.15" 833+0.097"
N735>4747cpy 821 +0.54° 8.64 + (.54 8.67 + 0.05
V736>44CA 8 .00 +0.02° 9.12 +0.23" n.t.
W7736488:30c o <5 6.73£0.09 6.75+0.06
F776%1493¢A 746+ 0.64" 735+0.147 6.47 £0.09""
F780%%°*57CA 758 021 7770127 7.54+0.02°"
V7987-428-36c A 7.98 +0.20 8.45+0.57 8.57+026

"p<0.05," p<0.01, p<0.001 significantly different from value obtained
for tr ansiently tr ansfected W T m Glu, receptor. D etermined u sing o ne-way
ANOVA with Dunnett’s post-test. Data represent the mean + SD of at least three
individual experiments performed in triplicate, except *which were two individual

experiments were performed in triplicate. n.t. Not tested.
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Figure 2 . C oncentration r esponse curves o ft he most ac tive mutants for each
mGlu, NAM, 4 Ro-676221, 5 Ro-4491533, and 6 Ro-4995819. Further mGlu,
receptor m utant N AM co ncentration r esponse curves ar e s hown in supporting

information, Figure S1.
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Figure 3. Cooperativity of NAM 5 R0o-4991533 on WT and mutant F776%°*>A

mGlu, receptors.
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Figure 4. Pharmacophore models o fP AMs (A) and N AMs ( B) o fthe mGlu,
receptor. The structural features of PAMs (panel A, top) are: an aromatic feature
(AR1,1i no range),a hy drogenb onda cceptor gr oup (HBA, c yan),t hree
hydrophobic s ites (HYD1-HYD3, g reen), an o ccupancy feature b eneficial f or
activity ( OCC, b lack), an d an e xcluded f eature d etrimental f or act ivity ( EX,
black). Schematic representation of the pharmacophore model of PAMs (panel A,
bottom) and the predicted amino acids in the mGlu, receptor, d etermined by a
combination o fM D s imulations ( Figure 5 ) a nd s ite-directed m utagenesis
experiments ( Table 2). The structural features o f N AMs (panel B, top) are: an
aromatic f eature ( AR1, i n o range), h ydrogen b ond accep tor g roups ( HBA1-
HBAZ2, ¢ yan), a nd t wo hy drophobic s ites ( HYD1-HYD2, gr een). S chematic
representation of the pharmacophore model of NAMs (panel B, bottom) and the

amino acids involved in the interaction with NAMs (Figure 5 and Table 3).
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PAM and NAM Structure Activity Relationships

Using a s ystematic a pproach, w e d eveloped 3D pharmacophore
models f or P AMsa nd N AMs. D atasetso f PAMa nd N AM
molecules w ere co mpiled, m olecules w ere co nverted t o t heir 3 D
conformations a nd ove rlay m odels, i ncluding pha rmacophoric
features, were generated to separate known actives from inactives
(see M ethods). These pharmacophore models provide information
about the Structure Activity Relationships (SAR) that are important
for identifying active mGlu, receptor PAMs and NAMs, and hence
what features o f the molecules may interact with the receptor and
what structural modifications can result in a loss of activity.

The P AM pharmacophore shows a clear structural overlap of the
molecules w ith ke y s hared features ( see F igure 4A ). i. A cen tral
aromatic f eature ( AR1)t hat orients the m oleculesv iat he =«
electrons t hrough a romatic-aromatic o r aromatic-hydrophobic
interactions (see below). ii. A key hydrogen bond a cceptor feature
(HBA) (satisfied by the carbonyl group of the indanone or pyridone
moieties in 1 and 2, or by the sp2 nitrogen in the triazolopyridine
group of 3). iii. A hydrophobic feature (HYD1) located at one end
of t he m olecule, a nd t wo h ydrophobic f eatures ( HYD2-HYD3)

located at the other end that shows more variability of substituents.
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iv. Active c ompounds commonly contain hydrophobic g roups
(methyl, cyano, t rifluoromethyl, or c hloro) onthe A R scaffold.
Thus, an additional occupancy feature (OCC) that is beneficial for
activity was ad ded t o the pha rmacophore m odel. v. In c ontrast,
increasing the size of the HYD1 feature was detrimental for activity.
Thus, a n e xcluded f eature (EX) was a dded t ot his pa rt of t he
molecule. This pharmacophore is consistent with previous overlay
hypotheses and has been used to understand SAR and develop new
mGlu, PAM chemical series.”>*

The N AM ph armacophore a ligned m olecules f romt he
benzodiazapinones s eries (4 and 5) and also p yrazolopyrimidines
(6) that have more structural diversity and hence a more divergent
structural overlap than for PAMs. However, the scaffolds of the two
differents eries wereove rlaida ndt heys hare common
pharmacophoric features (Figure 4B). i. An aromatic feature (AR1).
ii. A hydrogen bond a cceptor feature (represented by HBAI and
HBA2)t hati spr ovidedb yt he carbonyl group oft he
benzodiazapinone scaffold or by the amide carbonyl group (present
in some of the pyrazolopyrimidine NAMs). Whilst this HBA feature
is s atisfied by all benzodiazapinones, t he p yrazolopyrimidines do

not a Iways ¢ ontain an amide ¢ arbonyl i n t his region ( acetylenic
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spacers can also be active). iii. Two hydrophobic features (HYD1-

HYD?2) located at one end of the molecule.

Binding mode of PAMs and NAMs at mGlu2 receptor

To be tter und erstand the a ffinity and s electivity of PAMs and
NAMs fort he mGlu, receptor, w e doc ked PAMs 1-3 into t he
“active-like” m odel of mGlu, receptor in ¢ omplex w ith G i and
NAMs 4-6 intot he “inactive” model of mGlu, receptor (see
Methods). Three independent unbiased 1 ps M D simulations were
used to study the stability of the different docking solutions for each
molecule. The simulations were also analyzed to elucidate details of
the mechanism of action.

The bi nding m ode hypotheses of P AMs 1-3 are robusta nd
fluctuate little along the MD simulations (Figure 5 and Figure S2),
with average ligand RMSD < 0.3 nm relative to the initial docking
pose. They are also consistent with the SAR analysis. The carbonyl
group (HBA in the pharmacophore model, Figure 4A)of PAM 1
acts a s h ydrogen bon da cceptori nt he h ydrogen bond w ith
N735°4747¢ t he indanone r ing (AR1) fo rms a p arallel-displaced
aromatic-aromatic in teraction w ith F 643*%4% t he ¢ yclopentyl

moiety (HYDI) e xpands to ward th e in tracellular s ide in teracting
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with W773%%3% without r eaching th ¢ E X f eature, th e me thyl
groups (OCC) enter into a small hydrophobic cavity between TMs 3
and 5 formed by G640°***" (CAV1), the first aromatic ring of the
biphenyl group ( HYD2) e xpands t oward t he extracellular side
interacting with L639°%*%%_ and the carboxylic acid forms an ionic
interaction with R635°*3%° (Figures 4A and 5A). Accordingly, the
16393330 A | 43336040cp R 635338328 N735544%ep  anq
W77304883% A mutations have a significant effect on PAM 1 activity
to mGlu, receptor (Table 2). T he bi nding of P AMs 2 and 3 to
mGlu, receptor follows s imilar tr ends a st evealed b yth e M D
simulations. T he c arbonyl group of 2 or the nitrogen atom of the
triazole ring of 3 (HBA) form a hydrogen bond with N73574747¢
the pyridone ring of 2 ort he t riazolopyridine r ing of 3 (AR1)

interacts w ith F643°36240¢

, the common short ¢ yclopropyl m oiety
(HYD1) interacts with W773%*%% and F776°'*%*¢ and the cyano
group o f 2 or the trifluoromethyl of group of 3 (OCC) enter the
cavity CAV1 delimited by G640°****" (Figures 5B and 5C). These
binding m odes ar e co mpatible w ith t he m utagenesis ex periments
(Table 2). The common 4-phenylpiperidine (HYD2-3) substituents

of P AMs 2 and 3 are directed t owards t he extracellular side.

However, the e xtra f lexibilityo f 3 comparedto 2,duetothe
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additional methylene group linking AR1 and HYD2, means PAM 2
can interact with L639>2*% and the H723°*3°.R635>%3% pair
whereas PAM 3 does not contact these amino acids. Accordingly,
the L639>32+3°A R 635%343%°A  and H723°*¥°V mutations have
a significant effect on PAM 2 activity at mGlu, receptors and have
no e ffecton 3 (Table2). Based ont hese models, F igure 4 A
(bottom) s hows a s chematic r epresentation of the pha rmacophore
hypothesis and the predicted amino acids in the 7-TM domain of

mGlu, receptor involved in the interaction with the ligands.
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Figure 5. Detailed view of the binding mode of PAMs 1 (panel A, in green), 2
(panel B, blue),and 3 (panel C, yellow) and N AMs 4 (panel D, magenta), 5
(panel E , o range), and 6 (panel F,red)tothe mGlu, receptor. A mino aci ds
involved in the binding o fligands, a s d etermined by s ite-directed m utagenesis
experiments reported in Tables 2 and 3 are shown in white, whereas $7977#1#3%¢
that was reported for the binding of NAMs to mGlus receptor™ is shown in green.
Overlay of the binding modes of PAMs 1-3 (panel G) and NAMs 4-6 (panel H).
Comparison of the binding cavities of PAMs (cyan) and NAMs (orange) at the

mGlu2 receptor (panel I).
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Figure 5 (panels D-F) shows the binding mode o ftwo different
chemical series of NAMs: benzodiazapinones (NAMs 4 and 5) and
pyrazolopyrimidines (NAM 6). All three NAMs bind close in front
of T M6 w ith th e central s caffold in teracting with th e a romatic
W77304830¢ | 776%%145%¢ and F - 780%%*%°  aminoa cids.
Accordingly, mutation of these amino acids to Ala has a significant
effect on the activity of NAMs 4-6 at the mGlu, receptor (Table 3).
For the interaction of N AM §, the carbonyl group (HBA1l inthe
pharmacophore m odel) of t he be nzodiazapinone m oiety i nteracts
with the side chain hydroxyl of $7977#'*** the aromatic moiety of
the be nzodiazapinone group (HYD2)f ormsa parallel-displaced
aromatic-aromatic in teraction w ith F643*°%*** anda T -shaped
aromatic-aromatic interaction w ith W 7736'48a‘50°, the non -aromatic
moiety of t he b enzodiazapinone gr oup interacts w ith L7327
and F776°>'*5% the tr ifluoromethyl group (HYDI1) e nters into a
small hydrophobic cavity between TMs 6 and 7 (CAV2), the phenyl
ring (AR1) forms ana romatic-aromaticin teraction w ith
F780%%*7 and th e te rminal p yridine group extends toward t he
extracellular side (Figure SE). NAM 4 contains a phenylacetylene in
place of the trifluoromethyl group of 5 that is too large to fit in the
same CAV?2 cavity between TMs 6 and 7 where the trifluoromethyl
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group is placed. W e obs erved that this phenylacetylene moiety in
NAM 4 could enter deeper into the receptor in a similar manner as
seen f or t he phenylacetylene m oiety i nt he c rystal s tructure o
Mavoglurant bound t o mGlu5 receptor.* This different location of
HYDI in NAMs 4 and 5 does not impede the other pharmacophoric
elements to f orm comparable interactions, in a greement w ith
mutagenesis e xperiments ( Table3) . T hus,t hec ommon
benzodiazapinone moiety (HBA and HYD2 )o f 4 interacts w ith
§797741a3%  pea3dtadie [ gzpSdladde g 77364850 g
F776%°'%3¢ the phenyl ring (AR1) with F780%%*°" and the cyano
group expands toward the extracellular side (Figure 5D). Compound
6 contains two trifluoromethyl groups. Based on our findings, it is
reasonable to assume that they would bind in the small hydrophobic
cavities CAV1 between TMs 3 and 5 and CAV2 between TMs 6
and 7 inas imilar m anner as 3 and 5, r espectively ( see above).
Therefore, NAM 6 could bind in two different orientations locating
each of the CF; groups in CAV1 or CAV2, respectively. Only the
mode of interaction in which the phenyl-CF3 group binds in CAV1
and the CF; group attached to the pyrazolopyrimidine ring binds in
CAV2, depicted in Figure 5F, remained unchanged during the MD
simulation and fulfills th e r esults o f th e mu tagenesis e xperiments
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(see below). In this binding mode, the nitrogen atom (HBA) of the

pyrazole ring in teracts with S$79774!%3%

, t he pyrazolopyrimidine
ring forms a p arallel-displaced ar omatic-aromatic in teraction w ith
F776%°'*%¢ anda T -shaped a romatic-aromatic in teraction w ith
W77384883% t he phenyl-CF3; moiety expands towards C AV1 and

the p henyl r ing in teracts w ith F643°36240

ina parallel-displaced
conformation, t he t riple bond a nd t he a minopyridine g roup poi nt
towards th e e xtracellular side in teracting with F 780%°°*°" (Figure
5F). We proposed that the 2-aminopyridine group of 6 also interacts
with D725°3%" which would be lost upon Ala mutation which was
confirmed experimentally (Table 3). The D725°3%7A only affects
6 because it is the only NAM with a binding mode which remains
vertically aligned to TMs 5 and 6.

We tested all PAMs and NAMs 1-6 in mGlu receptor selectivity
assays, s ee s upporting information. C ompounds w ere t ested f or
activation or inhibition activity versus all 8§ members ofthe mGlu
family. PAMs 1 to 3 only showed activity at mGlu,, and no activity
versus other m Glu receptors. N AMs showed no activity in assays
for act ivation o f't he m Glu r eceptor f amily, h owever, as w ell as

showing inhibition of mGlu, activity, they also showed antagonistic

activity a t mG lus receptors. T his ¢ urious | ack of s electivity of
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mGlu2 N AMs ve rsus m Glu3 receptors has b een s een pr eviously®
although w ithout pr ovidinga s tructural e xplanation. T he
N735>44%°D) mutation a ffects th e activity of P AMs 1-3 but not
NAMs 4-6 (Tables 2 -3); he nce N AMs do not i nteract w ith t his
amino acid. In contrast, N735>*"*47° forms a crucial hydrogen bond
(HBA, Figure 4A) with PAMs. In mGlu3 receptors this amino acid
isan as partate ( D) an d cannot provide an H -bond donor inits
ionized state therefore diminishing activity of mGlu, PAMs for the
mutant a nd r esultingin to tal s electivity ve rsus W T m Glu3.
According to our binding mode hypotheses, this amino acid is key
for the observed selectivity difference of PAMs and N AMs versus

mGlus and the mechanism of mGlu, receptor activation by PAMs.
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3.9.3. Discussion

We have addressed the comparison of the binding of NAMs and
PAMs a nd t heir mechanism o fn egative a nd positive a llosteric
modulation at the mGlu, receptor. The bi nding modes for P AMs
and N AMs have been determined by a combination of experiment
and ¢ omputational m ethods. M utants such as R 636> 2**A,
F643336a40cp ] 7p353adsey 1 g3pSddadien yy o 77364850 A
F78005525Tcp 7 79874236cp 16934 S6adbeNt [y 72553603Tcp 5 g
F776%°'*3A were important for the activity of NAMs. In addition,
we observed differences between residues important for PAMs and
NAMs. M utations R 636°27*3A, 1693*%4M, F 780%>**"°A and
V79874243 A had a large effect on the activity of NAM s but no
effect on t he P AMs. O n the ot her hand, m utations L639°3%*3%A
644337417 g 688451341 JG-YHS24%y and N 7355474%D) i d
not affect the action of the NAMs but had a pronounced e ffect on
the P AMs. Thus, our results show that the allosteric site is placed
within the 7-TM domain, in a s imilar pos ition as t he N AMs of
mGlu; and m Glus observed int he c rystal s tructures***%** which
also resembles the orthosteric site in class A GPCRs. Similarly to

class A, in w hich a gonist a nd a ntagonist bi nding ove rlaps in the
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orthosteric site but form different sets of interactions™, the allosteric
binding site of NAMs and PAMs at mGlu, receptors also overlaps
but with significant differences (Figures 5G-5I). While the binding
sitc o f P AMs iscloseto T Ms 3 -5, N AMs bind in front of, and
parallel to, TM6. Longer PAMs, such as 1, become more flexible as
they r each t he ex tracellular r egion o fthe 7-TM, and m ove a way
from TMs 5 and 6 instead bending towards TM 3 and extracellular
loop 2 ( ECL2). In addition, N AMs e xpand d eeper t oward t he
intracellular side than PAMs.

GPCRs ar ed ynamic proteinst hatp ermitr apid s mall-scale
structural f luctuations a nd pa ss t hrough an e nergy 1 andscape t o
adopt a number of conformations.”® MD simulations are being used
more and more to study GPCR function due to the importance of
generating ensembles of energetically accessible conformations®”*.
Thus, to study mechanisms of receptor inactivation by N AMs and
receptor activation by PAMs, we used unbiased MD simulations in
the mic rosecond time -scale t o ex plore co nformational ch anges at
the receptor. Because families A and C of GPCRs bind the same
type of G proteins, maintain t he s patial ¢ onservation of the T M
helices, and share the position of the binding site for orthosteric and

allosteric lig ands w ithin th e 7 -TM dom ain, we a ssumed s imilar
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mechanisms of r eceptor ( in)activation, a s pr eviously t ested f or

family B %

Thus, w es uggestt hat (in)activation of mGlu,
receptors involves r earrangement of an a nalogous ‘transmission
switch’ in TMs 3, 5,a nd 6 a s de scribed for class A ,61 involving
positions 3.4 0a, 5.50a a nd 6.44a ,a nd for class B 60 involving
positions 3.40a.44b and 6.44a.49b. This ‘transmission switch’ was
proposed for the highly studied [,-adrenergic receptor based on the
fact that a hydrogen bo nd interaction b etween agonists and T M5,
stabilizesa r eceptor conformationt hati ncludesa ni nward
movement of T M5 a t the hi ghly conserved P >*®. The pr oline
movement induces steric competition with a bulky hydrophobic side
chain at position 3.40a, triggering a small counterclockwise rotation
of T M3 when viewed from the extracellular side.® Finally, t he
rotation of TM3 repositions the side chain of F***, facilitating the
outward m ovement o f T M6 for r eceptor a ctivation and G p rotein
binding.”> Moreover, it is know n t hat t he i nitial a gonist-induced
structural changes of the receptor ( ‘trigger switch’) responsible for
rearrangement o f't he ‘ transmission s witch’, ar e a h ydrogen bond
interaction be tween agonists and S>** in B,-* and B,-adrenergic

6.48a

receptors,”” the m ovement of W in m etarhodopsin 11°* and
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Asa,” ora conformational toggle s witch of the side ¢ hain of the
amino a cida tp osition 3.36a .°° Thus, w ean alyzedt he M D
simulations o f in active- and act ive-like mGlu2 r eceptor to s tudy
these ‘switches’ b y m onitoring t he r otation a nd di splacement of
these key side chains in TMs 3, 5 a nd 6, and the influence of the
NAMs or PAMs in the distribution of dihedral y; angles in the MD

trajectories (Figures 6-7).
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Figure 6 . D istribution o f'th e p ositions o f r epresentative a toms (CZ atomo f
F643%3624% the ND2 atom o fN73577*4¢ and the NE1 atom of W 773548230
(panels A-B), and the OH atom of Y 647°%** CD2 atom of L738°°°*** CG2
atom of 1739°°'*°'° and O G1 atom of T 769%*** (panels E -F)) o f the a mino
acids of mGlu, receptor at the homologous positions of the ‘trigger switch’ and

‘transmission s witch’ o f ¢ lass A, r espectively, d uring M D s imulations o fth e
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“active-like” model of mGlu, receptor in complex with Gi and PAMs 1-3 (panels
B, F) and of the “inactive” model of mGlu, receptor in complex with NAMs 4-6
(panels A, E). Evenly spaced snapshots extracted from the 1 ps of unbiased MD
simulations ar e d epicted. P AMs 1-3 are shown in green, blue and yellow and
NAMs 4-6 are shown in magenta, orange and red, respectively. Time-evolution of
the y; rotamer of W773%%43% and T769%**4 for NAMs 4-6 (panels C, G) and
PAMs 1-3 (panels D, H) d uring the M D s imulations ( line c olor in dicates th e

simulation for each separate ligand bound to the receptor).

Figure 6 Eillu stratesth ep ositiono fth es ide-chainso f
Y647340044e | 73855050 [7395S1aSle o 4 T 76904446 qring ¢ he
MD s imulations for N AMs 4-6. T hese am ino aci dsa re att he
homologous pos itions of t he ‘ transmission s witch’ of ¢ lass A .
Clearly, all N AMs s tabilized s imilar ¢ onformations o fth ese
‘transmission s witch’ a mino a cids. M ost obvi ously, T 769%#424¢
moves so little throughout the simulations of all three N AMs that
the s eparate di hedral a ngle di stributionsi nF igure 6 Ga re
indiscernible. This is in contrast to P AMs w here it f lips for each
ligand t hroughout t he s imulations ( Figure 6 H). F igure 6A a lso
shows si milar a nalysis f ort he ¢ trigger s witch’ a mino a cids:
F643>7%4%¢ N735%47%47¢ and W773°%*%% Because NAMs do not

55.47a.47c

interact with N73 , no di fferences in TM5 are observed. In

contrast, as s hown b y mutagenesis a nd doc king e xperiments, a 1l
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NAMs form aromatic-aromatic interactions with F643°2%*4% (Table
3andF igure5) . T hus, s mall di fferences a re obs ervedint he
F643*2%4% side chain (Figure 6A). A more significant difference is
found a t W773%4%%5% N otably, NAM 5 that ¢ ontains a n e xtra
methyl group relative to 6, keeps the conformation of W77348%30
outside the 7-TM bundle, as observed in the crystal structures of the
Mavoglurant-mGlus  receptor’ and F ITM-mGlu, receptor’’
complexes. In contrast, NAMs 4 (due to the different position of its
phenylacetylene moiety, Figure 5), and 6 (due to the absence of the
methyl group) p ermita c onformational s witch o f W773¢4830
towards the inside of the 7-TM bundle, as also observed in more
recent mGlus allosteric lig and crystal s tructures.’* This is a lso
reflected in the 7, rotamer conformation of W773%*% (Figure
6C). NAM s 4 and 6 favor the gauche+ conformation (inside the
bundle) w hile N AM 6 favors the trans conformation (outside the
bundle) of W773%%%%% T hus, t he conformation of W773%4830¢
depends on the chemical structure of the NAM. Still, it is important
to note that compound 5 is the most potent NAM, which might be

36.483.500

related to its ability to keep W77 outside the bundl e (' see

below).
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Figure 7 . Comparison o fth e mechanism o fn egative a nd p ositive a llosteric
modulation at the mGlu, receptor. Relative position of the ‘trigger switch” amino
acids in volved in the initial agonist-induced s tructural ch anges o n the r eceptor
responsible for the rearrangement of the ‘transmission switch’ amino acids that
finally le ad to receptor activation. D istribution o fthe p ositions 0o f CZ atom o f
F643%3624% the ND2 atom o fN735747*%¢ and the NE1 atom of W 773548230
(right panel), and the OH atom of Y647°***¢ CD2 atom of L738%°"*% CG2
atom of 1739>°'*%'¢ and O G1 atom of T 769%***4° (left p anel), which are the
amino acids of mGlu, receptor at the homologous positions of the ‘trigger switch’
and ‘transmission switch’ of class A, respectively, during MD simulations of the
“active-like” model of mGlu, receptor in complex with Gi and PAM 1 (in green)
and of the “inactive” model of mGlu, receptor in complex with NAM 6 (in red).
Evenly spaced snapshots extracted from the 1 ps of unbiased MD simulations are

depicted.

As mentioned above, the P AMs form a crucial h ydrogen bond
interaction w ith N735°***® in T M5. P AMs without t his H BA
feature 1 ose the ability to al losterically m odulate the receptor, and
the N735”"***D mutation m akes t he ¢ ompounds i nactive. T he

hydrogen bond b etween N735°%"*%7¢ and the PAMs 1-3 remains
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constant t hroughout allt he M D s imulations, w ith onl y s mall
fluctuations to accommodate the part of the molecule that points to
the ex tracellular domain (Supplementary Figure S 3). Accordingly,
the side chain of N735>*"47¢ stays in a similar position (Figure 6B)
during the simulations of PAMs 1-3. Moreover, in all simulations of
PAMs, W773%423% 'y hich w as i nitially m odeled i n a n out ward
position pointing into the m embrane, m odifies its c onformation to
move i nside t he r eceptor ( Figure 6B ). T his n ew ¢ onformation,
which ha s be en obs erved i n t he mGlus-StaR cr ystal s ‘[ructures,54
reducest he vol ume o f the bot tomof t her eceptor cavity.
Accordingly, P AMs w ith | onger s ubstituents poi nting i nside t he
receptor ( EX p harmacophoric f eature) u Itimatelyl oset heir
activation activity. In general all PAM molecules present small and
flexible substituents that correspond to the HYD1 pharmacophoric
feature. W e obs erve in the s imulations of P AMs 1-3 that HYD1

interacts w ith W773%**°% br ingingi ts s ide ¢ haini nside t he
receptor ( gauche+ conformation, F igure 6D ). In t he c ase of t he
NAMs we s ee this be havior for compounds 4 and 6 (see ab ove).
Clearly, the W 773%4%#3% A m utation a ffects both P AM and NAM

activity.

155



In o rder t o co mpare t he mechanism of ne gative a nd pos itive
allosteric modulation at the mGlu, receptor in more detail, we plot
the m ovement of t he a mino acids in th e first activation ‘ trigger
switch’ ( F64333024%  N735547847¢ anq W77304%430% 4 ndt he
‘transmission s witch® (Y647>4044¢ 1 73833030 1739351a3lc apg
T769%4**4%%) during the MD simulations in the presence of 1 and 6,
chosen as representative P AM and N AM ligands ( Figure 7). T he
hydrogen bond i nteraction of the carbonyl group of PAM 1 with
N735>47247 ' hichi sa bsenti nN AMc¢ ompounds, m oves
N735%47347 toward T M3, w hereas F643°°°*4% that in teracts w ith
both NAM and P AM compounds (Tables 2 a nd 3), moves toward
TM7 in the PAM-bound simulation. This hydrogen bond interaction
between P AMs and N73574747¢ resembles the interaction between
agonistsa nd T M51 nc lass A ,but how doe si ta ffectt he
‘transmission switch’? Relative to the inactive simulation (NAM 6),
in the active simulation (PAM 1) there is an inward movement of
TM5 ( at L738°°°%) toward T M3, r elocation of Y 647°4%44¢
toward TM6, and finally reposition of the side chain of T769%**4¢¢,
This i ncludesa conformational ¢ hange of t hes ide ¢ hain of
T769%**4% from the gauche+ to the gauche- or trans conformer,

Figures 6 G-H, which was not observed for NAMs (as commented
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above). A conformational c hange of this type has been shown to
cause bend in a-helices®” which in this ¢ ase w ould facilitate th e
outward m ovement of TMG6 f or r eceptor a ctivation. F urthermore,
this t hreonine 1 s f our amino a cids be low t he t ryptophan i n t he
FTMYTTCI*WLAF sequence in TM6 which is conserved for all
mGlu receptors.

Figure 7 also shows a water molecule involved in a network of
interactions with T 769°***%¢ and Y 647°4%**¥ in the  transmission
switch’. T his w ater m olecule w as obs erved t o e nter f rom bul k
solvent in all the simulations despite not being included in the initial
system. Via hydrogen bonds with the side chains of T769%***4%¢ and
Y647>4%%4¢ it helps to stabilize a specific orientation of these amino
acids. Inthe experimental X -ray crystal s tructure o fth e mG lus
receptor a w ater molecule was seen in a s imilar p osition and w as
proposed as a key element involved in ligand pharmacology.* The
prevalence of the water molecule in the simulations suggests it is a
robust f eature, a nd t ogether w ith t he und erstanding t hat s ubtly
different in teractions w ith mG lus NAM | igands can r everse t heir
functional effects, supports our conclusions on the important role of
these am ino acids and h ydrogen bondi ng ne twork f or r eceptor

activation.
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3.9.4. Conclusions

Here, w e ad dressed t he mechanism o f positive versus negative
allosteric modulation at class C GPCRs, using the mGlu, receptor as
a model. Our study proposes that modulation of class C GPCRs by
either pos itive (PAMs) or ne gative (NAMs) a llosteric m odulators
involves rearrangement of homologous ‘switches’ as (in)activation
of class A by either o rthosteric antagonists or a gonists. W e have
identified an activation ‘trigger switch’ that is rearranged by PAM
binding and a ‘transmission switch’ that is not directly involved in
ligand in teractions b ut links th e b inding s ite w ith the out ward
movement of TM6 for receptor activation and G protein binding.
These combined e xperimental a nd ¢ omputational r esults strongly
support that despite the low degree of sequence similarity between
classes A and C of G PCRs,t het wo f amilies s hare conserved
elements in their mechanisms of receptor activation. This work will
help with the di scovery of ne w generations of m Glu r eceptor
allosteric modulator drugs and the understanding of class C GPCR

allosteric modulation.
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3.9.5. Methods

Plasmids, cell t ransfection a nd cell cu lture. cDNA co nstructs
encoding hum an non -mutated a nd mu tated mG lu, receptors were
synthesized b y GeneArt® ( Life T echnologies), s ubcloned t o t he
mammalian ex pression vector p cDNA3.1(+) ( Life T echnologies)
and amplified through E. coli transformation. CHO-K1 cells were
used for transient transfection. 24 hour s prior to transfection, cells
were seeded at high density (20,000 cells/cm?) into 14 cm @ plates.
Transfections w ere p erformed us ing | ipofectamine LTX reagent
(Life t echnologies). C HO-K1 c ells e xpressing mutated a nd non -
mutated mGlu, receptors were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% heat-inactivated
FBS, penicillin, streptomycin, pyruvic acid and L-Glutamine. Stably
expressing hm Glu2-CHO cel ls were also used as internal co ntrol.
Cells were kept in a humidified atmosphere at 37°C and 5% CO;

and were subcultured twice weekly.

Membrane Preparation. Cells were detached from the plates by
scraping i nto 50 m M T ris-HCI buf fer, pH 7.4 a nd s ubsequently

centrifuged for 10 m in at 16,000 r pm in a Sorvall 5C Plus S S34
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centrifuge at4 °C. P ellets w ere resuspendedinice-cold5m M
hypotonic Tris-HCI, pH 7.4 and homogenized using an Ultra Turrax
homogenizer (IKA-Werke GmbH & Co0.KG, Staufen, Germany) at
24,000 rpm. H omogenates w ere c entrifuged at 1 8,000 rpm for 20
min at 4°C. Remaining pellets were suspended in 50 mM Tris-HCI
pH 7.4 a nd the hom ogenization step w as repeated. A liquots w ere
stored at -80°C. Protein c oncentrations w ere d etermined using the
Bradford m ethod ( Bio-Rad, Hercules, CA, USA) using BSA asa

standard.

[35S]GTPyS Binding Assay. Membranes weret hawed an d
homogenized us ing an Ultra T urrax hom ogenizer at 24,000 r pm.
Samples were diluted in ice-cold assay buffer (20 mM HEPES pH
7.4, 100 mM NacCl, 3 mM MgCl,, and 10 pM GDP and 14.3 pg/mL
saponin). DMSO co ncentrations w ere <1%. A ssay m ixtures
containing a v ariable concentration of testcompoundand 10 p g
membrane protein were pre-incubated with buffer (to detect agonist
effects) or an E Cyy or E Cgp-equivalent ¢ oncentration of glutamate
(to detect PAM or NAM effects respectively). A fter 30 minutes of
incubation at 30 °C , 0.1 nM [* °S]GTPyS was added. The reaction

was stopped a fter another 30 m inute incubation at 30 °C by rapid
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filtration t hrough a 96 -well G F/B filterplate ( PerkinElmer) on a
PerkinElmer filtermate harvester. P lates w ere w ashed t hree t imes
with ice-cold wash buffer (10 mM NaH,P0O4/10 mM Na,HPO,4, pH
7.4) and dried overnight. Filter-bound radioactivity was counted in a

Topcount m icroplate scintillationa nd1 uminescence ¢ ounter

(PerkinElmer).

[PH]INJ-46281222 Binding A ssay. Membranes were allowed to
thaw a nd s ubsequently homogenization w as pe rformed us ing a n
Ultra Turrax homogenizer at 24,000 r pm. Samples were diluted in
ice-cold assay buffer (50 mM Tris-HCI pH 7.4, 10 mM MgCl, and
2 mM CaCl,). Binding assays were performed in glass tubes in a
total volume of 500 p 1, c ontaining variable c oncentrations of test
compound, 75 1 g m embrane pr otein of thes tably ex pressed
hmGlu2 and 4 nM [ *H]INJ-46281222. N onspecific bi nding w as
determined using 10 u M JNJ-42341806. The reaction was stopped
after incubation for 1 ho ur at room temperature by rapid filtration
over pre-coated (PEI 0.1 %, Sigma-Aldrich) GF/C filters through a
Brandel ha rvester 96 ( Brandel, G aithersburg, MD, U SA). Filters
were w ashed three times with ice-cold w ash buffer (50 mM T ris-

HCI pH 7.4). Filter-bound radioactivity was determined using liquid
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scintillation spectrometry o na Tri-Carb 2810TR ¢ ounter

(PerkinElmer).

Data an alysis. Data an alyses w ere p erformed using P rism 4 .02
(GraphPad s oftware, LaJ olla, C A, U SA). F ort he da ta s ets of
[*H]INJ-46281222 binding experiments, pICs, values were obtained
using non -linearr egression ¢ urve f ittingi ntoa s igmoidal
concentration-response ¢ urve us ing t he e quation: Y = B ottom +
(Top - Bottom) / {1 + 10"(X - LoglICs)}. pK; values were obtained
from pICsy valuesus ingt he C heng-Prusoff ® equation.
Concentration-response curves obt ained i n [ *>S]JGTPyS binding
experiments w ere fitted u sing n on-linear r egression c urve fitting
into a sigmoidal concentration-response curve using the equation: Y
=B ottom+ (Top - Bottom)/ {1+ 10" [(LogECsy - X) x Hill
Slope]}. Statistical analysis was performed if indicated, using one-

way ANOVA with Dunnett’s post-test.

Preparing da tasets f or pha rmacophore bui lding. Known
mGlu, receptor PAM and N AM c ompounds were retrieved from
ChEMBL® searching for keywords ‘GRM2’ and ‘mGlu2’.
Molecules w ere retained only ifthey had concentration r esponse
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bioactivity less than 1 pM (all having ‘ChEMBL Confidence Score’
8 and 9). Orthosteric ligands containing amino acid substructures
were r emoved. By this a pproach 296 P AMs w ere i dentified. For
NAMs, only 17 active molecules were identified in ChREMBL which
matched the activity type “antagonist” or “negative allosteric”. Due
to the l ow num ber, the NAMs dataset was augmented b y m ining

patents. Hence a further 275 NAMs were retrieved from 12 patents

(WO2007110337, W 02005040171, W 02008128889,
WO02008119689, W 02006099972, W 02006084634,
WO02005123738, W 02003066623, W 02002023665,

W02002083652, W0O2001129012, US20070072879). The complete
NAM active dataset contained 289 unique mGlu2 receptor active
NAMs.

Pharmacophore e lucidation requires k nown i nactive molecules
that ar e o ften ab sent in public b ioactivity d atabases. H ence t hese
were taken from Janssen in-house mGlu, receptor PAM and NAM
high throughput screening (HTS) data. Inactives were retained in a
similar M W range to the P AMs (233 to 515 D alton) and N AMs
(303 to 658 D alton). A subset was selected to initially derive the
pharmacophore i n an automated m anner. H ence, int he case o f

PAMs 86 m olecules w ere s elected whereas for N AMs 8 2 w ere
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chosen. These were combined with two randomly selected sets o f
235 molecules shown to be inactive in either the Janssen P AM or

NAM HTS.

PAMP harmacophore. Pharmacophoree lucidationw as
performed on the s maller training set (86 active and 235 inactive
PAMs). The actives were structurally similar to PAMs 1, 2 and 3.
Molecules were prepared using MOE.” First the wash function was
employed to assign protonation and tautomeric states as applicable.
The ph4elucidate tool in M OE was used with de fault s ettings and
with 3D ¢ onformers generatedb yt he conformational i mport
approach. T he automated el ucidationd eliveredas atisfactory
alignment with the placement of four features. The pharmacophore
with best statistical retrieval of actives (85 molecules, 99 % hit) and
inactives (108 molecules, 46 % hit) was chosen then augmented by
the inclusion of additional features. The final PAM pharmacophore
hypothesis was submitted to further statistical testing by searching
on the full test set of actives (296 molecules) and inactives (2791
molecules). From this testing 121 o fthe 296 (41 %) of the PAM
actives were hit whereas only 204 o fthe 2791 (7 %) of the HTS

inactives w ere h it. The 121 e xamples that w ere hitb y t he final
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pharmacophore w ere an alogues o f t he s pecific chemical s eries o f
interest in this study. The pharmacophore did not hitall the PAM
chemical s eries. T his is e xpected a s itis u nlikely for as ingle

pharmacophore to cover diverse chemical series.

NAM Pharmacophore. A smaller training set (82 active and 235
inactive NAMs) was used as input for the ph4elucidate tool in MOE
with a Il s ettings th e s ame a s d escribed for P AMs. NAM act ives
were more structurally dissimilar including benzodiazapinones, and
bicyclic p yrazolopyrimidines. The automated elucidation de livered
one s atisfactory alignment which s howed good structural an d
feature overlap of actives from more than one chemical series. The
five feature pharmacophore had good statistical behavior hitting 70
of the 82 ( 85 % ) active N AMs but onl y41 of the235( 17%)
inactive mo lecules. A sin th ec aseo fth e PAMs, th e in itial
pharmacophore was augmented by incorporating additional features
based on know ledgeof t heS AR. Thef inal 11 f eature
pharmacophore was s ubjected to further s tatistical te stingon the
entire s et of active (289)a ndi nactive ( 2800) N AMs. T he
requirement to hit all 11 features was too restrictive, hence partial

matching w as en abled t o p ermit m olecules to hitsome of the 11
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features. G ood s tatistical p erformance w ass een w ith p artial
matching set to 9 of the 11 f eatures, which hit 59 % (171) of the
actives and only 1 % (28) of the inactives. Hence both P AM and
NAM pharmacophores were able to discriminate known actives and

inactives and captured details of the SAR.

Computational m odels of the m Glu; receptor. Two structural
models (inactive and “active-like” states) of the 7-TM domain of
human mGlu, receptor (Uniprot code Q 14416) were built using a
combination of structural templates. The crystal structure of inactive
mGlus receptor (Protein Data Bank ( PDB)"! code 4009) was used
for the construction of inactive mGlu, (these receptors share 51% of
sequence identity at the 7-TM domain). Due to the absence of ECL2
in the crystal structure of the hi ghly homologous mGlus receptor,
ECL2 of mGlu, was modeled using the crystal structure of mGlu,
receptor (PDB 4 OR2). To s tudy mGlu, activationby P AMs, we
needed an “active-like” model. This was generated from the crystal
structure of the B,AR-Gs complex (PDB ID 3SN6), by changing the
conformation of TM6 o f mGlu, receptor N75753%:34¢ V1766541243

fort hea ctivec onformation of - 6.32-6.41. Thiss ingle

replacement opens the intracellular c avity required for the binding
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of the C-terminal a5 helix of the G-protein. It has been shown that
an agonist alone in class A (or analogously a PAM in class C) is not
capable of stabilizing the fully active conformation of the receptor
in the absence of the G protein,72 hence, this “active-like” model of
mGlu, receptor includes G i. Itis imp ortantt o r emark th atth e
extracellular part, i ncluding r eceptor side chain conformations, of
the “active-like” model o f mGlu, receptor is comparablet ot he
inactive model. The a-helical domain of Gio. was modeled in the
“closed” co nformation,” using th e ¢ rystal s tructure o f| AlF,]-
activated G; (PDB code 1AGR)"™. A similar approach has recently
been used.>*”® These initial models were constructed in MOE, and
Maestro’® wasus ed fors tructure pr eparation. T he P rotein
Preparation’’ tool w as us ed t o fix a ny m issing s idechains/atoms,
PROPKA™ assigned p rotonation s tates, t he hy drogen bonding
network was optimized, and brief minimization to RMSD 0.5 A was

applied to remove any structural clashes.

Dockingo fN AMsi ntot hem Glu; receptor. Multiple
conformers (calculated with the ConfGen’ module of Maestro) of

the ligands were docked into the inactive models of mGlu, receptor
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using Glide XP.* The docking grid was centered on t he center of
mass o fth elig and p ositionin th e mG lu; receptor s tructure.
Sampling w as i ncreased for the G lide ( Schrodinger LLC, New
York, NY, USA) docking by turning on e xpanded s ampling a nd
passing 100 initial pos es t o pos t-docking m inimization. A 1l ot her

docking parameters were set to the defaults.

Molecular d ynamics: Molecular d ynamics (MD) s imulations
were performed with GROMACS v5.0.6.*' The complexes between
NAMs and the inactive conformation of mGlu, receptor and PAMs
and the “active” conformation o f mGlu, receptor in complex with
Gi were embedded in a pre-equilibrated box (9x9x9 or 10x10x19
nm, r espectively) ¢ ontaining a | ipid bi layer ( 205 or 297 P OPC
molecules) with e xplicit s olvent (~14000 or ~47000 w aters) a nd
0.15M concentration of Na" and C1" (~140 or ~490 ions). E ach
system w as en ergy m inimized an d s ubjected toa5 stepM D
equilibration (10+5+2+2+2 ns). In the first step the whole s ystem
was fixed ex cept h ydrogen atoms; in the second step, the protein
loops were released from restraints; and in the final three steps the

restraints on the ligand and protein atoms were relaxed from 100, 50
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to 10 kJ.mol'nm™, respectively. Unrestrained MD trajectories were
produced for 1 ps usinga 2 fstime step andat otal o f three
independent 1 us s imulations w ere performed f or each 1 igand-
receptor s ystem. Constant t emperature of 300 K us ing s eparate v -
rescale t hermostats for protein-ligand, 1ipids, and w ater pl us i ons
was used. The LINCS algorithm was applied to freeze bond lengths.
Lennard-Jones i nteractions w ere computed usinga 10 A c ut-off,
and t he el ectrostatic 1 nteractions w ere t reated u sing P ME with a
direct sum cut-off of 10 A. The AMBER99SD-ILDN force field®
was used for the protein, the parameters described by Berger et al.*
for 1ipids, and t he g eneral A mber force field ( GAFF) and H F/6-
31G*-derived RESP a tomicc hargesf ort hel igand. This
combination of pr otein a nd 1 ipid pa rameters has r ecently be en

validated.®*
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3.9.6. Supporting information
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Figure S1. Concentration response curves for each mGlu2 receptor NAM, 4 Ro-
676221, 5 Ro-4491533, and 6 Ro-4995819 tested in the WT and mGlu2 receptor

mutants.
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Selectivity v ersus m Glu recep tors: PAMs a re s elective b ut
NAMs inhibit mGlu3 receptors

Molecules 1 to 6 were tested in a functional mGlu receptor assay
panel (see Methods and Table 1). All PAMs did not activate any of
the other human mGlu receptor subtypes or the rat mGlu6 receptor
up to 10 uM concentration limit. However, they did show weak
mGlu2 agonistic activity as described previously for 1,' 2 and 3°
whichm ay b e due t o residual | evels o fe ndogenous glutamate.
PAMSs d id n ot in hibit g lutamate-induced s ignalingatanyo ft he
receptors up to 10 uM concentration. Considering NAMs 4, 5 and 6,
no a ctivation of any mGlur eceptors wasseenupt othesame
concentration limit. Importantly however, NAMss howed
antagonistic in hibitory e ffects at mGlu3 receptors in a comparable
range to their activity in th e analogous assay at mG Iu2R. H ence,

NAMs are not selective versus mGlu3 receptors.
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Table S1. In vitro selectivity of PAMs (1 to 3) and NAMs (4 to 6) in an mGlu

receptor functional activity panel

Compound

Activation (pICso)

Inhibition (pICsg)

1, BINA

2, INJ-40068782

3, INJ-46281222

4, Ro-676221

5, Ro-4491533

6, Ro-4995819

mGlu2 5.5
mGlul, 3,4,5,6,7and 8 all <53

mGlu2 6.2
mGlul, 3,4,5,6,7and 8 all< 5

mGlu2 6.7
mGlul, 3,4,5,6,7and 8 all< 5

mGlul, 2,3,4,5,6,7and 8all <5

mGlul, 2,3,4,5,6,7and 8 all <5

mGlul, 2,3,4,5,6,7and 8all <5

mGlul, 2, 3,4, 5,6,7 and 8 all

<5

mGlul, 2,3, 4, 5,6, 7 and 8 all

<5

mGlul, 2,3,4,5, 6,7 and § all

<5

mGlu2 6.4, mGlu3 6.3
mGlul, 4,5,6,7and 8all<5

mGlu2 6.6, mGlu3 6.4
mGlul, 4,5,6,7and 8 all<5

mGlu2 6.9, mGlu3 6.5
mGlul, 4, 5,6,7and 8 all< 5
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Method.

mGlu receptor panel selectivity assays: Ca’" assays with human
mGlul, 3,5,7,or 81 eceptor expressing H EK 293 ¢ ells w ere
performed as reported in Lavreysen et al. (2013), except for a slight
change i n t he p rocedure f or m Glu5: cel Is ex pressing t he h uman
mGlu5 r eceptor were seeded at 40,000 c ells/welli n M W384.
Twenty-four hours after seeding, cells were incubated for 90 min in
Ca’" assay kit ( Molecular D evices) di ssolvedi n's aline P BS
supplemented with 5 m mol/L probenecid, pH 7.4 (f.c. 2.5 m mol/L
probenecid as 1oading b uffer was added on the cell 1ayer without
removal o fm edium)b efore m easurements. M easurement o f
[35S]GTPcS binding to membranes from CHO cells expressing the
rat m Glu6 receptor and membranes from L929sA cells expressing
the hum an m Glu4 r eceptor w ere conducted also a s de scribed i n

Lavreysen et al. 2013.
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4.1. Alzheimer’s disease

Alzheimer’s d isease ( AD)isap rogressive neurodegenerative
disorder ch aracterized by cognitive and b ehavioral s ymptoms t hat
progressively i mpair f unction. Iti st he m ost c ommon f orm of
dementia ¢ ontributing to 60 -70% o fcas es.! The cognitive
symptoms i nclude: m emory 1 oss, di sorientation, ¢ onfusion a nd
problems w ithr easoning andt hinking. Behavioral s ymptoms
include: agitation, anxiety, delusions, depression, hallucinations and
insomnia.”

The m ost c ommon form of A Dis s poradic, or late o nset A D
(typically > 65y ears),a nd has g enetic a nd environmental risk
factors. The only genetic link is to the €4 allele of the apolipoprotein
E.’ Environmental risk factors proposed for AD include: advanced
age (the greatest risk factor for A D), family h istory,” traumatic
brain injury,®” cardiovascular diseases® and diet.” In contrast, early
onset familial AD, has strong genetic links. M ore than 160 hi ghly
penetrant but r are m utations ha ve b een d escribed in t hree genes:
amyloid pr ecursor p rotein ( APP),'’ Presenilin 1 ( PSN1)a nd
Presenilin 2 ( PSN2) genes.!' All these genes en code p orteins t hat

are involved in the amyloid cascade and can lead to amyloid B (AB)
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aggregation a nd t herefore t he e xpected ons et of t he di sease,

described in more detail below.

4.2. AD hypotheses

The causes of AD are unknown. Several hypotheses exist which
include t he T au, cholinergic, glutamate o r a myloid pa thways.
Briefly,t he h yperphosphorylation of T au protein pr omotes
formation of aggregates known as neurofibrillary tangles, which are

. . . . 12
toxic de posits s eeni n A D br ain.

The ch olinergic s ystem1i s
responsible for c ognitive s ymptoms in d ementia and disturbances
have long been linked with AD patients.”> Ultimately d ysfunction
leads to fewer cholinergic neurons and lower acetylcholine levels in
the br aini mpairing memory function.'* Acetylcholinesterase
inhibitors are used as symptomatic treatment for AD and can slow
disease p rogression, but their effects are modest.'>'® Glutamate is
the ma in e xcitatory neurotransmitter in th e C NS an d m ediates
critical s ynaptic tr ansmission f or th e n ormal f unctioning o fth e
nervous s ystem.'”'* Glutamate-mediated excitotoxicity v ia o ver-

activation of N -methyl-D-aspartate (NMDA) receptors 1 eading t o

. + . . .
excessive Ca>" influx can cau se neuronal cell d eath andis linked
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with AD. "' Finally, t he a myloid h ypothesis h as dom inated A D
research for t he p ast t wenty years.'””® Amyloid B (AP) peptides
aggregate t o f orm t oxic pr otein pl aques w hich 1 ead t o s ynaptic
failure, ne urodegeneration a nd ¢ ognitive d ysfunction. T he A f
peptides are formed through s equential proteolytic cleavage of the
amyloid precursor protein (APP), one of the most abundant proteins
in the CNS.*' AB peptides can range from 36- to 43-amino acids in
length with s ome p referring t o f orm a ggregates o ver o thers.”> A
shift i n t he e quilibria t owards t he a myloidogenic ove r t he non -
amyloidogenic A PP pr ocessing pa thway pr edisposes f or AD

pathology.”

4.3. AP production and p-secretase

In a healthy brain APP is cleaved first by a-secretase generating a
secreted A PP derivative (sAPPa) and a shorter transmembrane C -
terminal fragment of 83 a mino acids (C83) (see Figure 1). C83 is
subsequently cleaved by the t ransmembrane y-secretase co mplex
forming a non -toxic 3 kD a pe ptide ( p3).>**° Inc ontrastt o A B
peptides, sAPPa plays a key role in neuronal survival and

plasticity.”” Int he a myloidogenic br ain, cleavage of A PPi s
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mediated b yt he [-site A PPcl eaving enzyme 1 ( B-secretase,
BACE1) instead of a-secretase. T his first p rocessing g enerates a
shorter secreted amino terminal APP derivative called sAPPJ along
with a membrane-inserted C-terminal fragment of 99 amino acids,
C99.T his C -terminal peptideis th en cleavedb y y-secretase

producing A B peptides which a re lib erated in to th e e xtracellular

25
space.
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Figure 1. Schematic representation of the amyloid precursor protein processing:

amyloidogenic and non-amyloidogenic pathways.

Hence y-secretase yields A species of different lengths but AB40
and AP42 represent the majority of the species observed in vivo.
The longer AP42 is the more toxic due to higher aggregation

1.28

potential.”” Therefore, inhibition of the amyloidogenic pathway may

be b eneficial for A D. P harmaceutical co mpanies ar e a ctively
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searching for small molecules that can decrease AP production by
affecting t he t hree m ain e nzymes i nvolved i n t he pr ocessing o f

APP: a-, B- and y-secretases.

4.4. BACE1 as a drug discovery target

Since its discovery in 1999, BACE1 has become the prime target
in A Dandt hem ajor f ocus of dr ugdi scovery effortsi nt he
pharmaceutical industry. Multiple groups independently discovered
the B-secretase enzyme and named it B-site A PP cleaving enzyme
(BACE), Asp2 or memapsin 2.2 BACEl isa type I monomeric
transmembrane aspartic p roteaser elatedt ot he p epsin f amily
containing 501 a mino a cids. Its ¢ atalytic dom ain ¢ ontains t wo
spatially adjacent aspartate residues that are ~200 residues apart in
sequence ( Asp32 and Asp228) located between two 1obes: the N -

and C-terminal halves (Figure 2)*
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C-terminal domain

Figure 2. Structure of BACE] catalytic domain showing the N- and C-terminal

lobes, an active site inhibitor, and the two Aspartes in the catalytic site.

BACEI is mainly present in neurons, although it is expressed at
low levels in most cell types of the body. This enzyme is expected
to ope rate opt imally atpH 4.0 -5.5in a cidicin tracellular
compartments s uch as t he t rans-Golgi ne twork, e ndosomes a nd
lysosomes, w here it ¢ olocalizes with A PP.>>*® BACEI consists of
three different structural domains: the N-terminal catalytic domain,
thet ransmembrane do maina ndt he ¢ ytosolic dom ain. T he
transmembrane a nd cytosolic dom ain a nchor t he pr otease t o t he
membrane a nd regulate its c ellular tr afficking, r espectively. T he

transmembrane domain also restricts BACE spatial distribution and
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constrains the placement of the active site in the same orientation as
APP.

The active site is more open and less hydrophobic than those of
other hum an aspartic p roteases, a ccommodating 12 poc kets (P4’-
Pg).”” Available ¢ rystal s tructures of inhibitors binding to B ACE1
have de monstrated t he i nherent f lexibility of t his e nzyme.”” The
catalytic center is covered by a flexible antiparallel B-hairpin loop
between V al67 and Glu77 (called the ‘flap’) which is believed to
control substrate access and orientation in the catalytic site.”® The
flexibility o f the flap is the result o f th e d ifferent o rientations o f
Tyr71, permitting two major conformations: the open or the closed
conformation (Figure ). The conformation of the protein is defined
as “closed” when hydroxyl group of Tyr71 forms a hydrogen bond
with the indole nitrogen of Trp76. On the other hand, the “open”
conformation is the result of the movement of the tyrosine, which
loses t he h ydrogen bon d w ith Trp76 and forms a new h ydrogen
bond with the backbone carbonyl of Lys107. Thus moving the flap
away from the catalytic center and allowing access of the substrates
into th e a ctive-site ¢ left.”” The flap r egioninthea po formo f
BACEI is very flexible and frequently i nterchanges b etween t he

open and c losed ¢ onformations.”” However, up on | igand bi nding,
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the flap r egion a dopts t he c losed c onformation, but the e xtent of

closure depends on the ligand.

Figure 3. Closed (light blue; PDB 1W51) and open (dark blue; PDB 20HU)
conformations of BACE1 flap. Characteristic hydrogen bond between Tyr71

and Trp76 in the closed conformation is shown in green.

The B ACE1 catalytic site co ntains an other mobile s tructural
feature termed by Patel ef al as 10s loop (see Figure 4 panel A).*
This s hort1 oop 1 s 1 ocated ne ar t he N -terminus be tween t wo 3
strands at the base of the S; pocket (residues 9-14) and di splays
three ma in lo w-energy conformations: a ¢ losed,anopenandan
outlier ¢ onformation, pe rfectly represented by P DB codes 1F KN,

IWS51 and 1TQF, respectively (Figure panel B). Thus, the ligand
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binding is modulated by the capability of the 10s loop to affect the

shape of the S; pocket.

A) B)

Figure 4. A) Schematic representation of the BACE1 pockets (P1, P2* and P3),
the t wo flexible | oops ( Flap and 10s ) a nd t he c atalytic ¢ enter s howing bot h
aspartate residues. B) Closed (yellow), open (dark blue) and outlier (light blue)
conformations of BACE1 10s loop.

4.5. BACE1 Inhibitors

Huge efforts are being made in academia and the pharmaceutical
industry toward the design of BACEI inhibitors, evidenced by the
370 B ACEI crystal s tructures a vailable in the P DB,‘”. H owever,
BACEI has proventobe an exceptionally challenging target and
pharmaceutical companies have not yet managed to commercialize

any BACEI inhibitor after more than 15 years of research.
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First generation BACEI inhibitors had peptidic nature and were
initially d esigned as s ubstrate a nalogs th at mi micked th e APP-
cleavage s equence w ith a non-cleavable pe ptide bond, s uch as
norstatine, s tatine, h ydroexyethylene andhy droxyethylamine
isosteres ( Figure 5 ). T heyw ereu n-druglike mo lecules.*
Subsequently a ttention t urned t o h ydroxyethylene ( HE) i sosteres
with fewer peptidic bonds. Replacement of the statine subunit with
the H E m otif r esulted in an increased BACE]1 inhibitory activity

and improved cell permeability.

OH PI OH

OH OH O
H H H H H H
N N N : N N N N
+ ~ P4 < Es ~ P ~
) P, P, o

Pl

Norstatine Statine Hydroxyethylene Hydroxyethylamine

Figure 5. Transition state isosteres comprising a secondary hydroxyl group

as peptide bond replacement.

In 2000 and 2001, Ghosh and Tang reported two HE derivatives:
including the well-known OM99-2°"* as a potent BACE! inhibitor
with ICsp = 1.6 nM (Figure 6). More simplified HE derivatives were
ultimately f ound, but s hiftingt oh ydroxyethylamine (HEA)
derivatives le d to f urther improvementsi np otency a nd br ain

penetration, examples showing nanomolar activity in cellular assays
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4445 Nevertheless these

and reduction of amyloid in brain (Figure 7).
molecules w ere bl ighted w ith pha rmacokinetici ssuesa nd P -

glycoprotein (P-gp) efflux.
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Figure 6. BACE1 inhibitor OM99-2.
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Figure 7. HEA inhibitors GRL-8234 and GSK 1889009.

A s econd generation of B ACEI i nhibitors pr esented | ower
molecular weight and p olar surface area, better binding e fficiency

and drug-like properties, thus lowering P-gp e fflux and increasing
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central p enetration. T hese series included c arbinamine d erivatives,
macrocyclic i nhibitors a nd a midine- or g uanidine- class an alogs.
The car binamine d erivatives i nteract w ith t he catalytic cen ter o f
BACEI through a single primary amine replacing the characteristic
hydroxyl group from the HE framework, an example from Merck is
shown in F igure 8,t hese t wo w ere s trong P -gp s ubstrates.*® A
macrocycle example, also Figure 8, had good potency (ICso= 2 nM)
but poor brain penetration due to low permeability and high P-gp

47,48
™% Morer ecently,

efflux,a sw ella s po or pha rmacokinetics.
amidine a nd g uanidine m otifs ha ve r evolutionized t he f ield of

BACEI i nhibitors s ince t hey f orm a ni deal hydrogen-bonding

network with the catalytic aspartyl dyad of BACE1.

o
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Pl

BACE1IC,=12nM

Cell IC,,=65nM Macrocycle
BACE21C,, =620nM BACELIC,,=4nM
Renin IC;) =20 M Cell IC,,=76nM

Figure 8. Example second generation BACEI inhibitors.

High T hroughput S creening and fragment based drug discovery

campaigns id entified th e f irst a midine ¢ ontaining s ubclasses o
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BACEI inhibitors (Figure ). Since the initial reports by Wyeth and
Schering-Plough® in 2005, m any pha rmaceutical c ompanies ha ve
elaborated and e xpanded ont hese a midine ¢ ontaining w arheads
tryingt o o vercomet he o bstacles t owards s elective, s afe an d
centrally efficacious BACE! inhibitors. Y ears of research unveiled
the relevance of monitoring the amidine pK, when designing potent

cell pe netrant B ACE1 inhibitors.”*!

There ar e m any | iterature
reports o f me dicinal ¢ hemistry o ptimization o f th ese 1 ead s eries,
often discussing the issues of maintaining potency in P1, P3 and P2’
pockets, whilst also optimizing PK considerations. Crystallographic
X-ray structures are typically provided such as the example shown
in Figure 10.°* Examples of a midine/guanidine BACE1 inhibitors
have now entered clinic trials. LY-2811376 was the first amidine-
like class BACE] inhibitor to reach phase I, LY-2886721 was the
second t ested 1 n t he c linic, how ever i t w as di scontinued due to

abnormal 1 iver f unction, a nd M K-8931 t he m ost a dvanced w ith

phase III started in November 2013, Figure 11.
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Figure 9. Representative amidine- and guanidine-like containing warheads

identified by HTS and fragment screenings.

(Xu1)
BACELIC,, =34 nM
Cell IC;,=80nM
BACE21C,, =11 M

Figure 10. Crystal s tructures o fB ACEl ¢ omplexed w itht wo gua nidine

containing aminoimidazole BACEI inhibitors.
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Figure 11.  Clinical ¢ andidatesf rom E li-Lillya nd M erckf romt he

amidine/guanidine class of BACEI inhibitors.

At p resent, w hilst s everal a midine/guanidine ¢ lass B ACE1
inhibitors h ave e ntered c linical tr ials, s ome ¢ hallenges r emain,
particularly w ith r egards t o s electivity v ersus enzymes s uch as
BACE2. A lso, w itht he pha rmaceutical i ndustry f ocusing i ts
attention to amidine-like warheads the field is densely explored and
very competitive, making the identification of novel binding motifs
extremely challenging.”® Therefore, it is still of interest to identify
novel s caffolds or be tter unde rstand i ssues of's electivity. In
addition, t he s heer vol ume of da taa nd unde rstanding a round
BACE1 make it an ideal test case for methodologies that can later

be applied in other drug discovery programs.
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4.7. The Application of Free Energy Perturbation for

the Design of BACEI1 Inhibitors

This Chapter is a collaboration with Myriam C iordia, F rancisca
Delgado, Andrés A . T rabanco and G ary Tresadern from J anssen
Pharmaceutical Research. T his w ork i s ¢ urrently publ ished at J

Chem Inf Model 2016, 56, 1856-1871.

4.7.1 Background

Alzheimer's d isease ( AD)1 sa neurodegenerative illness th at
chronically af fects m ultiple brain functions and causes changes in
the behavior of the sufferer, often | eading to de ath within3t 09
years after d iagnosis. Despite t he high prevalenceof AD,and it
being the most common form of dementia (contributing to 60-70%
of cas es),' thereisnocure and currently available d rugs o nly
providea modest de lay on't he de cline o fc¢ ognitive f unction.”
Hence, t here ar e co nsiderable research ef fortst o1 ntervenei n
disease p rogression.>™ Inhibition of p-secretase 1 (BACE1) is the
most compelling approach. The hypothesis is based on s lowing or
preventing the cleavage of amyloid precursor protein (APP) into the

neurotoxic AP4, peptide pr oducts t hat m ake up t he c ore o f't he
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amyloid pl aques s eenint he A D br ains.® Furthermore, g enetic
evidence h as r einforced t he at tention o facad emic an d i ndustrial
researchers on BACE] for the development of AD therapeutics.”®
First generation B ACE]1 i nhibitors ha d pe ptidic ¢ haracter a nd
were initially d esigned as s ubstrate a nalogues t hat mimic ked th e
APP-cleavage sequence with a non-cleavable peptide bond. Despite
high in vitro potency they o ften ha d unde sirable ph ysicochemical
properties f or aC NS dr ug andt ypically s howed poor or al
bioavailability a nd di fficulty t o c rosst he bl ood br ain ba rrier
(BBB).”!! The di scovery of the amidine moiety revolutionized the
fieldo fB ACEIl inhibitorsb ya llowinga ccesst oa s econd
generation of non-peptidic derivatives that form an ideal hydrogen-
bonding n etwork w ith the c atalytic a spartyl d yad ( Asp32 a nd
Asp228) of the enzyme, Figure 1.'%'* Whilst the work of others has
shown t he i mportance o fth is mo tif," within our la bs w e f irst
identified t his i nteraction via a be nzoguanidine s eries’” and ha ve
subsequently ex plored various al ternative chemical series.'"? This
generation of B ACE] i nhibitors of ten ¢ ontains a qua ternary s p3
carbon that provides an ideal vector for the substituents to fill the

P1-P3 and P2’ pockets of the catalytic site, Figure 1202
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A ma jor goalo fc omputational ¢ hemistry is th ea ccurate
prediction of protein—ligand binding affinities.”” Free-energy
simulations provide a rigorous approach and methods such as free-
energy perturbation (FEP), thermodynamic integration (TI), and A
dynamics, use mo lecular d ynamics or M onte Carlo simulations to
compute the free-energy difference between two structurally related
ligands.”® During d rug d iscovery le ad o ptimization ( LO) it is
normally required to e xplore t he ¢ hemical s pace around ke y | ead
molecules via the synthesis of close analogues. Hence, computation
of accurate relative binding affinities (i.e., the difference in binding
energy be tween t wo analogue c ompounds) is of high interest and
can make a significant impact in drug design, whilst also avoiding
the computationally challenging prediction of absolute binding free
energies. The calculation of protein—ligand binding affinities in this

24-30

manner d ates b ack over thirty years. More recently, improved

force f ields, ne w s ampling a Igorithms, a nd 1 ow-cost parallel
computing (often graphics processing units G PU), have i mproved

accuracy and t urnaround t ime ne eded t o i mpact L O e fforts in

31-33

various acad emic p rojects. However, r eports of the i mpactin

industrial p harmaceutical r esearch p rogramsar es carceb ut

34,35

beginning t 0 em erge. The s ignificant th erapeutic in terest i n
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BACEI has prompted many c omputational s tudies. F or i nstance,
work h as r anged from the cat alytic m echanism an d t he o ptimal

protonation state of the catalytic aspartates,’**

the flexibility of the
active site and value of ensemble docking,*® towards more recently
the accurate estimation of binding energies via quantum mechanics
QW)

Int his w ork, e fforts t o opt imize a nove |l s eries of a midine
containing s pirocyclic B ACE11 nhibitors are de scribed. In
particular, the latest generation o f F EP imp lementation is used to
predict binding energies in a retrospective and prospective manner.
We ¢ ontinue our e xploration of a s piroaminodihydropyrrole
scaffold. W er ecentlyr eportedas erieso fC Fs-containing
aminopyrrolidines a s B ACE1 i nhibitors w ith moderate t o good
activity. Initial SAR studies identified 1 as the most potent, Figure
2."® Interestingly, m odification of t hes ynthetic r oute t o r each
aminopyrrolidine inhibitors like 1 allowed access to a highly novel
spirocyclic core that was used as a t emplate for the design of new
examples represented by derivative 2. There are only a few reports
describing similar spirocyclic scaffolds such as 3 and 4 (Figure 2)
likely due to th eir ¢ hallenging s ynthesis.*™* However, A ZD3293
(4)*** is currently in phase II and is the most advanced BACEI
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inhibitor containing a spirocyclic warhead, suggesting these types of
scaffolds of fer pr omise. | Surprisingly, o urin itial s pirocyclic
prototypes s ucha s 2 werei nactive. H ence, here w e ex plore
alternative decoration using FEP to design and prioritize molecules
with substituents to fill th e P 1-P3 poc kets. We f irst r eport a

retrospective comparison of F EP pr edicted bi nding e nergies a nd
experiment f or as imilar s pirocyclic s eries. T hen w e p erformed
prospective FEP bi nding e nergy p redictionsona s etof 18

molecules from our spiroaminodihydropyrrole scaffold and a subset
were s ynthesized ba sed ont he r esults. O ur r esults s how g ood
correlation be tween pr edicted a nd e xperimental bi nding e nergies,
providing further evidence that FEP can be used as a tool to assist
lead optimization, even for BACE1 which is considered a difficult
and s tructurally flexible target.*® The F EP approach out performed
docking and MM-GBSA methods. This study therefore provides a

valuable contribution describing FEP as a tool for drug design.
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Figure 1. Schematic binding mode in the BACEI active site showing the key H-

bond and salt bridge interaction between the amidine and the catalytic aspartates
(also see inset), and sub-pockets are highlighted with surface coloring P2’ blue,

P1 orange and P3 green. The figure was generated from PDB structure 3ZOV.*
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BACEL IC,, = 229 nM
Cell IC,, = 36 M

BACEL IC,, = 94 nM AstraZeneca This paper
AZD3293
BACEL IC,, = 0.2 nM AN /

Figure 2. Examples of spirocyclic BACE1 inhibitors.

4.7.2. Results

The pe rformance of FEP on s pirocyclic B ACE1 1nhibitors w as
first tested in a retrospective manner using 32 molecules taken from

I, Table 1. A crystal s tructure of the 3 -

the w ork of Hunt efa
cyanophenyl R-group (PDB 4JPC) was used to place the molecules

in t he bi nding s ite, s ee s upporting i nformation f or i nput bi nding

modes. T her ecommended F EP+ ap proachi sas ingle5 n s
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simulation for each of the twelve A windows, hence 60 ns
cumulative s imulation time p er p erturbation. H ere F EP+ refers to
the S chrodinger Inc. FEP i mplementation ba sed on O PLSv3,
DESMOND G PU M D, R EST s ampling an d cy cle cl osure er ror
corrections, see experimental section for details. The default mapper
identified 62 a lchemical perturbations between analogues based on
considerations s ucha ss tructural s imilarity, s ees upporting
information F igure S 1. W e a Iso p erformed 1, 10a nd 20 ns
simulations, as such, 12, 120 and 240 ns cumulative simulation time
per pe rturbation. A 1l F EP pe rturbations w ere performed i n bot h
solvent and protein.

Ther esulting pr edicted dG ( kcal/mol)a rec omparedt o
experiment in T able 1 and Figure 3. In brief, the results forall
simulation t imes ¢ an be ¢ onsidered good ( below ane rroro f1
kcal/mol)** with MUE compared to experiment of 0.71 + 0.18, 0.58
+0.15,0.57 £ 0.12 and 0.57 + 0.11 kcal/mol for 1, 5, 10 and 20 ns
simulations respectively. The correlation with experiment is almost
identical in each case (Figure 3). Also, the correlation between FEP
simulation time s w as h igh, f or in stance th e R * between bi nding
energy predictions from 5a nd 20 ns s imulations w as 0.95. T he

cycle closure error is a calculated parameter that helps to understand
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the r eliability o f th e p redicted b inding e nergies. It d etermines to
what ex tent the sum o f't he cal culated free en ergies d eviate from
zero for each closed thermodynamic cycle within the FEP+ mapper.
The maximum and mean cycle closure error for the 5 ns simulations
were 0.71 a nd 0.34 kc al/mol respectively. W hereas for the 20 ns

simulations t he va lues were 0.38 a nd 0.22 kc al/mol s uggesting
improved i nternal ¢ onsistency due t ol onger simulation t imes.
Looking in more detail at T able I reveals in teresting r esults f or
specific compounds. The 5-(prop-1-yn-1-yl)pyridin-3-yl substituent
for i nstance s howed a b ig i mprovement in M UE w ith i ncreasing
simulation time: 3.03,2.42, 1.83 and 1.21 kcal/mol at 1, 5, 10 and
20 n s r espectively. T his w as also s een f or t he 3 -ethoxyphenyl
substituent that had an MUE of 1.71, 0.89, 0.46 and 0.02 kc al/mol
at the four corresponding simulation times. This was in contrast to
the majority o f mo lecules that displayed fluctuations in M UE but
with no a pparent trend. Hence, the molecules that were the biggest
outliers ve rsus e xperimenta t1ns be nefited f rom i ncreased
simulation time. This dataset of 32 molecules was also submitted to
docking and MM-GBSA calculations delivering worse performance
compared with the FEP calculations. In this case Glide SP and XP

docking d elivered R * correlation co efficients with ex periment o f
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0.48 and 0.37. Two MM-GBSA protocols, one without active site
minimization and one using minimization of an 8 A radius around
the ligands, provided R? correlation of 0.33 and 0.01 respectively.
Overall, t he r etrospective a pplication s uggested F EP w ould be

suitable for e xploring the P 1-P3 poc ket s ubstituents and aIso that

some molecules benefit from increased simulation time.

+1ns m5ns 4 10ns <20ns
Exp dG (kcal/mol)

-12.00 -11.00 -10.00 -9.00 -8.00 -7.00 -6.00
1 ns RZ 0.67, MUE 0.71 kcal/mol -6.00
5 ns R20.69, MUE 0.58 kcal/mol A
10 ns R2 0.68, MUE 0.57 kcal/mol A&
+ - -7.00
20 ns R?2 0.67, MUE 0.57 kcal/mol -
- % Z
¢ A -8.00 &
f’ + E< * =
=
e "4 2
P 900 F
X L X Q
X . =
s + -10.00 §
> [ E
+ A S,
' 1100~
+
-12.00

Figure 3. Correlation between FEP+ predicted and experimental binding energy
for the retrospective application. Results from 1, 5, 10 and 20 ns simulation time

FEP calculations are shown. See Tables 1 and 3 for more details.

We now di scusst he prospective de sign of new s pirocyclic

scaffold BACEI] in hibitors. U sing ¢ omputational mo delling we
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determined th at s pirocyclic mo lecules with amide linkers b etween
the phenyl substituent in P1 and the distal aromatic in P3 (such as 2)
were too long, resulting in clash between the ligand and enzyme."®
Compounds of g eneral structure A (Figure 2), w here t he am ide
linker w as d eleted, w ould a llow f or th e d istal a romatic r ing to

occupy the P 1-P3 poc kets w ithout c lashing with the protein. T his
was tested by performing conformational analysis on 1, 2, and our
prototype A with a di stal phe nyl included asthe Ar group. T he
resultant accurate set of low energy conformers were placed in the
BACEI binding site in such a way to maintain optimal interaction
with t he cat alytic as partates, F igure 4 . T he s pirocycle f orces an
‘orthogonal’ or T -shaped or ientation of the s ubstituent on t he s p’
carbon of the amidine heterocycle. T herefore 1ong groups such as
biaromatic amides c lash with the binding site surface. This is not
the case for active molecule 1 for which some conformations can
adopt a more optimal shape, similar to the crystallographic ligand.
Also, for the spirocyclic scaffold, a shorter biaryl substituent such
as prototype A fits in the binding site whilst avoiding clash with the
enzyme. T he distal Argroup (Phinthiscase)iswell placedto

permit meta substituents to enter deeper into the P3 pocket.
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Figure 4. Conformational analysis of molecules 1 (purple), 2 (red) and prototype

A (yellow) with d istal p henyl s ubstitution. T he li gand from c rystal s tructure
3Z0OV (green, same molecule as Figure 1) is shown for comparison of an optimal
fit in the binding site. C onformers are shown in the binding site of BACE]1 to
display the clash with the surface for molecules of type 2 versus the ability for 1

to adopt a binding pose similar to the crystal structure or A to be free from clash.

The eighteen molecules (Figure 5) were docked and the preferred
binding pose was used as input for the FEP+ calculations. The input
binding modes are provided in supporting information. T he F EP+
mapper generated 26 underlying pairwise perturbations (Figure S2
and Table S1). An additional 12 c onnections were added manually

for some pairs of molecules to ensure all compounds were involved
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in at least 3 pe rturbations, hence the complete mapper included 38
perturbations. Adding additional connections can provide improved
binding energy estimates for molecules with fewer connections on
the perimeter of the mapper. It can also improve error estimates by
the ¢ ycle ¢ losure m ethod a Ithoughi nt hisc aset hee xtra

perturbations had little effect.*®*

For the most part similarity scores
were h igh, r eflecting th e s uitability o fth is s et o f mo lecules f or

FEP+ calculations.>®
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Figure 5. Set of 18 proposed Ar groups coupled to scaffold A.

Aninitial 5 n s s imulation w as p erformed an d t he r esults ar e
shown in Figure 6 and Table 2. In general, the cycle closure errors

for e ach p redicted b inding f ree energy d ifference were good,
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ranging from 0.33 to 0.65 with a mean of 0.53 k cal/mol (Table 3).
Molecules 5 and 6 were predicted to be the most active, having a
calculated binding energy 4.66 and 4.01 kc al/mol more stable than
15. M olecules s uchas 17 and 18 were p redictedt ob el ess
favourable bi nders, w ith dG 0.26 a nd 0.59 k cal/mol hi gherin
energy than 15. Hence a broad range in predicted binding energies
was s een a cross t hese ¢ ompounds. T he F EP+ pr edicted e rror
(Bennett e rror) is a n e rror e stimate a rising from th e u nderlying
Bennett acceptance ratio (BAR) theory, see experimental section for
more de tails. T hus, the FEP+ predicted e rror had a ma ximum o f
0.89 with a mean of 0.65 kcal/mol (Table 3). The results from this
simulation, based on the default recommended approach, were used
to make the selection of molecules to synthesize.

Repeat 5 ns cal culations w ere p erformed t wo m ore time s u sing
new random s eeds to te st th e s tability o f th e r esults. T he r esults
based on the average for the three simulations are shown in Tables 2
and 3. The correlation coefficient between the single 5 ns simulation
and t he av erage o ft hrees eparate calculationsw asR > 0.97,
confirming ve ry similarr esults. T hes tandarde rrorsi n

measurements were generally s mall, r anging f rom 0.15t 00.31
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kcal/mol. Overall, the averaged results from the repeat calculations
did not diverge greatly from the single 5 ns simulation.

As in the retrospective application, cal culations w ere p erformed
for 1, 10 and 20 ns for each A step of the perturbations for all
molecules shown in Table 1. T he results and performance statistics
are summarized in Tables 2 and 3. The protein and ligand RMSD
for the end point A-replicas from the 20 ns simulations are provided
in supporting information Table S1. They confirm that the inhibitor
remained in its bound pose throughout the simulations with no large
proteinor 1 igand m ovementss een. Weha venot obs erved
difficulties of t hist ype f or FEP B ACEIl calculations a nd t he
retrospective calculations were similarly stable in this respect (data
not shown). For the 1 n s simulations the c ycle closure errors for
each predicted binding free energy difference ranged from 0.49 t o
091 w itha m eanof 0.79 kc al/mol. W hereas f ort he 10n s
simulation t imes t he ¢ ycle cl osure er rors f or each p erturbation
ranged from 0.40 to 0.77 with a mean of 0.56 kcal/mol. In turn, the
cycle closure errors for the 20 ns simulations ranged from 0.26 t o
0.53 with a mean of 0.45 kcal/mol. As seen for the retrospective
application, t heser esults s how i mprovementi ne rrors w ith

increasing simulation time. Likewise this is seen for the predicted
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Bennett error associated with each molecule’s estimated dG. The R?
correlation coefficient between the single 5 ns final predicted FEP+
dGandthel, 10 and20ns resultsw as0.9 6,0.95a nd 0.94
respectively. Hence again as seen in the retrospective application,
we obs erved good s tability o ft he p redicted d G w ith r espect t o
simulation time . T his s uggests th at th e extended s imulation time
had little imp acto nt he o verall o utcome o fth e c alculations.
However, the predicted errors improved with increasing simulation
time. T his is a n imp ortant f actor b ecause | ower e rrors pr ovide
additional ¢ onfidence thatis imp ortantto in itiate ¢ hemical
synthesis.

Based on t he results of the single F EP+ calculationrun at5 ns
MD simulation time (default approach) a selection of 9 m olecules
were s ynthesized, e ncompassing examples pr edicted t o be m ost
active, such as 5 and 7 but also m olecules p redicted t o be 1 ess
potent, such as 16 and 18. We chose molecules across the range of
predicted activity and with alternative Ar group substitution but also
that would be synthetically feasible given the difficulties to reach
spirocyclic BACEI i nhibitors of t hist ype. The s ynthetic r oute
developed t o a ccess s piroaminodihydropyrroles ( 35,3’R)-5-18 is
depictedi n Scheme 1 .F irstly, M ichael a ddition-cyclization
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methodology a s previously d escribed a fforded i ntermediate ( +)-
(2S,3R)-24. T hen,s ubsequentni tration,r eductiona nd
intramolecular n ucleophilic a romatic s ubstitutionle dto ( =*)-
(35,3’R)-27.T hisi ntermediatew ast henr educedt ot he
corresponding aniline (+)-(3S5,3°’R)-28 followed by r eplacement of
the amino group by a bromine to yield (+)-(35,3’R)-29. The amidine
(£)-(35,3’R)-31 wasr eachedi n at wo-step s equence i nvolving
thionation and treatment w ith aqueous ammonia. Finally, the nine
boronic aci ds s elected from t he F EP predictions ( Table 2) w ere
coupled vi a S uzuki r eaction, de livering t he f inal pr oducts ( *)-
(35,3’R)-5-18.

Compounds were screened in a BACE]1 inhibition assay and the
resulting pICs data are provided in Table 2. Chiral SFC separation
of the racemates allowed the isolation of both enantiomers. Only the
amidines w ith a bsolute ¢ onfiguration ( 35,3’R) (a 1o ft hem
dextrorotatory) were ac tivei nt he en zymatic assay, h ence ( +)
nomenclature us ed he re.”! The f inal m olecules t hat w ere t ested
versus BACE1 and reported in Table 2 were all in the (+)-(35,3’R)
form, although this full naming is omitted in much of the discussion
below. The m olecules were ¢ onsiderably m ore pot ent t han our

previous s piroaminodihydropyrrole containing an amide linker (2),
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but t hey can only b e considered m oderately a ctive co mpared t o
other optimized BACE] inhibitors such as 3 and 4. The most potent
example (+)-(35,3’R)-7 had a BACEI inhibition pICs of 6.94.

The o verall co rrelation b etween p redicted an d e xperimental d G
(kcal/mol) is shown in Figure 6 with details provided in Tables 2
and 3. F or a relatively s mall number of molecules, or for a small
range of binding energies, the R” can be less reliable and instead the
errors (MUE) in prediction can be of more use.’* Correlation for the
dataset run with a single 5 ns simulation time was R? 0.45 with a
mean uns igned e rror of 0.91 + 0.49 kc al/mol. O ne | arge out lier
affects the results. Molecule 5 was predicted to be the most active of
all examples, but turned out to have only a moderate potency, with
pICso 6.19. Interestingly, t he r esults c alculated as the av erage o f
three s eparate 5ns s imulations, s howed be tter R 2 and M UE
compared t o e xperiment, w ith va lues of 0.54 and 0.86+ 0.41
kcal/mol r espectively. C onsidering mo dification of th e s imulation
time, the R? and MUE for the 1 ns simulation time were 0.52 and
1.04 + 0.48 ke al/mol respectively, w hereas, with 10 ns simulation
they were 0.64 and 0.71 + 0.34 kc al/mol. For the 20 ns simulation
the corresponding R* and MUE were 0.68 and 0.59 + 0.29 kcal/mol.
Docking m ethods pe rformed w orset hant hel ongestF EP
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simulations. Glide SP and XP docking showed R correlation with
experiment of 0.11 a nd 0.35 respectively. Thisis as expected for
methods not de signed to pr edict r elative bi nding a ffinities of

congeners a nd ¢ onsistent w ith r ecent r eports.”> Also, a s imple
cLogP metric exhibited an R? of 0.31, s ee s upporting i nformation
Figure S 3. M M-GBSA cal culations b ased o nt he F EP s tarting
geometries and using a default approach without protein flexibility
provided an R * of 0.0 8. W hereas, M M-GBSA us inga f lexible
region around the binding site delivered an R? of 0.35, s ee Figure
S4 1 n's upporting i nformation. T hese ¢ omparative r esults w ere
similar to a recent study that used the same FEP+ implementation to
predict r elative bi nding e nergies of fragment-like mo lecules.”
Hence, F EP, p articularly with lo nger s imulation times, p erformed
better t han ¢ onventional m ethods and a veraging over r epeats and
using lo nger s imulation time u Itimately d elivered lo wer e rrors

compared with experiment.
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Scheme 1. Synthesis of spiroaminodihydropyrroles”
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(#)-(3S,3R)-11 (+)-(3S,3R)-14 (®)-(3S,3R)-15 (#)-(3S,3R)-16 (#)-(3S,3R)-18

*Reagents a nd ¢ onditions: (a) ethyl 4 ,4,4-trifluoro-trans-2-butenoate, N aH,
THF, rt, 6 h, 62 %; (b) HNO3, H,SO,, 0 °C, 30 min, 92 %; (c) NaBH,, THF, H,O,
rt, 1 h, 78 %; (d) NaH, DMF, rt, 1 h, 53 %; (e) H,, Pd/C, MeOH, rt, 16 h, 57 %;
(f) isoamyl nitrite, CuBr,, CH;CN, 65 °C, 5 h, 70 %; (g) P,Ss, THF, 80 °C, 16 h,
96 %; (h) NH; aq. and NH; 7 N in MeOH, 110 °C, 1 h, microwave, 91 %; (i)
ArB(OH),, Pd(PPhs),, NaHCO3, 1,4-dioxane, 70 °C, 16 h, 26-71 %.
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Figure 6. Correlation between FEP+ predicted and experimental binding energy
for t he pr ospective a pplication. A) R esults from single I, 5, 10 and20n s
simulation ti me F EP ¢ alculations a nd e xperimental d G ( kcal/mol) f or t he
synthesized set of BACE inhibitors. B) Results for three repeats of 5 ns
simulation, er ror b ars s how the standard er ror in measurement for cal culated

binding energy, see Tables 2 and 3.
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4.7.3. Discussion and conclusions

The predicted binding energies from 1, 10 a nd 20 ns simulations
were h ighly correlated tothe 5 ns results. H owever, t he cycle
closure error r educed with i ncreasing s imulation t ime f or bot h
applications. P rior to s ynthesis w e c annot know t he pe rformance
with respect to experiment, but observing improved stability in the
cycle ¢ losure e rror w ith in creasing s imulation time p rovides
confidence that e rrors a ssociated w ith insufficient sampling a re
likely to be eliminated. The results showed good correlation for the
predicted bi nding energies a nd e xperiment. Int he pr ospective
application, using repeat 5 ns simulations improved the correlation
and e rror v ersus e xperiment w hen ¢ ompared with a s ingle 5 ns
simulation. Increasing the simulation time also delivered better R*
and M UE statistics for the prospective application but did little to
improve t he results for t he r etrospective d ataset be yond t he 5 ns
simulation time. The FEP method outperformed docking and MM-
GBSA a pproachesi nbot hr etrospective andpr ospective
applications. However, some caution is needed because these results

were not significant within 90 % confidence intervals. The sampling
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provided by the FEP method appears most beneficial for a subset of
the molecules in both datasets, as discussed below.

Looking in more detail at the MUE it is apparent that there is an
improvement in the predicted binding energy for outliers such as the
3-ethoxyphenyl and 5-(prop-1-yn-1-yl)pyridin-3-yl in Table 1 and 5
in T able 2 w hen in creasing th e s imulation time . In a ddition, the
predicted binding energies for 10 and 11 were also improved for the
20 ns s imulations ¢ omparedt o1 and5ns .T hem ajority o f
compounds such as 8, 14, and 15, and many in the retrospective
application, showed no i mprovement in predicted vs e xperimental
binding w hen i ncreasing t he s imulation t ime. These ¢ ompounds
contained smaller less flexible P3 substituents and were converged
at 5 ns therefore not be nefiting from a dditional s ampling. H ence,
the improvement due to increased sampling time was not uni form
for a 1l mo lecules a nd o verall th e r esults a t d ifferent s imulations
times r emained h ighly correlated. H owever, t he b enefit o fex tra
sampling for s ome mo lecules was s een in the cy cle cl osure er ror
which reduced with longer simulations, confirming the value of this
parameter to understand the reliability o f the predictions ahead of
synthesis. Improvement due to sampling for a subset of molecules

has been seen before in free energy calculations on drug discovery
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datasets.”® The i mprovement f or onl ya m inority of m olecules
explains w hy s tatistically s ignificant d ifferences in th e M UE
between simulation times were not seen. For example, considering a
90 % confidence interval in the p rospective application, the 1 n s
FEP results showed MUE of 1.01 + 0.48 kc al/mol, whereas the 20
ns FEP simulations had MUE of 0.59 + 0.29 kcal/mol, Table 3.

In t he pr ospective a pplication, t he p yridines be aring t he | arger
acetylenic substituents provided higher predicted activity, such as 7
that was experimentally the most active. The binding mode for these
compounds features an H-bond be tween the p yridyl nitrogen to a
conserved water molecule t hat br idgest o Glyl1 ( numbered as
Gly59 in PDB 4JPC structure),” Figure 7. T his c onformationally
restrains the distal aromatic ring, and p ermits substituents meta to
the pyridyl nitrogen to access a deeper P3 subpocket going towards
Ser229 (Ser277 in PDB 4JPC) and displace water molecules in the
process ( compare t o ¢ rystal s tructure P DB 4 JPE® for i nstance).
Hence th e orientation o f th is h eteroaromatic ring is restrained on
ones ideb yt he H -bonda ndont he ot her byt hes ubstituent
accessing t he P 3 poc ket ( Figure 7A ). Overall, t his pr ovides a
relatively high degree of confidence in placing the molecules at the

start of the FEP+ calculations in what is likely to be their correct
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binding m ode. T his w as also t he c ase for m ost m olecules in the
retrospective application that only featured small structural changes
comparedt ot he crystal s tructure. M olecule 5 has as imilar
acetylenic substituent meta to the pyridyl nitrogen, but in this case it
contains a larger and more flexible distal methoxymethylene group.
This molecule was the largest outlier from both FEP+ applications.
It was predicted to be the most potent compound, approximately 0.9
kcal/mol m ore pot ent t han 7, but insteaditwaslesspotentby
approximately 1 kcal/mol. The quality of the prediction be nefited
from increased simulation time (Figure 6 A, Table 2). However, the
standard error in measurement for this compound in the 5 ns repeat
simulations ( Figure 6 B) w as n ot s ignificantly different fromthe
other m oleculesi nt hiss tudy, s uggestingi tdi dnot be have
differently du ring ne w r epeats. G iven t hat t he bi nding e nergy
prediction for this compound improved with increased sampling it is
plausible th at th e in itial s tarting g eometry for th e mo lecule o r
proteinw ass uboptimal ( Figure 7 B). T hef lexibledi stal
methoxymethylene was in close proximity to the protein surface and
may require the whole Ar ring to rotate to an alternative dihedral
orientation that may be challenging to sample given the size of the

substituent. Also, this substituent approaches the 10s loop of the P3
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pocket. This is known to be a region of conformational flexibility,*
hence, the protein may also need to adapt to this particular group
andm ay dosoona slowt imescalet hatbe nefits f rom e xtra
sampling. H ence, t he i mplication of t hisw orki st hat w here
uncertainty about e xact bi nding mo de e xists, lo nger s imulation
times than 5 ns should be considered.

Regarding the practicalities of using F EP+ for molecular design,
one ma in c onsideration is to maintain p ace w ith ¢ hemistry and
provide r ecommendationsi na t imelyw ay. Int hiss tudy, t he
calculations for a 5 ns perturbation in the protein complex took ~12
h running on 4 N VIDIA Tesla K20m GPUs and ~3.5 hin solvent.
In turn, 1, 10, a nd 20 ns perturbations in the protein complex took
~3,~24 and ~46 h respectively. We studied 32 and 18 c ompounds
and pe rformed a t otal of 62 a nd 38 pe rturbations f or our t wo
applications a nd m ultiple F EP+ r uns. R unning t he de fault 5 ns
binding e nergy pr edictions f or t he pr ospective a pplication on a
single 4 G PU K 20 node w ould take a pproximately 589 h. A tthe
time of performing this work we had access to 4 s uch nodes and
results could be attained in approximately 147 h (~6 days). This was
an ac ceptable time frame for this study, meaning results could be

discussed a mongst th e medicinal ¢ hemistry t eam w ithin a w eek.
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The 1 onger s imulation t imes a nd | arger num bers of compounds
clearly i mply i ncreased ¢ omputational ¢ ost. Int hisw orkw e
performed approximately 48 m icroseconds of ¢ ombined M D
simulations. When a pplying F EP+ in ot her p rojects w e are of ten
calculating larger sets of virtual molecules, up t o 60, 70 or 80 for
instance. T his of fers c onsiderable a dvantages to identify stand out
molecules w ith ex ceptionally h igh p redicted a ctivity, as w ell as
allowing many closer analogues to be calculated, hence providing
more reliable closer structural perturbations. As such we continue to
invest in GPU hardware to permit running larger sets of molecules
with FEP+.

The r ecent r eport of W ang efa I’* described mu ltiple F EP+
applications in drug discovery projects. One of the examples therein
was a n a pplication on B ACE1. T hey s tudied 36 m olecules ( 58
perturbations) and reporteda M UE o £0.84 kc al/molthatisin
agreement with our work for a single 5 ns simulation (MUE 0.91
kcal/mol). T he a uthorsa Isor eporteda na verage M UE for
applications on e ight di fferentt argets of approximately 0.9
kcal/mol. A nother r ecent s tudy b y s cientists f rom P fizer a pplied
FEPina pr ospective m annert o e valuate 17 pot ential S pleen
Tyrosine K inase ( Syk) Inhibitors. A Ithough on ly t wo e xamples
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fromt he calculations w eres ynthesizedt her esultsw erei n
agreement with one being predicted more and the other less potent
than t he r eference co mpound.” Along w ith o ther w ell-known
studies, s uch a s d esign of non -nucleoside i nhibitors of H IV-1
reverse transcriptase,”® these recent applications and our work here
show the potential of FEP for drug discovery and lead optimization.
Given the current high interest to attain the “Holy Grail” of accurate
binding e nergy pr edictions w ithin 1 kc al/mol of e xperiment’’ we
expect continued research and activity in this area.

Overall w e h ave d emonstrated a r etrospective an d p rospective
application of FEP+ for the design of new B ACEI inhibitors. The
retrospective a pplication s tudied 32 m olecules and s howed good
correlation b etween pr edicted a nd e xperimental bi nding e nergies,
which was largely consistent with respect to simulation time.

The 1 ongest s imulation time provided R > correlation and M UE
compared to experiment of 0.67 and 0.57 + 0.11 kcal/mol. A small
number of outliers benefited from extra sampling. The prospective
calculations w ere pe rformedona s etof 1 8 m oleculesa nd
subsequently 9 e xamples were synthesized. G ood agreement w ith
calculated and experimental activities was also seen, that improved

with increasing simulation time, also due to the reduction in errors
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for d ifficult o utliers u ntil r eaching R ? correlationa nd M UE
compared to experiment of 0.68 a nd 0.59 + 0.29 kcal/mol for the
longest simulation performed on all molecules, in the same range as
the retrospective application on a structurally similar dataset. Prior
to synthesis the cycle closure errors can be studied with respect to
simulationt imet hereby pr ovidingi ncreased ¢ onfidence f or
compound pr ioritization. T het rendi n M UE w ithi ncreasing
simulation time w as n ot s tatistically s ignificant f or th e w hole
dataset. Such results are well within acceptable accuracy for use in
prospective molecular design, arguably preferred to be better than 1
kcal/mol.”**7 Small improvements w ere a Iso s een w hen us ing
multiple r epeat ¢ alculations w ith th e s ame s imulation time a nd
averaging the results. The FEP calculations, particularly with longer
simulation time s, p rovided b etter r esults th an alternative d ocking
and MM-GBSA approaches for both retrospective and prospective
datasets. This work provides further evidence of the value of FEP
for m olecular d esign, pa rticularly w hen ha ving c onfidence in the

underlying binding mode and sufficient computational sampling.
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Figure 7. B inding mode of specified compounds. A) 7 showing o rientation o f d istal
aromatic r ing, water b ridged H -bond i nteraction to G lyl1 and ot her s elected a mino
acids. B ) 5 showinga c loseup o f the P 3p ocketa ndt hec lose fit oft he

methoxymethylene acetylenic group against the protein surface.
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Table 1. The retrospective application of FEP+ to predict the binding energies of a dataset of existing spirocyclic BACEI inhibitors taken

from Hunt et al Calculations were performed for 1, 5, 10 and 20 ns simulation time.

\N o
N ’<N 0
R
Calculations: FEP+ dG (kcal/mol)* Experimental’ MUE (kcal/mol)*
R 1 ns Sns 10 ns 20 ns Brﬁgil (kca(liglol)“ 1 ns Sns 10 ns 20 ns
Br -6.11 -6.21 -6.35 -6.44 443 -6.09 0.02 0.12 0.26 0.35
Phenyl -8.06 -8.38 -8.50 -8.74 6.34 -8.71 0.64 0.32 0.21 0.03
3-chlorophenyl -10.21 -10.00 -9.97 -9.81 7.62 -10.46 0.25 0.46 0.49 0.65
3-cyanophenyl -10.10 -10.08 -9.75 -9.58 7.03 -9.65 0.45 0.44 0.10 0.07
3-methoxyphenyl -9.70 -9.33 -9.14 -9.08 7.17 -9.84 0.14 0.51 0.70 0.76
2-methoxyphenyl -1.77 -8.30 -8.59 -8.67 5.77 -7.92 0.15 0.38 0.67 0.75
4-methoxyphenyl -6.91 -7.32 -7.76 -8.09 5.14 -7.06 0.15 0.26 0.70 1.03
3,5-dichlorophenyl -11.09 -10.88 -10.73 -10.84 7.55 -10.37 0.72 0.51 0.36 0.47
3-fluoro-5-methoxyphenyl -10.76 -10.25 -10.02 -9.88 7.21 -9.90 0.86 0.35 0.11 0.03
2-fluoro-5-methoxyphenyl -10.40 -9.90 -9.58 -9.42 7.22 -9.91 0.49 0.01 0.33 0.50
3-chloro-5-fluorophenyl -10.63 -10.48 -10.43 -10.40 741 -10.17 0.46 0.31 0.26 0.23
5-chloro-2-fluorophenyl -10.19 -10.03 -9.96 -9.90 7.44 -10.22 0.03 0.19 0.26 0.32
3-isopropoxyphenyl -8.25 -8.63 -8.81 -8.91 5.54 -7.61 0.64 1.02 1.20 1.30
3-ethoxyphenyl -11.53 -10.71 -10.28 -9.85 7.15 -9.82 1.71 0.89 0.46 0.02
3-(trifluoromethyl)phenyl -9.13 -9.07 -8.99 -8.93 7.13 -9.79 0.66 0.72 0.80 0.86
3-(methylthio)phenyl -9.98 -9.71 -9.47 -9.45 6.46 -8.87 1.11 0.84 0.60 0.57
3-(difluoromethoxy)phenyl -10.98 -10.36 -9.87 -9.59 7.55 -10.37 0.61 0.01 0.50 0.78
3-fluorophenyl -9.11 -9.30 -9.41 -9.39 7.00 -9.61 0.50 0.31 0.21 0.23
Cyclohexyl -7.88 -7.66 -7.90 -8.28 6.56 -9.00 1.12 1.34 1.10 0.72
-OCH,CH(Me), -8.26 -7.49 -7.66 -7.80 6.37 -8.74 0.48 1.25 1.08 0.94
Piperidin-1-yl -8.16 -8.07 -8.23 -8.35 5.06 -6.95 1.21 1.12 1.28 1.40
Pyridin-3-yl -8.19 -8.66 -8.75 -8.90 6.95 -9.54 1.35 0.88 0.79 0.64
Pyridin-2-yl -7.11 -7.61 -7.92 -8.09 5.63 -1.72 0.61 0.11 0.19 0.36
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Pyridin-4-yl 7.26 774 792 | -8.19 5.20 7.14 0.12 0.60 0.78 1.04
5-chloropyridin-3-yl 1021 1021 | -10.13 | -9.98 747 -10.25 0.04 0.04 0.12 0.28
5-(trifluoromethyl)pyridin-3-yl 9.32 9.29 923 | -9.18 7.20 -0.88 0.56 0.59 0.66 0.71
5-(prop-1-yn-1-ypyridin-3-yl -14.01 1340 | -12.81 | -12.20 8.00 -10.98 3.03 242 1.83 1.21
2-fluoropyridin-3-yl -8.30 -8.58 8.83 | -8.98 6.89 9.45 .15 0.87 0.62 048
5-fluoropyridin-3-yl 9.10 921 925 | -9.30 6.84 -9.39 0.29 0.18 0.14 0.09
Pyrimidin-5-yl -7.90 8.73 880 | -8.83 6.82 9.36 1.46 0.63 0.56 0.54
Tsothioazol-5-yl 771 773 810 | -8.18 6.30 -8.65 0.94 0.92 0.55 047
o
;\g »\Q -8.19 9.18 944 | -9.42 6.64 9.11 0.92 0.07 0.33 0.30

Footnotes: * FEP estimated error from the calculation in kcal/mol in parenthesis. ° Taken from the reference of Hunt ef a/ based on
conversion of differences in pICs into kcal/mol, T = 300K. ¢ based on normalising the FEP+ relative dG to the experimental dG by mean
centered difference (kcal/mol), see Table 3 for summary of average MUE for each of the FEP+ calculations. ° 3-fluorophenyl was the

reference for the FEP calculations.
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Table 2. The prospective application o f F EP+ to predict the b inding e nergies o f newly d esigned B ACE1 inhibitors. C alculations were

performed for 1,5, 10 and 20 ns simulation time on the set of 1 8 molecules, including results for the average ofthree repeats of 5ns

simulations.
H CF 3
N
e
Ar
p Calculations: FEP+ dG (kcal/mol) Chosen for Experimental MUE (kcal/mol)
d Ar 1ns 5 s’ 5ns® 10 ns 20 ns synthesis BACEI dG 1 ns 5 ns 5ns° 10 ns 20 ns
) pICso (kcal/mol)*
11.57 11.66 -11.20 10.72 10.44
5 | L P 0.97) P P Yes 6.19 -8.50 3.07 3.16 2.70 222 1.94
R (1.03) (0.75) [0.20] (0.72) (0.59)
6 | -11.46 -11.01 _(%)09‘95 -10.86 -10.53 No n.m n.m n.m n.m n.m n.m n.m
N N (1.16) (0.73) [0.15] (0.84) (0.62)
-10.29
= -10.81 -10.23 -10.08 -9.90
7 N \ (0.98) (0.8) (0.81) (0.65) (0.60) Yes 6.94 -9.53 1.28 0.70 0.76 0.55 0.37
AN [0.23]
/& 8.39 -8.48 8.52 8.51
8 -8.39 (1.06) Iy (0.84) by Y Yes 5.96 -8.18 0.21 0.21 0.30 0.34 0.33
e N (0.73) [0.26] (0.74) 0.72)
-8.41
9 Ni | -9.19 (1.24) (_5592) (1.10) (_(?;27) (_(?625?) No n.m. n.m. n.m. n.m. n.m. n.m. n.m.
N : [0.26] : :
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-8.24 _g 526 -8.48 | -8.53 Yes 6.59 9.05 0.86 0.81 0.69 0.57 0.52

10 19(113) |05 E0229§ 088 | @)

Cl N

-8.05 _g 7223 839 | 877 Yes 6.54 -8.98 0.92 0.93 0.75 0.39 021

1 -8.06 (1.00) 0.72) Eoéﬁ 0.75) | (0.65)

Cl >

-7.98 (_ggg) 771 773 No n.m. n.m. n.m. n.m. n.m. n.m. n.m.

-8.24 (0.90) : . 065 053

12 Iy ( o) | 019 | 0 | 05
777 -gg;) -7.40 747 No n.m. n.m. n.m. n.m. n.m. n.m. n.m.

-8.05 (0.49 ' (. . o

BT e, | 30509 056 030 | ©40 | 034
-7:39 ('07';5) 735 ) 733 Yes 5.48 7.52 0.08 0.13 0.10 0.17 0.17

Z - .87 : . 5

i | 744087 |\ 051 029] | @7 | ©53)
=7.00 _g '19;‘ -6.99 -7.00 Yes 5.55 -7.62 0.55 0.62 0.68 0.63 0.62

15 7070000 |4 o) E ol 9% (0.0) (0.0

- .

-6.74 (-(? gf) TS 722 Yes 5.65 776 1.09 102 | 098 | 06l 0.54

Z 667 (1.20 : _ _ e

AN (1:20) | (0.66) 021 | @7 | ©68)
-6.74 (-(?;)15) ~7.31 ~7.29 No n.m. n.m. n.m. n.m. n.m. n.m. n.m.

17 i I, -6.95(140) | 83) [0.29] 091) | (0.77)
-6.41 (_06 fsg) “6.09 1 -6.38 Yes 5.12 -7.03 134 0.62 0.75 0.94 0.65

= -5.69 (0.87) : . 053 | @31

~
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-6.40 “6.19 -6.29 -6.43

(0.56) 0.53) | (0.50)

= -
19 g ‘ 5.61 (1.16) (0.65) Eggg (0.90) (0.63) No n.m. n.m. n.m. n.m. n.m. n.m. n.m.
-6.43
-6.33 -6.92 -6.81
20 z -6.25 (1.16 0.69 N m. m. .m. .m. m. m. m.
e ‘ . (1.16) (0.74) %0.3()% (0.75) (0.69) o n.m n.m n.m n.m n.m n.m n.m
-5.95
-6.10 -5.91 -5.92
21 5% _ -6.49 (0.73) (0.55) %8?6? 0.57) (0.42) No n.m. n.m. n.m. n.m. n.m. n.m. n.m.
-5.94
22 N%\@ J\ -5.90 (0.81) -6.07 (0.67) 6.12 -6.32 No n.m. n.m. n.m. n.m. n.m. n.m. n.m.

[0.21]

Footnotes: All molecules had (+)-(3S5,3’R) chirality. n.m. not measured. Molecules named with ‘+’ showed positive o ptical rotation,
whereas those which were not synthesized could not be analysed. All (3S,3’R) enantiomers were used for the computational work. * FEP
estimated error from the calculation in kcal/mol in parenthesis. Compound 15 was the reference for the FEP calculations. ® FEP results from
the first single 5 ns simulation. “ FEP results based on average from three separate 5 ns simulations, standard error in measurement provided
in square parentheses. “ based on conversion of differences in pICs, into kcal/mol, T = 300K. ¢ based on normalising the FEP+ relative dG to

the experimental dG by mean centered difference (kcal/mol), see Table 3 for summary of average MUE for each of the FEP+ calculations.

240




Table 3. Summary of performance statistics for the different FEP+ calculations.

FEP+ predicted error . . .

FEP+ Cycle Closure Error (kcal/mol) (keal/mol) Comparison with experiment

calculations: ) R? correlation MUE?
Min Max Mean Max Mean coefficient (kcal/mol)

Retrospective application on known BACE] inhibitors (32 molecules, 62 perturbations)
1 ns 0.08 0.59 0.36 0.80 0.62 0.67 0.71+0.18
5 ns 0.06 0.71 0.34 0.98 0.66 0.69 0.58+£0.15
10 ns 0.06 0.53 0.33 0.83 0.62 0.68 0.57+0.12
20 ns 0.05 0.38 0.22 0.65 0.50 0.67 0.57+0.11
Prospective application for design of new BACE] inhibitors (18 molecules of which 9 synthesized, 38 perturbations)
1 ns 0.49 091 0.79 1.40 0.96 0.52 1.04 +£0.48
5 ns 0.33 0.65 0.53 0.89 0.65 0.45 091 +£0.49
> ns 3 repeat 0.39 0.88 0.69 1.10 0.77 0.54 0.86+0.41
averaged

10 ns 0.40 0.77 0.56 091 0.68 0.64 0.71+0.34
20 ns 0.26 0.53 0.45 0.77 0.57 0.68 0.59+0.29

* The mean unsigned error is provided with 90 % confidence intervals
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4.7.4. Experimental section

Computational conformational analysis. Conformational search
was performed with Mixed torsional/Low mode sampling available
in M aestro v2015 -3, using the O PLSv3 force f ield,5 ¥ solvent and
other parameters set at default. Conformers within 10 kcal/mol from
the global minimum were passed to QM minimization with Jaguar
atth e B 3LYP le vel o fth eory u singth e LACVP** ( necessary
because of the Bromine atom in 1) that uses a 6 -31G** basis with
an e ffective core potential for the Br, solvation was included with
the Poisson Boltzmann Finite (PBF) water model. To exclude very
similar ¢ onformations, QM min imized s tructures w ithin 0.2 A
RMSD of another were removed.

Computational do cking pr ocedure. Docking w as pe rformed
using the G lide s oftware ( Release 2015 -3) from Schrodinger. A 11
BACEI P rotein D ata B ank™ (PDB) s tructures w ere s earched t o
identify s tructure w ith ID 4 JPC* thathadas pricocyclic I igand
structurally s imilar t o t hose unde r s tudy he rein. T he pr otein w as
prepared for doc king as follows. F irstly, 4] PC was i mported into
Maestro® and s tructure p reparation w as pe rformed us ingt he

Protein P reparation W izard®' with d efault s ettings to fix mis sing
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sidechains/atoms, assign protein protonation states with PROPKA,*
optimize the hydrogen bonding network, assign ligand charges, and
relax crystal contacts with a b rief min imization to RMSD 0.5 A .
The catalytic aspartates were treated in their unionized states. The
ligand crystalized in 4JPC was used to place the docking grid box.
All act ive s ite waters were r etained an d t reated as p art o ft he
receptor grid. Two H-bond constraints on the Asp from the catalytic
center (Asp289 and Asp93, often referred to as Asp228 and Asp32,
respectively) w ere ¢ hosen t o pe rform t he doc king. T he e ighteen
ligand molecules were prepared for docking using the LigPrep tool.
All default settings were used except ionization was explicitly set to
ensure all ligands w ere protonated on t he amino p yrrolidine ring.
The ligands were parameterized for use with the OPLS force field
up front using the tools available in Maestro, for partial charges and
newly calculated force field parameters see supporting information.
ConfGen® with f ast s ettings w as u sed to d erive mu Itiple 3 D
conformers for each molecule. All conformers were then passed as
input to the Glide XP docking thereby producing multiple docking
solutions f or e ach ¢ onformer of e ach m olecule. T he G lide X P
scoring function was u sed, but s ampling w as increased t hrough

modifyinga num ber of pa rameters w ithin Glide: e xpanded
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sampling was turned on, and 15 i nitial poses were passed to post-
docking minimization. All other docking parameters were set to the
defaults. Results were then aggregated at the level of each molecule
and the be st pos es inspected. F or pe rformance c omparisons G lide
SP doc king a nd M M-GBSA cal culations w ere al so p erformed.
Glide SP docking was run with default settings, a new grid of 20 A
centered on A sp80 (4JPC amino acid num bering), and pe rmitting
ligands up to 20 Angstroms in length. The MM-GBSA calculations
were run w ith t he s ame X P doc king poses used as input for the
subsequent FEP calculations. The VSGB solvation model was used
along w ith f orce field minimization of the ligand and a de fault
approach with no protein minimization and a second approach with
an 8 A radius of the surrounding binding site (using the same active
region for all ligands).

Computational F EP pr ocedure. Allc alculations w ere
conducted us ing ve rsion 2015 -3 of t he S chrodinger m olecular
modeling s uite. T he F EP m ethodology us ed here c ombines a n
accurate m odern f orce field, O PLSv3 ( with pa rameterisation for
eachl igand calculated u p f ront),* the e fficient G PU-enabled
parallel m olecular d ynamics e ngine D esmond ve rsion 3.9, ® the

66,67

REST e nhanced s ampling t echnique and t he cycle-closure
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correction a Igorithm® to i ncorporate r edundant i nformation i nto
free energy estimates, it is o ften referred to as FEP+. Calculations
were conducted using the F EP+ mapper t echnology® to automate
setup and analysis. Desmond uses soft core potentials to overcome
possible van der Waals endpoint instabilities at A 0 and 1. Overall
default c omputation pr otocols w ere us ed w ith a 5 ns s imulation
length f or 1 igands bot hi n c omplex a nd in s olution. T he 5 ns

simulation on the prospective dataset was repeated to compare with
data based on the average of three separate calculations. Each repeat
used a di fferentr andoms eedt o pr ovide a lternative r andom
velocities to start each MD simulation. In addition we performed 1,
10 and 20 ns simulations for comparison with the recommended 5
ns default approach. These additional and longer simulations were
performed for all molecules, not just outliers or any smaller subset.
Also of note, these additional simulations w ere run independently
from the beginning (0 ns), not as extensions of the 5 ns simulations
for 1 nstance. A s m entioned a bove, t he F EP+ cal culations w ere
performed with t he m olecules in t he c hosen do cked poseinthe
4JPC BACEI crystal structure as starting conformation. Molecules
were treated in an ionized form and missing force field parameters

were calculated up front. Proteins were prepared as described above
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for the docking calculations using the Protein Preparation Wizard in
Maestro. All resolved crystal water molecules were retained for the
free energy s imulations. T he r esults of the s imulations w ith 5 ns
simulation time were used to define the molecules recommended for
synthesis in the prospective application. We report theoretical error
estimates based on cycle closure methodology, the theoretical FEP+
predicted e rror and a Iso t he m ean uns igned e rror ¢ ompared t o
experiment. T he cycle closure error assesses the reliability of the
predictions by determining how much the sum of the calculated free
energy ch anges, for each cl osed t hermodynamic c ycle w ithin t he
FEP+ mapper, deviates from the theoretical value of 0.®® The FEP+
theoretical e rror ( Bennett e rror)i s d erived f romt he B ennett
acceptance r atio ( BAR) analytical error as the s quare root o fthe
estimated variance of the total free energy.68'70

Enzymatic B ACE1 as say. BACEI] en zymatic act ivity w as
assessed by a FRET a ssay u sing an a myloid pr ecursor pr otein
(APP) derived 13 a mino acids peptide that contains the ‘ Swedish’
Lys-Met/Asn-Leu mutation of the APP beta-secretase cleavage site
as a substrate (Bachem cat No. M-2465) and soluble BACE1(1-454)

(Aurigene, C ustom made). T hiss ubstratec ontainst wo

fluorophores, ( 7-methoxycoumarin-4-yl) acetic aci d ( Mca)i s a
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fluorescent dono r w ith e xcitation w avelengtha t320nm a nd
emission at 405 nm and 2,4 -dinitrophenyl ( Dnp) is a pr oprietary
quencher acceptor. The increase in fluorescence is linearly related
to the rate of proteolysis. In a 384-well format, BACEI is incubated
with the substrate and the inhibitor. T he amount of proteolysisis
directly m easured b y fluorescence measurement in the F luoroskan
microplate fluorometer ( Thermo scientific). For the low control no
enzyme was added to the reaction mixture.

Chemistry.

Synthetic R oute: T he s ynthetic r oute de velopedt oa ccess
spiroaminodihydropyrroles (3S5,3’R)-5-18 is depicted in Scheme 1.
Firstly, taking advantage of the one -pot diastereoselective tandem
Michael a ddition-cyclization m ethodology f or t he s ynthesis of
polyfluorosubstituted py rrolidones w e pr eviously d escribed,'
intermediate (£)-(25,3R)-24 was prepared by reaction between (=+)-
23 and ethyl 4,4,4 -trifluoro-trans-2-butenoate. T hen, regioselective
nitration in th e para position to th e a romatic f luorine u sing a
mixture of HNO3/H,SO4 afforded ()-(2S,3R)-25 in excellent yield.
Subsequent r eduction of t he e ster g roup w ith N aBH4 provided
alcohol ( £)-(4R,55)-26 in a Imost q vantitative yield. D ueto the
presence of the nitro group, the activated aromatic fluorine in (£)-
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(4R,55)-26 easilyund erwentt hei ntramolecular nuc leophilic
aromatic s ubstitution by attack ofthe alcohol using NaH as b ase,
generating ( +)-(35,3’R)-27. W ith in termediate ( +)-(3S5,3°R)-27 in
hand, reduction of the nitro group to the corresponding aniline (+)-
(35,3’R)-28 by h ydrogenation, f ollowed b y replacement of t he
amino group by a bromine via S andmeyer r eaction a fforded (+)-
(35,3’ R)-29. Synthesis of amidine (£)-(35,3’R)-31 from amide (+)-
(35,3’R)-29 wasp erformedb yat wo-step s equence i nvolving
thionation and treatment with aqueous ammonia under microwave
irradiation. N ine bor onic a cids s elected f rom t he pr oposed s et
(Figure 4) w ere coupled to (£)-(35,3’R)-31 via S uzuki r eaction,
allowing access to final products (£)-(35,3’R)-5-18.

General M ethods. U nless ot herwise not ed, a 1l r eagents a nd
solvents were obtained from commercial suppliers and used without
further purification. Thin layer chromatography (TLC) was carried
outons ilicag el60F 254 pl ates ( Merck). F lash ¢ olumn
chromatography w as p erformed on s ilica ge 1, particle size 60 A ,
mesh of 230—400 (Merck), under standard techniques. Microwave
assisted reactions were performed in a single-mode reactor: Biotage
Initiator S ixty mic rowave r eactor ( Biotage) o rin a mu Itimode
reactor: M icroSYNTH Labstation (Milestone, I nc.). N uclear

248



magnetic r esonance ( NMR) s pectra w ere r ecorded w ith ei ther a
Bruker DPX-400 or a Bruker AV-500 spectrometer (broaduker AG)
with s tandard pul se s equences ope rating at 400 a nd 500 M Hz,
respectively, u sing C DCl; and D MSO-ds as solvents. C hemical
shifts (0) are reported in parts per million (ppm) dow nfield from
tetramethylsilane (6 = 0). Coupling constants are reported in hertz.
Splitting patterns are defined by s (singlet), d (doublet), dd (double
doublet), t (triplet), q (quartet), or m (multiplet). High resolution
mass s pectraw erer ecordedo naQ ToFm asss pectrometer
configured with a n e lectrospray i onization s ource, m aintained a t
140 °C, using nitrogen as the nebulizer gas, argon as collision gas
and Lockmassd evice f orm ass calibrationus ing Leucine-
Enkephaline as standard substance. Spectra were acquired either in
positive or in ne gative ionization m ode, by s canning from 50 t o
1200 Dain 0.1 s . In positive m ode, t he c apillary ne edle vol tage
could vary from 0.25t 0 2.0 kV . In negative m ode, t he cap illary
needle vol tage w as 2.0 kV . C one vol tagew as25V 1inboth
ionization m odes. O ptical r otations w ere m easured on a P erkin-
Elmer 341 polarimeter with a sodium lamp and reported as follows:
[a]"p (A, ¢ g/100 mL, solvent). Melting points (mp) were determined
with a D SC823e ( Mettler-Toledo) a pparatus and m easured with a
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temperature gradient of 10 °C/min. Maximum temperature was 300
°C. P eak v alues w ere r ecorded. Values are p eak v aluesandare
obtained w ith e xperimental u ncertaintiest hatar e commonly
associated w ith th is a nalytical me thod. P uritieso fa lln ew
compounds were determined by analytical RPHPLC using the area
percentage method on the UV trace recorded at a wavelength of 254
nm and were found to have >95% purity unless otherwise specified.
Synthetic p rotocols. General Sy nthetic P rocedure f ort he
preparation of ¢ ompounds (£)-(3S,3°’R)-5-18. Pd(PPhs)s (0.15
equiv) was added to a degassed suspension of (£)-(35,3’R)-31 (1.0
equiv), t he ¢ orresponding a ryl bor onica cid (1.5e quiv)a nd
NaHCOj; aq. sat. solution (0.69 M) in 1,4-dioxane (0.28 M) and the
suspension was stirred at 70 °C for 16 h. T he mixture was allowed
tocool tortand the solvent was evaporated in vacuo. The crude
product w as pur ified b y flash ¢ olumn c hromatography (dry I oad)
(silica gel; 7 M solution of ammonia in MeOH in DCM, from 0/100
to 4/96). The desired fractions were collected and concentrated in
vacuo to yield the corresponding analogue (£)-(35,3’R)-5-18. The
racemates (+)-(3S,3’R)-5-18 were purified by chiral SFC to afford

(1)-(35,3’R)-5-18 and (-)-(3R,3°S)-5-18.
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4.7.5. Supporting information

Figure S1. The FEP+ mapper output sgwing the molecular perturbations

performed in the calculations for the retrospective application. The numbers on

each edge represent the similarity score between the pairs of molecules.

251



Figure S2. The FEP+ mapper output showing the molecular perturbations performed in the calculations for the prospective application. The

numbers on each edge represent the similarity score between the pairs of molecules.
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Table S1. Protein back-bone and Ligand RMSD for all perturbations from 20 ns FEP simulations run in the prospective application.

RMSD for protein shows the two end points of the perturbation, A = 0 and 1. RMSD of both ligands is with respect to the protein.
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5. Conclusions

General conclusions

This w ork of fers further ¢ onfidence for t he i mportant r ole t hat
computationa nds imulationc anha vei nf urtheringou r
understanding of biology and chemistry problems.

Overall, in th is th esiss tate o fth e art mo lecular d ynamics
applications ha ve c ontributed unde rstanding of bi ological
phenomena, such as, the mechanism of action of a complex GPCR
heterotetramer, the allosteric modulation of class C GPCRs, and the
more accurate prediction of binding energies for drug discovery

5.1. The q uaternarys tructure o f the a denosine A ;-Aja
receptor heteromer

Using ¢ omputer m odeling, aided b y bi oluminescence r esonance
energy t ransfer a ssays to m onitor r eceptor ho momerization a nd
heteromerization a nd G -protein ¢ oupling, w e pr edictedt he
interacting in terfaces ofth e Aj-AjpHet and pr opose
a quaternary structure o f the GPCR te tramer in complex with two
different G p roteins ( Gia nd G s). T he m olecular architecture
consists of a rhombus-shaped heterotetramer, which is bound to two

interacting h eterotrimeric G p roteins in th e external p rotomers.
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Thesenove 1r esultsc onstitutea ni mportanta dvancei n
understanding the molecular intricacies involved in GPCR function.

5.2. Allosteric modulators of class C GPCRs

I have performed ac ombined e xperimental a nd c omputational
study to reveal for the first time that allosteric modulators of mGlu,
receptors interact w ith th e homologous ¢ trigger switch’ an d
‘transmission switch’ amino acids as seen in class A GPCRs. I have
built pha rmacophore m odels f or positive (PAMs) a nd n egative
(NAMs) allosteric modulators and proposed the binding modes of 3
PAMs and 3 N AMs using SAR and mutagenesis data provided by
Janssen. F urthermore, Iha ve e valuatedt he p roposed doc king
models by M D s imulations. A nalysis o fthe M D tr ajectories h as
provided key information about the modulation of class C GPCRs
by either PAMSs or NAMs concluding that this modulation involves
rearrangement of homologous ‘switches’ as (in)activation of class A
by either orthosteric antagonists or agonists.

5.3. Design selective beta-secretase-1 inhibitors

Free energy pe rturbation is an important c omputational t ool for
predicting r elative bi nding e nergies be tween 1 igands a nd pr otein

targets.
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Novel s piroaminodihydropyrroles pr obing for opt imized
interactions at t he P 3 p ocket o f beta-secretase-1 (B ACEl) w ere
designed with the use of FEP calculations. A set of 18 functional
groups t argetingt he P 3 p ocketo f BACEl were s elected f or
calculations. B ased on the F EP pr edictions, 9 ¢ ompounds w ere
selected for s ynthesis and pharmacological evaluation. The quality
of t he pr ediction be nefited f rom i ncreased s imulation t ime. T he
selected substituents approach the 10s loop of the P3 pocket. This is
knownt o be a r egion of ¢ onformational f lexibility, he nce, t he
protein may also need to adapt to this particular group and may do
so on a slow timescale that benefits from extra sampling. Additional
retrospective application w as a Isos tudiedi nt hisw ork. The
retrospective application s tudied 32 m olecules a nd s howed good
correlation b etween p redicted and e xperimental bi nding energies,
which was largely consistent with respect to simulation time. Our
simulations s howed good ¢ orrelation be tween pr edicted and
experimental binding energies.

The F EP m ethod ou tperformed do ckinga nd M M-GBSA

approaches in both retrospective and prospective applications.
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