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ABSTRACT

(8)-3,4-dicarboxyphenylglycine (DCPG) was first reported in 2001 as a potent orthosteric
agonist with high subtype selectivity for the mGlug receptor, but the structural basis for its high
selectivity is not well understood. We have solved a co-crystal structure of recombinant human
mGlug amino terminal domain (ATD) protein bound to (S)-DCPG, which possesses the largest
lobe opening angle observed to date among known agonist-bound mGlu ATD crystal structures.
The binding conformation of (S)-DCPG observed in the crystal structure is significantly different
from that in the homology model built from an L-Glutamate-bound rat mGlu; ATD crystal
structure, which has a smaller lobe opening angle. This highlights the importance of considering
various lobe opening angles when modeling mGlu ATD-ligand complex. New homology models
of other mGlu receptors based on the (S)-DCPG-bound mGlug ATD crystal structure were

explored to rationalize (S)-DCPG’s high mGlug receptor subtype selectivity.
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INTRODUCTION

Metabotropic glutamate (mGlu) receptors are members of the class C family of G-protein
coupled receptors (GPCRs) that modulate cellular responses to the excitatory neurotransmitter L-
Glutamic acid (L-Glu) in many synapses in the central nervous system (CNS).'” In addition to
modulating glutamatergic neurotransmission, they are also thought to affect dopaminergic and
adrenergic neurotransmission.” As a result, they have been implicated in a number of
neurological and psychiatric disorders.*” To date, eight subtypes of mGlu receptors have been
identified and classified into three subgroups (Group I-III) based on sequence homology, agonist
pharmacology and signal transduction mechanisms. While Group I (mGlu; and mGlus) receptors
are Gg-coupled and primarily localized in the postsynaptic density, Group II (mGlu, and mGlus)
and Group III (mGluy, mGlug, mGlu; and mGlug) receptors predominantly signal via Gy, and are
principally localized on presynaptic terminals where they function as auto-receptors to limit
excessive transmitter release. Structurally, all mGlu receptors possess a large extracellular amino
terminal domain (ATD) containing two globular lobes with a hinge region, and a cysteine-rich
linker connecting the ATD to the 7-transmembrane (7-TM) domain. The glutamate-binding
(orthosteric) site is situated between the two globular lobes proximal to the hinge region.
Glutamate-mediated receptor activation can be positively or negatively modulated by ligands
binding to the allosteric sites in the 7-TM domain.®® Theoretically, selective modulation of the
group III mGlu receptors can be accomplished through ligand binding at either the orthosteric or
the allosteric site. However, since each of the mGlu receptors utilize glutamate as the
endogenous orthosteric ligand and express nearly identical glutamate interacting residues,
identification of subtype selective agonists has been challenging, though not impossible. On the

other hand, it may be more likely to achieve subtype selectivity through the more structurally
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diverse allosteric binding sites.”'° Recently, many mGlu, subtype selective positive allosteric

modulators (PAMs) have been reported,''?' though only a few reports describing selective

allosteric ligands for mGlu; and mGlug have emerged.zz'25

The mGlug receptor has been implicated in a number of CNS disorders. Activation of the
mGlug receptor has shown promising results in preclinical animal models for anxiety,”
hyperalgesia,”’ addiction,” and convulsion.”> These results were further supported by studies
in the mGlu8 knockout mice.”'* There are only a few reagents capable of activating the mGlug
receptor in the literature with good potency and selectivity.”> Two of the most widely used such
activators are L-2-amino-4-phosphonobutyric acid (L-AP4, ECsy of 0.31, 0.055 and 0.06 uM for
mGlus, mGlug, mGlug respectively, and over 100 pM for all other mGlu receptors)*®>" and (S)-
3,4-dicarboxyphenylglycine (DCPG, ECsy of 31 nM for mGlug, and >100 fold selectivity over all
other mGlu receptors, Figure 1),>’ which were reported almost two decades ago as the first
Group III selective and mGlug subtype selective orthosteric agonists, respectively. (S)-4-
phosphonophenylglycine (PPG, Figure 1) is another compound that was reported to be mGlug
selective, but the racemic mixture is not only about 7 fold less potent than (S)-DCPG but also >5
fold lower in subtype selectivity.”® The discovery of additional orthosteric ligands that are
either pan-group III selective or subtype selective within Group III mGlu receptors have been
limited, in part due to the lack of high-resolution structural information on the underlying
receptor-ligand interactions. Recently, an extended pocket proximal to the orthosteric binding
site of the mGluy receptor was proposed based on computational homology modeling leading to
the identification of both group III- and mGlug-selective agonists.*

X-ray crystallography has been proven as a powerful tool for elucidating the molecular

interactions between a protein and its ligand owing to the potential of obtaining structural
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information at the atomic resolution. The ligand-bound protein crystal structures often provide
insights that explain the ligand interaction and the observed selectivity. Through iterative
structure-based ligand design cycles, one may improve both potency and selectivity for the target
protein. Crystal structures of the ATD of mGlu;, mGlu,, mGlu; and mGlu; receptors have been
elucidated in both the apo and ligand-bound forms.”*! Over the years, we have designed and
discovered both mGlu242 and mGlu351 subtype selective orthosteric agonists with high functional
potency and binding affinity. The exquisite potency and specificity of these ligands can be
rationalized through detailed and insightful analyses of the receptor-ligand interactions observed
in the crystal structures. In an effort to expand these results to the Group III receptor subtypes,
we sought to understand the observed mGlug potency and subtype selectivity of (S)-DCPG®’ by
computational homology modeling and molecular docking using the available X-ray crystal
structures of other mGlu receptors, followed by co-crystallizations of recombinant human mGlug
(hmGlug) ATD protein with different orthosteric agonists. We recently reported the first crystal
structures of hmGlug ATD proteins bound to the endogenous L-Glu and its synthetic analog L-
AP4, a Group III mGlu receptor selective agonist.”? These structures revealed the distal
phosphonate moiety of L-AP4 as the key for its Group III agonist potency and selectivity due to
the moiety’s double negative charge nature and steric bulk. However, docking studies of (S)-
DCPG in either the hmGlug homology model built from the rat mGlu; (rmGlu,) crystal structure
(PDB ID: 1EWK)" or the newly obtained L-Glu or L-AP4-bound hmGlug ATD crystal
structures (PDB IDs: 6BSZ and 6BTY) failed to provide a convincing rationale for (S)-DCPG’s
exquisite mGlug subtype selectivity. In the end, we were able to obtain a crystal structure of (S)-
DCPG bound to hmGlug ATD protein, in which we observed remarkable differences in

comparison to the L-Glu and L-AP4-bound hmGlug ATD structures and other known mGlu
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receptor structures in their quaternary and tertiary structures. The molecular basis for (S)-
DCPG’s mGlug subtype potency and selectivity as well as insights learned from these studies in

the context of aiding structure-based drug design are discussed.

(S)-DCPG (S)-PPG L-AP4 L-glu

Figure 1. Chemical Structures for (S)-DCPG, (S)-PPG, L-AP4 and L-Glu.

RESULTS and DISCUSSION

Structure of (S)-DCPG-hmGlug ATD complex. Recently, we disclosed the first hmGlug
ATD structures bound to L-Glu and L-AP4.% These two structures were instrumental in
understanding the L-AP4’s potency and group selectivity for the Group III mGlu receptors. The
mGlug subtype selective agonist (5)-DCPG differs from L-AP4 chemically and
pharmacologically. Chemically, while L-AP4 is a simple phosphonic acid analog of L-Glu, (S)-
DCPG contains two carboxylate moieties connected through a rigid and bulkier benzene linker.
Pharmacologically, L-AP4 displays roughly equal potency at mGlug and mGlug receptors, and is
highly selective against mGlu;, mGlu,, mGlu;, mGlus and mGlu; receptors. In contrast, (5)-
DCPG is highly potent only at the mGlug receptor and displays very high selectivity (>100x)
against all other mGlu receptors.”” The highly positively charged environment of the orthosteric
binding pocket in the mGlug ATD protein may contribute to the observed functional potency of
(S)-DCPG given its two distal carboxylate groups. However, due to the highly conserved nature

of the orthosteric binding pocket across the Group III mGlu receptors, additional insights at the
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molecular level are needed to explain its high mGlug subtype selectivity. We were able to obtain
a co-crystal structure of (S)-DCPG bound to the recombinant human mGlug ATD protein. The
resulting crystal structure of the (S)-DCPG-hmGlug ATD complex was solved to 2.95 A
resolution and provided insights into the exquisite selectivity of (S)-DCPG for the mGlug

receptor.

The asymmetric unit of the (5)-DCPG-hmGlug ATD complex contains two nearly
identical protomers (Figure 2a). Similar to other published mGlu ATD structures, each mGlug
ATD protomer contains two hinged globular lobes (LB1 and LB2) with (S)-DCPG bound in the
hinge region (Figure 2b). Broadly, the quaternary structure or the relative orientation of the two
protomers in the (S)-DCPG-hmGlug ATD structure (Figure 2c¢) is significantly different from
those observed in the L-AP4 and L-Glu-bound hmGlug ATD structures (Figure 2d). Each
protomer of the (5)-DCPG-hmGlug ATD complex adopts the closed conformation similar to
those observed in other agonist-bound mGlu ATD structures, but the dimer is in the “resting”
state. Therefore, the overall conformation state of the (S)-DCPG-hmGlug structure is designated
as “closed-closed/R”. In contrast, the overall conformation states of the L-AP4-hmGlug and L-
Glu-hmGlug structures are designated as “closed-closed/A” since the dimers are in the “active”
state.** At the atomic level, there are strong interactions between two LB1 lobes in the active
state (for example, the ionic interactions between D109 and R188), but only a few weak contacts
in the resting state. There is also an ionic interaction between E233 and K252 in LB2 lobes in the

active state.

For the mGlu ATD structures, both the closed-closed/A and closed-closed/R states have
been observed in crystal structures. When analyzing the mGlu ATD quaternary states in the

PDB, we only focused on the crystal structures where the dimer crystallized as the asymmetric
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unit. For the mGlu ATD crystal structures that contain only a single protomer in the asymmetric
unit, one could infer a possible quaternary dimer structure by applying the crystallographic
symmetry, it is nevertheless challenging to ascertain which pair is the physiological dimer. As
shown in Table 1, the closed-closed/A state has been observed in hmGlu, and hmGlus ATD
structures, and the closed-closed/R state has been observed in rmGlus ATD structures. Other
conformation states of the ligand-bound or apo mGlu ATD proteins have also been observed as
well. For example, the rmGlu; ATD has been crystallized in multiple conformation states, such
as open-open/A, open-open/R, and closed-open/A. To our knowledge, no mGlu ATD protein

has been crystallized in the closed-open/R state.

Protomer B Protomer A
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Resting | d Active

90-degree view of Figure 2a

23 Figure 2. Structures of hmGlug ATD in complex with different agonists (shown in space-filling
25 view except ball-and-stick view in 2b). (a) The dimeric structure of the (S)-DCPG-hmGlug ATD
27 complex (PDB ID: 6E5V); (b) the bi-lobed protomer A of the (5)-DCPG-hmGlug ATD complex
30 with the LBI1-LB2 cleft opening angle (purple lines) measured using the a-carbons of LB1's
32 A155, hinge's G469 and LB2's N283; (c) 90-degree rotated view of 2a to highlight the X-shape
34 of the resting (R) state of the quaternary structure of the (S)-DCPG-hmGlug ATD complex; (d)
the I-shape of active (A) state of the quaternary structure of the L-AP4-hmGlug ATD complex

39 (PDB ID: 6BSZ).” For clarity, the protomers and lobes are shown in different colors.
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Table 1. Overall Conformation States of Representative mGlu ATD Dimeric Structures.
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Protomer Bi-lobe

Conformation closed-closed open-open closed-open
Dimer (S,')t:i\;ernary A R A R A R
rmGlu, - - 3KS9Y | 1IEWT* | 1IEWK* -
hmGlus 3LMK? - - } . 3
hmGlu, 5CNI* - - ; . )
rmGlus - 2E4U* - - - 3
hmGlug 6BSZ? | 6E5V - - - )

Macroscopic conformational states have been implicated in the mechanism of the mGlu
receptor activation. It has been postulated** that the dimeric mGlu receptor is likely to be in a
dynamic equilibrium composed of five conformation states: closed-closed/A, closed-closed/R,
open-open/R, closed-open/A, and closed-open/R. Upon agonist binding, the equilibrium shifts to
the closed-closed/A state that triggers the rearrangement of the helices in the 7-TM domain
leading to activation of the downstream G protein signaling cascade. The closed-closed/R state is
thought to be related to receptor desensitization,** although the mechanism that shifts the
equilibrium from closed-closed/A to closed-closed/R is unknown. Given the observation of the
closed-open/A state, it was further hypothesized that closing of one protomer is sufficient to
induce receptor activation.

computational studies suggests it is possible.** Interestingly, the same study also suggested the

ACS Paragon Plus Environment

Although no closed-open/R state has been observed yet,

Page 10 of 45



Page 11 of 45

oNOYTULT D WN =

Journal of Medicinal Chemistry

mGlu ATD protein cannot exist in the open-open/A state. This is in direct contrast to the
reported crystal structure of the LY341495-rmGlu; ATD complex, which is in the open-open/A
state.*” For the rmGlu; ATD protein, multiple conformation states have been crystallized, but
only one conformation state has been crystallized for the hmGlu,, rmGlu; and hmGlus ATD
proteins when considering only the structures where the quaternary dimer structure crystallized
as the asymmetric unit. The mGlug ATD represents yet another mGlu ATD protein that has been
crystallized in different conformations depending on the choice of ligands and is the only hmGlu
ATD protein, to our knowledge, that has been crystallized in both the closed-closed/A and
closed-closed/R states. This indicates that the nature of the agonist can affect the resting and
active quaternary structures of an agonist-bound mGlu ATD protein. It may also be argued that
the mGlug ATD dimer displaying the resting state when in complex with potent agonists is only
possible when the ATD proteins are truncated and not linked to the 7-TM domains. Therefore,
(8)-DCPG may still induce the mGlug ATD proteins into the active quaternary structure with the
full-length receptor. Until crystal structures of full length mGlu receptors with both agonists and
antagonists are solved, the implication of six different states of free ATDs will not be fully

understood.

Both L-AP4 and (S)-DCPG are potent mGlug receptor agonists with similar potency, but
at the moment, we don’t have a satisfactory explanation why these two hmGlug ATD complexes
crystallized in different conformation states. If the closed-closed/R state is closely related to
receptor desensitization, it is quite possible that L-AP4 and (S)-DCPG might behave differently
to attenuate receptor responsiveness. Unfortunately, there is an absence of both in vivo and in
vitro pharmacological characterization of these two agonists in the literature to lend a

satisfactory explanation for the observed distinct hmGlug conformations. Taken together with the
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observed open-open/A state observed in the LY341495-mGlu; ATD complex, the mechanism of

the mGlu receptor activation deserves continued attention.

The tertiary structures of the two protomers in the (S)-DPCG-hmGlug ATD crystal
structure are nearly identical with the root-mean-squared-deviation (RMSD) of only 0.57 A for
o-carbon atoms and 0.86 A for all heavy atoms between 433 common residues. The overall
topology of the protomers resembles that of the L-Glu-hmGlug and L-AP4-hmGlug ATD crystal
structures. To compare these three ligand-bound hmGlug ATD structures, the structures are
aligned and superimposed in MOE™ using the LB1 residues. As shown in Figure 3a, the opening
angles of the cleft in the (S)-DCPG-bound structure (30.0° in protomer A and 29.4° in protomer
B, as defined in Fig 2b) are noticeably larger than those observed in the L-AP4-bound (24.7° and
24.8°) and L-Glu-bound (24.2° and 24.9°) hmGlug ATD structures, resulting in a rigid
downward lobe movement of LB2 away from LBI as large as 3.8 A as measured by the
movement of the a-carbon of K314 in LB2 (Figure 3b). It is also apparent that the p-carboxylate
of (S)-DCPG overlays with the distal phosphonate of L-AP4 (Figure 3b). Consequently, in the
(8)-DCPG-hmGlug structure, K314 can no longer interact with the p-carboxylate as it would in
the case of the L-AP4-hmGlug structure. Instead, K314 interacts with the m-carboxylate, which is
unique to (S)-DCPG. Contrary to the large movement at the lobe level, the residues within each
lobe remain tightly fixed in space regardless of ligands or conformation states. For example, the
RMSD values of a-carbon atoms from all six units of the three hmGlug agonist-bound structures
are <0.57 A for LB1 and <0.71 A for LB2. Therefore, to accommodate the binding of the
sterically bulky (S)-DCPG, the two lobes of the mGlug ATD adopt a much wider opening (up to

5.8°). Analogous findings have been observed in Group II mGlu receptors. For example, both
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mGlu, and mGlus; ATD opens wider when bound to sterically demanding agonists, such as

LY2812223 and LY2794193 (see SI section).

Figure 3. The lobe opening angles of different mGlug ATD protomers. The structures are
superposed by 263 residues in LBI1. (a) Superposition of (§)-DCPG-hmGlug ATD protomer A
(cyan) and L-AP4-hmGlug ATD protomer A (gray). The (§)-DCPG-bound protomer showed
noticeably larger cleft opening than the L-AP4-bound protomer. (b) Large LB2 downwards
movement in the binding site of (5)-DCPG (cyan) is compared to that of L-AP4-hmGlug

structure (gray), highlighted by 3.8 A movement of K314’s a-carbon.

Figure 4 shows the key interactions between (S)-DCPG and the hmGlug ATD protein,
which are nearly identical in the two protomers. Specifically, the a-amino acid moiety of (S)-
DCPG is situated in the hinge region of the ATD, and interacts with S156, A177 and T179 from
LB1 and Y227 and D309 from LB2. The interactions in this area are quite similar across the
other agonist-bound mGlu ATD crystal structures. In the distal region, the p-carboxylate

interacts with R75 through ionic interactions, and the m-carboxylate forms strong ionic
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interactions with K71 and K314, with no apparent strong ionic interactions between K401 and
the two carboxylate moieties. Instead, weak interactions were observed between K401's e-CH,
and (S)-DCPG's carboxylate group (~3.8 A away), and between K401's cationic ammonium and
(S)-DCPG’s aromatic benzene ring (~4.6 A away) (not displayed by MOE in Figure 4a). Weak
C=0""H-Ca interaction were also observed between (S)-DCPG and A155, S178 or S310, in one

or both protomers.

» sidechain acceptor (O polar proximity
< sidechain donor O basic contour
-» backbone acceptor O greasy
= backbone donor ©H arene-H

Figure 4. The key residues of mGlug involved in binding with (S)-DCPG in (a) 3D view and (b)
2D diagram view. Residues from LBI1 are in blue, and residues from LB2 are in gold. The dotted
lines (with cylinders) indicate favorable interactions between the ligand and residues using MOE

software.>’

Compared to the L-AP4-hmGlug ATD crystal structure, the distal carboxylate moieties of
(8)-DCPG interact with the receptor quite differently (Figure 5a). In the L-AP4-hmGlug ATD

structure, the double negatively charged phosphonate interacts with four surrounding basic
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residues: K71, R75, K401 from LB1, and K314 from LB2 (Figure 5b). In the (5)-DCPG-hmGlug
ATD structure, the LB2 downwards movement gives additional space for the K71 side chain to
extend into the cleft and form strong ionic interactions with the m-carboxylate of (S)-DCPG. In
both structures, K71 from LB1 and K314 from LB2 form strong ionic interactions with the same
negatively charged atoms or functional group. Although LB1’s K401 interacts with the distal
phosphonate in the (L)-AP4-hmGlug structure, presumably due to the much longer distance of
the p-carboxylate of (S)-DCPG from the amino acid moiety (ca. 1.8 A longer), it is unable to
reach both carboxylates (shortest distance ca. 4.7 A from either carboxylate). As a result, it does

not form strong ionic interactions with (S)-DCPG.

Figure 5. Comparison of key differences between the (§)-DCPG-hmGlug (a) and L-AP4-hmGlug
(b) ATD structures. Superposed K401 and K71 from the L-AP4-hmGlug structure are shown in
red in (a). The dotted lines (with cylinders) indicate favorable interactions between the ligand
and residues using MOE software.” The red dash line shows the distances between the Ca. of the
amino acid moiety and carbon or phosphorus atom of the distal acids. For clarity, R75 is not

shown in either figure.
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Orthosteric Ligand Binding Pocket of mGlu Receptors. Table 3 lists the hmGlug residues
that interact with (S)-DCPG in the crystal structure. The corresponding residues in mGlu;
(representative of Group I receptors), mGlu, (representative of Group II receptors), and other
Group III receptors are also listed. Together, these residues form the orthosteric ligand binding
pocket of the mGlu receptors located between the two lobes. It is likely that once the ligand
enters the open binding pocket, it forms productive interactions with the residues from LBI1 first,
as suggested by the crystal structure of L-Glu-rmGlu; complex.* The ligand then recruits
residues from LB2, leading to a more stabilized complex. Depending on the nature of the ligand,
the lobe opening can remain in the open form in the case of antagonist binding or contract by up
to 20° in the case of agonist binding (see SI section). Of the many hmGlu,, hmGlu; and hmGlug
ATD structures reported, the cleft opening for the closed bi-lobes ranges from 23.9° (PDB ID
5CNK*) to 30° (PDB ID: 6E5V), with a span of over 6°. These crystal structures demonstrate
that the size of the orthosteric pocket of the mGlu receptors can be remarkably flexible. The cleft
first opens wider to accommodate the bulkier ligands without much movement of the residues’
side chain, and when necessary, certain side chains of select residues can also rotate away to give
additional space in the orthosteric site. As demonstrated by the LY2812223-hmGlu, crystal
structure,* both protomers have much larger opening angles (27.5 and 28.2°) than the L-Glu-
bound (24.6 and 24.7°) and LY354740-bound (25.0 and 25.3°) hmGlu, ATD structures. In the
protomer with smaller opening angle of 27.5°, Y144 side chain rotates significantly to
accommodate LY2812223. In contrast, with the slightly larger opening angle of 28.2° in the

other protomer, Y144 side chain stays roughly in the same location as in the L-Glu-hmGlu, and
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LY354740-hmGlu; crystal structures. In this case the additional room created by a mere 0.7°

cleft opening is equivalent to that created from rotation of a tyrosine residue.

Table 3. Residues forming the mGlu ATD orthosteric binding site®

ATD

. LB1 LB2

protein

rmGlu, Y74 | R78 | (W110) | (G163) Sl64 S165 S186 (A187) T188 K409 Y236 E292 G293 D318 | (G319) R323
hmGlu, R57 | R61 (S93) S143 Y144 S145 Al66 (8167) T168 K377 (Y216) (R271) (S272) | D295 | (G296) | (L300)
hmGlug K71 | R75 (8107) (A154) AlSS S156 Al177 S178 T179 K401 Y227 (N283) (E284) | D309 S310 K314
hmGlu,® K74 | R78 (S110) S157 G158 S159 A180 S181 T182 K405 Y230 N286 E287 D312 S313 K317
hmGlug® Q64 | R68 (S100) S152 Al53 S154 Al75 S176 T177 K400 Y225 N281 E282 D307 S308 K312
hmGlu,® N74 | R78 (S110) S157 G158 S159 A180 S181 T182 K407 Y230 N288 E289 D314 S315 K319

*Each column represents aligned residues in mGluy4/6/75. Residues in the parentheses are not
involved in productive interactions with orthosteric ligands, and they are listed for comparison
purpose. None of the residues in the shaded column forms direct interactions with the ligand;

however, W110 forms the ceiling of the orthosteric binding pocket in mGlu; receptor.

"No crystal structures of agonist-bound hmGluys7; ATD proteins in closed conformation have

been reported. Residues in these proteins are listed for comparison purpose.

Prediction of the (S)-DCPG Binding Modes in mGlug Receptor. Prior to our elucidation
of the two mGlug crystal structures,”* we attempted to model (S)-DCPG in the orthosteric binding
pocket to rationalize the structural basis of its selectivity for mGlug. But the effort turned out to
be surprisingly challenging due to the relatively large lobe movements and the disparity of the
cleft opening angles between the (S)-DCPG-bound and other known agonist-bound mGlu ATD

structures.
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(S)-DCPG was initially docked using the induced-fit docking method®*”® into a homology
model of hmGlug ATD based on an agonist-bound rmGlu; ATD crystal structure (PDB ID:
1EWK).*! We chose the mGlu; crystal structure, which is from a different subtype group, as the
template for modeling mGlug due to limited available structural information for the Group III
mGlu receptors. At the time, many X-ray crystal structures of the ATD from either Group I or
Group II mGlu receptors had been reported with both agonists and antagonists, whereas only one
apo and two ligand-bound mGlu; structures were available from the Group III mGlu receptors.**
49-30 Unfortunately, the mGluy crystal structures were not suitable for modeling mGlug for the
following reasons. Two distinctive conformations were observed from Groups I and II members,
i.e., the ‘open’ conformation with the lobe opening angle ranging from 40.1° to 53.4°, and the
‘closed’ conformations ranging from 23.1° to 28.2° (see SI section). While an apo ATD protomer
may adopt either the open conformation (45.9°+5.5°, n=4, this number refers protomers in the
said conformation as shown in Table S2) or the closed conformation (27.8° n=1), all antagonist-
bound ATD protomers (n=7) adopt the open conformation with a lobe opening angle of
44.6°+2.3°. By contrast, 25 out of 26 known agonist-bound ATD protomers adopt the closed
conformation with a lobe opening angle of 25.2°¢1.8°, which is ~20° smaller than the open
conformation adopted by all antagonist-bound ATD protomers. The only exception to the
agonist-bound ATD protomer in a closed conformation was observed in an (L)-glu-bound
rmGlu; complex where one of two protomers adopts an open conformation of 47.2°. Although no
agonist-bound ATD structures were known from any Group III members at the time, it is
reasonable to predict that they would also adopt the closed conformation. The prediction has
been since confirmed by our recent report.”> However, two ligand-bound mGlu; ATD structures

adopt an open conformation with an angle of 45.8°+8.1° (n=2; its apo protein appears to be an
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outlier with a lobe opening angle of 33.7°).°” Therefore, the available crystal structures of mGlu;
were not suitable templates for the agonist-bound mGlug structure model despite its higher
sequence homology. Furthermore, the L-Glu-bound mGlu; and mGlus lobe opening angles (27.1-
27.7°) are generally larger than those observed in the agonist-bound mGlu, or mGlu; structures
(23.1-25.3°; see SI section). We also anticipated a larger opening angle would be necessary to
accommodate the bulkier (S)-DCPG. Therefore, a high resolution structure of agonist-bound

mGlu; complex (PDB ID 1EWK, resolution 2.2 A) was chosen as the template.

The all a-carbon RMSD values of the resulting mGlu;-based (S)-DCPG-bound mGlug
homology model were 1.54, 1.57, and 2.24 A as compared to the L-Glu-, L-AP4-, and (S)-
DCPG-bound mGlug crystal structures, respectively. The larger difference to the (S)-DCPG-
bound structure was due to the relative movements of two lobes instead of local protein
conformational changes. The local conformational changes within individual lobes were smaller
with a-carbon RMSD of only 1.31 and 1.48 A for LB1 and LB2, respectively. The residues
within 4.5 A of the bound (S)-DCPG were also smaller with only 1.00 A in RMSD among the a-

carbon atoms and 1.50 A for all heavy atoms.

Both rigid and flexible docking attempts using GLIDE,** including the induced-fit
docking method, of (S)-DCPG to the abovementioned model and structures did not produce the
correct binding pose of (5)-DCPG shown in the later determined (S)-DCPG-mGlug ATD crystal
structure. Indeed, large conformational changes of the mGlug ATD protein is required in order to
remove steric clashes between the protein and the bulky distal carboxylate moiety of (S)-DCPG.
We also attempted to dock (S)-DCPG into the orthosteric sites of the holo-forms of the two
newly solved agonist bound (L-Glu and L-AP4) hmGlug ATD structures. While no good results

were obtained from these dockings, our initial docking attempt using the mGlu;-based mGlug
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model correctly placed almost all atoms of (S)-DCPG except the meta-carboxylate group and the
orientation of the benzene ring (Figure 6). The induced-fit docking slightly increased the opening
angle in the mGlu;-based mGlug model from 27.7° to 28.3°, which is still much smaller than the
observed 29.4-30.0° in the (§)-DCPG-hmGlug ATD crystal structure. Furthermore, it incorrectly
moved LB1's R75 and K401 away and rotated the benzene ring of (S)-DCPG ~110° towards R75
and A177 in order to avoid the steric clashes with the LB2 residues. Consequently, the model
incorrectly placed the meta-carboxylate group in the region near K401 and with H-bond
interaction to R75. In the X-ray crystal structure, the additional room for the bulky ligand was
achieved mainly by opening the lobe cleft. Comparing with the observed (S)-DCPG-hmGlug
structure, the LB2 in the model needed to move another 3.13 A down as measured by the

position of the a-carbon atom of K314 (Figure 6).

Figure 6. The predicted (S)-DCPG’s binding pose in the mGlu;-based homology model (gray)
and the (S)-DCPG conformation (green) observed in the (S)-DCPG-mGlug ATD crystal structure

(gold). Two receptors are superposed using the LB1 residues. The RMSD value of all heavy
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atoms of (S)-DCPG is 2.53 A, or 0.53 A excluding m-carboxylate group and four non-

overlapping carbon atoms of the benzene ring.

Since the docking attempts to the holo-form of the L-Glu and L-AP4-bound mGlug
structures failed to return any reasonable results, we reasoned that, because the lobe opening
angle in (S)-DCPG-hmGlug complex structure (29.4° and 30.0° from the two protomers) is much
larger than those of the other two agonist-bound mGlug ATD structures (24.2° and 24.9°) and the
agonist-bound mGlu; ATD structure (27.3° and 27.7°), the induced-fit docking algorithm is
unable to compensate for such large conformational change. On the other hand, docking (S)-
DCPG to the holo-form of (S)-DCPG-bound mGlug ATD structure correctly reproduced its
binding pose with a RMSD 0.72 A for all heavy atoms, supporting the validity of our docking
procedure when the correct protein conformation is used. Subsequently, we built homology
models of other mGlu receptors based on the (S)-DCPG-hmGlug complex to explore the binding
poses of DCPG in these receptors. We found that good binding poses were found only for mGluy

and mGlug from the automated GLIDE docking,sé"55

consistent with their observed agonist
activities.”” The GLIDE docking for other receptors, including mGlu;, were unsuccessful due to

steric clashes from various different residues in the orthosteric binding sites of these receptors

even though wider opening angles were inherited from the (S)-DCPG-hmGlug complex template.

The ligand-induced conformational changes at the levels of the side chains and loops are
often observed in other protein-ligand complexes, and can be modeled effectively by methods
such as the induced-fit docking protocol.”***® In contrast, the relatively large ligand-induced
conformational changes required for the binding of mGlu receptor agonists makes their structure-

based drug design extremely challenging because it is difficult to predict such a large rigid-body
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protein movement a priori without extensive protein conformation sampling. A good example of
inadequate sampling of protein conformation, instead of docking algorithm itself, leading to the
unsuccessful prediction of ligand binding pose was recently reported for the binding pose of
risperidone in DRD2 as compared to the determined crystal structure.® Similarly, our attempt of
predicting the binding pose of (S§)-DCPG in mGlug using an mGlu;-based homology model
incorrectly placed (S)-DCPG’s m-carboxylate group towards LB1 instead of LB2 (Figure 6). The
induced-fit docking method and many other similar approaches have demonstrated good utilities
in dealing with the local conformational changes upon ligand binding. However, the method was
only able to open two lobes of mGlug wider by mere 0.6° despite many noticeable changes in
protein conformation that created extra space for the bulky ligand. Compared to the observed
structure, this small angle widening was not sufficient to move the tip of LB2 away from LB1 as
needed by >3.0 A (Figure 6). Therefore, our results highlight for the first time the indispensable
role of large rigid-body lobe movements in the ATD of the mGlu receptors, beyond the two
forms of protomer conformations and local side chain conformational changes, on the binding of
different orthosteric ligands. When designing new compounds or exploring new binding regions
in the orthosteric site of the mGlu receptors, one should not only consider local side chain
conformational changes, but also sample protomer conformations with multiple lobe opening
angles. By the same token, it may warrant revisiting some hypotheses in literature when new
binding regions and bulkier ligands were explored for higher potency or selectivity if the protein
conformations have not been sampled extensively and specifically in terms of the lobe cleft

opening angle using either X-ray crystal structures or homology models.

Structural Basis for (5)-DCPG’s mGlug Subtype Selectivity. To understand (S)-

DCPG’s selectivity against other mGlu receptor subtypes, we built homology models of other

ACS Paragon Plus Environment

Page 22 of 45



Page 23 of 45 Journal of Medicinal Chemistry

mGlu receptors using the (S)-DCPG-hmGlug crystal structure as template. (S)-DCPG's selectivity

against Groups I and II mGlu receptors is evident due to the differences in two key residues

oNOYTULT D WN =

corresponding to K71 and K314 in mGlug, as shown in Figure 4 and Table 3. The strong ionic
10 interaction between (S)-DCPG with K71 in mGlug is not possible with Y74 in mGlu,;. Docking
of (§)-DCPG in mGlu; (PDB ID:1EWK) further suggests that the much larger groups of Y74's
15 phenol and R323's guanidinium would cause serious steric clash with (§)-DCPG's distal
17 carboxylate moieties (Figure 7a). The binding of (S)-DCPG would force LB1-LB2 cleft to open
much wider to adopt a conformation that not only lacks strong interactions between (S)-DCPG
22 and residues from LB2 (Figure 7b) but also may resemble the inactive state. Similarly, the
24 bulkier R57 and the hydrophobic L300 in mGlu, render the ATD unable to bind (S)-DCPG with

high affinity (not shown).

48 Figure 7. (S)-DCPG in (a) the (L)-glu-bound mGlu; structure (1ewk, blue and gold); and (b) an
mGlu; homology model (gray) based on the (5)-DCPG-mGlug ATD crystal structure. The orange

53 lines with disks indicate steric repulsion between ligands and residues.
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Of the other three mGlu receptors from the Group III, the binding pocket in mGluy is
almost identical to that in mGlug. As shown in Table 3, the only different residue in the
orthosteric site between the two receptors is S157 in mGluy vs. A154 in mGlus. The weaker
potency of (S)-DCPG in mGluy (ECsp = 8.8 uM)37 might be explained by the unfavorable
conformational changes of mGluy related to S157 and R78 upon (S5)-DCPG binding. In the
absence of (S)-DCPG, our modelling suggests that the mGluy S157 residue forms a strong H-
bond with R78 (Figure 8a). This particular H-bond has also been observed in the apo crystal
structure of mGlu; (PDB ID: 5C5C),” which has the same serine residue at this position (Table
3). However, the binding of (S)-DCPG in mGlus would disrupt this H-bond by placing the
carboxylate of (S)-DCPG in between the side chains of S157 and R78, posing both steric clashes
and non-optimal H-bond geometries (Figure 8b). Similar H-bond disruption might also
contribute to the selectivity of (S)-DCPG against the other two group III members (mGlus and
mGluy) because both receptors have serine at the equivalent position (Table 3). In addition, in
the equivalent position of K71 in mGlug, both Q64 in mGlug and N74 in mGlu; cannot provide
optimal ionic interactions with the m-carboxylate of (S)-DCPG (not shown). Furthermore,
residues outside the orthosteric site could also contribute to potency and selectivity.®’ Additional
structural studies will be needed to further understand the potency difference of (S)-DCPG

against the mGlus and mGlug receptors.
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Figure 8. The models of mGluy in (a) apo form and (b) (S)-DCPG-bound form. (S)-DCPG is

shown in gray ball-and-stick.

(8)-PPG (Figure 1) is a close analog to both (S)-DCPG and L-AP4, combining the phenyl
linker of (S)-DCPG and the phosphonic acid moiety of L-AP4. Its racemic mixture has similar
potency as (§)-DCPG against the mGluy, mGlug, mGlu; receptors, but is about 7 fold less potent
than (S)-DCPG against the mGlug receptor.’’ The higher subtype selectivity of (S)-DCPG is
primarily driven by (S)-DCPG’s higher mGlug potency. Compared to L-AP4, the racemic PPG is
about 3 fold less potent against the mGlug receptor, but much less potent at the mGlu, and mGlug
receptors,”’ leading to its moderate subtype selectivity. To understand these differences, we
docked the active enantiomer (S)-PPG into both holo-forms of the L-AP4-hmGlug and (S)-
DCPG-hmGlug crystal structures. We were surprised to find that, aside from minor
conformational changes induced on the receptor, (S)-PPG can be docked in the binding site using
the holo-form of the L-AP4-hmGlug structure without serious steric clash with the binding site
residues (Figure 9a). The distal phosphonic acid moiety was predicted to interact with R75, K71

and K401 from LB1 and K314 from LB2, similar to what was observed in the L-AP4-hmGlug
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structure. Furthermore, the overall conformation of (S)-PPG was predicted to be similar to that of
(5)-DCPG (Figure 9b). Similarly, (S)-PPG would also sit lower than L-AP4 in the binding site
(Figures 3b and 9a) due to the larger size of the phenyl linker, which also made the a-carbon of
(8)-PPG too close to the phenyl ring of Y227 in LB2, causing minor steric clash. In contrast,
when (S5)-PPG was docked into the holo-form of the (§)-DCPG-hmGlug crystal structure, no
interaction between the distal phosphonic acid and LB2’s K314 was found although the steric
clashes with Y227 no longer existed (Figure 9b). This was not unexpected given the much larger
opening angle of the structure’s cleft. Therefore, we speculated that (S)-PPG-bound mGlug
structure should have a cleft opening angle between those of L-AP4- and (S)-DCPG-bound
mGlug structures in order to keep the ionic interaction between the phosphonic acid and LB2's
K314 while minimizing the steric clashes with Y227, resulting in the decreased potency of (S)-
PPG against the mGlug receptor. Furthermore, the distal phosphonate can also contribute to the
subgroup selectivity as demonstrated in L-AP4.”> On the other hand, in the much larger cleft (e.g.
in the holo-form of the (S)-DCPG-hmGlug structure), the bulkier (S)-DCPG is able to form
strong interactions with residues from both lobes. In particular, the m-carboxylate of the ligand
was able to form strong interactions with LB2’s K314, which contributed to (S)-DCPG’s

increased potency against the mGlug receptor.
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Figure 9. (a) The L-AP4-hmGlug crystal structure (green) and the docking model (gray) of (S)-
PPG in the holo-form of L-AP4-hmGlug crystal structure; (b) The (S)-DCPG-hmGlug crystal
structure (cyan) and the docking model (gray) of (S)-PPG in the holo-form of (S)-DCPG-hmGlug
crystal structure. The orange disks show the unfavorable contacts between the protein and the
ligand, and the red dash lines the distances between the distal acid moieties of (S)-PPG and (5)-

DCPG and K314 of LB2, respectively.

CONCLUSIONS

In summary, we have obtained a human mGlug ATD crystal structure bound to the mGlug
subtype selective agonist (S)-DCPG. The closed-closed/R state observed in this structure is
different from the closed-closed/A state in both L-Glu and L-AP4-bound hmGlug ATD
structures, representing the first example where a human mGlu ATD protein has been
crystallized in both close-closed/R and closed-closed/A states when bound to different
orthosteric agonists. Together with the previously reported open-open/A state observed in an

antagonist-bound mGlu; structure, our observations offer new insights on the mechanism of the
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mGlu receptor activation. The orthosteric site occupied by (S)-DCPG demonstrates the largest
opening angle between the lobes among all known agonist-bound mGlu ATD structures. The
docking studies of (S)-DCPG highlight the importance of considering various lobe opening
angles when modeling a bulky agonist in the orthosteric site, which has not been raised explicitly
in the mGlu modeling previously. Lastly, comparative structural analyses of the (S5)-DCPG-
bound hmGlug ATD structure with other mGlu structures reveal the molecular basis for (S)-
DCPG’s high mGlug subtype selectivity. We anticipate that this study will provide new insights
towards designing additional highly potent and subtype selective agonists in the mGlu receptor

family.

EXPERIMENTAL SECTION

Homology Modeling and Docking. To aid the structure analysis and gain deep insights
on the binding affinity and selectivity of (S)-DCPG, the comparative structure modeling studies
and the docking studies were carried out using MOE modeling package® as described by Chen
et al.”? and Schrodinger modeling package.”® All X-ray crystal structures of the proteins
discussed were prepared using the default method in MOE with the heavy atoms in the agonist
binding site tethered and the heavy atoms in the rest of the protein fixed. When appropriate, the
structures were aligned and superimposed based on the a-carbon atoms of LB1 unless indicated
otherwise (Figure S1 in the SI section). The homology model of (S)-DCPG-hmGlug complex was
initially built using the crystal structure of L-Glu-rmGlu; complex (PDB ID: 1IEWK)*' as the
template, then modified and refined via the induced-fit docking standard protocol from
Schrodinger software package’™. The homology models of the other seven mGlu receptors were

later built using the newly determined X-ray crystal structure of (S)-DCPG-hmGlug complex
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reported herein to ascertain the importance of the larger opening between the lobes. The binding
poses of (S)-DCPG and (S)-PPG were predicted by docking the agonists into these homology
models and the holo-forms of three mGlug-agonist complex X-ray crystal structures (PDB IDs:
6BSZ, 6BT5, and 6E5V in this report).SI'52 The initial 3D structures of the agonists was first
prepared by LigPrep with Epik option using SMILES as input in order to avoid 3D bias from the
starting 3D conformation, and then docked into the receptor structure models using the XP mode
of GLIDE program from Schrodinger modeling package followed by additional energy
minimization.>* In the cases where automated GLIDE docking failed, the agonists were manually
placed into the pocket using the same binding pose as observed in the (S)-DCPG-hmGlug crystal
structure. All models were further refined by applying the quick protein preparation protocol in

MOE.

Cloning of hmGlug ATD proteins. Human mGlug (hmGlug) receptor ATD protein
encompassing residues 2-514 + C246S (numbered relative to reference sequence in NCBI
accession number: NP_000836) was amplified from a library and TOPO cloned into a custom
TOPO adapted pFastBac vector (Life Technologies). Expression in this vector generated hmGlug
receptor residues 2-514 + C246S fused to a TEV-cleavable C terminal 6X histidine tag. The
protein encoded by this clone has the following amino acid sequence: MAL-mGlug (2-514 +

C246S)-ENLYFQGEGHHHHHH stop.

Expression and purification of hmGlugs ATD proteins. Standard baculovirus
expression using a modified version of the Bac to Bac system protocol (Life Technologies) was
used to generate virus for each clone. Fermentations of hmGlug receptor ATD in Sf9 cells were
72 hours in length, harvested by centrifugation and supernatants were transferred for purification.

The hmGlug receptor ATD is a secreted protein and its natural leader/signal sequence was used.
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Due to low yields standard fermentations for the hmGlug receptor ATD were 12 L to 24 L. To
media with secreted hmGlug ATD, 1 mL of Ni-NTA resin was added per liter of supernatant and
stirred for 2—4 h at 4 °C. The resin was collected and washed with 50 mM Tris HCI pH 8.0, 500
mM NacCl, 25 mM imidazole, and 10% glycerol. Protein was then eluted with 250 mM imidazole
in the same buffer. The eluent was then desalted overnight into 50 mM Tris HCI pH 8.0, 500
mM NaCl, 25 mM imidazole, and 10% glycerol and further cleaned on Ni-NTA using an
imidazole gradient. Final samples were concentrated and buffer exchanged with 50 mM Tris HCI
pH 8.0, 150 mM NaCl and concentrated to ~10 mg/mL.

Co-crystallization with (5)-DCPG and X-ray structure determination. (S)-DCPG was
purchased from Tocris. Co-crystals were grown at room temperature using the sitting-drop vapor
diffusion method. The (S)-DCPG-hmGlug ATD complex was crystallized in 100mM Bis-Tris,
pH 6.5, 27% PEG 3350, and 200mM Sodium Acetate. Harvested crystals were cryoprotected
using well solution supplemented with 25% glycerol or ethylene glycol and flash frozen in liquid
nitrogen. X-ray diffraction data were collected at beamline LRL-CAT (31-ID-D) at the
Advanced Photon Source in Argonne National Laboratory. Complete datasets were collected
using a Rayonix 225-HE CCD detector and a wave length of 0.9793 A. The diffraction data were
integrated using autoPROC/XDS and merged and scaled in SCALA® from the CCP4 suite.®*
The crystal structures of (S)-DCPG-bound hmGlug ATD were solved using the separate domains
of glutamate-bound hmGlug ATD as search model (PDB ID: 6BSZ)* in PHASER.® After
numerous cycles of refinement with REFMAC5® and model building with COOT,*’ the models
were refined to reasonable R factors. The structures were validated using MolProbity.®® The
Ramachandran plot reports 90.2 % in the most favored region, 8.9 % in the allowed region, and

0.9 % in the disallowed region. For details, see Table S1.
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The Supporting Information is available free of charge on the ACS Publications website at DOI:
Sequence alignment of ATD of mGlu receptors (Figure S1); Data collection and refinement
statistics for the (§)-DCPG-hmGlug ATD co-crystal (Table S1); Protomer conformations and
quaternary dimer states of all disclosed mGlu ATD structures (Table S2); PDB files of the
homology (docking) models of (S)-DCPG-mGlug complex for Figure 6, (S)-DCPG-mGluy,
complex for Figure 7b, (S)-DCPG-mGuy complex for Figure 8b, (S)-PPG-mGlug complex (built
from the L-AP4-hmGlug structure) for Figure 9a and (S)-PPG-mGlug complex (built from (S)-
DCPG-hmGlug structure) for Figure 9b.
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