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Privileged structures are ligand substructures that are widely used to generate high-affinity
ligands for more than one type of receptor. To explain this, we surmised that there must be
some common feature in the target proteins. For a set of class A GPCRs, we found a good
correlation between conservation patterns of residues in the ligand binding pocket and the
privileged structure fragments in class A GPCR ligands. A major part of interior surface of the
common ligand binding pocket of class A receptors, identified in many GPCRs, is lined with
variable residues that are responsible for selectivity in ligand recognition, while other regions,
typically located deeper into the binding pocket, are more conserved and retain a predominantly
hydrophobic and aromatic character. The latter is reflected in the chemical nature of most
GPCR privileged structures and is proposed to be the common feature that is recognized by
the privileged structures. Further, we find that this subpocket is conserved even in distant
orthologs within the class A family. Three pairs of ligands recognizing widely different receptor
types were docked into receptor models of their target receptors utilizing available structure-
activity relationships and mutagenesis data. For each pair of ligands, the ligand—receptor
complexes reveal that the nature of the privileged structure binding pocket is conserved between
the two complexes, in support of our hypothesis. Only part of the privileged structures can be
accommodated within the conserved subpocket. Some contacts are established between the
privileged structure and the nonconserved parts of the binding pocket. This implies that any
one particular privileged structure can target only a subset of receptors, those complementary
to the full privileged structure. Our hypothesis leads to a valuable novelty in that ligand libraries
can be designed without any foreknowledge of the structure of the endogenous ligand, which
in turn means that even orphan receptors can in principle now be addressed as potential drug
targets.
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quently modulate a variety of intracellular responses
that regulate cell function.

The ability to selectively regulate GPCR activity
provides means for intervening in many cellular signal-
ing pathways and modulating cellular responses that
are associated with disease states. With these as
potential drug targets, ligands acting as agonists or
antagonists have been developed for a number of
receptor systems. Identification of recurring fragments
in these ligands for a variety of GPCRs led to the concept
of privileged structures?! (Figure 1). A privileged struc-
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Figure 1. The three pairs of GPCR ligands containing priv-
ileged structure fragments used in this study. (Left) The 2phenyl-
indole derived ligands (1) and (2) target the 5SHT6 and MC4
receptors, respectively. (Middle) The spiro-piperidine-indane
derived ligands MK-0677 and (3) target the GHS and MC4
receptors, respectively. (Right) The 2-tetrazole-biphenyl ligands
Losartan and L-692,429 target the AG2 and GHS receptors,
respectively.

ture is defined as a selected substructure that is able
to provide high-affinity ligands for more than one type
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Privileged Structures in GPCRs

Table 1. Affinities of Ligands toward Receptors
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receptor (2)2 2) receptor MK-0677 3) receptor L-692,429 losartan
5HT6-R 0.7 nM GHS-R 0.4 nM 190 nM AG2-R 3600 nM 28 nM
MC4-R 612 nM MC4-R NBP 100 nM GHS-R 2800 nM° NBP

a Data on (1) and (2) are from ref 11. ICs values for the AG2, GHS, and MC4 receptors were determined in competition assays using
saralasin,3! ghrelin,’> and NDP-o-MSH as tracers (see experimental section). ® No binding detected. ¢ Previously, a binding affinity of 63
nM17 and a potency of 60 nM8 has been determined in a porcine and rat pituitary assay, respectively.

of receptor. Privileged structures have successfully been
utilized for design of ligands in receptor systems, for
example, a new class of growth hormone secretagogues
were identified by screening compounds from other
receptor projects.?2 The spiro-piperidine-indane core of
these compounds is also found in oxytocin, somatostatin,
tachykinines, melanocortin, anaphylatoxin chemotactic
receptor ligands, and is a privileged structure according
to the definition given above. To date, no straightfor-
ward explanation to the concept of privileged structures
in GPCR systems exists.

One hypothesis is that the privileged structures
recognize a conserved binding pocket in a subset of
GCPRs and that this “common” binding domain is
complementary to the privileged structure. To investi-
gate such a hypothesis, a thorough analysis of a number
of GPCRs and the corresponding ligands is needed. Here
we report an analysis of the class A family of GPCRs
with emphasis on issues important for ligand recogni-
tion. Using sequence analysis tools together with the
crystal structure of bovine rhodopsin,® a generic ligand
binding pocket for the class A family has been analyzed.
This pocket corresponds well with a pocket identified
earlier in many different GPCRs on the basis of both
receptor and ligand mutation studies* and has become
regarded as a common feature throughout the entire
class A family.5~° The pocket is located between trans-
membrane helices (TMs) 3, 5, and 6, and overlaps
partially with a mini-core of ~35 conserved residues.
The overlapping subpocket is mainly composed of
aromatic and nonpolar residues, which renders them
complementary to several privileged structures such as
2-phenyl-indole, spiro-piperidine-indane, and 2-tetra-
zole-biphenyl. Three pairs of ligands (Figure 1), sharing
a privileged structure as a common subfragment while
still targeting widely different receptor types, were
docked into models of their target receptors. The result-
ing complexes support the hypothesis that the privileged
structures can be accommodated in the conserved sub-
pocket. The existence of such a conserved (or privileged)
pocket provides a straightforward explanation to the
concept of privileged structures in GPCR systems and
could be an additional aid to the design of new ligands
for GPCRs.

Results

Degree of Conservation throughout the Recep-
tor. 111 class A human GPCR sequences were aligned
and used for calculation of positional entropy with the
program AL2CO for each of the 208 residue positions
within the seven-transmembrane (7TM) domain. In
Figure 2A, residues in the rhodopsin structure are color-
coded according to the entropy. Blue and red correspond
to the highest and lowest degree of conservation,
respectively. The entropy or residue type conservation
varies over the 7TM domain with the buried residues

in the central part being the most conserved, and the
membrane or solvent facing residues toward either the
extra- or intracellular face the most variable.

Privileged Structure Ligands. To investigate our
hypothesis about a conserved ligand binding pocket
ligands containing 2-phenyl-indole, spiro-piperidine-
indane, or 2-tetrazole-biphenyl privileged structure
fragments (Figure 1) were selected from the literature.
In each case, pairs of ligands targeting different receptor
types were chosen. The 2-phenyl-indole derived ligands
(1) and (2) target the 5-hydroxytryptamine-6 (5HT6) and
melanocortin-4 (MC4) receptors, respectively,!! the spiro-
piperidine-indane derived ligands MK-06772 and (3)*2
target the growth hormone secretagogue (GHS) and
MC4 receptors, respectively, and finally the 2-tetrazole-
biphenyl ligands Losartan!® and L-692,429'4 target the
type-1 angiotensin Il (AG2) and GHS receptors, respec-
tively. For each ligand, affinities toward its target
receptor and toward the second receptor, recognizing the
same privileged structure, were determined in binding
assays!®16 (or see Methods) or in the case of (1) and (2)
the binding data were taken from the literature!! (Table
1). With compounds (1) and (2) only affinities toward
their target receptors were given;!! however, it seems
reasonable to assume that absence of affinities implies
binding affinities of less than 10 uM. For each pair of
ligands, the one targeting a given receptor displays a
significantly higher affinity for this receptor than the
second ligand. L-692,429 only displays an affinity of
2800 nM for the GHS receptor while Losartan does not
bind at 100 «M. However, a binding affinity of 63 nM’
and a potency of 60 nM*® have previously been deter-
mined in porcine and rat pituitary assays, respectively.
The discrepancy observed between the two binding
assays could be due to different binding epitopes of the
two tracers ghrelin and MK0677 as discussed by Hans-
en et al.’®

Docking of Privileged Structure Ligands. Each
ligand was docked into a receptor model of the 7TM
domain of its target receptor. Sequence alignment of the
four sequences is shown in Figure 3 together with
numbering schemes both for the individual sequences
and according to the Ballesteros-Weinstein convention.!®

2-Phenyl-indole Containing Ligands (Figures 1
and 4). In the 5HT6 and MC4 receptors, the indole
fragment of the 2-phenyl-indole privileged structure fits
well into a pocket between TM 5 and 6 spanned by a
group of conserved aromatic residues (PheV.47, PheV1.44,
and TrpV1.48). The bromo-phenyl group is placed be-
tween TM 3 and 5 pointing toward TM 4. A meta
substitution pattern in (1) places the bromine within
van der Waals distance of Phel88(V.38) in the top of
TM 5 in the 5SHTG6 receptor, whereas a para substitution
pattern in (2) places the bromine close to Phel76(1V.60)
in the top of TM 4 in the MC4 receptor. The indole
nitrogen forms a hydrogen bond with a backbone
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Figure 2. (A) Rhodopsin structure with residues color-coded according to entropy, where blue and red corresponds to the highest
and lowest degree of conservation, respectively. Residues are divided into five groups by dividing the entropy range into five
equisized regions. In the first column residues in the lowest region of the entropy range are showed as space-filling atoms, in the
second column residue in the second lowest region, and etc. Side view of TM 1, 5, 6, and 7 (top), side view of TM 2, 3 and 4
(middle), and top view of extracellular side (bottom). (B) Rhodopsin structure viewed from the extracellular side with residues
facing the binding pocket showed as space-filling atoms. Residues are color-coded according to entropy, where blue and red
corresponds to the highest and lowest degree of conservation, respectively.

carbonyl oxygen on TM 5 in both cases. This is an
important conserved feature of TM 5 since this carbonyl
is located in the i-4th position relative to the highly
conserved Pro residue in TM 5 and is unable to form a
hydrogen bond to the amide nitrogen in that residue.
In both receptors, the amino-alkyl group attached to the
indole is extended and positioned parallel with TM 3
between TM 3 and 6 with the basic nitrogen within
contact distance of Asp106(111.32) and Asp118(111.29) in
the 5HT6 and MC4 receptors, respectively.
Spiro-piperidine-indane Containing Ligands
(Figures 1 and 5). Mutagenesis data and structure—
activity relationships available for MK-0677 were used
to guide the docking. The spiro-piperidine-indane privi-
leged structure part of MK-0677 can be substituted with
aromatic/lipophilic moieties of a similar size.2® Polar

substituents such as NSO,CH3; or CHCOOH are pre-
ferred in the spiro-indane benzylic position.22%22 The
benzyloxymethyl group in MK-0677 can be substituted
with a range of aromatic isosteres as well as 2-cyclo-
hexylethyl without sacrifycing potency.?® The demands
on the amino-alkyl group are quite strict, both chain
length and the degree of branching have great impact
on potency.?* Glu124(111.33) in TM 3 acts as a counterion
for the amino group, as MK-0677 can activate the
E124D mutant but not the E124Q mutant. This pattern
is reversed when substituting the amino group in MK-
0677 with a hydroxyl group providing strong evidence
for an interaction between Glu124(111.33) and the amino
group.?®

In the GHS receptor, the indane fragment of the spiro-
piperidine-indane privileged structure docks in the
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™ 1 I.30 I.59
bOPSD (35) WQFSMLAAYMFLLIMLGFPINFLTLYVTVQ
h5H6R (24) GGSGWVAAALCVVIALTAAANSLLIALICT
hMC4R (34) EQLFVSPEVFVTLGVISLLENILVIVAIAK
hGHSR (41) PLLAGVTATCVALFVVGIAGNLLTMLVVSR
hAG2R (26) YIFVMIPTLYSIIFVVGIFGNSLVVIVIYF

T™ 2 II.38 II.67
bOPSD (71) PLNYILLNLAVADLFMVFGGFTTTLYTSLH
h5H6R (60) TSNFFLVSLFTSDLMVGLVVMPPAMLNALY
hMC4R (70) PMYFFICSLAVADMLVSVSNGSETIIITLL
hGHSR (77) TTNLYLSSMAFSDLLIFLCMPLDLVRLWQY
hAG2R (62) VASVFLLNLALADLCFLLTLPLWAVYTAME

™ 3 III.22 III.S5
bOPSD (107) PTGCNLEGFFATLGGEIALWSLVVLAIERYVVVCKP
h5H6R (96) RGLCLLWTAFDVMCCSASILNLCLISLDRYLLILSP
hMC4R (111) VNIDNVIDSVICSSLLASICSLLSIAVDRYFTIFYA
hGHSR (113) DLLCKLFQFVSESCTYATVLTITALSVERYFAICFP
hAG2R (98) NYLCKIASASVSFNLYASVFLLTCLSIDRYLAIVHP

T™ 4 Iv.38 Iv.61
bOPSD (149) GENHAIMGVAFTWVMALACAAPPL
h5H6R (139) TPLRALALVLGAWSLAALASFLPL
hMC4R (154) TVKRVGIIISCIWAACTVSGILFI
hGHSR (156) TKGRVKLVIFVIWAVAFCSAGPIF
hAG2R (141) TMLVAKVTCIIIWLLAGLASLPAI

™ 5 V.34 V.61
bOPSD (199) NNESFVIYMFVVHFIIPLIVIFFCYGQL
h5H6R (184) ASLPFVLVASGLTFFLPSGAICFTYCRI
hMC4R (180) SDSSAVIICLITMFFTMLALMASLYVHM
hGHSR (208) GLLTVMVWVSSIFFFLPVFCLTVLYSLI
hAG2R (191) LPIGLGLTKNILGFLFPFLIILTSYTLI

™ 6 VI.29 VI.61
bOPSD (246) AEKEVTRMVIIMVIAFLICWLPYAGVAFYIFTH
h5H6R (262) KALKASLTLGILLGMFFVTWLPFFVANIVQAVC
hMC4R (231) ANMKGAITLTILIGVFVVCWAPFFLHLIFYISC
hGHSR (257) NHKQTVKMLAVVVFAFILCWLPFHVGRYLFSKS
hAG2R (234) RNDDIFKIIMAIVLFFFFSWIPHQIFTFLDVLI

™ 7 VII.32
bOPSD (285) PIFMTIPAFFAKTSAVYNPVIYIMMNK
h5H6R (299) PGLFDVLTWLGYCNSTMNPIIYPLFMR
hMC4R (273) MSHFNLYLILIMCNSIIDPLIYALRSQ
hGHSR (302) QYCNLVSFVLFYLSAAINPILYNIMSK
hAG2R (281) DTAMPITICIAYFNNCLNPLFYGFLGK

Figure 3. Sequence alignment of bovine rhodopsin (bOPSD),
5-hydroxytryptamine-6 (h5H6R), melanocortin-4 (hMC4R),
growth hormone secretagogue (hGHSR), and type-1 angio-
tensin 1l (hAG2R) for the 7TM domain. Individual sequence
numbers for the first residue in each TM is given in paren-
theses. Above each TM the generic numbering according to
Ballesteros-Weinstein is shown for the first and last residue
position.

VII.58

conserved pocket between TM 5 and 6, spanned by the
conserved group of aromatic residues Phe221(V.47),
Phe272(V1.44), and Trp276(V1.48), with the NSO,CH3
group facing TM 6 in the vicinity of H280(V1.52).
Positioned central in the cavity between TM 3, 5, and
6, the piperidine moiety has contact with several mainly
aromatic and lipophilic residues on all three TMs. The
branching point between the benzyloxymethyl and
amino-alkyl groups is positioned in the upper part of
the cavity, and directs the amino group toward Glul124-
(111.33) on TM 3, placing the alkyl group between TM 3
and 5, and places the benzyloxymethyl in a pocket
between TM 3, 6, and 7. In the MC4 receptor, the spiro
compound (3) is docked, in the same manner as MK-
0677 in the GHS receptor, with the privileged structure
in the conserved pocket, the tetrahydro-isoquinoline
moiety between TM 3 and 5, and the 4-chloro-phenyl
group in the pocket between TM 3, 6, and 7. The
tetrahydro-isoquinoline moiety is positioned toward TM

Journal of Medicinal Chemistry, 2004, Vol. 47, No. 4 891

3 where the amino functionality can interact with
Asp118(111.29), which is positioned one turn up toward
the extracellular side relative to Glu124(111.33) in the
GHS receptor. The 4-chloro-phenyl group is placed as
the benzyloxomethyl in the GHS receptor between TM
3,6, and 7.

2-Tetrazole-biphenyl Containing Ligands (Fig-
ures 1 and 6). As with MK-0677, mutagenesis data and
structure—activity relationships available for L-692,429
and Losartan were used to guide the docking. The
salient features of Losartan are an electron-rich sub-
stituent on the biphenyl fragment (tetrazole in Losar-
tan), a hydrogen acceptor in the 5-position on the
imidazole (MeOH in Losartan), and an alkyl group in
the 2-position on the imidazole (butyl in Losartan).26
Mutagenesis studies on the AG2 receptor and structure—
activity relationship on Losartan and derivatives hereof
have indicated that regions around Val108(111.32) and
Ser109(111.33) on TM 32728 and around Lys199(V.42)
and His256(VI1.51) on TM 5 and 6, respectively,?® are
implicated in binding to Losartan. The tetrazole moiety
presumable binds in the latter region.?® Studies have
shown that Asn294(VI1.45) and Asn295(VI1.46) also
perturb binding, for example, the N295S mutation
results in a ~70-fold decrease in binding affinity.3031
However, both of these effects are most likely indirect
as the N294A mutation results in an impaired receptor,
indicating a structural role in stabilizing the active state
of the receptor for this residue,? and as Asn295(V11.46)
is buried and points away from the binding cavity in
our model of the AG2 receptor. As in Losartan, a main
pharmacophoric element of L-692,429 is a biphenyl
fragment with an electron-rich substituent like tetra-
zole.323% |n addition both an amino group3* and the
aromatic moiety in the benzazepione (M. Ankersen,
unpublished results) are necessary for high affinity
toward the GHS receptor. Similarly to MK-0677, the
Glul124(111.33) in TM 3 acts as a counterion for the
amino group, as a close derivative of L-692,429 can
activate the E124D mutant but not the E124Q mutant.?®

In the AG2 receptor, the tetrazole moiety of Losartan
was placed in the vicinity of Lys199(V.42), Asn200-
(V.43), and GIn257(V1.52) with the biphenyl fragment
positioned between the conserved aromatic residues on
TM 5 and 6 (PheV.47, PheVl1.44, and TrpVI1.48). The
imidazole was placed in the center of the cavity between
TM 3, 5, and 6 pointing toward TM 3. Such an arrange-
ment allows the hydroxyl group to interact with Lys199-
(V.42) and the unsubstituted imidazole nitrogen to
hydrogen bond with Ser105(111.29). The imidazole butyl
substituent is situated in a narrow groove between TM
3 and 6 forming contacts with Val108(111.32). In the
GHS receptor, the 2-tetrazole-biphenyl moiety of L-692,-
429 was docked in the same region as the identical
fragment of Losartan in the AG2 receptor. Again the
biphenyl fragment can make favorable contacts with the
conserved aromatic residues on TM 5 and 6. Lys199-
(V.42), Asn200(V.43), and GIn257(V1.52) in the AG2
receptor are replaced with a VVal216(V.42), Ser217(V.43),
and His280(VI1.52) in the GHS receptor, of these, only
His280(V1.52) is complementary to the acidic tetrazole
moiety. However, Thr260(V1.55) in TM 6 in the AG2
receptor is replaced with Arg283(VI.55) in the GHS
receptor, which points toward TM 5 and, as a result,
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Figure 4. The ligand binding pocket of the (1)-5HT6 receptor (top) and (2)-MC4 receptor complexes (bottom). (A) Side view from
with TM 5, 6, and 7 in front, and (B) top view from the extracellular side. Ligand atoms are color-coded according to atom types:
carbon, green; oxygen, red; nitrogen, blue; and bromine, dark green. Receptor atoms are shown in yellow and TMs are shown in

shades of brown (TM1) to blue (TM7).

places the positive charge in the same region of the GHS
receptor as Lys199(V.42) does in the AG2 receptor.
Thus, in both receptors a small cluster of positive
ionisable residues is positioned in the same region and
can interact favorably with the tetrazole moiety. The
benzazepinone of L-692,429 is placed in the central part
of the cavity between TM 3, 5, and 6 in the GHS receptor
with the benzene ring pointing toward a group of
aromatic residues on TM 6 and 7, and the amino group
within contact distance of Glu124(111.33).
Root-Mean-Square-Deviation (RMSD). Each pair
of ligand—receptor complexes was superimposed and the
RMSD between the privileged structure part of the
ligands was computed. For the 2-phenyl-indole, spiro-
piperidine-indane, and 2-tetrazole-biphenyl privileged
structures the RMSD was 0.6, 0.9, and 2.5 A, respec-
tively. The large RMSD for the 2-tetrazole-biphenyl case
is partly due to a large difference between the two
complexes in the position of the tetrazole group caused
by a rotation around the long axis of the biphenyl. The
corresponding value for just the biphenyl part is 1.8 A.

Discussion

The concept of privileged structures in GPCRs has
predominantly been described from a ligand point of
view. Collections of ligands targeting a variety of
receptors while sharing a common subfragment, a
privileged structure, have been compiled.23> These
privileged structures have successfully been incorpo-

rated into compound libraries used to screen against
other GPCR types.2!! However, without an understand-
ing of how these fragments are recognized by GPCRs
any rational design approach utilizing privileged struc-
ture will be intractable. An appealing explanation to the
prevalence of privileged structures in ligands recogniz-
ing a range of GPCRs would be the existence of a
complementary “conserved” binding domain in the
GPCRs.

Structural Characteristics of GPCRs. All GPCRs
share the common feature of seven transmembrane-
spanning a-helices connected by alternating intra- and
extracellular loops with the amino terminus located on
the extracellular side and the carboxy terminus on the
intracellular side, respectively. On the basis of sequence
similarity the family can be divided into several sub-
families with no sequence similarity between subfami-
lies.3® The class A family is by far the largest and
includes receptors related to the rhodopsin and -adre-
nergic receptors. Despite a highly diverse family with
a low overall sequence homology (~20—30%), a number
of key residues are highly conserved indicating that the
overall topology of the 7TM bundle is highly conserved
between class A receptors.

The only receptor structure determined to date is the
crystal structure of bovine rhodopsin,® which has pro-
vided detailed knowledge about the structural organiza-
tion of the 7TM bundle including loop regions. Helix—
helix packing contacts have been unambiguously identi-
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Figure 5. The ligand binding pocket of the MK-0677-GHS receptor (top) and (3)-MC4 receptor complexes (bottom). (A) Side view
from with TM 5, 6, and 7 in front, and (B) top view from the extracellular side. Ligand atoms are color-coded according to atom
types: carbon, green; oxygen, red; nitrogen, blue; chloride, light yellow; and sulfur, yellow. Receptor atoms are shown in yellow

and TMs are shown in shades of brown (TM1) to blue (TM7).

fied together with helix—membrane contacts. Further
details such as helix—helix crossing angles and devia-
tions from ideal o-helices are also evident from the
structure. The endogenous covalently attached ligand
retinal—the light absorbing chromophore of rhodopsin—
is bound in a cavity within the 7TM bundle, which is
located between TM 3, 4, 5, 6, and 7.

The question of whether this structure constitutes an
acceptable template for construction of homology models
of other rhodopsin-like (class A) GPCRs has been
thoroughly examined®” with the conclusion that rhodop-
sin is indeed an excellent template, at least for antago-
nist studies. This conclusion emanates from the fact that
the rhodopsin crystal structure was determined for the
dark (i.e., inactive) form of the receptor, and it is known
that certain conformational changes take place during
activation.3® For our purposes, while we do not wish to
neglect this dynamical feature of GPCR structure, in
the absence of a crystal structure of a representative
GPCR, we prefer not to let our results become biased
by a purported structure that may turn out to be
inaccurate. For example, in the work in which the
homology models were “activated”,3” there was judged
to be a need to expand the size of the ligand binding
pocket to accommodate agonists. This may be so, but
there is no evidence to support this decision. In any case,
it has been shown that while there are indeed certain
conformational adjustments to the structure, both in the
backbone and in side chains, there are at most only very
few changes®® to the residues that actually participate

in ligand recognition. This further justifies our choice
of a knowledge-based docking approach where experi-
mental facts concerning the ligand moieties and the
residues involved are used, rather than a method based
on a molecular mechanical force field. The latter re-
quires an accurate structure for the receptor and not
one that has been adjusted according to purely qualita-
tive criteria.

Sequence/Structure Conservation. The degree of
residue type conservation varies a great deal over the
7TM domain (Figure 2A). In general, residues facing the
7TM bundle (inward facing) are more conserved than
those facing the membrane (outward facing). This is in
accordance with previous observations and is rational-
ized by the structural constraints on buried residues for
optimal packing with surrounding residues.®® Among
the inward facing residues, there are also large varia-
tions in the degree of conservation. A number of residues
such as the GN motif in TM 1 and the NPXXY motif
(where X is any amino acid) in TM 7 are highly
conserved. These key residues most likely play an
essential role for structural and/or functional integrity
of the receptors and tend to cluster in the central part
of the 7TM domain when mapped onto the rhodopsin
structure (Figure 2A). The most variable or less con-
served residues are predominately found at the extra-
cellular face of the receptor, lining what is generally
considered to be the ligand binding site in many GPCRs.
Some highly variable residues are also found at the
intracellular face of the receptor (Figure 2A). Not
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Figure 6. The ligand binding pocket of the Losartan-AG2 receptor (top) and L-692,429—GHS receptor complexes (bottom). (A)
Side view from with TM 5, 6, and 7 in front, and (B) top view from the extracellular side. Ligand atoms are color-coded according
to atom types: carbon, green; oxygen, red; nitrogen, blue; and chloride, light yellow. Receptor atoms are shown in yellow and

TMs are shown in shades of brown (TM1) to blue (TM7).

included in the analysis are both intra- and extracellular
loops together with C- and N-termini. These regions
could not be included in the analysis as both length and
sequences are nonconserved, precluding any meaningful
sequence alignment.

Overall the 7TM domain consists of a conserved
central part joined with two more variable regions—one
at the extracellular face and the other at the intracel-
lular face of the 7TM domain. A simplified view of a
GPCR receptor would be two variable interfaces—one
interacting with various endogenous ligands in the
extracellular environment and one interacting with
intracellular G-proteins—joined by a conserved machin-
ery responsible for transducing a signal from the ex-
tracellular to the intracellular interface.

Ligand Binding Site. A ligand binding pocket
located between TM 3, 5, 6, and 7 has been identified
in many GPCRs systems by mutagenesis studies.*~8 The
presence of such a ligand binding pocket has become
regarded as a common feature throughout the entire
GPCR superfamily, even including members of class B4°
which bind their endogenous ligand at mainly extra-
cellular sites. The rhodopsin structure revealed that the
retinal binding site indeed also is found in this part of
the receptor in accordance with earlier studies. In
Figure 2B, residues lining this binding pocket are shown
as space filling atoms. In the rhodopsin structure, the
E2 loop forms a lid on the binding cavity and conse-
qguently several of these residues contact the retinal. A
pair of conserved cysteines in the E2 loop and the top

of TM 3, respectively, has led to the general consensus
that such an arrangement of the E2 loop is general for
most class A GPCRs (with some exceptions, notably, the
melanocortin family). However, the loop involvement in
ligand binding could not be analyzed due to lack of
homology within the loop regions.

Most residues lining the ligand binding site are
moderately to highly variable, which fits the need for
recognition of a wide range of ligands. Among the highly
variable are residues on TM 3 and 5, including those
involved in binding biogenic transmitter molecules as
indicated in mutagenesis studies.*! For example, residue
Aspll1.32 conserved throughout the biogenic transmitter
subfamily (but still highly variable within the entire
class A family) forms a salt-bridge with the amino group
present in all these transmitter molecules, and SerV.43
and SerV.46 in the adrenergic receptors form hydrogen
bonds with the hydroxyls on the catechol ring of
epinephrine.8® Within the pocket the trend is that
residues toward the lower part of the pocket are more
conserved. In particular, the subpocket spanned by
residues V.47, V1.44, and V1.48 between TM 5 and 6 is
highly conserved. Residues V.47 and V1.44 are either
Phe or Tyr in 91 and 98% of the receptors, respectively,
and residue VI1.48 is Trp in 90% of the receptors. Thus,
this cluster of aromatic residues is conserved in the vast
mayjority of receptors and seems to mark the borderline
between the more conserved central part of the 7TM
domain and the more variable part toward the extra-
cellular face. In the rhodopsin structure, the -ionone
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Table 2. Contact Residues for the Privileged Structure Part of
Each Ligand?

2-tetrazole-
biphenyl

2-phenyl- spiro-piperidine-
indole indane

residue
position® 5HT6-R MC4-R GHS-R MC4-R AG2-R GHS—-R

111.33 V107 C122
111.36 C110 L126  T127 L125 L112  T127
111.37 S111 L125 Y128 L126 Y113 Y128

111.40 1114 1129 V131 1129

1V.56 A157 S172

1V.60 F176

V.38 F188

V.39

V.42 A192 C188 V216 C188 K199 V216
V.43 S217 L189 N200 S217
V.46 T196 M192

V.47 F197 F193 F221 F193 F204 F221

V1.44 F277 F246 F272 F246 F249  F272
V1.48 W281 W250 W276 W250 W253 W276

VI.51 F279 F253 H256 F279
VI1.52 F285 F254 H280 F254 Q257 H280
VI1.55 R283 L257 T260 R283

a Residues within a 4 A radius of the privileged structure were
selected. ® Numbering according to Ballesteros-Weinstein.

ring of retinal packs within this subpocket of conserved
aromatic residues.

Docked Privileged Structure Ligands. The se-
guence analysis revealed that, while there is consider-
able variability in the ligand binding pocket, a part of
the pocket is highly conserved. Such a conserved sub-
pocket is an attractive binding site candidate for the
privileged structures as this part of the pocket would
remain conserved even between distant orthologues
within the class A family. To test this hypothesis, three
pairs of ligands (Figure 1) were docked into receptor
models of their target receptors. Each pair targets two
different receptor types belonging to the class A family
and shares a common subfragment, the privileged
structure, but are otherwise different. Ideally, the
privileged structure part of each pair should dock in the
same region, whereas the remainder—the nonconserved
part of the ligands—should target distinct features in
the corresponding target receptors and consequently
lead to receptor specificity of the particular ligand.

2-Phenyl-indole Containing Ligands (Figures 1
and 4). With an RMSD of only 0.6 A between the
2-phenyl-indole part of the two superimposed complexes,
the privileged structure part of the ligand is docked in
near identical positions in the two complexes. The indole
moiety is positioned in the subpocket spanned by the
three conserved aromatic residues PheV.47, PheV1.44,
and TrpV1.48 as well as PheV1.52, conserved between
the 5HT6 and MC4 receptors, making favorable aro-
matic—aromatic interactions. The bromo-phenyl part of
the privileged structure is placed between TM 3 and 5,
a nonpolar region in both receptors except for Ser111-
(111.37) and Thr196(V.46) in the 5HT6 receptor and
Serl72(1V.56) the MC4 receptor. Thus, the privileged
structure makes similar contacts in both receptors
(Table 2). The main difference between the two ligands
is the linker connecting the amino group with the indole.
In (1) and (2), propylene and pentylene, respectively,
are used as linkers leading to differences in the ligand—
receptor complexes. Both linkers are positioned in a
groove between TM 3 and 6, but the longer pentylene
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linker in (2) can reach longer into the groove than the
shorter propylene linker. However, this correlates very
well with the position of the Asp in TM 3 acting as a
counterion for the amino group in both complexes. In
the 5HT6 receptor, the Asp106(111.32) is postioned three
turns from the extracellular end of TM 3, whereas
Asp118(111.29) in the MC4 receptor is positioned almost
a full turn closer to the extracellular end. This means
that the distance from the indole to the Asp is longer
in the MC4 receptor than in the 5SHT6 receptor cor-
relating nicely with the need for a longer linker in the
MC4 receptor ligand (2).

Spiro-piperidine-indane Containing Ligands
(Figures 1 and 5). Again the privileged structure part
of the two ligands is in very similar positions in the two
complexes with an RMSD of only 0.9 A. As with
2-phenyl-indole, the indane part of the spiro-piperidine-
indane docks in the subpocket formed by the cluster of
three conserved aromatic residues PheV.47, PheV1.44,
and TrpVI1.48 along with Tyr128(111.37) and His280-
(V1.52) in the GHS receptor, and Phe254(V1.52) in the
MC4 receptor (Table 2). In both cases, the NSO,CHj3
group faces TM 6. Neighboring residues His280(V1.52)
and Arg283(VI1.55) in the GHS receptor might also
interact favorably with the NSO,CH3 group explaining
the preference for polar groups in this position. In both
the GHS and MC4 receptors, the piperidine ring is
centered in the cavity between TM 3, 5, and 6 having
contacts to several lipophilic residues on all three TMs
(Table 2). Besides the privileged structure the two
ligands also share a dipeptide scaffold resulting in an
almost identical placement of the attached groups in the
two ligand—receptor complexes. In both ligands, the two
attached groups contain an amino group and an aro-
matic group, respectively. The amino-carrying group is
2-amino-isobutyl in MK-0677 and tetrahydro-isoquino-
line in (3), one aliphatic and the other more aromatic
in nature. This is mirrored in the receptors where
11e178(1V.60) in the GHS receptor is substituted for
Phel76(1V.60) in the MC4 receptor. The amino group
forms a salt-bridge with an Asp or Glu on TM 3. Even
though these acidic residues are positioned one turn
apart in the two receptors, the amino group in the
ligands is docked almost in identical positions between
the two residues. The third group attached to the
dipeptide scaffold, besides the privileged structure and
the amino-carrying group, is benzyloxymethyl and
4-chlorobenzyl in MK-0677 and (3), respectively. In the
GHS receptor—ligand complex the benzene ring of
benzyloxymethyl in MK-0677 is placed in a pocket
formed by four aromatic residues Phe119(111.28), Phe279-
(V1.51), Phe309(VI1.39), and Phe312(VI1.42). Three of
these Phel19(111.28), Phe309(VI11.39), and Phe312-
(VI11.42) are substituted with aliphatic residues lle117-
(111.28), Leu280(V11.39), and 11e283(V11.42), respectively,
in the MC4 receptor. This correlates with the position
of the benzene ring of the 4-chlorobenzyl group in (3),
which in the MC4 receptor is positioned closer to TM 6
next to the last remaining aromatic residue Phe253-
(V1.51). This is due to a shorter linker between the
dipeptide scaffold and the benzene ring in (3) compared
to MK-0677. So even though the ligand—receptor com-
plexes overall are very similar as is also reflected by
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the similar affinities of (3) toward the GHS and MC4
receptors, small differences do prevail.
2-Tetrazole-biphenyl Containing Ligands (Fig-
ures 1 and 6). The biphenyl is positioned in a sub-
pocket, spanned by the three conserved residues PheV.47,
PheV1.44, and TrpV1.48 similar to the 2-phenyl-indole
and spiro-piperidine-indane privileged structures. Other
contacts includes Tyrl11.37 conserved between the AG2
and GHS receptors, and His256(V1.51) and Phe279-
(V1.51) in the AG2 and GHS receptor, respectively,
leading to numerous aromatic—aromatic interactions
(Table 2). The tetrazole group is placed between TM 5
and 6, where Lys199(V.42), Asn200(V.43), and GIn257-
(V1.52) in the AG2 receptor can stabilize a negative
charge on the tetrazole. In the GHS receptor, Asn200-
(V.43) and GIn257(V1.52) are substituted with Ser217-
(V.43) and His280(V1.52), respectively, and the role of
Lys199(V.42) is taken over by Arg283(VI1.55) on TM 6
as described above (Table 2). In both cases, the combi-
nation of the conserved cluster of aromatic residues
together with a group of positive ionizable residues on
TM 5 and/or 6 serves well as a binding pocket for the
2-tetrazole-biphenyl privileged structure. An RMSD of
2.5 A between the 2-tetrazole-biphenyl part of the
ligands is fairly large compared to the previous two
cases. However, this is partly due to a different orienta-
tion of the tetrazole resulting from differences in posi-
tion of the positive ionisable residues stabilizing the
negative charge on the tetrazole. The RMSD for just the
biphenyl part is only 1.8 A. Another explanation may
be that both ligands were docked into homology models
based on the rhodopsin structure regardless of ligand
type (agonist or antagonist). These models represent an
inactive state of class A receptors and may diverge
somewhat from the active state recognized by agonists.
The imidazole and benzazepinone of Losartan and
L-692,492, respectively, are both roughly positioned in
the same region in the cavity between TM 3, 5, and 6.
Substituents on these core fragments are the butyl and
hydroxymethyl substituents on the imidazole of Losa-
rtan, and the benzene and amino-akyl substituents on
the azepinone ring of L-692,429. Even though the
directionality of the substituents on the two core frag-
ments do not match exactly, the substituents pair up
so the butyl and benzene groups, and the hydroxymethyl
and aminoalkyl groups occupy the same space in the
AG2 and GHS receptors. The butyl and benzene groups
are positioned between TM 3, 6, and 7. In the GHS
receptor, a cluster of aromatic residues Phel119(111.28),
Phe279(V1.51), and Phe309(VI11.39) forms aromatic—
aromatic interactions with the bezene ring. Two of these
residues Phell9(111.28) and Phe309(VII1.39) are, in
contrast, substituted with aliphatic residues Alal04-
(111.28) and 11e288(V11.39) in the AG2 receptor explain-
ing the preference for an aliphatic over an aromatic
group in the AG2 receptor compared with the GHS
receptor. The hydroxymethyl and amino-alkyl groups
are found between TM 3, 4, and 5, where the amino
group of L-692,492 interacts with Glu124(111.33) in the
GHS receptor as shown by mutagenesis. In the AG2
receptor the hydroxyl is pointing toward TM 5 and is
fairly close to Lys199(V.42) which also interacts with
the tetrazole. Proximity of the hydroxyl group and
Lys199(V.42) also explains why the carboxylate deriva-
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Figure 7. Schematic illustration of a class of ligands com-
posed by a conserved privileged structure part and a variable
part together with the corresponding receptor binding pockets.

tive of Losartan has a higher affinity toward the AG2
receptor.*? In this respect, it is also interesting that the
Glu124(111.33) in the GHS receptor is substituted with
Ser109(111.33) in the AG2 receptor avoiding charge—
charge repulsion between the two carboxylate groups.

Summary. For each pair of ligands the privileged
structure part could be docked in the same region of the
target receptors as measured by RMSD values between
the privileged structure part of the superimposed ligand—
receptor complexes. The nature of the privileged struc-
ture binding pocket was conserved between receptors
even in the case of 2-tetrazole-biphenyl where the
residue acting as counterion for the tetrazole was
positioned on different TMs in the two complexes (Table
2). Differences between the nonprivileged parts of the
ligands could to some degree be rationalized from
differences in the receptors leading to a preference for
one pharmacophoric element over another, and thus
responsible for the observed selectivity displayed by the
receptors toward the ligands. Ligand—receptor interac-
tions can therefore be divided into two categories. One
category being those interactions between receptor and
privileged structure, which are conserved among com-
plexes containing the same privileged structure, and the
second category being those interactions between recep-
tor and the remainder of the molecule, which may be
highly variable (Figure 7).

Privileged Structures and the Privileged Re-
ceptor Site. All three examples of privileged structures
dock in the same region of the receptors—the subpocket
deep within the 7TM domain spanned by three con-
served aromatic residues PheV.47, PheV1.44, and Tr-
pV1.48 on TM 5 and 6. The existence of such a conserved
(or privileged) pocket would seem to suggest a straight-
forward explanation to the concept of privileged struc-
tures in GPCR systems. However, with all three privi-
leged structure this subpocket can only accommodate
part of the privileged structure. Some contacts are
established between the privileged structure and the
nonconserved parts of the binding pocket (Table 2). This
would imply that any one particular privileged structure
can target only a subset of receptors, those complemen-
tary to the full privileged structure. A good example of
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this is the 2-tetrazole-biphenyl privileged structure
which requires one or more positive ionisable residues
to stabilize the negative charge on the tetrazole. Such
residues exist in the GHS and AG2 receptors but not
in the MC4 receptor indicating that the latter receptor
will fail to accommodate the 2-tetrazole-biphenyl privi-
leged structure. So even though privileged structures
can target widely different receptor subtypes, it seems
unlikely that an universal privileged structure exists
for all members of the class A family.

Typically, ligand recognition presupposes a match
between ligand and binding pocket not only of “shape”
but also of physicochemical interactions such as charge,
dipolar interactions, and polarizability. Hydrogen bonds,
for example, are important in this regard. They not only
represent an important contribution to binding en-
thalpy, but provide directionality as well. But the
residue types and the corresponding privileged struc-
tures are conspicuously aromatic in character, giving
rise to a more or less nonpolar type of interaction. It is
well-known that aromatic—aromatic interactions in-
volve more than just the entropic contribution provided
by the desolvation of nonpolar surfaces, but there is an
enthalpic contribution too, due to w—x interactions.
These can be of comparable strength to hydrogen bonds,
and likewise they are directional in character.3 Thus,
there would seem to be a natural explanation for the
conservation of aromatic residues in the deeper regions
of the binding pocket and the “conservation” of recurrent
aromatic groups in the privileged structures. The prob-
lem with this conclusion is that the receptors have not
evolved under the selection pressure of these ligands.
These are modern in origin. Rather, we must resort to
other lines of reasoning to explain this apparent com-
patibility between privileged structures and the corre-
sponding residues which they so readily bind to. The
three aromatic residues, spanning the pocket, overlap
with a conserved mini-core of ~35 residues (Figure 2A)
and may have to do with an essential part of the
machinery of the receptor, the transfer between active
and inactive states, for example. They just happen to
be partly exposed in the bottom of the ligand binding
pocket. Further, they may be differently exposed in the
active or inactive structures, such that small differences
in privileged ligand structures, or in groups attached
to them, may help to stabilize one or another state
(active or inactive) of the receptor,** but the machinery
itself is likely to be very similar in all GPCRs judged
by the high degree of conservation in the central part
of the receptors. This may be the explanation for the
observation that privileged structures can be engineered
with only small changes, to generate agonists or an-
tagonists.** It is likely as improved GPCR models will
appear in the future that the hypothesis here described
may be an additional aid to design new ligands for
GPCRs. We see an advantage in such a design since no
endogenous ligand is required as starting point, and
many orphan receptors may thus be amenable to ligand
design simply by testing whether a given privileged
structure binding site is present in a orphan receptor
or not. To illustrate this, the binding site for the
2-tetrazole-biphenyl privileged structure in GHS recep-
tor was compared with the corresponding binding site
in other class A GPCRs having a positively charged
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Table 3. Comparison of the 2-Tetrazole-Biphenyl Binding Site
in the GHS Receptor with Other Class A GPCRs?

receptor
residue position® GHS-R NT1-R APJ-R CC6-R ETI1-R
111.36 T T M F \%
111.37 Y Y Y Y G
V.42 \% N S Q L
V.43 S T T M F
V.47 F F F F F
V1.44 F F F F F
V1.48 w W W Q w
V1.51 F Y Y F L
V1.52 H H H N H
VI1.55 R R K K R

a Residues within a 4 A radius of the privileged structure were
selected. P Numbering according to Ballesteros-Weinstein.

amino acid in position VI1.55 (Table 3). Evidently, the
NT1 receptor has a binding site quite similar to the one
in the GHS receptor, and a literature search also
revealed a patent with compounds containing 2-tetra-
zole-biphenyl directed against neurotensin.*> To our
knowledge, the other three receptors in Table 3 do not
have any known ligands with 2-tetrazole-biphenyl groups.

Experimental Procedures

Sequence Alignment and Conservation Entropy.
Aligned subfamilies were downloaded from the GPCR data-
base.*® The multiple sequence alignments were submitted to
PHDhtm*’ to predict the location and topology of transmem-
brane segments. Subsequently, the transmembrane part of the
subgroups were aligned relative to each other using the
predicted transmembrane segments and the conserved resi-
dues within each transmembrane helix. The exact location of
the seven transmembrane segments were taken as the ends
of the transmembrane helices in the rhodopsin structure®
determined using the DSSP routine in WHAT IF.“8 As a control
of the alignment, the program Perscan®® was used to analyze
the sequence alignment of the subgroups. Perscan analyses a
multiple sequence alignment for conserved or variable posi-
tions based on the hypothesis that membrane-facing residues
are less conserved than residues facing other helices in the
7TM bundle. In the case of an ideal a-helix, this should lead
to a cosine type pattern of conserved/variable residues with a
period of 3.6 residues. A very good agreement between differ-
ent subgroups for all seven transmembrane helices validates
the alignment.

For each position in the 7TM domain the degree of conser-
vation in the multiple sequence alignment was evaluated using
an entropy-based measure implemented in the program
AL2CO.1° Weighted amino acid frequencies were used to
decrease the impact of large groups of similar sequences.’® 111
class A human GPCR sequences were included in the analysis.

GPCR Receptor Binding Assays. With compounds 1 and
2, affinities were taken from Willoughby et al.*' Ligand
affinities toward the GHS receptor were determined as
described in Hansen et al.!®> Affinities toward to the AG2
receptor were determined by Cerep (Celle I'Evescault, France)
as described in Bergsma et al.'® The MC4 receptor binding
assay is described below.

MC4 Receptor Binding Assay. BKH cells expressing MC4
receptors were made by transfecting MC4 receptor cDNA into
BHKS570 cells, and stable clones were selected and grown in
DMEM media containing 1 mg/mL G418, 10% FCS, and 1%
MTX. Membranes were prepared by homogenization (3x) in
20 mM Hepes pH 7.1, 5 mM MgCl,, bacitracin 1 mg/mL, and
centrifuged at 15 000 rpm at 4 °C, 10 min in a Sorvall RC 5B
plus, SS-34 rotor. After the third centrifugation the pellet was
dissolved in binding buffer; 25 mM HEPES pH 7.0, 1 mM
CaClz, 1 mM MgSO,4, 1 mM EGTA, 0.02% Bacitracin 0.005%
tween 20, and 0.1% HSA. The binding assay was performed
in 96-well microtiter plates, (Millipore MADVN 6550) in a total
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volume of 200 L by mixing the membranes (10 ug) with 80
pM 25NDP-0-MSH and test compound in varying concentra-
tions, all dissolved in binding buffer. After addition of all assay
components, the samples are incubated for 2 h at 25 °C. The
incubation is terminated by placing the 96-well filter plates
on a vacuum-manifold, and sucking the supernatant through
the filters. The wells are washed twice with 100 uL ice-cold
0.9% NaCl. The plates are then air-dried and the filters are
punched into counting-vials. The radioactivity retained on the
filters was counted using a Cobra Il auto gamma counter. 1Cso
values are calculated by nonlinear regression analysis of
binding curves using the windows program GraphPad Prism,
GraphPad software, USA.

Receptor Models and Docking. Models of the 7TM
domain for the human 5HT6, MC4, AG2, and GHS receptors
were constructed using Modeler.*® Sequence alignment of the
four sequences together with bovine rhodopsin is shown in
Figure 3. The bovine rhodopsin crystal structure® was used
as template structure. Side chain conformations were fixed as
in the crystal structure for residues satisfying the following
two conditions: (@) identical in bovine rhodopsin and in the
sequence used for the model and (b) conserved/identical in
more than 80% of the class A receptor sequences including
bovine rhodopsin. These constraints were included based on
the assumption that such highly conserved residues most likely
also have a conserved structural or functional role that
demands a specific conformation, the one observed in the
bovine rhodopsin structure. Loop regions as well as the C- and
N-terminus were not included into the models as these regions
are highly variable and for practical purposes impossible to
model accurately.

Docking was done by hand followed by minimization with
MMFF®° in Sybyl6.8 (Tripos, St. Louis). The amino group
present in all ligands except Losartan was protonated and
assigned a formal charge of +1. Likewise, the tetrazole group
of L-692,429 and Losartan were deprotonated and assigned a
formal charge of —1. Side chain orientations were adjusted in
a few cases to avoid steric clashes between receptor and ligand
atoms. When available mutagenesis data and structure—
activity relationships were used to guide the dockings. The
RMSD between heavy atoms in the privileged structure part
of the ligand—receptor complexes was computed for each pair
of complexes by superimposing the complexes using protein
backbone atoms.
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