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Seven-transmembrane receptors (7TMRs) mediate the
majority of physiological responses to hormones and
neurotransmitters in higher organisms. Tertiary struc-
ture stability and activation of these versatile membrane
proteins require formation or disruption of complex net-
works of well-recognized interactions (such as H-bonds,
ionic, or aromatic-aromatic) but also of other type of
interactions which have been less studied. In this review,
we compile evidence from crystal structure, biophysical,
and site-directed mutagenesis data that indicate or sup-
port the importance of interactions involving Met and
Cys in 7TMRs in terms of pharmacology and function.
We show examples of Met/Cys—-aromatic and Met-Met
interactions participating in ligand binding, in tuning the
orientation of functionally important aromatic residues
during activation or even in modulating the type of
signaling response. Collectively, data presented enlarge
the repertoire of interactions governing 7TMR function-
ing.

General considerations about structural features of
7TMRs

TTMRs, also known as G-protein-coupled receptors
(GPCRs), mediate nearly all human cellular responses to
hormones and neurotransmitters. Therefore, they are one
of the most attractive target families for drug discovery and
already comprise approximately 30% of current therapeu-
tic agents on the market [1]. Significant advances in crys-
tallization of 7TMRs have permitted elucidation of the
structures of many receptors [2—22]. These represent in-
valuable tools for understanding how 7TMRs function at
residue and molecular levels. There is considerable evi-
dence that, despite a remarkable diversity in ligands, the
ligand-encoded extracellular signal is propagated from the
binding site into intracellular domains through a common
activation mechanism. These would subsequently trigger
further signaling pathways. For example, when 7TMRs
activate G proteins, an outward tilt of the intracellular part
of transmembrane (TM) 6 occurs together with a
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movement of TM5 towards TM6 and a side chain extension
of Arg3%° within the (E/D)RY motif in TM3 towards the
protein core, to interact with the highly conserved Tyr®>®
in TM5 and with Tyr’®® of the NPxxY motif in TM7
(superscripts refers to the Ballesteros and Weinstein num-
bering scheme [23]) [24-28]. All these steps require forma-
tion and breakage of noncovalent interactions such as
ionic, hydrogen bond, and dispersion-stabilized interac-
tions (including aliphatic—aliphatic, aromatic—aromatic,
aromatic—aliphatic), most of which are well described
(see Glossary and Table 1). There are, however, other types
of dispersive interactions present in 7TMRs that are yet
not well characterized and less recognized. This is the case
of interactions involving sulfur-containing amino acids
(Cys and Met) and in particular between Met/Cys and
aromatic and between two Met or Cys residues. The nature
of such interactions is primarily dispersive, although it is
generally considered to involve a significant electrostatic
component as well [29]. In fact, the range of geometries
observed for these interactions in crystal structures
reveals the existence of contributions with different phys-
icochemical origin: S---w (in Met—aromatic and Cys—aro-
matic), C-H---w interactions (in Met—aromatic), C-H---S
hydrogen bonds (in Met-Met, Cys—aromatic, and Met—
aromatic), S-H---S hydrogen bonds (in Cys—Cys) and S—
H---m (in Cys—aromatic) [30-36]. It is important to outline
that the large polarizability of sulfur also enhances the
interactions involving -CHs— and —CHj3 groups attached to
sulfur compared to aliphatic chains (as, e.g., in Ile or Leu).

In the late 1970s, Morgan and coworkers observed a
high frequency of contacts between sulfur-containing resi-
dues and aromatic residues in proteins, and even found

Glossary

Dispersion: interaction between nonpolar molecules due to electron redis-
tribution caused by proximity between molecules. It represents the main part
of the total interaction force in condensed matter.

Intermolecular forces: attraction and/or repulsion between neighboring
particles.

van der Waals forces: weak interactions between molecules other than
Coulomb interactions. They include dipole-induced dipole and induced

dipole-induced dipole (dispersion) interactions.
S
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Table 1. Summary of intermolecular forces in proteins
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Type of interaction Factors responsible for interaction Energy range Distance dependency
(kcal/mol) on energy

lon-ion

lon-dipole (H-bond)
Dipole—dipole (H-bond)
Dipole-induced dipole
Dispersion

Coulomb lon charge

van der Waals
Polarizability

large stacked arrangements composed of aromatic and Met
or Cys residues [37]. Further studies also demonstrated
that Cys/Met—aromatic interactions were fairly common in
protein crystal structures and that Met was as likely as
Phe or Trp to be near another Trp, with the majority of
interactions facing the ring [30-32]. Recently, several
attempts to determine binding energies for model systems
representing sulfur—aromatic interactions have been per-
formed [33,34,38]. From experimental studies of modeled
peptides in water, sulfur—aromatic interactions were esti-
mated to contribute up to ~2 kcal/mol [39]. However, these
interactions are probably even stronger when they occur in
nonpolar environments, as for example, the protein interi-
or. Recent high level ab initio calculations gave interaction
energies up to ~3-3.5 kcal/mol for side chain analogs of
Met—Phe, Cys—Phe, Cys—Cys, and Met—Met interactions
(J.C. Gomez-Tamayo et al., in preparation). This puts these
interactions at a similar level (and even higher) in terms of
strength to other commonly accepted interaction types
such as aromatic—aromatic (the energy of interaction be-
tween two Phe residues is 2.4 kcal/mol [40-42]).

Interactions involving sulfur-containing amino acids in
7TMR crystal structures

Analysis of 17 7TTMR crystal structures corresponding to
distinct members of the family available revealed the
existence of 216 Met—aromatic, 210 Cys—aromatic, 22
Met—Met, 22 Cys—Met, and 3 Cys—Cys (excluding disulfide)
interactions (Tables 2 and 3). This means that, on average,

lon charge, dipole magnitude
Dipole magnitude, electronegativity 2-7 13
Dipole magnitude, polarizability

20-40 —NH5* - "00C-
10-25 1/r —NH5* - 0=C<
>C=0 .- HN<
0.5-2.5 1 —OH - —CH3
0.1-3 1/r® —CHg - —CH3

each receptor contains 25 sulfur—aromatic and 3 sulfur—
sulfur interactions. The low prevalence of Cys—Cys inter-
actions is due to involvement of Cys in disulfide bridges or
hydrogen bond interactions and also to its shorter side
chain (and thus smaller surface accessibility) compared to
Met. Remarkably, it turns out that 47% of aromatic resi-
dues present in 7TMRs are involved in interactions with
Met and Cys residues, mostly Met—Phe, Met-Tyr, and
Cys—Phe pairs. Furthermore, Met/Cys—aromatic and
Met/Cys—Met/Cys interactions in 7TMRs are often alter-
nated with aromatic—aromatic interactions, forming large
stacked arrangements such as those described by Morgan
et al. [37]. Although their functional significance is not fully
understood in 7TMRs, it is likely that these may constitute
molecular machineries stabilizing specific receptor confor-
mations or transmitting structural changes from the ex-
tracellular to the cytoplasmic interface, promoting or
inhibiting binding to G proteins and/or other signaling
proteins.

One of the most remarkable examples of such a stacked
arrangement can be found in the B, adrenergic receptor
(B2AR). Specifically, a network of interactions extends from
Cys11633° to Trp32'3! and involves consecutive Met—aro-
matic, Met/Cys—Met, and aromatic—aromatic interactions
besides the ligand-binding site (Figure 1A). In the core of
this network, Tyr316”*3 participates in a Met—aromatic
interaction with Met82%%% (see below) and also forms a
hydrogen bond with Asp113332 the most critical residue
for ligand binding in amine receptors. This suggests that

Table 2. Summary of interactions involving sulfur-containing amino acids in the crystal structures of 7TMRs

ocpior L Organsn 708 4 s Tverivo_Tvervet _lovsneo o ors Loy et

Rhodopsin Bovine 1GZM [2]
Rhodopsin Squid 27273 [4] 22
B2-Adrenergic Human 2RH1 [5] 9
B4-Adrenergic Turkey 2VT4 [7] 9
H1 Histamine Human 3RZE [8] 13
D3 Dopamine Human 3PBL [9] 9
M2 Muscarinic Human 3UON [10] 9
M3 Muscarinic Rat 4DAJ [11] 8
kOR Opioid Human 4DJH [12] 18
LOR Opioid Mouse 4DKL [13] 18
30R Opioid Mouse 4EA3 [14] 12
NO/FQ Opioid Human 4EJ4 [15] 14
A,a Adenosine Human 4ElY [16] 12
CXCR4 Chemokine Human 30DU [19] 3
S1PR1 Sphingolipid Human 3V2Y [20] 9
NTSR1 Neurotensin Human 4GRV [21] 17
PAR1 Protease-activated Human 3VW7 [22] 9
Total 216

2

7 12 1 2 44
3 11 0 2 25
2 7 0 2 20
1 11 0 3 28
1 11 0 0 21
3 12 1 1 26
0 10 1 0 19
0 14 0 2 34
0 15 0 2 35
0 12 0 3 27
0 10 0 1 25
1 18 0 1 32
0 10 0 0 13
1 12 0 0 22
1 12 0 2 32
0 16 0 0 25
22 210 3 22 473

®Interactions were considered for all pairs of residues having at least two side chain atoms closer than 6.0 A.Sucha large distance cut-off value is justified by the long-range

nature of interactions involving sulfur and aromatic groups.
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Table 3. List of all interactions involving sulfur-containing Table 3 (Continued)
amino acids in the crystal structures of 7TMRs Res.® Res.® Pair PDB id"
| [Res® Res® [Pair |PDBid® | 3.25 2l N 3RZE
™1 1.34 1.30 M/W 1GZM 3.22 c/c 4ElY
7.40 CIF 3VW7 C/F 2773
1.35 1.31 M/W 2RH1 2VT4 3.28 CwW 2RH1 2VT4
1.39 M/M 2RH1 2VT4 C/F 3PBL
1.39 1.35 M/M 2RH1 2VT4 3.29 C/H 30DU
1.38 MY 1GZM crY 4GRV
2.57 M/Y 4DJH 5.30 Cc/C 2RH1 2VT4
2.58 M/F 1GZM 3.30 5.37 C/Y 4ElY
MY 3PBL 4GRV 3.31 2.63 M/F 1GZM
7.40 M/F 1GZM 3.27 M/F 3RZE
M/W 2RH1 2VT4 4.54 M/F 3RZE
Y 3VW7 3.32 2.57 M/Y 3vaY
1.42 1.38 CIF 2773 3.36 M/F 3VW7
1.43 2.57 CIY 3v2Y 3.34 3.35 M/M 3PBL
M/F 4DJH 4.50 M/W 3PBL
2.58 M/F 4GRV C/w 3Vw7
7.40 Cc/wW 3RZE 4.54 M/F 3PBL
1.44 1.40 M/F 1GZM 4.61 MY 4EJ4
1.47 M/F 1GZM 3.35 3.34 M/M 3PBL
1.47 1.44 M/F 1GZM 3.38 M/F 2773
2.51 CIF 2773 4.50 C/W 2RH1 2VT4 4GRV
1.54 2.44 M/F 3UON 4DJH 4EA3 4EJ4 M/w 3PBL
1.57 2.43 M/F 3VW7 3.36 3.32 M/F 3vw7
7.53 MY 30DU 3.33 MY 3VW?7 4DJH 4EJ4
TM2 2.38 2.42 MY 30DU 3.37 MY 3VwW7
2.39 2.40 MY 3v2y M/F 4DJH 4EA3 4EJ4
2.42 M/F 3v2y 5.47 M/F 4EA3
2.41 4.39 M/H 2773 6.44 C/F 3PBL
cY 3PBL M/F 4EA3
4.43 M/F 2773 6.48 CwW 3PBL
2.43 1.57 M/F 3VW7 M/F 3VW7
7.53 MY VW7 M/W 4DJH 4EA3 4EJ4
2.48 2.44 CIF 3UON 6.52 C/F 3PBL
3.38 M/F 2773 M/H 4DJH 4EJ4
4.50 Cc/W 3UON 3.38 2.48 M/F 2773
253 2.58 M/F 1GZM 3.35 M/F
3.31 M/F 1GZM 4.50 M/W 2773
6.48 M/W 1GZM 2RH1 3.41 3.44 C/W 3PBL
7.43 MY 2RH1 3.45 M/M 2773
7.46 C/F 30DU 3VW7 4.48 M/F 2773
2.57 1.39 MY 4DJH 4.49 C/F 3V2Y 4ElY
1.43 crY 3V2Y 4.52 M/w 2773
M/F 4DJH M/w 1GZM
3.32 M/Y 3v2y 3.43 6.44 M/F 2773 3VW7
7.43 M/Y 4DJH 6.48 M/F 3VwW7
258 1.39 M/F 1GZM 3.44 3.41 c/w 3PBL
2.53 M/F 1GZM 5.54 M/F 3RZE
1.39 M/Y 3PBL 4GRV 3.45 2.42 M/F 2773
1.43 M/F 4GRV M7y 4DJH 4EJ4
7.40 M/W 3RZE 3UON 4DAJ 3.41 M/M 2773
7.43 M/Y 3PBL 3RZE 3UON 4.45 M/M 2273
4DAJ 4GRV 4.48 M/F
2.60 3.24 c/W 3PBL 3.46 2.42 V1A% 4DJH 4EA3 4EJ4
3.28 M/W 3RZE 7.53 V1A% 4EA3
2.62 3.28 MY 2773 3.47 5.57 C/F 3RZE
7.40 M/M 2773 5.58 crY 3RZE
2.66 1.32 cNY 2773 3.54 3.51 M/Y 3v2y
™3 3.22 3.23 CH 4EIY 3.55 3.51 crY 1GZM 4EA3 4EJ4 4GRV
3.25 c/e 4EIY ™4 4.37 2.42 M/F 2773 2VT4
CIF 2773 4.43 M/M 2773
3.24 2.60 Cc/W 3PBL 4.39 2.41 M/H 2773
crY 3PBL

322



Table 3 (Continued)

TM5

Res.
4.43

4.45

4.44

4.45

4.46

4.48

4.49

4.52

4.56

4.58

4.60
4.61

4.62

4.63
4.64
5.30

5.35

5.38

5.41

- Res.

2.41
4.44

4.45
2.42
3.45
4.37
4.41

4.45
2.42
4.41
4.44
2.42
2.45
4.50
3.41
3.45
3.41
4.50
3.41
4.48
5.46
5.38
5.41
5.46
4.54
4.62

3.29
3.23
3.27
3.34
3.23
4.58

5.38
5.41
2.64
3.28
5.38
6.59
7.29
3.33
4.56
4.63
5.35
5.37

5.41

5.42
6.52
4.56
4.56
4.64
5.37

5.38

5.42

5.45
5.46

2 Pair
M/F
M/M
M/H
M/M
M/F
M/M
M/M
M/M
M/H
M/M
M/F
M/M
M/M
CrY
C/H
C/W
M/F
M/F
C/F
C/W
M/W
M/F
M/H
C/F
CrY
C/H
C/F
C/F
M/F
My
M/H
M/F
MY
M/F
C/F
M/F
M/F
C/W
C/H
C/W
M/M
M/F
M/H
MYy
C/F
M/F
M/M
M/F
MYy
M/F
C/F
M/F
M/H
C/W
CrY
C/W
M/W
C/F
M/F
C/F
My
C/F
C/F

PDB id®
2773
3UON
1GZM
3UON
2773
2773
2773
3UON
1GZM
3UON
3UON 4DAJ
3UON
3UON
3VW7
3VW7
3VW7
2773
2773
3V2Y 4ElY
3v2Y
1GZM
1GZM
1GZM
1GZM
1GZM
1GZM
3PBL
3PBL
2VT4
4GRV
4ElY
4ElY
4EJ4
2VT4
3PBL
2VT4
4EA3
2773
2RH1
2RH1 2VT4
4ElY
4EIY
4EIY
4DJH
1GZM
4EA3
4ElY
4DJH
4ElY
3RZE
4EA3
1GZM
4ElY
2773
1GZM
2773
3RZE
4DJH
3RZE
4EA3
1GZM
4DJH 4EA3 4EJ4
4ElY
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Table 3 (Continued)

Res.
5.42

5.43

5.44

5.45

5.46

5.51

5.54

5.57

5.61
5.63

TVié 6.27
6.36

6.40
6.41

6.42
6.47

6.54

a Res.

3.37
5.38
5.41
5.43

5.46
3.33
5.39
5.42
5.42
5.47
6.56
5.40
5.45
6.56
3.37
5.41
5.44
5.49
4.52
4.56
5.41
5.42
5.47
6.44
3.44
5.58
6.41
6.44

3.47
3.51

5.56
5.58
3.51
5.58
5.59
6.26
6.40
7.53
7.56

6.36
5.64
5.58
6.42
6.41
6.48

7.41
7.44
7.48

6.51
7.30
7.34
7.35
7.38
7.39

2 Pair
M/F
M/F
MY
M/F
C/F
M/H
C/F
C/Y
C/F
M/F
C/F
C/F
M/F
M/F
C/F
M/Y
C/F
M/F
M/F
M/H
C/H
C/IF
M/H
M/F
M/F
M/F
MY
M/M
M/F

C/F
CrY

C/F
C/F
CIY
MY
MY
M/F
M/H
M/M
MY
M/M
M/F
M/M
M/M
MY
C/F
C/F
C/wW

C/F
C/F
C/F
CrY
C/F
MY
C/F
MY
M/W
C/F
MY

PDB id®

2773

1GZM

1GZM

1GZM

3v2Y

1GZM

3v2Y

3v2Y

3V2Y

1GZM

3v2Y

4EIlY

30DU

4GRV

4EIlY

4GRV

4DJH 4EA3 4EJ4
4GRV

4GRV

1GZM

1GZM

4EIlY

1GZM

4GRV

4GRV

3RZE

2RH1 3UON 4EIY
2RH1 2VT4 3RZE

2RH1 2VT4 3RZE
3UON 4DAJ

3RZE

1GZM 2273 30DU
4DJH 4EA3 4EJ4

3VW7

1GZM 2273
4DJH

4DJH 4EA3 4EJ4
4DJH 4EA3 4EJ4
2773

3RZE

1GZM

1GZM 3PBL 4EJ4
1GZM

3PBL

1GZM

2RH1 2VT4 3RZE
2RH1 3RZE
3VW7

3VW7

1GZM 3PBL 3V2Y

4DJH 4EA3 4EJ4
4GRV

3VW7
1GZM
30DU
1GZM

2RH1

3UON 4DAJ
3RZE

4DAJ
3UON 4DAJ
4DJH 4EA3 4EJ4
3UON
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Table 3 (Continued)

Res.? Res.? Pair PDB id®
6.56 5.43 C/F 4ElY
5.44 C/F 4EIY
5.48 MY 3RZE
6.60 C/F 4ElY
6.57 6.61 CIF 4ElY
7.30 M/F 4GRV
7.31 MY 4GRV
7.34 M/F 4GRV
6.59 5.35 M/F 4EIY
6.58 C/F 4GRV
6.60 clY 4GRV
6.61 6.57 CIF 4ElY
6.60 CIF 3UON
7.29 c/c 3V2Y
™7 7.29 5.35 M/H 4EIY
6.61 c/c 3V2Y
7.35 M/H 4ElY
7.30 6.54 C/F 3RZE
6.57 M/F 4GRV
7.35 6.51 MY 1GZM
6.54 M/W 3UON 4DAJ
7.29 M/H 4ElY
7.36 MY 4ElY 4GRV
7.36 7.33 M/Y 4GRV
7.35 MY 4ElY
MY 4GRV
7.40 M/W 3RZE
7.38 6.54 CIF 4DJH 4EA3 4EJ4
7.37 CIF 4DJH
7.40 1.34 CIF 3VW7
1.38 M/F 2773
1.39 M/F 1GZM
M/W 2RH1 2VT4
c/Y 3VW7
1.43 C/W 3RZE
2.58 M/W 3RZE 3UON 4DAJ
2.62 M/M 2773
7.36 M/W 3RZE
7.42 6.48 Cc/W 3UON 4DAJ
6.51 cY 3UON 4DAJ
7.39 ()% 4DAJ
7.46 2.53 C/F 30DU 3VW7
7.43 CIF 30DU
7.45 CH 30DU
7.47 7.44 C/F 30DU
7.51 7.48 M/H 2773
7.52 7.53 cY 3UON
7.56 c/C 3UON 4DAJ
7.56 6.36 M/M 1GZM
M/F 3PBL
6.39 C/F 3RZE
7.52 c/c 3UON 4DAJ

?Residue number according to Ballesteros and Weinstein [23].

PSee Table 2 for correspondence between PDB id and receptor name.

this series of interactions could serve to modulate ligand
binding, being sensitive, for example, to allosteric modu-
lators [43]. In the B;AR, M82%53V mutation in the analo-
gous residue had a thermostabilizing effect and was
employed to successfully crystallize the receptor [44]. This
could be explained by a different conformation of
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Tyr3167% that would restrain the receptor in an inactive
state. Interestingly, crystal structures of histamine H1,
dopamine D3, muscarinic M2, muscarinic M3, and « opioid
receptor (kOR) feature Met?®® (instead of Met?*53) inter-
acting with Tyr”*3. Figure 1B shows that residue Met83%5®
in D3R structure can clearly modulate the conformation of
Tyr3737*% in the same manner as Met*°® in B;AR and
B2AR.

The crystal structure of squid rhodopsin also contains a
large patch of consecutive interactions involving various
Met—Met extending across the membrane along TM4 and
reaching intracellular loop (ICL) 2 (Figure 1C). In the same
structure, a group of three Met residues connects the C-
terminal region of the unusually large TM5 and ICL2
featuring a triangle of Met—Met interactions that also
involves H230 (Figure 1D).

In the following subsections, we will show that interac-
tions involving these types of residues are often present in
the available repertoire of crystal structures of 7TMRs and
are involved in critical aspects of receptor pharmacology
and functioning such as receptor-ligand interactions or
activation microswitches.

Met-aromatic interactions relevant for ligand binding
Various examples of Met—aromatic interactions are in-
volved in ligand recognition. Figure 2A displays the bind-
ing of JDTic to kOR as a representative model for OR/
ligand complexes. It can be seen that in addition to
Asp138332 (the main anchoring point for opioid ligands),
Met142336 forms a Met—aromatic interaction with the
ligand that might significantly contribute to binding ener-
gy and might equally be important in setting ligand orien-
tation. Interestingly, Met®3¢ is fully conserved in OR of all
species and the four structures for this subfamily of recep-
tors available exhibit similar Met—-aromatic interactions
with their respective ligands [12-15]. In fact, it is known
from structure/activity relationship studies that the aro-
matic moiety of peptidic or nonpeptidic opioid ligands
involved in this interaction is crucial for recognition by
cognate receptors [45,46]. Sequence analysis of human
class A 7TTMRs (performed with the program GMoS, avail-
able at http:/lmc.uab.cat/gmos) shows that Met>3¢ is pres-
ent in 31 additional 7TMRs for peptides and 9 7TMRs for
nucleotides. In the human melanocyte-stimulating hor-
mone receptor, Met128%36L substitution significantly de-
creased agonist potency for an endogenous peptide analog
[47]. This suggests that the recognition of ligand aromatic
residues by Met®3¢ could also be relevant in additional
receptors.

The large repertoire of Ayp adenosine receptor struc-
tures also offers beautiful examples of Met—aromatic
interactions within the orthosteric-binding sites
[17,18]. Specifically, Met117°2® and Met2707-3% interact
with all crystallized AR ligands. Figure 2B displays
the binding mode for agonist ZM241385 to AsaR as a
representative case. Interestingly, M2707°T mutation in
dog A;R (the only A;R containing Met at this position)
changed binding affinities of specific agonist and antago-
nists ligands [48]. The sequence analysis shows that
Met®3® is conserved in 85% adenosine receptors and
12% purinoceptors, whereas Met”3® is mostly found in
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D3/eticlopride

(@] W174%64

W166*56

W1624.52

sRho

(D)
H230

Mm23 L M4

sRho
M237

TRENDS in Pharmacological Sciences

Figure 1. Examples of large Met/Cys—aromatic and Met/Cys—Met interaction
patches taken from crystal structures of seven-transmembrane receptors
(7TMRs). (A) A patch of interactions connect Asp113%32 (the most important
ligand-binding element) and the extracellular parts of transmembrane 1 (TM1) and
TM7 in B, adrenergic receptor (B,AR) bound to inverse agonist carazolol (light-
gray; PDB id: 2RH1 [5]) and to agonist BI167107 (colored; PDB id: 3SN6 [6]). (B) The
crystal structure of dopamine D3 receptor (D3R) in complex with eticlopride
reveals the presence of two sulfur-aromatic interactions in the vicinity of the
ligand-binding pocket: Cys114%3¢-Trp3425% and Met82%%8-Y3167-*% (PDB id: 3PBL
[9]). (C) A patch of interactions in squid rhodopsin propagates along TM4 involving
residues from TM2, TM3, and TM5 and from intracellular loop (ICL) 2 (PDB id: 2273
[4]). (D) A cluster of three Met-Met interactions (also involving H230) in the
intracellular part of TM5 and ICL2 in squid rhodopsin (PDB id: 2Z73 [4]). Pieces of
TM helices and loops are shown as a cartoon, relevant residues are shown as

Trends in Pharmacological Sciences June 2013, Vol. 34, No. 6

As-type receptors (92% conserved), in 13% peptide recep-
tors, and 44% rhodopsins. In angiotensin II type 1 re-
ceptor, mutations of residue Met28473% to Ala or Cys
resulted in significantly impaired binding of antagonists
[49,50].

The structure of the sphingosine 1-phosphate receptor 1
(S1PR1) in complex with a sphingolipid mimic [20] pro-
vides an additional example of Met—aromatic interaction
between receptor and ligand (Figure 2C). Here the ligand
central phenyl ring interacts with Met124%32 The se-
quence analysis shows that this amino acid is also present
in most prostanoid receptors, SIPR3, melatonin MT,, and
cholecystokinin receptors 1 and 2 (CCK1R and CCK2R). In
CCKI1R and CCK2R, Met?3?is a critical residue for binding
and activation (see below).

Met-Met and Met-aromatic interactions in 7TMR
activation

In B2ARSs, comparison between carazolol and BI167107
bound structures (representing inactive and active-like
states, respectively) reveals a rearrangement of TM5—
TM6 interface that involves two Met residues
(Met215%5* and Met279%4?) that accompany TM6 opening
during activation [5,6]. These residues are part of a net-
work of aromatic—aromatic and Met—aromatic interactions
connecting residues Tyr219°°® and Phe2825**. This ulti-
mately serves to link functionally relevant Trp286°4® and
Tyr219°°%, producing a conformational change in
Tyr219°°® (Figure 3A). The importance of interactions
involving Met215%5* and Met27954! is supported by their
simultaneous presence in more than one-third of the amine
receptor sequences and in more than half of the chemokine
receptors.

Met®5* and Phe®** residues are fully conserved in
adenosine receptors of all species. Thus, Aga crystal struc-
tures follow a similar pattern to B2AR structures: lack and
formation of interaction between Met193%%* and
Phe242%4* in the inactive and in the active structure,
respectively [16,17]. Sequence analysis shows that
Met®5* and Phe®** are present in 29% and 80%, respec-
tively, of human receptors and, more important, that 25%
of receptors have the Met®°*-Phe5** pair.

Despite that the Met?®*~Phe®** pair is not present in
rhodopsins, a comparison between dark-state bovine rho-
dopsin and metarhodopsin II structures also reveals
changes in Met—aromatic and Met—Met interactions be-
tween TM5 and TM6 (Figure 3B) [2,3]. In the dark-state
structure, Met25353¢ interacts with Tyr3017%% (of the
NPxxY motif), whereas Met257%4° (located one turn after
Met253%36) does not participate in any Met—aromatic in-
teraction. In metarhodopsin II, Tyr3017-53 has lost the
interaction with Met253%36 and becomes the partner of
Met25754°. In turn, Met257%4° also interacts with
Tyr223°%® and forms a Met—Met interaction with
Met25353. The importance of Met257%4° is manifested

sticks, and sulfur-containing residues as balls and sticks. The color code for helices
and loops is: TM1, cyan; TM2, gold; TM3, red; TM5, green; TM6, blue; TM7, pale-
red; loops, gray. Ligands are shown in pale-yellow with noncarbon atoms colored
by atom type. See Table 4 for characterization of Met/Cys—Met and Met/Cys—
aromatic interactions displayed here.
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Figure 2. Met-aromatic interactions between ligand and receptor in crystal
structures of seven-transmembrane receptors (7TMRs). (A) The four opioid
receptors (kOR/JDTic structure is displayed as representative) exhibit an
interaction between Met1423% and an aromatic group in the ligand (PDB id:
4DKL [12]). (B) Two Met-aromatic interactions involving Met117%% and Met2707%°
are present in the A;n/ZMA241385 complex (PDB id: 4EIY [16]). (C) The crystal
structure of sphingosine 1-phosphate receptor 1 (S1PR1) in complex with a
sphingolipid mimic reveals the presence of an interaction between Met124%%2 and
an aromatic group in the ligand (PDB id: 3V2Y [20]). Protein representations and
colors are the same as in Figure 1. Residues participating in relevant hydrogen
bonds with the ligand are also displayed. See Table 4 for characterization of Met/
Cys-Met and Met/Cys—aromatic interactions displayed here.

by the observation that M257%4°Y mutation is a constitu-
tively active receptor [51]. The recent crystal structure of
this mutant receptor shows that the two residues (Met and
Tyr) are able to interact with Tyr223°°® and Tyr3017-°3in a
similar manner, with only minor changes to the overall
structure [52]. This triad of residues has been proposed to
be responsible for breaking the Arg135%°°-G1u247°2° ionic
lock and for opening up the G protein-binding site [27]. The
most notable difference is the formation of a hydrogen bond
between Tyr257%4° and Arg135%5° that would be respon-
sible for displacing the equilibrium from inactive to active
states. Interestingly, sequence analysis shows that Met®-3¢
and Met®*° are simultaneously present in 85% of verte-
brate rhodopsins, a fact that reinforces the functional role
of the two amino acids. In addition, Met®3 alone is present
in 20% of human 7TMRs, mostly peptide receptors.

Also in rhodopsin, Met2075*? and Met2887-35 interact
with various aromatic residues surrounding the B-ionone
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Figure 3. Met-aromatic and Met-Met interactions changing from inactive to
active-like crystal structures. (A) Changes in the conformations of Met215%%* and
Met279%4" in B, adrenergic receptor (B,AR) crystal structures that could modulate
the transmembrane (TM)5/TM6 interface (PDB id: 2RH1 [5] and 3SN6 [6]). (B, C)
Changes on Met-Met and Met-aromatic interactions (Met257%° and Met253%3%) in
rhodopsin structures in the cytoplasmic side of TMs 5-7 (B) and around the
binding site of retinal (PDB id: 1GZM [2] and 3PQR [3]). Protein representations and
colors are the same as in Figure 1. The inactive structures are shown in light-gray.
See Table 4 for characterization of Met/Cys—Met and Met/Cys—aromatic interactions
displayed here.

ring of retinal (Figure 3C). The fact that Met”-3® is common
to AgaR and that the side chain of Met207%2 is able to
reach the same location as Met®3® in AjuR suggests an
analogous role for these residues in the two receptors



(Figure 2B). In the inactive bovine rhodopsin structure,
Met207°? interacts with Phe208°4% and Tyr191 in extra-
cellular loop (ECL) 2, whereas Met2887-3% is surrounded by
Tyr268551, Tyr190, and Tyrl91. In metarhodopsin II,
Met20754? establishes a new interaction with His211546
to the detriment of previous interactions with aromatic
residues. In parallel, Met2887-3® loses the interactions with
Tyr268%5!, These changes are consistent with NMR sig-
nals associated with Met2887-35 and with the suggestion
that translation of Phe208°*? after the B-ionone ring relo-
cation of retinal favors the conformational change at the
cytoplasmic side of TM5 that ends in Tyr223%%® [27,28].
Sequence analysis shows that 53% of vertebrate rhodop-
sins have both Met®*? and Met”°. As an indication of the
specific functional role of Met®>*2, rhodopsins containing
M52, mutation give pigments with blue-shifted . [53].

Met/Cys—-aromatic interactions in 7TIVIRs suggested by
biophysical studies

At least two groups have recently employed biophysical
techniques to elegantly address the importance of inter-
actions involving Met and Cys. First, fluorination experi-
ments were performed on the indole ring of Trp3865“® in
the dopamine D2 receptor (D2R), with the aim of charac-
terizing the role of this residue in receptor activation [54].
Progressive fluorination of Trp386°*® diminished the neg-
ative electrostatic potential at the aromatic ring surface.
The observed trend regarding activation was indicative of a
functionally important interaction at the face of the aro-
matic ring. In particular, tetrafluorination of Trp38654®
resulted in a 300-fold shift in activation potency. Using the
crystal structure of D3R in their search for potential
partners of Trp®*®, the authors identified Cys®3® as the
only residue that could be responsible for the interaction
impaired by Trp386%4® fluorination. Thus, it was proposed
that this Cys—aromatic interaction between Cys118%36 and
Trp338548 constituted a microdomain regulating D2R ac-
tivation (see Figure 1B, corresponding to Cys11433¢ and
Trp342%4® in D3R).

As a second example, 'H-'*C NMR resonances were
utilized in two independent reports to monitor signals from
Met residues in B2AR [55,56]. In these two studies, the
authors found that receptors occupied by pharmacological-
ly distinct ligands featured changes in chemical shifts and
intensities in an efficacy-dependent manner for the reso-
nances corresponding to Met82%53, Met2155%4 and
Met279%*!. Furthermore, their signals correlated with
the changes on TM helices 5-7 from inactive to active
crystal structures (Figure 1), supporting the view that
these residues participate in receptor activation. For
Met8223 (whose involvement in a large network of inter-
actions has been discussed above, Figure 1A), comparison
between inactive and active crystal structures shows a
conformational change where the interaction between
Met822° and Tyr316”*? is preferentially enabled in the
carazolol-bound structures, whereas Met82%53—Cys1163-3°
interaction is enhanced in BI167107-bound structure
(Figure 2A). Interestingly, changes on Met215°°* and
Met279%4! resonances are also compatible with structural
changes in carazolol and BI167107 crystal structures dis-
cussed in the previous section.
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Met-aromatic interactions suggested by site-directed
mutagenesis and molecular modeling

Several examples of Met—aromatic interactions in chole-
cystokinin receptors (CCK1R and CCK2R) that have re-
markable pharmacological and functional importance
were suggested on the basis of research by our group
[23,57-59]. Cholecystokinin peptide (CCK) exhibits a
post-translational sulfation of a Tyr residue. This sulfate
moiety is essential for biological activity of CCK at CCK1R,
contributing very strongly (500-1000-fold) to CCK binding
to CCK1R high affinity state. For receptors that have not
yet been crystallized, it is still possible to derive insights
from models based on X-ray crystal structures. It is rea-
sonable to expect that these models will be accurate in the
TM domains considering the current status of 7TMR mo-
lecular modeling [60]. Site-directed mutagenesis studies
conducted in synergy with molecular modeling suggested
that Tyr—SO3z~ of CCK probably interacts with Argl97
(ECL2) of CCK1R. In addition, the Tyr side chain of this
Tyr-SO3~ of CCK was found to interact with Met195 in
ECL2 (Figure 4A) [57]. Analysis of Met195-mutated
CCKI1R indicated that the exchange of Met for Leu caused
a minor decrease (3-fold) on the affinity of the high affinity
sites for CCK, but a strong drop (75%) on the number of
sites, despite the number of low affinity-binding sites
remaining unchanged. Thus, Met195 is not important
for binding affinity of CCK but rather dramatically influ-
enced the amount of CCK1R which could be converted to a
high affinity state for CCK. A plausible interpretation for
these data was that this Met—aromatic interaction be-
tween Met195 and Tyr—SOj3™ defined a specific positioning
of the sulfate group relative to Argl97, stabilizing ligand-
bound CCKI1R in a high affinity state. Again in CCKI1R,
Met131323 was suggested to interact with the C-terminal
aromatic group of agonist peptides as it appeared to be
essential for Gg-dependent production of the second mes-
sengers, inositol phosphates (Figure 4A) [58].

Recently, we have shown in CCK2R that the interaction
between Met134332 and Tyr380"*® governs the equilibri-
um between two CCK2R states: either coupling to G4 or
recruiting B-arrestin 2 (Figure 4B) [59]. This conclusion
was reached by mutating Met13432 and Tyr380743, which
dramatically affected CCK2R efficacy to recruit B-arrestin
2, whereas the mutations did not affect CCK2R efficacy to
activate phospholipase C. The existence of distinct CCK2R
conformations associated with G protein-dependent or 3-
arrestin 2-dependent signaling pathways was further
pharmacologically demonstrated using a biased competi-
tive antagonist which inhibited G protein-dependent sig-
naling but not B-arrestin 2-dependent pathways.

As a third example, the thyroid-stimulating hormone
receptor (TSHR) exhibits elevated cAMP signaling in the
basal state and becomes fully activated by thyrotropin. Two
independent studies reported Met mutations generating
constitutive active receptors [61,62]. First, M626°37I pro-
duced basal cAMP levels 13-fold higher than wild type
TSHR [61]. TSHR structural models suggest that
Met626°%37 in TSHR probably participates in Met—aromatic
interactions that switch from the inactive to the active state
(Figure 4C). More precisely, Met626%37 would interact with
one face of Tyr601°58 in the inactive state, whereas upon
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Figure 4. Molecular models for Met-aromatic interactions evidenced from site-directed mutagenesis (A-C) or related to polymorphisms (D-E). Effects of mutations in receptors
without available structure are better understood on homology models. (A) Cholecystokinin (CCK) binding to cholecystokinin receptor 1 (CCK1R) involves two Met-aromatic
interactions between Phe/Tyr residues of CCK and two Met residues Met195 [in extracellular loop (ECL) 2] and Met121332, An ionic interaction is formed between Arg197 and the
sulfate group of the Tyr residue of CCK, whose aromatic side chain participates in the aromatic-sulfur interaction with Met195 (model CCK1R_1, adapted from [57,58]). (B) The
interaction of Met134%32 and Tyr3807* in cholecystokinin receptor 2 (CCK2R) is required for receptor signaling through B-arrestin 2 recruitment but not through G protein
coupling (model CCK2R_1, adapted from [59]). (C) Comparison between inactive (light-gray transparency) and active-like (colored) thyroid-stimulating hormone receptor (TSHR)
models (TSHR_1 and TSHR_2). M6.48W and M®6.37I are two constitutively active mutations whose behavior could be due to sulfur-aromatic interactions. (D) The specific
phenotype of T2807-“°M mutant in CX3CR1 chemokine receptor could be due to Met-aromatic interactions (model CX3CR1_1). (E) In TSHR, Met453%“*T and Met463%5%V
polymorphisms cause nonautoimmune hyperthyroidism (model TSHR_1). The two residues would participate in Met-aromatic interactions. Protein representations and colors
are the same as in Figure 1. All models were created using Modeler 9.11 and are freely available to readers upon request to the authors [68]. Inactive models for CCK1R (model
CCK1R_1), CCK2R (CCK2R_1), and TSHR (TSHR_1) were based on PDB id 4DKL, whereas CX3CR1_1 relied on PDB id 30DU [19]. The active TSHR model (TSHR_2) was built on
PDB id 3SN6 [6]. See Table 4 for characterization of Met/Cys—-Met and Met/Cys—aromatic interactions displayed here.

activation (and the outward movement of TM6), it would
interact with the opposite face of Tyr601°°%, Thus, M6265-3"1
mutant would hinder these interactions. The second consti-
tutively active mutant was M63754®W [62]. All glycoprotein
hormone receptors contain Met®® instead of the conserved
Trp present in 80% of 7TMRs. This mutant also displayed
atypical pharmacology in that thyrotropin activated it with
the same potency as the wild type, whereas the small non-
peptide NCGC00161870-01 agonist activated this mutant
with a 14-fold decreased potency. The authors proposed that
M6375**W was important for stabilizing the active state by
means of Met—aromatic interactions between residue
Tyr667°4 and an aromatic moiety in the ligand. Sequence
analysis indicates that the Met63754%/Tyr667742 pair is
conserved in glycoprotein hormone receptors, suggesting
that this interaction could have functional importance.

Polymorphisms associated with introduction/
disappearance of Met residues

Various polymorphisms in 7TMRs that affect or introduce
Met residues have been described. Because of the specific
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interactions between Met and aromatic residues, these
polymorphisms are likely to modify receptor dynamics
and thus raise significant changes in phenotype.
T2807“°M mutation in the CX3CR1 chemokine receptor
constitutes a first example. Patients having this mutation
who were infected with HIV-1 virus showed a rapid pro-
gression to AIDS [63]. A homology model of CX3CR1
(Figure 4D) suggests that Met280"*° would exhibit two
Met—aromatic interactions with Phe37'3® and Tyr38'3°
that may stabilize a specific receptor conformation-promot-
ing activation.

In TSHR, M453%43T and M463%°3V are two activating
mutations causing nonautoimmune hyperthyroidism
[64,65]. Homology models of the inactive TSHR
(Figure 4B) show that Met453%*3 located at the cyto-
plasmic side of TM2, interacts with conserved Tyr6787-
and Phe685%%°. Thus, it is likely that the M453%43V mu-
tation affects the equilibrium between inactive and active
states, leading to constitutive activity. By contrast,
Met463%53, located at the region of closest contact between
TM2, TM3, and TM7 could participate in a Met—aromatic
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Table 4. Characterization of Met/Cys-Met and Met/Cys-aromatic interactions displayed in Figures 1-4

M1.35-W1.31
M1.35-M1.39
M1.39-W?7.40
M2.53-Y7.43
M2.53-C3.35
M2.58-Y7.43
C3.36-W6.48
C5.41-W4.64
C5.41-W4.56
M3.41-F4.48
M3.41-W4.52
M3.41-M3.45
M3.45-F4.48
M3.45-M4.45
M4.45-F2.42
M4.45-M147
M147-F2.42
M234-H230
M234-M141
M234-M237
M141-M237
M141-H230
M3.36-JDTic
M5.38-ZM (furan)
M7.35-ZM (Tyr)
M7.35-ZM (triazine)
M3.32-ML
M5.54-F6.44
M5.54-M6.41
M6.41-Y5.58
M5.54-Y5.58
M6.36-M6.40
M6.40-Y7.53
M6.40-Y5.58
M5.42-H5.46
M5.42-F5.43
M7.35-Y6.51
M7.35-Y191
M3.32-CCK (Phe)
M195-CK (TyrSO4)
M3.32-Y7.43
M#6.37-Y5.568
M6.48-Y7.42

Figure 1 B2AR

c sRhod

d sRhod

Figure 2 a kOR
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c S1PR
Figure 3 c B2AR

g bRhod

f bRhod

Figure 4¢ a CCK1

b CCK2
c TSHR

Finactive— —— Taetve
XL Y T 17

CHy/g—m/S—m 49.7 45.2
CHys-S 5.3 27.2 6.5 55.7
S—, CHy—mr 5.4 51.0 5.6 51.2
CHy/g—m/S—m 5.4 60.0 43 47.0
CHy5-S 4.9 72.8 49 37.7
S—CH 4.9 36.2
SH-m 3.8 56.6
CH-S 45 64.7
S—m 5.4 20.5
CH-S 5.2 72.3
CHyja—m 5.2 27.1
CHy5-S 5.3 61.3
= 5.7 80.4
CHy5-S 48 80.9
CH-S 5.2 78.4
CHy/5-S 4.0 55.5
CH-S 5.3 70.6
CHyja—m 5.9 58.0
CHy5-S 4.9 80.0
CHys-S 49 26.8
CHys-S 3.9 40.4
CH-S 4.2 80.2
S—m 5.5 22.4
CHyja—m 5.1 22.0
CHya—m 5.8 62.0
CHya—mr 6.2 39.1
CHya—mr 4.9 16.7
S—m 7.0 51.7 4.0 24.0
CHy5-S 4.4 25.8 5.0 58.6
S—m 3.9 14.3 49 68.2
CHyja—m 7.9 355 6.2 37.0
CHys-S 49 47.4 6.0 38.4
CH-S 5.6 40.6 438 57.3
CH-S 14.6 = 4.2 42.9
S—m 7.7 63.8 43 32.4
CH-S/S-m 5.6 19.6 10.4 71.9
S—m, CHyjs—m 4.2 49.7 8.9 65.0
CH-m 6.8 67.9 6.3 16.6
S—m 4.9 14.3
CHyja—mr 4.4 66.4
S—m 45 62.5
CH-S 5.4 88.5 5.0 62.1
CH-S 5.0 87.5 4.4 79.3

2CHy/3-S and CH-S account for CH(alkyl)-S and CH(arene)-S interactions, respectively; ‘/' indicates changes from the inactive to the active-like structure.

PSulfur-ring centroid (or sulfur-sulfur) distance.

°9 Angle between the normal vector to the aromatic plane (or Met/Cys plane) and the sulfur atom defined as in [31,34,36].

4Approximate values from molecular models (in gray).

interaction with Tyr66772. This interaction could play a
similar role as the Met134332_Tyr3807*% interaction in
CCK2R, which was found to govern G protein-dependent
signaling but not B-arrestin 2-dependent pathways.

Concluding remarks

TTMRs feature several examples of Met/Cys—aromatic and
Met—Met interactions that are, in some cases, responsible
for important pharmacological, signaling, or functional
events. In the present review, we have described many
examples of such interactions occurring between natural or

synthetic ligands and their receptors, and between two or
more residues within the receptor (Figures 1-4 and Table
4). In ligand—protein complexes, interactions involving Met
and Cys could, for example, provide additional binding
energy and also modulate ligand orientation within the
binding site. Within the receptor, we have shown that
these interactions might help to stabilize specific confor-
mations. In fact, for receptors for which an active crystal
structure is available, comparison between inactive and
active structures shows changes associated with forma-
tion/breakage of interactions involving Met residues. Met
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residues can easily change side chain conformation within
a packed environment and, thus, offer extra versatility to
respond to structural changes compared to aromatic rings
[66]. In addition, the intrinsic flexibility of Met might
enable optimization towards energetically favorable
Met—Met or Met—aromatic arrangements. These interac-
tions are more directional than the interactions between
aliphatic chains, a fact that makes them very useful to keep
aromatic residues in well-defined orientations. In terms of
strength, Met/Cys—aromatic and Met—Met interactions are
stronger than other already widely accepted interactions
such as those between two aromatic residues.

Analysis of crystal structures for the 17 members of the

TTMR family has identified a large number of such inter-
actions. Because of the relatively low prevalence of posi-
tions containing Cys or Met in 7TMRs [67], the interactions
described in this report are highly subfamily-specific, sug-
gesting that Met—Met and Met/Cys—aromatic interactions
are often employed for fine-tuning receptor function within
subfamilies. The Met®°*-Phe5** interaction is a remark-
able exception, being present in up to 25% of human class A
TTMRs. Thus, this constitutes the most representative
example of a Met/Cys—aromatic interaction associated
with residues with known functional implication in
TTMRs. Also, involvement of such interactions in ligand
binding to 7TMRs suggests that exploiting this relatively
unused Met—aromatic interaction may be an original way

to

design new ligands that may have therapeutic interest.

Finally, the recent discovery of a Met—aromatic interaction
in CCK2R that was crucial for selective stabilization of
protein state associated with B-arrestin 2 recruitment
could anticipate that interactions of moderate strength
such as Met/Cys—aromatic and Met—-Met may play a role
in selectively targeting specific signaling pathways, such
as those preferentially triggering G protein-dependent or
B-arrestin 2-dependent signaling pathways.
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