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Table S1. Mechanisms of action observed by GPCR modulators (modified from Congreve et al.?, Fasciani

1‘53

et al.>® and Grundmann et al.>*)

Orthosteric Agonist

Positive Allosteric Modulator (PAM)

Allosteric Agonist

Orthosteric Antagonist

Negative Allosteric Modulator (NAM)

Allosteric Antagonist

Biased Allosteric Modulator (BAM)

When endogenous or synthetic agonists bind to the primary
binding site, they cause a change in receptor conformation,
which stabilizes an active state of the receptor.

PAMs bind to an allosteric site on the receptor separate
from the endogenous binding pocket, increasing the
affinity and/or efficacy of an orthosteric ligand resulting in
enhanced receptor activation when an orthosteric ligand is
present.

The binding of an allosteric agonist alone is sufficient to
activate the receptor. These compounds also enhance the
affinity and/or efficacy of an orthosteric ligand.

When orthosteric antagonists bind to a receptor, it prevents
the activation of that receptor.

NAMs bind to an allosteric site on the receptor separate
from the endogenous binding pocket, reducing the affinity
and/or efficacy of an orthosteric ligand resulting in a
decrease in receptor activation when an orthosteric ligand
is present.

The binding of an allosteric antagonist alone is sufficient
to prevent receptor activation. These compounds also
decrease the affinity and/or efficacy of an orthosteric
ligand.

A biased allosteric modulator is a substance that selectively
influences one signaling pathway over others by binding to
an allosteric site on a protein, resulting in a biased or
specific cellular response.
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Figure S1. Overview of public structural information on allosteric small molecule bound GPCRs
(December 2023). (A) Overlay of all structurally resolved orthosteric (sticks) and allosteric (spheres) FDA
approved drugs (N=217). Modulators that activate GPCR activity are pink and those that inhibit GPCR
activity are blue. (B) Nested pie chart depicts the allosteric ligand modalities covered by Class A, B1, and
C publicly available allosteric PDB dataset. Specifically, ligand-bound structures with Allosteric Agonist
(A: 14, B1, 2, C: 2), Allosteric Antagonists (A: 12, B1: 14), Positive Allosteric Modulators (PAM. A: 17,
B1: 2, C: 15), Negative Allosteric Modulators (NAM, A: 2, C: 14), and Biased Allosteric Modulators (BAM,
A: 6) are known. Refer to Table S1 for the explanation of binding modes.
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BioGPS (eneg) SiteMap (ppi) FTMap (ppi)

A-TH-ECV (1)
g8y A-TH-Orthosteric-ECV (11
A-TH-TM3456 (4
A-TH-TM127 (1
B1-IH-TM23567 (5
C-IH-TM234567 (19
C-IH-TM567 (7)
A-EH-TM123 ext (1)
B1-EH-TM12 ext* (1)
A-EH-TMb56 ext (4)
A-EH-TM167 mid (1)
A-EH-TM234 mid (1)
A-EH-TM34 mid (2)
A-EH-TM345 mid (9)
A-EH-TM56 mid (1)
A-EH-TM124 int (1)
A-EH-TM34 int (3)

)
)
)
)
)

160%

140%

Q0
v AN B1-EH-TM67 mid (1)
TS B1-EH-TM2678 _int (9)
S8 Ry C-EH-TM456 mid (1)
q ¢ r& C-EH-TM67 mid (2)

C-EH-TM567_int (3)
A-IC-TM23678 (11)
' \ B1-IC-TM235678 (2)

Figure S2. Binding site detection of known allosteric inhibitors for BioGPS, SiteMap, and FTMap. BioGPS
was run using energetic probes (eneg) to detect binding sites (2.2b). SiteMap and FTMap were run with the
flag that allows for the detection of shallow binding pockets (ppi). The site detection was also counted if
only a subpocket was detected. The binding sites are differentiated by their location within the receptor:
intrahelical binders are shown in orange spheres, extrahelical modulators are depicted as pink spheres, and
intracellular ligands are illustrated as blue spheres. The number following the binding site annotation
indicates the number of structures with a known allosteric ligand. The total number is 101, instead of 100
as PDB: 8JD5 has two allosteric ligands binding at C-IH-TM234567 and C-EH-TM67 mid, respectively.
Additionally, the image shows the overlay of all the binding sites to the sphingosine 1-phosphate receptor
1 (S1PR1) in a grey ribbon (PDB: 7EO4). All intrahelical allosteric ligands bind at a site distinct from the
endogenous ligand. ACM2, ACM4, GPR52, and MRGXI1 bind in the extracellular vestibule. The pocket-
first approach assigns them to A-IH-Orthosteric-ECV as the pocket obtained by the binding site detection
tool extends into the orthosteric site. *Similarly, the allosteric ligand of GLP1R binds between TM1 and
TM2; the pocket obtained by the binding site detection tools extends into the orthosteric site.
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Figure S3. Annotation for GLP1R PAM and FFARI1 orthosteric agonist. (A) The predicted pocket for
GLPIR (PDB: 6VCB) by SiteMap is represented as red SitePoints, while BioGPS is depicted as a blue
mesh. GLPIR is shown as a gray cartoon with PAM LSN3160440 as green licorice. Both binding site
detection tools predict a site that overlaps with the PAM and extends into the B1-IH-Orthosteric site. The
ligand-based annotation would classify PAM LSN3160440 as BI-EH-TM12_ext, while the overall pocket
would be annotated as B1-IH-Orthosteric. In the case of the PAM binding site of GLP1R, the annotation of
B1-EH-TM12_ext* was chosen throughout the manuscript to reflect the allosteric ligand position.
Similarly, the pocket detected in (B) active GPCRdb AlphaFold model® of (C-D) GLP1R (PDB: 6X18,
7DUQ), and (E) GLP1R (PDB: 6X19) that are shown as red mesh were annotated B1-IH-TM12_ext*. For
the ligand property analysis, the orthosteric agonist CHU-128 (green licorice) is annotated as B1-IH-
Orthosteric. (F, G) The predicted pockets (red mesh) for the orthosteric agonist MK-8666, depicted as green
licorice, bound to FFARI (gray cartoon) for PDB: 5TZY and PDB: 5TZR, respectively. The pocket
property analysis excludes the pocket volume since the MK-8666 occupies A-IH-Orthosteric and A-EH-
TM34 _ext. For the ligand property analysis, MK-8666 is annotated as A-IH-Orthosteric.
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Figure S4. The detection of binding sites in G-protein-coupled receptors (GPCRs) depends on their
structural conformation and the allosteric site. If a binding site is detected only in the Allosteric structure,
it is represented by a green circle. If it is also found in the GPCRdb AlphaFold models®, it is represented
by a by a purple star. If no GPCRdb AlphaFold model* with the corresponding inactive conformation or

active conformation modeled with a G(s) is available, the binding site is shown as grey circle.
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Figure S5. Overview of the ratios of pocket volume to pocket surface and binding site distributions of
halogens (F, Cl, and Br) for Class A, B1, and C. For halogen counts, duplicate ligands were removed. A
breakdown of the number of ligands for each binding site location is available in Supplementary Data Table
S8. For a more detailed Class-specific breakdown of descriptor values, please refer to Supplementary Data
Table S6 and Data Table S7.
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Figure S7. Binding Site versus Sequence similarity for A-EH-TM124 int demonstrating that sequence and
binding site similarity correlation. A threshold of 80% was chosen to distinguish between similar binding
site and a threshold of 6% was chosen to distinguish between similar sequence. Proteins IDs that are in the
white quadrant have neither high binding site similarity, nor do they have high sequence similarity. Protein
IDs that are in the green quadrant have both high sequence and binding site similarity. Even though O51G2
has a high binding site similarity, it has a low sequence similarity. For GP135, SIPRS, and AA3R the
sequence similarity is high, but the binding site similarity compared to SIPR1 is low.
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Figure S8. Binding Site versus Sequence similarity for A-EH-TM234 mid demonstrating that sequence
and binding site similarity correlation. A threshold of 80% was chosen to distinguish between similar
binding site and a threshold of 6% was chosen to distinguish between similar sequence. Proteins IDs that
are in the white quadrant have neither high binding site similarity, nor do they have high sequence
similarity. Protein IDs that are in the green quadrant have both high sequence and binding site similarity.
Even though PAR1 and GP160 have a high binding site similarity, they have a low sequence similarity
(colored by light green). For PTAFR the sequence similarity is high, but the binding site similarity
compared to PAR3 is low.
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Figure S9. Binding Site versus Sequence similarity for BI-EH-TM67 mid demonstrating that sequence
and binding site similarity correlation. A threshold of 80% was chosen to distinguish between similar
binding site and a threshold of 6% was chosen to distinguish between similar sequence. All protein IDs that
had a pocket at BI-EH-TM67_mid had a high binding site and sequence similarity.
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Figure S10. Small and shallow pocket of P2RY 1 binding at A-EH-TM123 ext. (A) Volume versus Site
Points of P2RY1 pocket build around the allosteric ligand (PDB: 4XNV) in red) and other liganded SiteMap
pockets (in blue) demonstrating the shallowness of the P2RY1 pocket. (B) Buried volumes of pockets build
around ligands binding to the orthosteric, intrahelical (IH), extrahelical (EH), and intracellular site (IC).
The buried volume of A-EH-TM123_ext, where the NAM of P2RY1 binds is with A-EH-TM34 mid and

A-EH-TM167_mid with ~25 A2,
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Table S2. Overview of each allosteric ligand, indicating which other GPCR families (as per protein ID)
share similar ligands based on a threshold of 0.6 or 0.75 ligand similarity.

Protein
ID
aalr

acm?2

Ligand
PDB code
XTD

2CU

0.60
['adala', 'acm?2', 'aalr']

['grm3', 'gp146', 'ts1r2', 'ada2b’, 'fzdS', 'apj', 'cckar’, '1t4r2', 't2r43',
'gpr55', 'pkrl’, 'p2ry4', 'gpl57', 'gpr35s', 'acm4', 'gpr3’, 'Shtle’,
'pe2rl', 'agrl4’, 't2r39', 'grm§', 'mrgre', 'cltrl', 'Shtér', 'rxfp2’,
'agrg5', 'lgrd’, 't2r10', 'hrh1', nmur2', 'gpr84', 'nk1r', 'c5ar2', 'cnr2',
'adala’, 'npff2', 'slpr5', 'ssr5', 'ur2r', 'adrbl’', 'ednra', 'npbw2',
'gprl7', 'ta2r7', 'npylr', 'mrgx1', 'ffar3’, 'sucrl', 'gasr', 'masll’,
'aa2br', 'ta2rl’, 'p2y10', 'tshr', 'cxcr6', 'ssr3', 'slpr3’, 'c3ar', 'Iparo',
'Sht5a’, 'pthlr’, 'ccr6', 'agrg3’, 't2r16', 'taarl', 'ackrl’, 'gp162', 'drd1’,
'f2d8', 'o51el', 'mchrl’, 'agrl2', 'ccrl2', 'acm?2', 'mtrlb', 'p2ry2',
'pi2r', 'grpr', 't2r45', 'fprl', 'ntr2', 'parl’, 'grm5’, 'casr', 't2r38§,
'bkrbl', 'gprd5', 'mrgrd’, 'agtrl’, 'gp156', 'Shtld', 'acm5', 'gpr34’,
'‘gpcSd’, 'cerl(, 't2r42', 'fzd4', 'adalc', 'ts1r3', 'grm2', 'oprk/,
'gpr25', 'gpbar', 'ffar2', 'ghrhr', 'gp174', 'npy6r', 'slprd', 'ssr4',
'Sht7r', 'ghsr', 'cxerl', 'agrfs', 'gpr85', 'cerl’, 'glplr', 'v2r', 'v1br',
't2r60', 'lparl’, 'taar6', 'lgrs', 'gabr2', 'aalr', 'Sht2a’, 'cml2', 'galrl’,
'ta2r', 'Ishr', 'gpr83', 'ccr7', 'gpl19', 'kissr', 'gpr88', 'ox1r', 'ssr2',
'slpr2', 'agra2', 'gpr61', 'ffard', 'rI3r2', 'gpc6a’, 'p2yll', 'oprm/,
'pd2r2', 'fzd2', 'gp141', 'grm4’, 'gpr52', 'p2ry8', 'agrbl', 'xcrl',
'gpr39’, 'opsg', 'Shtlb', 'gprd', 'acm3', 'hcarl', 'gpr32', 'gp150',
‘erfrl’, 'vipr2', 'fzd9', 'prlhr', 'bail’, 'sctr', 'agrl3', 'qrfpr', 'cxcr2',
'gprls’, 'cer9', 'adrb3’, 'pacr', 'ffarl', 'mrgx3', 'opn3', 'p2yl4,
't2r19', 'ta2r5', 'taars', 'lgr6', 'gnrhr', 'drdS', 'brs3', 'Ipar2', 'gpr75’,
'hrh3', 'ccr2!, 'trft!, 'gprl', 'gpr37', 'agtr2', 'mrgrg’, 't2r50', 'vlar',
'glp2r', 'bkrb2', 'ogrl’, 't2r30', 'gpr26', 'Shtdr', 'fzd7', mpy5r', 'rai3’,
'erml’, 'nk3r', 't2r41', 'fshr', 'gp135', 'fzd10', 'oxerl', 'orlgl’, 'fpr3',
'opsd', 'gipr', 'agrb2', 'fzd1', 'ox2r', 'gp142', 'grm7', 'par3’, 'gpr20’,
viprl', 'orlal', 'gpl153', 'crfr2', 'ptafti', 'Shtla', 'pd2r', 'gpr31’,
'npsrl', 'hcar2', 'meSr', 'acthr', 'cerd’, 'gprl8', 'Ipard’, 'etbr2', 'drd3’,
'cmll', 'galr2', 'ackr3', 't2r14', 'gabrl', 'taar3', 'ta2r8', 'Sht2b',
‘agrgl', 'oprx', 'p2yl2', 'opn5', 'taar8', 'ta2r3', 'agral', 'gpr62'
T13rl', 'gpl71', 'gpr78', 'slprl’, 'ssrl', 'mc3r', 'cxcrd', 'opsr,
'gp182', 'Ipar3’, 'calrl', 'cSarl’, 'enrl’, 'gperl’, 'hrh2', nmurl', 'ccr3’,
'gpr87', 't2r13', 'ackr4', 'rxfpl’, 'drd4', 'mrgx2', 'ta2r4', 'g3711',
'cer8', 'ednrb’, 'npbwl', 'cxcr3', 'mshr', npffl’', 'adalb’, 'gp176',
'adrb2', 'glr', 'mtrll', 't2r40', 'pkr2', 'npy2r', 'Itdrl’, 'gpr27', 't2r31',
'pard’, 'psyr’, 'tslrl’, 'fzd6', 'ada2a’, 'pf2r', 'nk2r', 'cltr2', 'mrgrf,
'pe2r2', 't2r20', 'Shtlf, mpy4r', 'p2ryl’, 'mtrla’, 'gp152', 'hcar3’,
'gp139', 'gpr6', 'o51e2', 'oprd', 'mchr2', 'pe2rd', 'oxyr', 'agrll’,
'pth2r', 'gp148', 'gp143', 'grm6', 'oxgrl’, 'ntrl’, 'aa3r', 'calcr’, 'mtlr’,
'gpr21', 'par2', 'fpr2', 'gp132', 'aa2ar', 'agrb3', 't2r46', 'smo', 'adald',
'gp183', 'agrfl’, 'gprl2', 'cxcr5', 'gpl01', 'p2yl3', 'opnd', 'taar9',
'mcdr’, 'mrgx4', 'gpr63', 'ackr2', 'mas', 'galr3', 'gpl61', 'drd2',
'cx3cl’, 'Sht2¢', 'ta2r9', mmbr', 'taar2’, 'gprl9', 'ccr5', 'hrh4', 'par5']

0.75

['adala’,
'acm?2', 'aalr']

[]

S13



acm4

acm4
acm4

adrb2

adrb2

IUE

IUI
XNO

8VS

['grm3', 'gp146', 'ts1r2', 'ada2b', 'fzd5', 'apj', 'cckar', '1t4r2', 't2r43',
'gprs5', 'pkrl', 'p2ry4', 'gpl57', 'gpr35', 'acm4', 'gpr3’, 'Shtle',
'pe2rl', 'agrl4’, 't2r39', 'grm§', 'mrgre', 'cltrl', 'Shtér', 'rxfp2’,
‘agrg5', 'lgrd’, 't2r10', 'hrh1', 'nmur2', 'gpr84', 'nklr', 'c5ar2', 'cnr2',
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A Ligand similarity clustering (0.75) B Pocket location clustering
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Figure S11. Ligandability analysis using ligand-based and pocket-based approaches (y-axis) and GPCR families that have at least one similar
bioactive compound to one of the allosteric small molecule references (x-axis). (A) The heatmap indicates the identification of similar bioactive
compounds (pX > 5 for each GPCR listed on the X-axis) to the bound allosteric ligand on the Y-axis shown by the bound GPCR name (similarity >
0.75). Green: found; white: no similar bioactive compounds other than to itself. Please refer to Table S2 for detailed table regarding similar
compounds to allosteric ligands found for a threshold of a Tanimoto score 0.60 and 0.75. (B) The heatmap shows if a pocket is detected (in green)
for the GPCRs either with known bound allosteric ligands or having similar active compounds as the allosteric GPCR ligand. Sites that were not
detected by BioGPS (geo) are colored in white.
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