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Orthosteric ligand selectivity and allosteric probe dependence
at Hydroxycarboxylic acid receptor HCAR?2

Lin Cheng', Suyue Sun?, Heli Wang? Chang Zhao?, Xiaowen Tian?, Ying Liu?, Ping Fu(®?, Zhenhua Shao (#***, Renjie Chai ®'***™ and

Wei Yan2®™

Hydroxycarboxylic acid receptor 2 (HCAR2), a member of Class A G-protein-coupled receptor (GPCR) family, plays a pivotal role in
anti-lipolytic and anti-inflammatory effects, establishing it as a significant therapeutic target for treating dyslipidemia and
inflammatory diseases. However, the mechanism underlying the signaling of HCAR2 induced by various types of ligands remains
elusive. In this study, we elucidate the cryo-electron microscopy (cryo-EM) structure of Gi-coupled HCAR2 in complex with a
selective agonist, MK-6892, resolved to a resolution of 2.60 A. Our structural analysis reveals that MK-6892 occupies not only the
orthosteric binding pocket (OBP) but also an extended binding pocket (EBP) within HCAR2. Pharmacological assays conducted in
this study demonstrate that the OBP is a critical determinant for ligand selectivity among the HCARs subfamily. Moreover, we
investigate the pharmacological properties of the allosteric modulator compound 9n, revealing its probe-dependent behavior on
HCAR2 in response to varying orthosteric agonists. Collectively, our findings provide invaluable structural insights that contribute to
a deeper understanding of the regulatory mechanisms governing HCAR2 signaling transduction mediated by both orthosteric and

allosteric ligands.
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INTRODUCTION

GPCRs, the largest membrane protein superfamily on the cell
surface, mediate distinct cellular signaling pathways and are
associated with physiological processes of life, including vision,
hearing, smell, feel and taste, as well as the development,
maturation, and functioning for cells, tissues, organs.' The
important roles make GPCRs an attractive drug target for diseases
treatment.> The hydroxy-carboxylic acid (HCA) receptor family,
belonging to Class A GPCR family, comprises three subtypes
HCAR1, HCAR2, and HCAR3 that senses to metabolites.* HCAR2 is
widely expressed in diverse cell types, including adipocytes cells
(white or brown adipocytes), immune cells (macrophages,
dendritic cells) and so on.*™® Previous literatures indicated that
HCAR2 could be activated by the endogenous ligands: the ketone
body B-hydroxybutyrate (8-HOB) and butyrate.>® In adipocytes
cells, HCAR2 mediates the anti-lipolytic effect, which can decrease
the level of plasma-free fatty acids (FFAs).” The reduction of FFAs
would subsequently slowdown the synthesis of total cholesterol,
triglycerides, and low-density lipoprotein cholesterol (LDL-cho-
lesterol), while simultaneously increase the high-density lipopro-
tein cholesterol (HDL-cholesterol) levels in the liver.” In addition,
recent studies suggest that HCAR2 activation results in beneficial
anti-inflammatory effects in a range of diseases, including
intestinal inflammation, colon cancer, and neurologic diseases.®®
In LPS-induced monocytes or macrophages, we demonstrated

; https://doi.org/10.1038/s41392-023-01625-y

that the activation of HCAR2 suppresses the expression levels of
several pro-inflammatory cytokines, including tumor necrosis
factor alpha (TNF-a), Interleukin-6 (IL-6) and monocyte chemoat-
tractant protein-1 (MCP-1). Therefore, HCAR2 should be a
potential target for treating dyslipidemia and inflammatory
diseases.®®

To date, few HCAR2 agonists niacin, acipimox, and monomethyl
fumarate (MMF) have been approved. Niacin, known as vitamin
B3, is used clinically to treat dyslipidemia by activating
HCAR2 signaling pathways and is being investigated for the
treatment of Parkinson’s disease in clinical trial (NCT03808961)
recently.'®'" Acipimox, a niacin derivative, is used to treat
hyperlipidemias.> MMF, granted by FDA approval in 2020 for the
treatment of multiple sclerosis, mediates beneficial effects mainly
through HCAR2.'? However, the data from clinical trials indicated
that niacin and other drugs administration would cause some side
effects including headache, itching, gastrointestinal disturbance,
and cutaneous flushing, limiting patient compliance.'® Flushing is
characterized by cutaneous vasodilation accompanied by the
burning sensation on face or body."* HCAR2 signals mediate
distinct pathophysiological events via coupling G-proteins or
engaging B-arrestins. Previous study has shown that flushing is
mediated by HCAR2-B-arrestin1 signaling activation even at low
niacin doses.'® In the past decade, many efforts have been made
to develop effective therapeutics with reduced side effects, like

"Department of Otolaryngology Head and Neck Surgery, Sichuan Provincial People’s Hospital, University of Electronic Science and Technology of China, Chengdu 610000, China;
2Division of Nephrology and Kidney Research Institute, State Key Laboratory of Biotherapy, West China Hospital, Sichuan University, Chengdu, Sichuan 610041, China; *Frontiers
Medical Center, Tianfu Jincheng Laboratory, Chengdu 610212, China; *State Key Laboratory of Digital Medical Engineering, Department of Otolaryngology Head and Neck
Surgery, Zhongda Hospital, School of Life Sciences and Technology, Advanced Institute for Life and Health, Jiangsu Province High-Tech Key Laboratory for Bio-Medical Research,
Southeast University, Nanjing 210096, China and *Co-Innovation Center of Neuroregeneration, Nantong University, Nantong 226001, China

Correspondence: Zhenhua Shao (zhenhuashao@scu.edu.cn) or Renjie Chai (renjiec@seu.edu.cn) or Wei Yan (weiyan2018@scu.edu.cn)

These authors contributed equally: Lin Cheng, Suyue Sun, Heli Wang, Chang Zhao, Xiaowen Tian.

Received: 28 February 2023 Revised: 24 July 2023 Accepted: 21 August 2023
Published online: 25 September 2023

© The Author(s) 2023 SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-023-01625-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-023-01625-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-023-01625-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-023-01625-y&domain=pdf
http://orcid.org/0000-0002-3061-5925
http://orcid.org/0000-0002-3061-5925
http://orcid.org/0000-0002-3061-5925
http://orcid.org/0000-0002-3061-5925
http://orcid.org/0000-0002-3061-5925
http://orcid.org/0000-0001-7204-801X
http://orcid.org/0000-0001-7204-801X
http://orcid.org/0000-0001-7204-801X
http://orcid.org/0000-0001-7204-801X
http://orcid.org/0000-0001-7204-801X
http://orcid.org/0000-0002-3885-543X
http://orcid.org/0000-0002-3885-543X
http://orcid.org/0000-0002-3885-543X
http://orcid.org/0000-0002-3885-543X
http://orcid.org/0000-0002-3885-543X
mailto:zhenhuashao@scu.edu.cn
mailto:renjiec@seu.edu.cn
mailto:weiyan2018@scu.edu.cn
www.nature.com/sigtrans

Orthosteric ligand selectivity and allosteric probe dependence at...

Cheng et al.
a b c

5150— o MK-6892 5150— -»- HCAR1-WT
£ -~ niacin £ - HCAR2-WT
O 2\,100_ 1\’100_ - HCAR3-WT

o c

L 2

2 50 Z 50 >

£ £

o

4 D s =

(\(\P /Q\? 2 0 o ] 5 0
12 10 -8 -6 -4 12 10 -8 -6 -4
ya C Log [Ligand] (M) Log [MK-6892] (M)
</ b
d

=2

l

Anti-inflammation
Lipid lowering

KV
|

Cutaneous flushing

Fig. 1

~scFv16

Signal transduction and structure of MK-6892-HCAR2-G; complex. a Downstream signals and functions mediated by HCAR2. The

schematic figure created with BioRender.com. b Represented curve for niacin and MK-6892-induced HCAR2 activation examined by cAMP
inhibition assay. ¢ Activating effect of MK-6892 on HCARs by cAMP inhibition assay. Data are presented as the mean +SEM of three
independent experiments performed in triplicate. d The cryo-EM map (left panel) and structural mode (right panel) of MK-6892-bound to
HCAR2 in complex with G; heterotrimer and scFv16. Orange, MK-6892; Light steel blue, HCAR2; Tan, Go; Sky blue, GB; Rosy brown, Gy; Dark
gray, scFv16. The EM density of HCAR2-G; complex and MK-6892 was shown with the counter level of 0.62, 0.469 respectively

subtype-specific agonist MK-6892 and G;-protein biased agonist
MK-0354, a potential ligand bound to the OBP of HCAR2.'5'”

Particularly, MK-6892 is a cyclohexene carboxylic acid analog
and was discovered as a high-affinity and potent selective agonist
of HCAR?2, displaying a significantly larger therapeutic index than
niacin with reduced flushing profiles in animal model.'® However,
the mechanisms of receptor activation and orthosteric ligand
selectivity of HCAR2 remains unclear, hindering further optimiza-
tion of the ligand.

Biased ligands that occupy the OBP of GPCRs were reported to
achieve specific signaling pathway with therapeutic outcomes,
reducing “off-target” side effects. In addition to biased orthos-
teric ligands, allosteric modulators of GPCR can bound to a
distinct binding site and then trigger functional signaling
pathway with high specificity, therefore, this type of allosteric
modulators is also termed as biased allosteric modulators
(BAMs).'92° Different from orthosteric agonists, BAMs offer a
promising strategy to control on- or off-target by occupying non-
conserved binding sites in GPCRs.?' In particular, the allosteric
modulator and agonist can bind simultaneously to GPCRs, which
can achieve further functional selectivity of receptors.*>** More
interestingly, the specific allosteric modulator exhibits probe
dependence in response to different agonists on a receptor.®*
For instance, SBI-553, an allosteric modulator for neurotensin
receptor type | (NTSR1), acts as a negative allosteric modulator
(NAM) for G-protein signal pathway but as a positive allosteric
modulator (PAM) for B-arrestin translocation.?”> Another allosteric
modulator LY2033298 exhibits PAM for some agonists (eg.,
oxotremorine or tetramethylammonium) of muscarinic acetyl-
choline receptor M2 mediated ERK1/2 phosphorylation pathway,
but functions as a NAM for other agonists (eg., pilocarpine and
xanomeline).?* These findings suggest that in-depth investiga-
tion of the pharmacological characteristics of an allosteric
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modulator is required for HCAR2. We demonstrated that the
PAM compound 9n was identified to exert specific HCAR2-G;
protein-biased signaling in the presence of agonist niacin and to
promote anti-inflammation effect in mouse model.® However,
the cooperativity of MK-6892 and allosteric modulator com-
pound 9n on HCAR2 is unknown.

In this study, we investigate the orthosteric ligand selectivity
among HCARs subfamily and allosteric regulation of compound 9n
at HCAR2. We determined the structure of MK-6892-HCAR2-G;
complex using cryo-EM method, and deciphered recognition
mechanism of MK-6892 with receptor. Combined with our
functional assays, we further elucidated the selectivity of
orthosteric ligands and the probe dependence of allosteric
modulation at HCAR2. Together, our findings provide insights
into understanding the pharmacological feature of HCAR2 in
response to different types of ligands.

RESULTS

The overall structure of MK-6892 bound HCAR2-G; signaling
complex

HCAR2 can activate G; signaling as well as {-arrestin pathways,
and the G; activation induced by HCAR2 was demonstrated to be
an important role in therapeutic outcomes (Fig. 1a).>'® The side
effects of orthosteric agonist like niacin might limit the clinical
application in the treatment of lipid-lowering or anti-
inflammatory conditions.'> MK-6892 is a potent agonist of HCAR2
with high selectivity. To investigate its potency and selectivity for
HCAR2, we performed the forskolin-induced cAMP accumulation
assay for HCARs induced by different agonists. The results reveal
that MK-6892 exhibits higher G;-protein activation potency than
niacin and has higher selectivity on HCAR2 among HCARs
subfamily (Fig. 1b, ).
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Fig. 2 Key residues for the interaction between MK-6892 and HCAR2. a Structural comparison of the binding modes of niacin, MMF and MK-
6892 to HCAR2. b The detailed interactions between MK-6892 and HCAR2 in OBP (left panel) and EBP (right panel). Black dashed lines
represent polar interactions. ¢ Mutagenesis effects of the residues in OBP and EBP of HCAR2 on their activities in response to niacin and MK-
6892 stimulation examined by cAMP inhibition assay. The value of ApECso (PEC5oMT-pECsoWT) shows differences between wild-type (WT)
receptors and mutants (MT). Data are displayed as mean + SEM from at least three independent experiments, each performed in triplicate.
Statistical significance was determined by one-way analysis of variance with Dunnett’s multiple comparison test (compared to WT). n.s., no
significance. d Structural comparison of the niacin- and MK-6892 bound binding pocket in HCAR2. The conformational changes between the

two structures are indicated as red arrows

Understanding the binding mode and pharmacological proper-
ties of MK-6892 could accelerate to develop the next-generation
agents targeting HCAR2. Here, we presented the cryo-EM structure
of MK-6892-bound HCAR2 coupled with G; heterotrimer (Fig. 1d).
To obtain stable HCAR2-G; complex, we co-expressed wild-type
(WT) human HCAR2 and G-protein heterotrimer (dominant-
negative Ga;;, GB;, and Gy,). The HCAR2-G; complex was
assembled in the presence of MK-6892, furthermore the single-
chain fragment variable antibody scFv16 was supplied to stabilize
the signaling complex (Supplementary Fig. S1a). Finally, the
structure of MK-6892-HCAR2-G;-scFv16 complex was resolved at a
global resolution of 2.60 A (Supplementary Table S1), and a clear
cryo-EM density map corresponding to the compound MK-6892
was identified in the orthosteric pocket of HCAR2 (Fig. 1d and
Supplementary Fig. S1). The MK-6892 pose was further validated
by molecular dynamics (MD) stimulation (Supplementary Fig. S2).

The overall structure of MK-6892-bound HCAR2-G; complex
displays a nearly identical conformation to that of niacin-bound
HCAR2 complex structure, with the root-mean-square deviation
(RMSD) values of Ca being 0.6 and 0.7 for the receptor and the
whole complex respectively (Supplementary Fig. S3a). Similar with
niacin-bound structure, the N-terminus of HCAR2 is observed to
overlay on the top of the helix bundle. Two cysteines (C18 and
C19) at the N-terminus form disulfide bonds with residues
C18352 and €266 at extracellular loop 3 (ECL3) respectively
(Supplementary Fig. S3b). Additionally, the residues E12 and R22
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establish hydrogen bonds with the main chain of RO0*"" and the
side chain of N1715%2 (Supplementary Fig. S3b). The extensive
interactions between the N-terminus of HCAR2 and the extra-
cellular loops (ECL1, ECL2, and ECL3) stabilize the architecture of
HCAR2, which would limit ligand entry into the classic orthosteric
site from the extracellular milieu.?® Notably, a positively charged
cave formed by the extracellular proximal end of TM3, TM5 and
partial N-terminus of HCAR2 may facilitate the access of
orthosteric ligands bearing a negatively charged carboxyl group
(Supplementary Fig. S3c). Consistently, previous studies have
proposed positively charged gap between TM1 and TM7 as ligand
access port in the lipid GPCRs, such as sphingosine-1-phosphate
receptor 3 (S1PR3)*” and prostaglandin D2 receptor CRTH2%
(Supplementary Fig. S3c).

Recognition mechanism of MK-6892 with HCAR2

The structure of MK-6892-bound HCAR2 complex showed that
MK-6892 assumes an inverted L shape, engaging with an enlarged
binding pocket composed of TM2-TM5, TM7, and covered by
ECL2. Notably, when compared with niacin or MMF bound
structures, MK-6892 in HCAR2 exhibits a distinct binding mode
(Fig. 2a). In detail, the binding pocket of MK-6892 in the receptor is
divided into two segments by ECL2, one is defined as the OBP,
which accommodates niacin or MMF as well as cyclohex-ene-1-
carboxylic acid moiety of MK-6892, whereas the other is defined as
the EBP, adopting 6-(1,2,4-oxadiazol-3-yl)—1,6-dihydropyridin-3-ol

SPRINGER NATURE
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Fig. 3 Selectivity of niacin and MK-6892 on HCAR:s. a, b Activation effect of niacin (@) and MMF (b) on HCARs measured by cAMP inhibition
assay. Data are displayed as mean + SEM from at least three independent experiments, each performed in triplicate. ¢ Sequence alignment of
the residues involved in the OBP and EBP of HCARs. Conserved residues among all the three HCARs are highlighted in green background.
d, e The Gu;;.y, dissociation BRET assay to examine effects of niacin (d) and MK-6892 (e) on the swapped residues in HCAR2 and HACR3. Data
are displayed as mean + SEM from at least three independent experiments, each performed in triplicate
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moiety of MK-6892 (Fig. 2b and Supplementary Fig. S4). Structural
comparisons indicate that both MK-6892 and niacin do not
directly contact with the microswitch residue at position 6.48 with
a distance of 10.3 A and 12.0 A respectively, which is much larger
than that in activated B2AR*® and CB13° (Supplementary Fig. S5). It
is noteworthy that the residue at position 6.48 is phenylalanine in
HCAR2, but tryptophan in most common GPCRs (Supplementary
Fig. S5).

Inspection of the binding pocket of HCAR2 reveals that MK-
6892 makes extensive contacts with the receptor, mainly through
hydrogen bonding, hydrophobic contacts, and Van der Waals
forces (Fig. 2b and Supplementary Fig. S4a). In detail, the cyclohex-
ene-1-carboxylic acid moiety of MK-6892 makes a salt bridge with
the positively charged R111°3® and forms an extra hydrogen bond
with the side chain of Y2847** in OBP (Fig. 2b). In addition, the
cyclohex-ene-1-carboxylic acid moiety along with dimethyl group
are surrounded by a set of hzldrophobic residues, including
Y8724, w915t 1107332, F180““2 and F2777%¢ (Fig. 2b). In
particular, alanine replacement of R1113¢ decreased the potency
of G; protein activation significantly due to the disruption of polar
interaction, and the F1805°A mutation attenuated receptor
activation remarkably, suggesting the important roles for these
residues in ligand recognition (Fig. 2c and Supplementary Fig. S6,
Table S2). The 6-(1,24-oxadiazol-3-yl)—1,6-dihydropyridin-3-ol
moiety of MK-6892 resides in the hydrophobic EBP, formed by
residues L104>%°, A108%%, Q112%?7, L158"°® and T159™*’ on one
side, and the residues H189°3%, M192°*?, F1805-? and $179%2
on the other side (Fig. 2b). In agreement with our structural
observations, these contacts were further validated by our
mutagenesis  studies. Mutations of L104>%°A, A108%*%3(,
Q112>%A, and L158*°°A in the EBP significantly decreased the
potency of HCAR2 activation induced by MK-6892 (Fig. 2c,
Supplementary Fig. S6, and Table S2).

Compared with the structure of niacin-bound HCAR2, several
conformational displacements are observed in the MK-6892-
bound structure. One notable difference is observed in OBP, in
which the cyclohex-ene-1-carboxylic acid moiety of MK-6892 in
HCAR2 exhibits clockwise rotation of 48° relative to the
corresponding moiety of niacin (Fig. 2d). In particular, the EBP
makes notable conformational changes upon MK-6892 binding.
For instance, the Ca of residue 51792 in ECL2 is upraised by
1.5 A to accommodate the carbonyl group of MK-6892 (Fig. 2d).
The outward movement of M192>%? and the upward movement
of the side chain of H189°3° result in the ligand-binding pocket
with a larger volume (about 160 A% than that of niacin-bound
HCAR2 (about 37 A3 Fig. 2d and Supplementary Fig. S7). The
particular EBP of HCAR2 may serve as a key element for selectivity
and high efficacy of MK-6892 at HCAR2.

The OBP determines the ligand selectivity

To investigate the detailed region of HCAR2 contribute to the
ligand selectivity with receptor, we further performed mutagen-
esis studies and additional functional assays. Sequence alignment
reveals that HCARs subfamily shares high similarity, especially
HCAR2 and HCAR3 have approximately 95% identity.? Surprisingly,
the ligands (niacin, MMF and MK-6892) all display subtype-
selectivity for HCAR2 (Figs. 1c and 3a, b). In our previous study, we
described consensus pattern in OBP regarding niacin-, MMF-
bound HCAR2 structures.’ Sequence alignment for the ligand
(niacin and MK-6892) binding pocket reveals that several residues
are not conserved in HCARs (Fig. 3c). Therefore, we substituted
these residues in HCAR2 with their corresponding counterparts in
HCAR3. The results of our pharmacological assays indicated that
all the mutants decreased the activation potency of HCAR2
induced by niacin and MK-6892 (Fig. 3d, e). Surprisingly, the
S91E1'"W and F107332L mutations in HCAR3 displayed increased
activation potency of niacin at HCAR3 (Fig. 3d). In addition, HCAR3
11785°-2S mutant restored MK-6892-induced activation (Fig. 3e).
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Collectively, our results indicated that the residues W91E<t,

L107322, and $1785"2 in the OBP play critical roles in the ligand
selectivity for HCAR2.

A similar swapped mutagenesis investigation was performed on
HCAR1 and HCAR2. However, the replacement of the allelic
residues in HCAR1 with those found in HCAR2 did not result in an
increased effect of niacin or MK-6892 (Supplementary Fig. S8a, b).
Conversely, the activation potency of niacin or MK-6892 increased
with multipoint mutation at HCAR1 (Supplementary Fig. S8c).
These results revealed that these variable residues in OBP together
determined the ligands selectivity between HCAR1 and HCAR2.

Structural basis of G; protein couple with HCAR2

The structure of HCAR2-G; complexes exhibit a similar global
architecture with the previously reported Class A GPCR-G;
complexes' The engagement of G; heterotrimer is mainly
mediated by the interaction with TM2, TM3, TM5, TM6 and
intracellular loops (ICL1, ICL2, ICL3) of HCAR2 (Supplementary Fig.
S9a). Some common polar contacts have been observed to play
important roles in G; protein anchoring: (i) the main chain of
R128%3 forms a direct hydrogen bond with the side chain of
N347%>1% in Ga; (ii) the side chain of R218'“> in HCAR2 makes a
salt bridge with D3415>'3; and (iii) the side chain of R228532 in
HCAR2 forms a polar contact with F354%26 (Supplementary Fig.
S9b, c). Similar polar interactions have also been identified in
GPCR-G; complexes,?’?%33 suggesting that these interactions play
determinant roles in G; protein coupling.

HCAR2 belongs to a family of receptors that respond metabolic
short-chain fatty acids (hydroxycarboxylic acid), we thus compared
the structure of HCAR2 with available structures of medium or
long-chain fatty acid sensing receptors GPR84 and GPR120, a
notable conformation displacement of a5 helix of Ga; was
observed in HCAR2 (Supplementary Fig. $9d).3**> The short TM5
in HCAR2 could decrease contacts with the Ras-like domain and
a5 helix of Ga; protein, resulting in direct interactions of a5 helix
with ICL1 and ICL2 in HCAR2 (Supplementary Fig. S9e). In detail,
the residue R63'“" in HCAR2 makes hydrogen bonding with the
main chain of C351%"°2% in Ga; (Supplementary Fig. $9f) and the
side chain of H133'“" inserts into a hydrophobic cavity composed
by L194G.53401’V3396AH5A11, -|-34OG.H5.12’ and 1343¢H515 of Ga
(Supplementary Fig. S9g).

Probe dependence of allosteric modulator compound 9n
Allosteric modulators are a promising strategy to achieve subtype
selectivity and specific signaling pathway. We first demonstrated
that compound 9n of HCAR2 is a biased allosteric modulator that
prefers Gi-protein signaling.® To further understand the pharma-
cologic characteristics of compound 9n, we next investigated the
cooperativity effects of compound 9n and different agonists at
HCAR2 signaling pathways.

MK-6892 has distinct chemical structures with niacin or MMF,
exhibiting a different binding pose in HCAR2 (Fig. 4a). Compared
with the potencies of niacin or MMF, MK-6892 displayed
approximately 10-40-fold increase on HCAR2 mediated G; protein
signaling response. Compound 9n was proved to increase binding
affinity and activation efficacy of niacin.'®*® Consistently, we
found that compound 9n exhibited PAM efficacy on MMF.?
Interestingly, the results of bioluminescence resonance energy
transfer (BRET)-based Goj;-Gy, dissociation assay and cAMP
inhibition assay further revealed that compound 9n potentiated
the MK-6892-induced G; protein activation in a dose-dependent
manner (Fig. 4b and Supplementary Fig. S10), suggesting that
compound 9n exerts positive cooperativity with MK-6892 as well
as HCAR2-G; signaling preference.

By contrast, for B-arrestin recruitment, compound 9n displayed
a subtle PAM effect towards niacin or a neutral allosteric ligand
(NAL) for MMF, the compound 9n acted as a negative allosteric
modulator (or antagonist) for HCAR2-B-arrestin signaling by MK-
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6892 in a dose-dependent manner (Fig. 4b, ). These phenomena
suggest the pharmacological characteristic of compound 9n
depends on different orthosteric ligands of HCAR2, representing
a probe dependence manner (Fig. 4c). More importantly, previous
studies have shown that the p-arrestin pathway of HCAR2
mediates the adverse effect of skin flushing, whereas G-protein
signaling contributes to lipolysis and the treatment of inflamma-
tory.%"> Therefore, probe dependence would tell us how to
consider a choice of orthosteric ligand to evaluate the efficacy of
allosteric modulator. Our results suggest that combination
treatment of compound 9n with MK-6892 could be a therapeutic
strategy against inflammation and lipid-lowering.

DISCUSSION

GPCRs regulate the physiological processes via sensing to the
endogenous ligands. Generally, each endogenous ligand could
activate multiple receptor subtypes, which contains conserved
orthosteric binding pocket. Severe pathological side effects
related to off-target pharmacological activities. Development of
a selective ligand target specific receptor subtype with desired
therapeutic is still challenge in GPCR drug discovery field. The
dynamic and plasticity of ligand binding pocket in GPCR offer
opportunities to identify new druggable site (EBP), for example,
dopamine receptor contains five subtypes (DRD1-DRD5), the
subtype-selective ligands SKF83959 and PWO0464, which target
DRD1, bind to the EBP formed by the extracellular regions of TM2-
3 and TM6-7 and exhibit high affinity for DRD1.3” In contrast, the
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antagonist haloperidol prefers to interact with a distinct EBP,
comprised of TM2-3 and ECL1-2, and this specific recognition
confers haloperidol’s high selectivity for DRD2, as compared to its
affinity for DRD3 and DRD4.3®

HCAR2 represents a promising therapeutic target for the
treatment of cardiovascular and neurological disorders, owing to
its anti-lipolytic and anti-inflammatory functions.'®'*'> Approved
agonists of HCAR2, including niacin, its derivative acipimox, and
MMF, are utilized for the treatment of dyslipidemia, hyperlipide-
mias, and multiple sclerosis.®'®*? Nonetheless, these drugs are
associated with an undesirable side effect: cutaneous flushing,
which limits the broader application of HCAR2-targeted medica-
tions.#'82272% To address this issue, several selective ligands, such
as MK-6892 and GSK256073, have been designed with distinct
chemical structures that diverge from niacin.?’?*3° These novel
ligands have demonstrated a significant reduction in flushing
profiles within animal models. However, the similarities and
differences in the recognition models between approved drugs
and subtype-selective ligands, such as MK-6892, largely
unexplored.

In our study, we determined a high-resolution structure of
HCAR2-G; signaling complex bound to the selective agonist MK-
6892. Combined with the niacin- or MMF-bound HCAR2 structures
resolved in our previous research,” the N-terminus and extra-
cellular loops of HCAR2 form a special gap, which appears to
restrict ligand entry from the extracellular milieu. We speculated a
potential entry pathway for ligands situated at the extracellular
proximal end of TM3 and TM5. However, this proposed entryway
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remains speculative and warrants further experimental verifica-
tion. In the binding pocket, the core moiety of MK-6892, niacin
and MMF all share a similar binding pose and adopt a same
interaction with residues R11133¢, F180F°2, and Y2847*3 in the
OBP of HCAR2. Among them, R11133¢, forms a salt bridge with the
carboxyl group of ligands, serving as an anchoring site and
considered a key residue for ligands recognition and receptor
activation. Compared with niacin- and MMF-bound HCAR2, MK-
6892 extends into the EBP and forms an additional hydrogen
bond with Q112>%’, explaining the reason for the higher affinity of
MK-6892. We suppose that the higher activation potency for
HCAR2 induced by MK-6892 may provide a broad therapeutic
window while limiting the activation of the cutaneous flushing
pathway. Furthermore, together with mutagenesis results, we
found that the key residues in OBP play a critical role for the
selectivity of MK-6892 among HCARs subfamily, and the ligands
(niacin and MMF) also display subtype-selectivity for HCAR2.

In addition to the selectivity of orthosteric ligands, functional
selectivity, also known as biased signaling, this phenomenon
describes a ligand's ability to preferentially activate one of several
signaling pathways mediated with a receptor.**** GPCRs can
engage with diverse signaling pathways by coupling with
different transducers, including diverse G-proteins (Gs, Gy, G11/q
and Gi,/q3) and B-arrestins (B-arrestin1 and P-arrestin2), each of
which can mediate distinct physiological functions. A significant
challenge in drug development arises when the activation of non-
therapeutic signaling pathways, stemming from a drug targeting a
specific receptor, leads to undesirable on-target side effects.
Biased ligands emerge as a potential solution to this issue. These
ligands are designed to selectively activate a desired signaling
pathway while concurrently attenuating or entirely inhibiting
others, thereby substantially reducing the risk of on-target side
effects. For instance, oliceridine acts as a G-protein-biased agonist
for the p-opioid receptor (UOR).** By selectively activating the G;
signaling pathway, oliceridine aims to provide effective pain relief
while reducing common side effects, such as respiratory depres-
sion and constipation, that are often associated with B-arrestin
pathway activation.

HCAR2 could meditate the Gj,, and B-arrestins signal pathways
induced by niacin, MMF and MK-6892. Previous studies indicated
that the side effects caused by niacin was related with the
B-arrestin-dependent signaling pathway.'> Our previous study
also suggests that the B-arrestin signaling pathway is not involved
in anti-inflammatory processes. Allosteric modulators, especially
BAMs, not only have receptor subtype selectivity but also have the
ability to control receptor signaling pathways.'”** In our previous
study, we have identified that the compound 9n performed as a
G;-biased allosteric modulator for HCAR2 and enhanced the anti-
inflammatory effects in mouse model of colitis when used
alongside niacin.’ However, the modulation effect of compound
9n with subtype-specific MK-6892 was still unknown. In the
present study, we conducted a thorough investigation into
pharmacologic characteristics of allosteric modulator compound
9n. For G; signal pathway of HCAR2, compound 9n functions not
only as a PAM for HCAR2, but also exhibits a unique property
(probe dependence) in its allosteric modulation. The cooperativity
of compound 9n with agonists demonstrates varying efficacies
that depends on the activation potencies of agonists. Specifically,
the higher the efficacy of the orthosteric agonist (e.g., MK-6892),
the more pronounced the PAM effect induced by compound 9n.
Remarkably, for B-arrestin signal pathway, compound 9n exhibits
a different behavior. Instead of displaying a PAM effect towards
niacin or a NAL effect for MMF, compound 9n could antagonize
the B-arrestin signaling of HCAR2 that is induced by MK-6892. This
pharmacological action suggests a potential co-administration
strategy: pairing MK-6892 with compound 9n could potentially
increase the therapeutic window for disease treatment, thereby
enhancing clinical outcomes. Further animal model experiments
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or clinical trials are needed to estimate the therapeutic efficacy of
this combination.

Together, our study provides insights into ligand recognition
and activation regulation of HCAR2, as well as investigates
pharmacological characteristics of allosteric modulator compound
9n on receptor signaling. These insights hold the potential to
significantly guide the development of drugs targeting HCAR2,
aiming for enhanced efficacy and minimized side effects, whether
off-target or on-target. Furthermore, this study offers an oppor-
tunity to understand the translation of the combination of agonist
and allosteric modulator in the future and the complex
pharmacological features of allosteric modulators.

MATERIALS AND METHODS

Generation of HCAR2 constructs

The expression construct of human HCAR2, followed with a
haemagglutinin (HA) signal sequence, Flag tag at the N-terminus,
was inserted into the pFastBac1 (Invitrogen) baculovirus expres-
sion vector. The human DNGa;; (S47N, G203A, E245A, A326S) and
human Gp,, bovine Gy, was constructed into pFastBac1(Invitro-
gen) and pFastBac-dual (Invitrogen) vector respectively.

Generation of scFv16

The antibody scFv16 with a GP67 signal peptide at the N-terminus
and 6 x His tag at the C-terminus was inserted into pFastBac1l
vector and expressed by the 5f9 baculovirus system. The Ni-NTA
resin, followed by a molecular exclusion chromatography column
(Superdex 75 Increase 10/300 GL, Cytiva) was be used to obtain
the antibody scFv16 which was further concentrated to 4 mg/mL.
Finally, the protein was flash frozen in liquid nitrogen and stored
at —80°C for usage in MK-6892-bound HCAR2-G; complex
purification.

Expression and purification of HCAR2-G;; complex

Sf9 cells were cultured in ESF 921 medium (Expression Systems) at
a density of 2.8 x 10° cells/mL, then co-infected with baculoviruses
containing HA-Flag-HCAR2, DNGaq;; and Gy, at a ratio of 1:2:1.
After 48 h of infection, cells were harvested and resuspended with
buffer (20 mM HEPES, pH 7.5, 50mM NacCl, 5mM CaCl,, 5mM
MgCl,) supplemented with protease inhibitors (100 ug/mL leu-
peptin, 160 pg/mL benzamidine). The HCAR2-G;; complex was
formed on the membrane by adding 10 pyM MK-6892 and 25 mU/
mL apyrase (NEB) for 2 h at 25°C and solubilized by 0.1% (w/v)
cholesteryl hemisuccinate (CHS), 0.5% (w/v) lauryl maltose
neopentyl glycol (LMNG; Anatrace) at 4 °C for 2 h. The antibody
scFv16 was supplement to stable the complex. After centrifugated
at 65,000xg for 30 min, we transferred the supernatant to the
tubes and incubated with the M1 anti-Flag resin (Sigma-Aldrich) at
4°C for 2 h. The mixture was loaded into a gravity column, and
washed with 30 column volumes of the washing buffer (20 mM
HEPES, pH 7.5, 100 mM NaCl, 5mM CaCl,, 0.01% (w/v) LMNG,
0.001% (w/v) CHS, 10 uM MK-6892, the protease inhibitors). The
complex was collected with the washing buffer supplemented
with 10 mM EDTA, 0.2mg/mL Flag peptide, concentrated by
concentrator (100 kDa molecular-weight cut-off, Millipore) and
then loaded onto a molecular exclusion chromatography column
(Superdex 200 10/300 Increase GL column, Cytiva) with the buffer
(20 mM HEPES, pH 7.5, 100 mM NacCl, 0.00075% (w/v) LMNG,
0.0002% (w/v) CHS, 0.00025% glyco-diosgenin (GDN; Anatrace)
and 10uM MK-6892. The purified complex fractions were
collected and concentrated to 16.8 mg/mL for usage.

Cryo-grid preparation and EM data collection

The purified MK-6892-bound HCAR2-G;-scFv16 complex (3 uL)
were loaded onto 300-mesh Au holey carbon grids (Quantifoil
R1.2/1.3), which were glow-discharged at 15 mA for 60 s before
use. The Vitrobot Mark IV (Thermo Fisher) was set at 4 °C and 100%
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humidity for blotting. The grids were blotted for 2-3s and
subsequently immersed in liquid ethane. The grids with MK-6892-
bound HCAR2-G;-scFv16 complex were applied into a Titan Krios
cryo-electron microscope (Thermo Fisher), the data were auto-
matically collected in a K3 direct electron detector (Gatan) at
300 keV with the magnification of 130,000 by using SerialEM*®
software. All the movie stacks were recorded in super-resolution
mode at a dose rate of 20 e”/pix/s with a total exposure time of
2.7 s, resulting in a total dose of 65 e /A? per stack including 40
frames.

Image processing and 3D reconstructions

The collected 5676 movies were first processed by Motioncor2®’
and Gctf*® successively. Subsequently, 5,157,653 particles in total
were picked in Relion 4.0.° Then the particles were sorted by 2D
and 3D classification, and one 3D class with good shape were
extracted and imported into cryoSPARC3.1.>° These particles were
heterogeneous refined with four 3D references from 3D classifica-
tion as templates, a sharp class containing 645,569 particles was
subjected to non-uniform refinement, producing a sharpened
map with an overall resolution of 2.83 A. The refined particles were
clustered using 3D variability analysis, the homogenous 511,734
particles were further refined to 2.60 A resolution which was
estimated by the Fourier shell correlation with 0.143 criterion.
Local refinement focusing on the G; proteins and HCAR2
generated a 2.62 and 2.87 A map, respectively. The map for
receptor and G; protein were combined in UCSF Chimera®' using
‘vop maximum’ command. The local resolution was evaluated in
cryoSPARC3.1.

Model building and structure refinement

The initial model of MK-6892-bound HCAR2-G; complex was
obtained from the structure of niacin-HCAR2-G; complex reported
in our previous research.’ The complex model with niacin
removed was fitted and placed in the corresponding EM density
map by UCSF Chimera,®’ then the agonist MK-6892 was added
and manual adjusted in Coot>® real-space refinement were
performed in Phenix®® with several rounds subsequently. Mol-
Probity>* was used to validate the final model. UCSF ChimeraX>®
and PyMOL (https://pymol.org/2/) software were used for prepar-
ing the structural figures.

Molecular dynamics simulation

The initial model of HCAR2-MK-6892 for MD simulation was
obtained from this paper and oriented by running PPM 2.0.°° The
MD simulation system was generated using the CHARMM-GUI
web interface®”*® and carried out on the GROMACS 2019.6,>° with
£f145B,%° lipid21,%" and gaff2%? force field for protein, lipids, and
ligand respectively, along with the TIP3 water model. The model
was embedded into palmitoyl-oleoyl-phosphatidylcholine (POPC)
lipid bilayers in a regular hexagonal prism box with a side length
about 7.5 nm x 7.5 nm X 10.5 nm. An ion concentration of 150 mM
NaCl was added, and the system charge was neutralized by
replacing water molecules with ions.

Each atom was assigned a velocity randomly and indepen-
dently. The steepest descent algorithm was used for minimizing
system energy. For equilibrate MD simulation system, NVT
ensemble for 250 ps with a time step of 1fs and NPT ensemble
at 310.15K and 1bar were performed. The final system was
subjected to a simulation for 300,000 ps at 310.15 K and 1 bar. The
gmx_rms utility was used to analyze the RMSD of the trajectory.

cAMP inhibition assay

The GloSensor cAMP assay was used to measure activating effects
of HCAR2 and its mutations referring to the previous research.®®
Firstly, pcDNA3.1-HCAR2 or its mutations with GloSensor reporter
plasmids were co-transfected into a six-well plates confluent with
HEK293 cells. After 24 h transfection, the cells were re-plated in 96-
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well plates with the Hank's Balanced Salt Solution (HBSS) buffer
containing b-Luciferin-Potassium Salt (YEASEN). Then the cells
were stimulated with the corresponding agonist with adding 5 uM
forskolin at the same time. To determine the allosteric regulation
efficacy, different concentrations of compound 9n were added
additionally. Finally, Synergy H1 microplate reader (BioTek) was
used to read the luminescence. Data were fitted in GraphPad
Prism 9 by using the nonlinear regression (curve fit) dose-response
function.

NanoBiT B-arrestin assay

The HCAR2 B-arrestin signaling induced by ligand was detected by
the NanoBiT B-arrestin recruitment assays. The B-arrestin1 fused
the LgBIiT at N-terminus was co-transfected into HEK293 cells in
the 6-well plates with equal proportions of HCAR2 followed by the
SmBIT at C-terminus. After 24 h of transfection, the cells were
dispensed in a 96-well plate, cultured at 37 °C for 12 h, and then
washed with Phosphate-Buffered Saline (PBS) buffer for once,
incubated in HBSS buffer supplemented with 5 uM coelenterazine
h (YEASEN) for 30 min. The baseline luminescent and ligand-
induced luminescent changes were measured by the microplate
reader (Synergy H1, BioTek). To determine the allosteric regulation
efficacy of different ligands on HCAR2, different concentrations of
compound 9n were added additionally. We analyzed the data in
GraphPad Prism 9 by using the nonlinear regression (curve fit)
dose-response function.

BRET dissociation assay

We used Ga;;-Gy, dissociation assay to explore the activation of
HCARs induced by agonists according to previous publications.>
Assay were performed in HEK293 cells, which transiently
transfected with various versions of HCARs and BRET sensors
including Gai-Nluc, GB, and Gy-mVenus plasmids. 24 h after
transfection, cells were resuspended in complete fresh medium
and plated in 96-well plates. The next day, medium was changed
and replaced with BRET assay buffer supplemented with final
concentration of 5 uM coelenterazine h. Next, the diluted agonists
were added into wells before reading the plate at 37°C in a
microplate reader (Synergy H1, BioTek). ABRET was calculated by
subtracting the vehicle-treated wells from the ligand-treated wells.
The other way of analysis was that the BRET ratio of ligand-treated
wells was divided by the vehicle control. All data points were fitted
using a simulation dose-response function model in Prism 9.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay was performed to measure
the cell surface expression level of HCAR2 wild-type or mutants.
The plasmids or empty pcDNA3.1 (+) vector (as a negative
control) were co-transfected into a six-well plate confluent with
HEK293 cells respectively. After cultured in 37°C incubator for
24 h, digested cells were re-plated on pre-coated 96-well plates
with poly-d-lysine using fresh medium. The next day, we used 5%
(w/v) BSA to block cells after 15 min incubation with 4% (w/v)
paraformaldehyde. Hereafter, anti-Flag HRP conjugated mono-
clonal antibody (1:2000 dilution) was used to treat cells overnight.
Then the plates were softly washed with PBS buffer three times
and added with HRP substrate 3,3',5,5-tetramethylbenzidine
(TMB). The wells were added an equal volume of 0.5M HCI
solution to quench the reactions. The absorbance values were
counted at 450 nm using the microplate reader (Synergy H1,
BioTek) and normalized to the wild-type HCAR2 and graphed as a
percentage of wild-type using GraphPad Prism 9.
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