
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Structure

Previews
Breaking the Enigma Code
of Angiotensin II Type 2 Receptor Signaling

Anastasiia Sadybekov1 and Vsevolod Katritch1,2,*
1Department of Chemistry, Bridge Institute, University of Southern California, Los Angeles, CA 90089, USA
2Department of Quantitative and Computational Biology, Bridge Institute, University of Southern California, Los Angeles, CA 90089, USA
*Correspondence: katritch@usc.edu
https://doi.org/10.1016/j.str.2020.03.004

In this issue of Structure, Asada et al. (2019) present angiotensin receptor AT2R structure in complex with its
main endogenous agonist, AngII peptide. Complementing the previous structural studies, the new complex
structure sheds light on the AT2R activation mechanism and opens new avenues for drug discovery targeting
this enigmatic receptor.
Figure 1. Comparison of AT2R Conformers
(A) Superimposition of crystal structures in complex with antagonist (compound 1, PDB: 5UNF,
green ribbon), partial agonist ([Sar1,Ile8]-Ang II, PDB: 5XJM, magenta ribbon), and full agonist (AngII,
PDB: 6JOD, yellow ribbon).
(B) Hypothetical energy profile for the conformational change in helix 8.
Renin-angiotensin system (RAS),

controlled by angiotensin II octapeptide

signaling at angiotensin AT1R and AT2R

receptors, plays a key role in regulating

cardiovascular and electrolyte homeosta-

sis. The more recently discovered ‘‘pro-

tective arm’’ of RAS, which involves

several other angiotensin peptide isomers

and signals largely via AT2R (as well as

proto-oncogene MAS receptor), has also

been implicated in a variety of tissue-pro-

tective functions in the human body.

While AT1R has a well-understood canon-

ical G protein-coupled receptor (GPCR)

signaling via G protein and arrestin and

is a prominent target of blockbuster anti-

hypertensive drugs—angiotensin recep-

tor blockers (ARBs), also known as ‘‘Sar-

tans’’ (Zaman et al., 2002)—the AT2R

sibling has been notorious as an ‘‘enig-

matic’’ receptor (Porrello et al., 2009).

During the 25 years since its discovery,

AT2R has been implicated in numerous

physiological functions with great poten-

tial for drug discovery (Paz Ocaranza

et al., 2020). AT2R activation by AngII is

believed to directly oppose AT1R

signaling, mediating vasodilatory effects

and reducing blood pressure. In addition,

many studies show that AT2R activation

by Ang(1-9) and, potentially by Ang(1-7),

confers protective, antifibrotic, and anti-

inflammatory properties in a variety of tis-

sues including the heart, lung, kidney, and

brain (Paz Ocaranza et al., 2020). Intrigu-

ingly, these protective peptides are pro-

duced by angiotensin converting enzyme

2 (ACE2), which is exploited as a host fac-

tor by SARS and COVID-19 viruses,

aggravating lung tissue damage often

caused by these dangerous coronavirus

infections. While AT2R is more abundant
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in the fetus and neonate, where it is

believed to be involved in vasculature

growth and neural development, the re-

ceptor retains expression in several adult

tissues and is greatly induced in tissues

undergoing repair. The initial interest in

the protective properties of AT2R arose

from clinical studies showing that ARBs

can be superior to other antihypertensive

drugs in the prevention of stroke, even

with no differences in blood pressure,

and that one of the protective mecha-

nisms was mediated by AT2R (Thöne-

Reineke et al., 2006). As such, AT2R-se-

lective ligands, e.g., Ang(1-9) peptide or

small molecule agonist C21, are being

extensively tested in preclinical studies

for acute lung injury and fibrosis, kidney

fibrosis, Alzheimer’s disease, and stroke.

Notably, AT2R antagonism in the periph-

eral nervous system also shows promise

in potential clinical applications as a treat-

ment for chronic neuropathic pain. Small

molecule antagonist EMA401 showed

efficacy in treating neuropathic pain in

phase II clinical studies (Rice et al.,

2014), until the development of this candi-

date was stopped due to off-target side

effects.

On the other hand, translation of these

very promising findings into clinical

therapies has been hampered by very
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Figure 2. Layers of AT2R Signaling Enigma
Several questions at physiological, molecular, and pharmacological levels
remain to be answered to break the enigma code of AT2R function.
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puzzling functional mecha-

nismsascribed toAT2Ractiva-

tion on the molecular and

cellular levels, as well as by

the very limited toolchest of

AT2R-selective

drug-like compounds. AT2R is

believed to bypass canonical

G protein- and arrestin-

mediated signaling, activating

instead downstream effectors

such as ERK1/2 and NOS

(Porrello et al., 2009). Several

other downstream pathways

have been suggested, but the

mechanistic understanding of

AT2R signaling is still far from

obvious. Moreover, on the

cellular level, a recent dis-

covery implicates AT2R ex-

pressed in macrophages, but

not in neurons themselves,

in neuropathic pain induced

by locally released AngII,

adding a new twist to the

development of AT2R-medi-

ated pain remedies (Shepherd
et al., 2018).

When the first structure of

AT2R was solved in 2017 (Zhang et al.,

2017), the receptor definitely lived up to

its ‘‘enigmatic’’ reputation. Most strik-

ingly, the antagonist-bound structures of

AT2R consistently showed all the hall-

marks of GPCR active state, including all

microswitches and helical rearrange-

ments on the intracellular side of the re-

ceptor, including an outward shift of

TM6 and inward shift of TM7 (Katritch

et al., 2013). This conformational arrange-

ment was the same for different antago-

nists and different crystal packing of

AT2R and drastically differed from its sib-

ling AT1R, which shows a canonical inac-

tive state with antagonists and canonical

active state with agonists.

Moreover, this antagonist-bound ‘‘active

state’’ in AT2R came with a catch—helix 8,

instead of sticking to the intracellular sur-

face of the membrane as in other GPCRs,

is switched to a previously unknown posi-

tion, bundling to helices TM5 and TM6

and thus hindering possible interactions

of AT2R with G protein or arrestin. This po-

sition of helix 8was corroboratedby strong

interaction interfacewith TM5/TM6, aswell

as with molecular dynamics simulations

showing that even when pulled slightly

away, helix 8 returned to its blocking posi-
tion. Furthermore, the AT2R structure with

partial agonist derivative of AngII, [Sar1,

Ile8]-AngII, was also found in a similar

active-like state (Asada et al., 2018),

thoughcompletely lacking electrondensity

for helix 8 and thus suggesting high confor-

mational flexibility of this helix.

In this issue of Structure, the structure

of AT2R complex with endogenous AngII

peptide and a stabilizing FAB antibody

from the So Iwata group reveals a number

of intriguing details and insights into the

receptor workings (Asada et al., 2019). In

general, it shows the same overall

active-state conformation as in previous

complexes with small molecule antago-

nists (Zhang et al., 2017) and the partial

agonist analog of AngII (Asada et al.,

2018) (Figure 1). But it also gives insight

into what differentiates the full agonist

binding in terms of receptor conformation.

First of all, the differences at the bottom of

the ligand-binding pocket are notable.

The terminal Phe8 side chain of AngII

(but not Ile8 of the partial agonist or the

small molecule antagonist) is pushing

Met128 side chain to change conforma-

tion where it impinges on Trp269, one of

the key residues in the activation mecha-

nism. This reshaped binding pocket may
provide a better template for

structure-based design of full

AT2R agonists, though small

molecules like C21 may

further adjust the orthosteric

pocket.

The most intriguing,

though, is the conformation

of helix 8 resolved in this

agonist-bound structure. Un-

like the antagonist-bound

conformation, where helix 8

was blocking the intracellular

site of G protein binding, or

partial agonist structure,

where helix 8 was completely

unresolved, the new agonist

structure reveals helix 8 in

the canonical membrane-

bound position, where it

does not obstruct the intracel-

lular pocket. These observa-

tions and comparative anal-

ysis of the structure suggest

that the AT2R resting state

naturally prefers active-like

conformation, but with down-

stream signaling blocked by
helix 8; partial agonists

partially unblock it by destabilizing the

TM6-bound conformation of helix 8, while

full agonists further stabilize helix 8 in the

membrane-bound state, allowing full

downstream signaling. One has to be

cautious in jumping to conclusions here,

though, as noted by Asada et al., and

further studies are needed to confirm

that this helix 8 observation is not an arti-

fact of crystal packing.

There are at least three layers of the

puzzle to break the enigmatic code of

AT2R function, which remain to be

resolved by further structural, biochem-

ical, and computational studies (Figure 2):

(1) On the molecular level, if AT2R

signaling is not G protein and b ar-

restin mediated, what are the

actual cognate proteins that recog-

nize AT2R active state, and how

are they connected to the down-

stream signaling via ERK1/2

and NOS?

(2) On the physiological level, what is

the functional and physiological

difference between the three

known endogenous AT2R ligands:

AngII, Ang(1-9), and Ang(1-7)?

Do they confer similar signaling
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profiles or are they differentially

biased to some downstream path-

ways against the others? How

does AT2R signaling interact with

other RAS pathways?

(3) On the pharmacological level,

how do small molecule drug candi-

dates like agonist C21 and antago-

nist EMA401 bind AT2R, inducing

activation or blockade, and how

can the structural information on

these ligands be used to rationally

design new, more potent and se-

lective agonists and antagonists?

The answers to such questions require

multidisciplinary studies including further

structural and molecular dynamics anal-

ysis of AT2R complexes, expansion of

the repertoire of AT2R-selective agonists

and antagonists, and thorough character-

ization of their function. The rewards to

breaking the AT2R enigma code will be

high, as it would greatly facilitate the dis-

covery of new AT2R-mediated therapies

for major chronic conditions like neuro-
392 Structure 28, April 7, 2020
pathic pain, stroke, Alzheimer’s disease,

and cancer.

REFERENCES

Asada, H., Horita, S., Hirata, K., Shiroishi, M.,
Shiimura, Y., Iwanari, H., Hamakubo, T.,
Shimamura, T., Nomura, N., Kusano-Arai, O.,
et al. (2018). Crystal structure of the human
angiotensin II type 2 receptor bound to an
angiotensin II analog. Nat. Struct. Mol. Biol. 25,
570–576.

Asada, H., Inoue, A., Ngako Kadji, F.M., Hirata, K.,
Shiimura, Y., Im, D., Shimamura, T., Nomura, N.,
Iwanari, H., Hamakubo, T., et al. (2019). The
Crystal Structure of Angiotensin II Type 2
Receptor with Endogenous Peptide Hormone.
Structure 28, this issue, 418–425.

Katritch, V., Cherezov, V., and Stevens, R.C.
(2013). Structure-function of the G protein-coupled
receptor superfamily. Annu. Rev. Pharmacol.
Toxicol. 53, 531–556.

Paz Ocaranza, M., Riquelme, J.A., Garcı́a, L., Jalil,
J.E., Chiong, M., Santos, R.A.S., and Lavandero,
S. (2020). Counter-regulatory renin-angiotensin
system in cardiovascular disease. Nat. Rev.
Cardiol. 17, 116–129.

Porrello, E.R., Delbridge, L.M., and Thomas, W.G.
(2009). The angiotensin II type 2 (AT2) receptor:
an enigmatic seven transmembrane receptor.
Front. Biosci. 14, 958–972.

Rice, A.S.C., Dworkin, R.H., McCarthy, T.D.,
Anand, P., Bountra, C., McCloud, P.I., Hill, J.,
Cutter, G., Kitson, G., Desem, N., and Raff, M.;
EMA401-003 study group (2014). EMA401, an
orally administered highly selective angiotensin II
type 2 receptor antagonist, as a novel treatment
for postherpetic neuralgia: a randomised, double-
blind, placebo-controlled phase 2 clinical trial.
Lancet 383, 1637–1647.

Shepherd, A.J., Mickle, A.D., Golden, J.P., Mack,
M.R., Halabi, C.M., de Kloet, A.D., Samineni, V.K.,
Kim, B.S., Krause, E.G., Gereau, R.W., 4th, and
Mohapatra, D.P. (2018). Macrophage angiotensin
II type 2 receptor triggers neuropathic pain. Proc.
Natl. Acad. Sci. USA 115, E8057–E8066.
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