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Abstract
The article presents an account of various pathophysiological roles of angiotensin-converting enzyme 2
(ACE2), an enzyme that has been identified as a fundamental regulator of the renin-angiotensin system
(RAS) in humans and is an important target in regulation of blood pressure homeostasis. The article first
discusses its crystal structures in native and inhibitor-bound states. ACE2 has gained a great therapeutic
relevance and interest because of its ability to produce heptapeptide angiotensin (1-7) [Ang (1–7)] via two
alternative pathways in concert with ACE. It is predominantly expressed in the heart, kidneys and testes,
and at lower levels in a wide variety of tissues, particularly the colon and lung and thus implicated in various
diseases. The article also highlights the studies on its crucial role in the spread of the early born disastrous
disease COVID-19.
Keywords: Angiotensin-converting enzyme 2, COVID-19, renin-angiotensin system, SARS-CoV-2, motif,
crystal structure.

Introduction
The early born pandemic COVID-19 not only created
the turmoil in the scientific world to go into the detail of
its causative agent, Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2), but also
created the interest to revisit the role of an enzyme
called angiotensin-converting enzyme 2 (ACE2), found
to play the crucial role in the life cycle of this virus.

ACE2 is a human homologue of angiotensinconverting enzyme (ACE), an enzyme that has been
identified as a fundamental regulator of the reninangiotensin system (RAS) in humans and is an
important target in regulation of blood pressure
homeostasis. RAS is one of the best-characterized
hormonal systems, reflecting its central role in the
control of blood pressure. ACE2 is a type I integral
membrane
protein
which
functions
as
a
carboxypeptidase, cleaving a single hydrophobic/basic
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residue from the C-terminus of its substrates.
It efficiently hydrolyses the potent vasoconstrictor
angiotensin II (Ang II) to a heptapeptide angiotensin
(1–7) [Ang (1-7)] and thus plays an important role in
RAS. ACE2 has gained a great therapeutic relevance
and interest because of its ability to produce Ang (1–7)
via two alternative pathways in concert with ACE.
ACE2 is predominantly expressed in the heart, kidneys
and testes, and at lower levels in a wide variety of
tissues, particularly the colon and lung and thus
implicated in various diseases. A review by Wiese et al.
nicely describes its various physiological functions in
RAS system as well as its roles in the pathophysiology
of various diseases [1]. Now the interest for further
research on different physiological roles of this enzyme
and their implications in various diseases has arisen due
to the elucidation of its crystal structure [2] as well as
of a few other enzymes orthologous to it [3,4]. So, let
us first discuss the structure of ACE2.

further divided into two subdomains (I and II), which
form two sides of a long and deep cleft (Figure 1). The
proteolytic active site of ACE2, which is a common
structural feature of proteases and exists to avoid
hydrolysis of correctly folded and functional proteins
[6, 7], is deeply recessed and shielded. This proteolytic
active site of ACE2 is also consistent with the profiles
of binding of tethered inhibitors to sACE [8, 9].

Structure of ACE2
The first crystal structures of the extracellular
metallopeptidase domain of ACE2 in its native and
inhibitor-bound states were reported by Towler et al.
[2]. These authors then discussed the influence of these
structures in understanding the substrate specificity and
catalytic mechanism of the enzyme. However, before
this study of Towler et al., two reports on the crystal
structures of testicular ACE (tACE) and Drosophila
ACE had already appeared [3, 4]. Towler et al.
determined the 3D structure of the extracellular region
of native ACE2 by multiple isomorphous replacement
with anomalous scattering which was then refined to a
crystallographic R-factor of 23.5% (Rfree = 28.7%) at
2.2-Å resolution. The extracellular region of the human
ACE2 enzyme is composed of two domains: (1) zinc
metallopeptidase domain (residues 19–611), which is
around 42% identical to the corresponding domains of
human somatic ACE (sACE) and tACE and (2) the
domain located at the C terminus (residues 612–740)
which is around 48% identical to human collectrin, a
collecting duct-specific transmembrane glycoprotein
that is a novel homolog of ACE2 and is
developmentally regulated in embryonic kidneys
[5].The metallopeptidase domain of ACE2 can be

Figure 1. Ribbon diagram of native ACE2 showing the secondary
structure and also the two subdomains (I and II) that form the two
sides of the active site cleft. Domain I (red), composed of residues
19–102, 290–397 and 417–430, is N terminus- and zinc-containing
subdomain and domain II (blue), composed of residues 103–289,
398–416 and 431–615, is C terminus domain. The yellow sphere
shows the active site zinc ion and the green sphere indicates the
chloride ion. Reprinted from Reference [2]. Open Access
publication.

In the subdomain I of ACE2, the zinc-binding site is
located near the bottom and on one side of the large
active site cleft, where in the native structure the zinc is
coordinated with His374, His378, Glu402, and one
water molecule. In subdomain II in native ACE2, a Clˉ
ion is coordinated with Arg169, Trp477, and Lys481.
When the binding of an inhibitor, MLN-4760 (Figure
2A), with ACE2 was studied, it was found that both
subdomains of ACE2 were nearly equally involved in
binding with this compound. The study also revealed
the important residues of ACE2 that could be involved
in the binding with this inhibitor. These residues are
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shown in (Figure 2). The inhibitor MLN-4760 has two
carboxylate groups, one of which binds to the zinc atom
by displacing the bound water molecule present in the
native ACE2 structure. The zinc coordination sphere is
constituted of H374, H378, and E402, i.e., His374,
His378, and Glu402, residues. These three residues
belong to the subset of 21 residues of ACE2 that are
located within 4.5 Å of the bound inhibitor and make up
the greater part of the active site. The terminal
carboxylate of the inhibitor is H-bonded to the side
chains of H345, H505, and R273, i.e., His345, His505,
and Arg273. The secondary amine group of the
inhibitor is also H-bonded to H345, P346, and E375,
i.e., His345, Pro346, and Glu346 residues. Another Hbonding is between the residue T371 (Thr371) and one
of the nitrogen atoms of imidazole ring of the MLN4760. The one of the oxygen atoms of zinc-bound
carboxylate group of the inhibitor is H-bonded to the
phenolic group of Y515 (Tyr515) and the other oxygen
atom of it is H-bonded to E375 (Glu375) of the enzyme.
In addition to these potential H-bonding contributing
residues, there are 11 more residues of ACE2 that make
close contacts (<4.5 Å) with MLN-4760, which do not
contribute direct H-bonding interactions but provide
important electrostatic and van der Waals interactions
with the inhibitor. These residues, in fact, refer to the S1
and S1′ peptide-binding subsites and thus provide
binding specificity to the inhibitor as well as the
substrate [2].
Of the two peptide-binding subsites S1 and S1′, the S1′ is
much larger than the S1 and is formed by the lengthwise
channel between the two subdomains. Because of the
large
size
of
S1′
subsite,
the
3,5dichlorobenzylimidazole group of MLN-4760 is easily
accommodated (Figure 2). This indicates that large
hydrophobic or basic residues, such as Arg and Lys, can
be preferred at the P1′ position of peptide substrates
[10]. Likewise, the smaller subsite S1 nicely packs the
isobutyl group of MLN-4760, suggesting a similar
preferred fit for a leucyl side chain at the P1 position of
peptide substrates. These structural aspects of ACE2
have very much similarity to those of four proteins in
the Protein Data Bank [11], namely: (1) recently solved
human tACE (Code: 1O86) [3], an enzyme of the M2
metallopeptidase family, (2) Drosophila ACE

(Code: 1J36) [12], (3) rat neurolysin (Code: 1I1I) [13],
an M3 metallopeptidase family member, and (4)
Pyrococcus furiosus carboxypeptidase (Code: 1KA2)
[14], a member of the M32 carboxypeptidase family.

(A)

(B)
Figure 2. A, structure of an ACE2 inhibitor, MLN-4760. B,
schematic diagram showing binding interactions of the
inhibitor MLN-4760 at the active site of ACE2. Residues
shown in red belong to subdomain I and those shown in blue
belong to subdomain II. Equivalent residues in tACE are in
given in parentheses. Reprinted from ref [2]. Open Access
publication.

ACE2 is a homologue of ACE. Therefore, a model of
the active site of ACE2 based on the crystal structure of
tACE was developed to find that the catalytic
mechanism of ACE2 resembles that of ACE.
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However, there exist differences in substrate-specificity
of the two, due to the existence of differences between
the active site of ACE (dipeptidyl carboxypeptidase)
and ACE2 (carboxypeptidase) [3]. The main
differences occur in the ligand-binding pockets,
particularly at the S2′ subsite and in the binding of the
peptide carboxy-terminus and this is the reason that
classical ACE inhibitor lisinopril (Figure 3) is unable to
bind to ACE2. In a study on sequence alignment of
ACE2 with tACE, Guy et al. [15] had found that critical
active site residues in ACE are conserved in ACE2. The
two enzymes share many common features including
the conservation of residues involved in catalysis
(Figure 4). Further, as with ACE, the activity of ACE2
is also dependent on chloride ions and is substratespecific. However, while in the presence of chloride
ions, ACE generates high levels of angiotensin II,
hydrolysis of angiotensin II by ACE2 is inhibited.
Whatsoever, according to Guy et al. [15], the
mechanism underlying the substrate dependent manner
of chloride activation/inhibition observed for both ACE
and ACE2 remains unclear. Nonetheless, the chloride
dependence of ACE has long been recognized [16] and
the locations of two buried chloride ions were revealed
in the structure of tACE [9]. At both the locations, an
arginine residue was found to be essential for chloride
activation and the sequence alignment of ACE2 with
ACE revealed that at both the locations, CL1 and CL2,
the arginine residues, Arg169 and Arg514, respectively,
were conserved in ACE2. However, in the study of
Towler et al. [2], a bound chloride in CL2 site was
found to be intriguingly absent, which led to suggest
that, unlike in ACE, this second site in ACE2 does not
exist and therefore does not contribute to the chloride
effect. It could there be assumed that it is actually the
CL1 site that is responsible for chloride activation of
ACE2. In later communication, Guy et al. [17] also
noted the difference in chloride sensitivity between
ACE2 and ACE and attributed this difference to the fact
that ACE2 has only one chloride-binding site (CL1),
whereas ACE has two sites (one in each subdomain).
According to some other authors [18], there was a
dramatic loss of chloride activation in the C-domain of
ACE where the CL2 site was abolished. According to
Towler et al. [2], the absence of CL2 site in ACE2

was due to the substitution of Glu398 and Ser511 in
ACE2 for Pro407 and Pro519 in ACE.

Figure 3. Structure of classical ACE inhibitor, lisinopril

Figure 4: Model of ACE2 showing its active site and its residues
(in black) coordinating the zinc ion. The equivalent residues in
tACE are shown underneath (in red) with only one difference that
in place of Glu406 in ACE2, there is Asp415 in tACE. Reprinted
with permission from Ref [15]. Copyright 2003 American
Chemical Society.

Both the enzymes, ACE and ACE2, are at the heart of
many human physiological processes and contain a
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characteristic HEXXH motif (where X is any amino
acid) that coordinates a catalytic zinc ion and as such
are members of the M2 gluzincin family of
metalloproteases. ACE is well-known for its role in
blood pressure regulation via renin–angiotensin
aldosterone system (RAAS), but plays important roles
in fertility, immunity, haematopoiesis and diseases such
as obesity, fibrosis and Alzheimer’s dementia.
Likewise, ACE2 is also involved in many physiological
processes and gained increasing therapeutic relevance
and interest due to its ability to produce Ang (1–7) via
two alternative pathways. As of now, it is implicated in
cardiac dysfunction, hypertension [19, 20], heart
failure, ventricular remodelling [21, 22], diabetes [23],
Ang (1–7) regulation during pregnancy [30, 24], and
above all as a functional receptor to the coronaviruses
that cause severe acute respiratory syndrome (SARS)
[25]. ACE2 is expressed in most human tissues and its
expression levels are highest in the small intestine,
testis, kidneys, heart, thyroid and adipose tissue.
However, its expression levels are only intermediate in
the lungs, colon, liver, bladder and adrenal glands and
lowest in the blood, spleen, bone marrow, brain, blood
vessels and muscle [26]. The elucidation of its crystal
structure has created further interest to study more and
more about the biochemistry and physiological role of
this enzyme. According to a review by Lubbe et al.
[27], both ACE and ACE2 cleave a variety of substrates
in addition to their most well-known substrates: Ang I
(ACE), Ang II (ACE2) and bradykinin (ACE), and are
even capable of cleaving much longer substrates, e.g.,
ACE can cleave amyloid-ß peptides and ACE2 apelin36, both of which are over 35 residues in length [2830]. However, it is unclear how such longer substrates
could be accommodated and cleaved by the domains of
these enzymes. Although some attempts have been
made in this direction [31], it is yet to be confirmed. For
the mechanism of the catalysis of hydrolysis of peptide
substrates, the hinge-bending motion of both ACE and
ACE2 are crucial, where the movement of the two
subdomains bring the catalytic components of the
active site into a functional orientation [27].

Physiological and
Pathophysiological Roles of
ACE2 in the Body
ACE2 has been found to be attached to the membranes
of the cells of many crucial organs of the body, such as
lungs, arteries, heart, kidney, and intestines [32, 33]. As
already mentioned, ACE2 lowers the blood pressure by
catalysing the hydrolysis of Ang II to Ang (1-7), a
vasodilator [33-35]. In fact, it counters the activity of
the related ACE by reducing the amount of Ang II and
increasing that of Ang (1-7) [36]. Thus, it has been
recognized as promising drug target for treating
cardiovascular diseases [36, 37]. ACE2 differs from
ACE in that only a single ACE2 protein species appears
to be formed [38]. As compared to ACE, ACE2 is less
widely distributed in the body and differs from ACE in
its substrate specificity, functioning exclusively as a
carboxypeptidase rather than a peptidyl dipeptidase
[39]. Now let us describe the roles of ACE2 in different
diseases.

Kidney Disease and
Hypertension
ACE2 is the only known enzymatically active
homologue of ACE in the human genome, which was
initially found in heart, kidney, and testis with lesser
amounts in colon, small intestine, and ovary [40].
However, it has also been found in the lungs, where it
plays an important role in Ang- II metabolism [41, 42].
ACE2-mediated degradation of Ang II to Ang (1–7) has
been shown in studies using kidney cortex preparations
or isolated proximal tubules [43-45]. Abundant
expression of ACE2 has been shown in kidney cortex,
where its activity is higher than in heart tissue [46]. In
the context of negative regulation of the RAS, ACE2
has been found to be a protective molecule against
kidney diseases [47, 48].In their review on ACE2 and
kidney [48], Soler et al. had pointed out that some
experiments on mice had led to conclude that a decrease
in ACE2 may be involved in diabetic kidney disease,
possibly by disrupting the metabolism of angiotensin
peptides in such a way that Ang II degradation within
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the glomerulus may be diminished. However, under
physiological conditions, ACE2 expression was found
to widely vary within tissues and species [49].
According to Ye et al. [50, 51], it was found to be highly
expressed in mouse kidney and then it was also noted
that in human kidneys the pattern of its expression was
similar to that of mouse kidneys [51, 52]. On the basis
of different studies, Soler et al. [48] have concluded that
a decrease in ACE2 may be involved in diabetic kidney
disease, possibly by disrupting the metabolism of
angiotensin peptides in such a way that Ang II
degradation within the glomerulus may be diminished.
Regarding hypertension, it is well known that the RAS
is an excellent regulator of hypertension, where ACE2
promotes vasodilation by degrading Ang II and
generating the vasodilators Ang (1‑7) [53]. Thus,
increasing the expression of ACE2 protects against
increased blood pressure. It is thus natural that the
inhibition of ACE2 may lead to promote essential
hypertension (EH) [54]. Some genetic studies have
identified polymorphisms in ACE2 as risk factors for
EH in multiple populations, such as the Han‑Chinese
and Caucasian population [55, 56]. In a study, however,
it has been found that aberrant methylation of the ACE2
promoter may be associated with EH risk [57].

Lung Diseases
Lung diseases include pulmonary hypertension (PH),
pulmonary fibrosis (PF), and acute lung injury (ALI).
Pulmonary hypertension is a type of high blood
pressure that affects the arteries in your lungs and the
right side of your heart, while pulmonary fibrosis is a
lung disease that occurs when lung tissue becomes
damaged and scared. Acute lung injury is associated to
lung inflammation that develops in response to a variety
of both pulmonary and generalized acute diseases. The
most severe form of acute lung injury is acute
respiratory distress syndrome (ARDS) that affects
approximately one million individuals worldwide per
year with a mortality rate of at least 30–50% [58, 59]. It
is characterized by pulmonary oedema, accumulation
of inflammatory cells and severe hypoxia [58, 59].
These lung diseases have gained further importance and
come into the limelight since the identification of ACE2

as a severe acute respiratory syndrome (SARS)
coronavirus receptor. The RAS has been implicated in
the pathogenesis of these lung diseases, where ACE2 is
supposed to protect against these diseases [60].
Regarding pulmonary hypertension, several studies
have demonstrated that the exogenous expression of
ACE2 or Ang (1–7) blocks experimental pulmonary
hypertension by suppressing Ang II-induced
inflammation and oxidative stress [61, 62]. Additional
mechanisms by which ACE2 plays a protective role in
pulmonary hypertension have also been studied, e.g., in
an in vivo study, it has been found that overexpression
of ACE2 in the lung inhibited pulmonary blood vessel
wall thickening and muscularization of blood vessel
[63], and in another study, it was found that attenuated
ACE2 activity is associated with hyper proliferation
and enhanced migration of pulmonary smooth muscle
cells [64]. Thus, the use of ACE2 activator in treating
pulmonary hypertension has been proposed [65, 66]. A
detail of specific roles of ACE2 in lung diseases can be
found a review by Jia [67].
Pulmonary fibrosis (PF), a progressive lung disorder,
with high morbidity and mortality is secondary to ALI/
ARDS. The PF actually means scarring in the lungs that
can destroy the normal lung and make it hard for
oxygen to get into your blood. This PF can be idiopathic
in some cases, that is a disease whose cause may not be
known. An IPF (idiopathic pulmonary disease) may
lead to respiratory failure with right heart dysfunction
and death. ACE2 expression and activity are decreased
in humans with IPF and in animal models of lung
fibrosis [68-70]. Otherwise, ACE2 protects lungs by
both degrading local Ang II and production of Ang (1–
7) which shifts RAS balance towards the antiinflammatory, antifibrotic actions via the ACE2-Ang
(1–7)-Mas axis [71]. Mas is a G protein-coupled
receptor, which acts as a functional receptor for Ang (1–
7) [72] and which in addition to ACE2 and Ang (1–7)
composes the vasodilator/antiproliferative arm of the
RAS.

Cardiovascular Disease
It has been established that heptapeptide Ang (1–7) is
an endogenous counterregulatory member of the RAS
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in the cardiovascular system and its counter-regulatory
role has been legitimized by the discovery of ACE2.
The ACE2 was initially supposed to be associated with
only heart, kidney, and testes, but now its distribution in
a wide variety of cardiovascular tissues has been well
established [73]. Its role in cardiovascular homeostasis
has been found to be quite critical and its altered
expression to be associated with major cardiac and
vascular pathophysiologies [73]. There is a general
agreement that deletion of ACE2 results in significant
alterations in cardiac and vascular functions. Cardiac
tissues of patients with ischemic heart failure and
patients with either idiopathic dilated cardiomyopathy
or primary pulmonary hypertension have been found to
have increased levels of ACE2 [74, 75]. These
observations led to suggest that decrease in ACE2 is
associated to impaired cardiac function and thus it can
be assumed that excess of ACE2 would be protective to
hypertension-induced cardiac dysfunction. Several
such observations have supported principle that ACE2Ang (1–7)-Mas axis is a physiologically relevant arm of
the RAS and the relevance of this axis is further
highlighted by its altered expression in many
cardiovascular
pathophysiologies,
including
hypertension, renal damage, heart failure, and vascular
remodelling and thus it presents a new target for
innovative therapeutic strategy for cardiovascular
disease.

Cardiopulmonary Diseases
The word ‘cardiopulmonary’ is combination of two
words,
cardio
and
pulmonary,
and
thus
cardiopulmonary diseases refer to a range of diseases
and conditions that affect the heart (cardio) and lungs
(pulmonary). These diseases are serious and should not
be taken lightly. There are two common types of
cardiopulmonary disease, cardiovascular disease and
chronic obstructive pulmonary disorder (COPD). The
cardiovascular disease, should not be taken to refer to
exactly heart disease, but to the conditions that involve
blocked blood vessels and that can lead to a stroke or
heart attack. On the other hand, COPD refers to a
chronic inflammatory lung disease that results in the
obstruction of airflow through the lungs.

The RAS (renin-angiotensin system), in fact, has, as
shown in Figure 5, two opposing arms, one represented
as ACE-Ang II-AT1R and the other as ACE2-Ang-(1–
7)-MasR [76]. In this, the first one is known as
deleterious (or vasodeleterious) axis and the second one
as beneficial or vasoprotective) axis. Both together in a
balanced condition play crucial role in the maintenance
of
cardiopulmonary
homeostasis,
otherwise
upregulation of the vasodeleterious axis leads to
vasoconstriction, hypertrophy, inflammation, and
cardiac remodelling [77], and stimulation of the
vasoprotective axis leads to valuable cardiopulmonary
effects [76], which may be either genetic
overexpression [78-80], peptide infusion [81], or
administration of synthetic molecules [82]. In a review,
Cole-Jeffrey et el. [76] have presented evidence of the
direct and indirect actions of ACE2 on the
cardiopulmonary system. The reduction in Ang II and
subsequent elevation in Ang (1–7) levels, which are
actually brought out by ACE2, are supposed to have
beneficial effects on the heart, lungs, brain, and
progenitor cells. ACE2-mediated effects on cardiac and
pulmonary tissues include vasodilation, antihypertrophy, anti-proliferation, and anti-fibrosis; and
certain physiological functions, which promote
cardiopulmonary health (such as endothelial function),
facilitate angiogenesis, and enhance progenitor cell
function, have been shown to be improved by ACE2
treatment [83-86]. ACE2 exerts favourable actions on
the bone marrow (BM), which may lead to aid
regeneration of the injured cardiopulmonary tissue
through the improvement in the migratory potential of
stem/progenitor cells [76]. The review by Sharma et al.
[71] has also pointed out similar beneficial effect of
ACE2 on cardiopulmonary diseases, addressing that
cardiopulmonary diseases are associated with decrease
in ACE2 activity and the reduction of these diseases
with the increase in its activity.
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Figure 5: A schematic representation of two arms of RAS system:
vasodeleterious arm (ACE-Ang II-AT1R) and vasoprotective arm
(ACE2-Ang-(1–7)-MasR). MasR refers to Mas receptor. Reprinted
from ref [76]. Open Access publication.

COVID-19
ACE2 was extensively studied in the early 2000’s
because of its binding to spike (S) protein of
coronaviruses, SARS-CoV (severe acute respiratory
syndrome coronavirus) and HCoV-NL3 (human
coronavirus-NL3). Now it came to further limelight
because of the outbreak of another deadly coronavirus
SARS-CoV-2 (formerly 2019-nCoV), as this virus was
also found to use ACE2 for its host cell entry. It was
then extensively studied to find the ways to block the
interaction between the S protein and ACE2, so that the
SARS-CoV-2 infection can be prevented and the
disease created by it, the so named as COVID-19, can
be treated. Although, there is close evolutionary
relationship between SARS-CoV-2 and SARS-CoV, the
receptor-binding domain of SARS-CoV-2 differs in
several key amino acid residues [87, 88], because of
which it gains stronger binding affinity with the human
ACE2 receptor and becomes more pathogenic. Since
the ACE2 system is a critical protective pathway
against many diseases related to heart, lungs, kidney,
etc., as discussed in preceding sections, high binding
affinity of SARS-CoV-2 with ACE2 has become
disastrous. Thus, theoretically, both SARS-CoV-2 and
ACE2 could be the target for therapeutic intervention.
As shown in Figure 6, the virus SARS-CoV-2 has on its
surface glycoproteins, called spike (S) proteins, that
form trimers protruding from the viral surface Figure
6a. Each S protein is comprised of two functional

subunits S1 and S2 [89], where the former mediates the
receptor binding, after which the latter mediates viral
membrane fusion using a highly conserved peptide [90,
91]. The S1 subunit has receptor binding domain
(RBD) that mediates the binding to the host cell
receptor Figure 6b. The initial attachment of SARSCoV-2 to cells involves specific binding between its S
glycoprotein and the cellular receptor ACE2 Figure 6c.
This observation was based on a study by Yang et al.
[92] using atomic force microscopy (AFM), where the
interactions are monitored on model surfaces, in which
the ACE2 receptor is attached to a surface and the S1
subunit or the RBD onto the AFM tip and on A549
living cells expressing or not fluorescently labelled
ACE2. In a communication, Zhou et al. [93] reported
that SARS-CoV-2 can enter only that cells which
express ACE2 and not any other cells. It cannot enter
cells which do not have ACE2 or that express other
coronavirus receptors, such as aminopeptidase N and
dipeptidyl peptidase 4 (DPP4). This confirms that
ACE2 is essential for SARS-CoV-2 entry. Thus, SARSCoV-2 has revived the importance of ACE2 and created
further interest in the study on it.
However, ACE2 is expressed in nearly all human
organs in varying degrees but lungs have been found to
be the primary target of SARS-CoV-2 [94, 95]. In a
review, Ni et al. [96] have pointed out that other human
cells also, such as myocardial cells, proximal tubule
cells of the kidney, and bladder urothelial cells, highly
express ACE2 and that it is abundantly expressed on the
enterocytes of the small intestine, especially in the
ileum [94, 95, 97]. Thus, through blood circulation the
cell free and macrophage phagocytosis-associated virus
may spread from the lungs to other organs with high
ACE2 Figure 7.
However, ACE2-related studies increased after the
discovery of its crucial role in the spread of SARSCoV-2. Now specific attentions have been diverted to
find ACE2 inhibitors that may inhibit SARS-CoV-2
infection, but so far, no breakthrough has been achieved
in this direction. Among the rare ones, a study in this
direction by Terali et al. [98] led to report a small set of
promising repositionable drug candidates that have
potential to interact with human ACE2, making it
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unrecognisable by SARS-CoV-2. The structures of these compounds are given in Figure 8 and their original
biological activity and the binding energy of each with ACE2 are given in Table 1. The binding energy of all these
compounds with ACE2 is greater than that of classical inhibitor of ACE2 (MLN-4760), _309.93 kcal/mol as
reported by these authors.

Figure 6. A schematic diagram showing the binding of SARS-CoV-2 to the ACE2 host receptor. (a) Schematic of a SARS-CoV-2 particle,
an enveloped ssRNA (single-stranded RNA) virus expressing at its surface the spike glycoprotein (S), (b) exhibiting a complex between
RBD of S1 and ACE2 receptor, and (c) the model representation of probing SARS-CoV-2 binding using atomic force microscopy (AFM).
Reprinted from Ref [92]. Open Access publication.

Figure 7. A model for the process of SARS-CoV-2 entering host cells in the lungs and attacking other organs. In this process, some
transmembrane proteases, such as transmembrane protease serine 2 (TMPRSS2) and a disintegrin metallopeptidase domain 17
(ADAM17) also participate. PICs stand for pro-inflammatory cytokines. These PICs and chemokines can also be produced by the infected
cells and inflammatory cells stimulated by viral antigens to activate immunological reactions and inflammatory responses to combat the
viruses. Vimentin and clathrin, shown in the figure, are the two proteins, where the former is a type III intermediate filament (IF) protein
that is expressed in mesenchymal cells and clathrin is a protein that plays a major role in the formation of coated vesicles. Reprinted from
Ref. [96]. Open Access publication.
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Lividomycin

Spirofylline

Burixafor

Quisinostat

Edotecarin

Fluprofylline

Diniprofylline
Figure 8. Structures of repurposing drug candidates identified to
have potential against human ACE2 through a molecular
mechanics-assisted structure-based virtual screening by Terali et.
al. [98].
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Sr. No. Name of compound

Basic biological role

Binding energy (kcal/mol)

1

Lividomycin

A second-line aminoglycoside antibiotic

-2,145.79

2

Burixafor

A potent and selective CXCR4 antagonist

-2,108.82

3

Quisinostat,

4

Fluprofylline

5

Pemetrexed

6

Spirofylline

A bronchodilator

-1,541.73

7

Edotecarin

A potent DNA topoisomerase 1 inhibitor

-1,312.19

8

Diniprofylline

A bronchodilator and phosphodiesterase inhibitor

-1,292.42

A pan-histone deacetylase inhibitor with marked
potency toward HDAC1
A bronchodilator, anti-allergic and phosphodiesterase
inhibitor
A novel antimetabolite that inhibits folate-dependent
enzymes such as thymidylate synthase

-1,998.77
-1,785.00
-1,602.58

Table 1. The ACE2 inhibition potencies of repurposing drug candidates as evaluated by Terali et al. [98].

Compounds as reported in Figure 8 or Table 1 were the
results of a screening of a clinically approved drug
library of 7,173 ligands against the receptor ACE2
using molecular docking, followed by energy
minimization and rescoring of docked ligands. The
authors, Terali et al. [98], have claimed that such studies
to find ACE2 inhibitors have been the rare in the
literature. Now, according to these authors, all these
compounds as listed in Table 1 can be directly tried
without any structural modification to fight against
SARS-CoV-2 inhibition, or otherwise they may be used
as scaffolds to develop still better ACE2 inhibitors.

is a stilbenoid and can be isolated from Caragana
chamlagu, Caragana sinica, or Carex folliculata seeds.
It has been found to exhibit anti-inflammatory activity
[100].

Though it is true that study on ACE2 inhibitors that may
act against COVID-19 has not picked up, a more recent
communication by Gangadevi et al. [99] reported a
natural compound, Kobophenal A (Figure 9), as a
potential inhibitor of ACE2. This compound has been
found to block the interaction of ACE2 with S1-RBD of
SARS-CoV-2 in vitro with an IC50 of 1.81±0.04 µM and
inhibit SARS-CoV-2 viral infection in cells with an
EC50 of 71.6 µM. This compound was identified as a
potent ACE2 inhibitor through a large library of natural
compounds. As a tetramer of resveratrol, Kobophenal A
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Now, we have come to a point where we can say that an
enzyme, the so called ACE2, which was discovered
independently by two groups in 2000 [101, 102] has
acquired an important status in pathophysiology due to
its complex roles in cardiovascular and respiratory
systems and still leaves the scope to be studied for its
further beneficial roles in other human diseases. It is
clear that further studies of its genetic and physiological
roles are required to completely understand how it
could be therapeutically modulated to be optimally
exploited for human health. So far, it has been
established that ACE2 is expressed in a number of
tissues where most prominent are lung alveolar
epithelial cells, kidney, heart, gastrointestinal tract and
testes [1, 103]. The prominence of its role in SARSCoV-2 infection has fuelled the research to exploit it for
maximum therapeutic application.

was extensively studied in the early 2000’s because of
its binding to spike (S) protein of coronaviruses, SARSCoV (severe acute respiratory syndrome coronavirus)
and HCoV-NL3 (human coronavirus-NL3). Now it
came to further limelight because of the outbreak of
another deadly coronavirus SARS-CoV-2 (formerly
2019-nCoV), whose receptor-binding domain (RBD)
has stronger binding affinity with the human ACE2
receptor than that of SARS-CoV, though there is close
evolutionary relationship between SARS-CoV-2 and
SARS-CoV. This difference in binding affinities of
RBDs of SARS-CoV-2 and SARS-CoV is attributed to
the difference in their several key amino acid residues.
Now ACE2 has become a great target for the
development of chemotherapy for COVID-19.

Conclusion

1. Wiese O, Zemlin AE, Pillay TS. Molecules in
pathogenesis: angiotensin converting enzyme 2
(ACE2). Journal of Clinical Pathology. 2020 Aug 5.

ACE2 is a human homologue of angiotensinconverting enzyme (ACE), an enzyme that has been
identified as a fundamental regulator of the reninangiotensin system (RAS) in humans and is an
important target in regulation of blood pressure
homeostasis. ACE2 is predominantly expressed in the
heart, kidneys and testes, and at lower levels in a wide
variety of tissues, particularly the colon and lung and
thus implicated in various diseases. It efficiently
hydrolyses the potent vasoconstrictor angiotensin II
(Ang II) to angiotensin (1–7) [Ang (1-7)] and thus plays
an important role in RAS. The first crystal structures of
the extracellular metallopeptidase domain of ACE2 in
its native and inhibitor-bound states were reported in
2004 by Towler et al. This structural study of Towler et
al. facilitated the design of more potent and specific
inhibitors of ACE2. As compared to ACE, ACE2 is less
widely distributed in the body and differs from ACE in
its substrate specificity, functioning exclusively as a
carboxypeptidase rather than a peptidyl dipeptidase, but
still it has been found to be attached to the membranes
of the cells of many crucial organs of the body, such as
lungs, arteries, heart, kidney, and intestines, and thus
has been recognized as promising drug target for
treating many diseases related to these organs. ACE2
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