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SARS-CoV-2 spike protein binding selectively accelerates
substrate-specific catalytic activity of ACE2
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Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a novel coronavirus that has given rise to the
devastating global pandemic. In most cases, SARS-CoV-2
infection results in the development of viral pneumonia and
acute respiratory distress syndrome, known as ‘coronavirus
disease 2019’ or COVID-19. Intriguingly, besides the re-
spiratory tract, COVID-19 affects other organs and sys-
tems of the human body. COVID-19 patients with pre-
existing cardiovascular disease have a higher risk of death,
and SARS-CoV-2 infection itself may cause myocardial
inflammation and injury. One possible explanation of such
phenomena is the fact that SARS-CoV-2 utilizes angioten-
sin-converting enzyme 2 (ACE2) as the receptor required
for viral entry. ACE2 is expressed in the cells of many
organs, including the heart. ACE2 functions as a carboxy-
peptidase that can cleave several endogenous substrates,
including angiotensin II, thus regulating blood pressure
and vascular tone. It remains largely unknown if the
SARS-CoV-2 infection alters the enzymatic properties of
ACE2, thereby contributing to cardiovascular complica-
tions in patients with COVID-19. Here, we demonstrate
that ACE2 cleavage of des-Arg9-bradykinin substrate
analogue is markedly accelerated, while cleavage of angio-
tensin II analogue is minimally affected by the binding of
spike protein. These findings may have implications for a
better understanding of COVID-19 pathogenesis.
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Abbreviations: ACE2, angiotensin-converting enzyme
2; CF, conversion factor; RBD, receptor-binding
domain; RFUs, relative fluorescent units;
SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.

The recent COVID-19 pandemic caused by the novel
coronavirus SARS-CoV-2 represents a significant
threat to human health. To date, more than two mil-
lion people worldwide have died of COVID-19 or
COVID-19-related complications. SARS-CoV-2 is
both structurally and phenotypically similar to an-
other strain of coronavirus, SARS-CoV-1, that caused
an outbreak of severe acute respiratory syndrome in
2003 (/). Similarly to SARS-CoV-1, SARS-CoV-2
binds to the angiotensin-converting enzyme 2 (ACE2)
receptor to gain entry to mammalian cells (2, 3).
SARS-CoV-2 attaches to ACE2 via glycosylated spike
(S) protein trimers on the virion surface (4).
Interestingly, SARS-CoV-2 spike protein has a much
higher binding affinity to ACE2 than does that of
SARS-CoV-1 (Kp, app=3.9 x 107" M compared with
1.2 x 10719 M, respectively) (5). The receptor- bmdmg
domain (RBD) of SARS-CoV-2 spike protein is rec-
ognized by the extracellular domain of ACE2 mainly
through polar residues (6). Interestingly, the virus
hijacks the ACE2 proteolytic N-terminal domain, but
the binding site itself is located away from the ACE2
active site (7), suggesting that even upon binding of
the virus, ACE2 is likely to maintain some proteolytic
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activity. The binding of spike protein to ACE2 is also
conformation-dependent, suggesting that it could af-
fect conformational states of ACE2. X-ray crystallog-
raphy studies of the unbound or inhibitor-bound
forms of ACE2 also reveal a striking difference in the
structure of the active site that impacts a number of
surrounding residues, including the ACE2 residues
implicated in binding to the SARS-CoV-2 spike pro-
tein (8).

ACE2 normally functions as a zinc-dependent car-
boxypeptidase (9), and plays an important cardio-
protective role as part of the renin—angiotensin—
aldosterone system (RAAS) by catalysing the cleavage
of the vasoconstricting peptide angiotensin II into the
vasodilating angiotensin 1-7. ACE2 also has other
known, and likely unknown, peptide-based substrates,
such as apelin 13 (which has known cardioactive func-
tions) (10, 11), des-Arg(9)-bradykinin (an immune
modulator) (/2, 13) and dynorphin A (/3), and thus
may contribute to the regulation of blood pressure,
vascular tone and various immune pathways. ACE2 is
expressed by pulmonary alveolar cells and cells of
many other organs and tissues including vascular
endothelium, heart and kidneys (9). The lung likely
serves as the primary point of viral entry, but it
remains unclear to what extent other tissues are dir-
ectly infected by SARS-CoV-2. Nevertheless, there
are numerous clinical reports showing that COVID-
19 result in increased mortality in patients with pre-
existing conditions, such as hypertension, diabetes,
obesity, as well as patients with cancer and a compro-
mised immune system (/4—17). A growing number of
studies highlight that COVID-19 patients develop
acute myocardial injury with potentially chronic
effects on the cardiovascular system. In some cases,
patients without any pre-existing heart problems had
signs of ongoing myocardial inflammation after ap-
parent recovery from COVID-19 (/8). However, it
remains unknown if the cardiac symptoms are devel-
oped as a result of the direct infection of myocardial
cells or as a secondary event associated with infection-
mediated effects such as cytokine storm (/9).

A better understanding of the mechanisms underly-
ing the interaction between ACE2 and SARS-CoV-2
is of high importance. First, it will likely be crucial to
developing effective strategies for COVID-19 treat-
ment. Several studies have shown that soluble recom-
binant ACE?2 is able to act as a molecular trap to bind
SARS-CoV-2, thus preventing or limiting infection
(20, 21). Second, it will help to elucidate how SARS-
CoV-2 infection affects the function of ACE2 and
downstream signalling. Moreover, SARS-CoV-2 can
potentially bind to a catalytically active soluble form
of ACE2 (sACE2), which lacks the transmembrane
domain, is present in the bloodstream, and is able to
catalyse Ang II conversion (9). Altered ACE2 func-
tion in the setting of viral infection might contribute
to the regulation of proteolytic cascades that could ac-
count for some of the many unusual characteristics of
COVID-19, including cardiac dysfunction, vascular
disease and thrombosis. Hence, we sought to test if
SARS-CoV-2 binding to ACE2 affects its enzymatic
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properties. Here, we show that the binding of SARS-
CoV-2 enhances ACE2 peptidase activity in vitro.

Materials and Methods

Recombinant proteins and other reagents

The extracellular catalytic domain of recombinant human ACE2,
SARS-CoV-2 spike full-length and spike RBD, SARS-CoV-1 RBD
proteins and ACE2/Caspase-1 quenched fluorogenic peptide pseu-
dosubstrate were obtained from R&D systems (cat# 933-ZN,
10549-CV, 10500-CV-100, 10558-CV-100 and ES007, respectively,
R&D Systems Inc., MN, USA). The Caspase-1 pseudosubstrate
contained an N-terminal 7-methoxycoumarin (MCA) and a C-ter-
minal Lys-linked 2.,4-dinitrophenyl quencher [K(Dnp)] in the pep-
tidle MCA-YVADAPK(Dnp). Recombinant SARS-CoV-2 RBD
spike mutant (Y505C) was obtained from Sino Biological (cat#
40592-VO8H72, Sino Biological US Inc., PA, USA). The other
quenched fluorogenic substrates were custom synthesized by
GenScipt (GenScript Biotech, NJ, USA). SARS-CoV-2 spike full-
length and RBD and SARS-CoV-1 spike RBD proteins were used
in Fig. 1. Other recombinant RBD spike and RBD (G502D) pro-
teins of SARS-CoV-2 (Arg319-Phe541 with a C-terminal 6-His tag;
NCBI Reference Sequence: YP_009724390.1) were created in our la-
boratory using previously described methods (22) and were used in
Fig. 2 and Supplementary Fig. S1. The G502D variant was created
by introducing a nucleotide substitution in the RBD-expressing plasmid
using the QuikChange II Site-directed mutagenesis kit (cat# 200523,
Agilent, CA, USA) with PCR conditions according to manufacturer’s
instructions. The plasmid was expressed in 293F cells and the protein
was purified as described previously (22). The heat-inactivated SARS-
CoV-2 (strain 2019nCoV/USAWA1/2020; inactivated at 65°C for 30
min) was obtained from ATCC (cat# VR1986HK, ATCC, VA, USA).
Inactivation at this temperature was intended to leave viral epitopes in-
tact, though partial denaturation may occur (23).

Quantification of SARS-CoV-2 viral genome copy (VGC)
number

The VGC number was quantified by RT-qPCR using the calculated
Ct-value determined from the standard curve. Briefly, 5pul of the
inactivated virus or 5Sul of quantitative synthetic SARS-CoV-2
RNA (cat# VR-3276SD, ATCC, VA, USA) were reverse tran-
scribed using SuperScript III Reverse Transcriptase (cat# 18080044,
Invitrogen, CA, USA) following the manufacturer’s instructions.
The resulting cDNA from the virus was diluted 1:50; cDNA from
the synthetic standards was diluted 1:5, 1:10, 1:50, 1:100, and used
to generate a standard curve. The samples were analysed by real-
time PCR with SYBR green detection reagent (cat# 4367659,
Invitrogen, CA, USA) using StepOne Real-Time PCR System
(Applied Biosystems, CA, USA) and the primers targeting N gene
(encoding nucleocapsid protein of SARS-CoV-2): F: ¥-ATGCTGC
AATCGTGCTACAA-3; R: 5¥-CCTCTGCTCCCTTCTGCGTA-3'.

ACE2 peptidase activity assay

The assay was performed in 96-well black, clear-bottom plates (cat#
3603, Corning, NY, USA). Each reaction included 50pul
(ACE2+ RBD or ACE2+ the inactivated virus) containing 1.5-
10ng (0.17-1.13nM) of ACE2 diluted in assay buffer [AB, 75 mM
Tris, 150 mM NaCl (pH =7.3)]. ACE2 was preincubated with dilu-
ent control, inactivated virus (3.8 x 10> VGC/ul stock), or recombin-
ant spike protein at 28°C for 30 min. To initiate the reaction, 50 pl
of the quenched fluorogenic substrate at various concentrations was
added. The ACE2 activity was measured in relative fluorescent units
(RFUs) with excitation at 320nm and emission at 405nm at 28°C
in a kinetic mode using Synergy H1 plate reader (BioTek, VT,
USA) with readings recorded every 10min. The RFU values for
each reaction were corrected by subtracting the background.
Corrected RFUs were then converted into molar concentrations by
calculating a conversion factor (CF) established by the generation
of a product control. Molar concentrations of the converted prod-
uct for the less efficient ACE2 substrates, such as Ang I and
Dynorphin A, were calculated using the CF for Ang II. The initial
rates were calculated based on measurements over the first hour, at
which point turnover was linear with respect to time and turnover
was limited to <20% substrate conversion. Steady-state kinetic con-
stants were then calculated by fitting to a hyperbolic Michaelis—
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Fig. 1. Binding of the SARS-CoV-2 spike protein increases the rate of ACE2 activity. (A) Kinetic curves showing the effect of full-length
SARS-CoV-2 spike on ACE2 activity. (B) Kinetic curves showing the effect of SARS-CoV-1 and SARS-CoV-2 RBD spike on ACE2 activ-
ity. (C) Michaelis—-Menten plot showing effect of SARS-CoV-1 and SARS-CoV-2 RBD on catalytic activity of ACE2. k,,, observed rate
constant. (D) Catalytic rate (k.,) and K,, of ACE2 in the absence or presence of SARS-CoV-1 and SARS-CoV-2 RBD spike protein [mean
(95% confidence intervals)]. Pseudosubstrate concentration in (A) and (B) is 20 uM. Assays were conducted in two biological replicates.

Menten plot. Assays were conducted for a minimum of two bio-
logical replicates.

Statistical analysis

Statistical analysis was performed using linear regression analysis,
two-way analysis of variance (Tukey test), nonlinear regression ana-
lysis for Michaelis-Menten kinetics, and exponential plateau equa-
tion to estimate the maximum of the converted substrate for each
kinetic assay using GraphPad PRISM 9.0.0 software (GraphPad
Software, Inc.).

Results

Binding of SARS-CoV-2 spike protein to ACE2
accelerates its peptidase activity

As a carboxypeptidase, ACE2 cleaves many biological
substrates besides angiotensin II (Ang II). In general,
ACE2 hydrolyzes a bond between proline and a C-ter-
minal hydrophobic amino acid in peptides that resembles
the following sequence: proline-X(1-3 residues)-proline-
hydrophobic amino acid (/3). One well-established

method to analyse the activity of peptidases in vitro is to
measure the concentration of the cleaved product over
time in the presence of internally quenched fluorogenic
peptides (24, 25). These peptides are usually flanked by a
fluorophore and a quencher that inhibits the fluorophore
in an intact state. The inhibition is liberated upon cleavage
of the peptide by a protease—the peptide fragment with
the fluorophore is released from the quencher, and the
fluorescent signal is emitted (25). Therefore, to test the ef-
fect of the viral spike protein binding on the peptidase ac-
tivity of ACE2, we first performed experiments to
evaluate the ability of ACE2 to cleave a commercially
available fluorogenic pseudosubstrate MCA-
YVADAPK(Dnp) (commonly used to measure ACE2 ac-
tivity, and also known to be a substrate for Caspase-1).
First, we measured ACE2 activity, with and without pre-
incubation with SARS-CoV-2 trimeric full-length spike
protein, in the presence of MCA-YVADAPK(Dnp) sub-
strate. Under these conditions, we observed a significant
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Fig. 2. SARS-CoV-2 spike protein accelerates the activity of ACE2 in a substrate-dependent manner. Kinetic curves showing the effect of SARS-
CoV-2 spike RBD binding on ACE?2 activity in the presence of (A) pseudosubstrate MCA-YVADAPK(Dnp); (B) angiotensin II mimic [MCA-
DRVYIHPK(Dnp)]; (C) apelin 13 mimic [MCA-QRPRLSHKGPMPK(Dnp)]; (D) des-Arg9-bradykinin mimic [MCA-RPPGFSPK(Dnp)] (E)
angiotensin I mimic [MCA-DRVYIHPFK(Dnp)]J; (F) dynorphin A mimic [MCA-YGGFLRRIRPKLK(Dnp)] substrates; (G) Michaelis—
Menten plot showing effect of SARS-CoV-2 RBD on catalytic activity of ACE2 in the presence of des-Arg9-bradykinin mimic substrate. (H)
Catalytic rate (k.,,) and K, of ACE2 in the absence or presence of SARS-CoV-2 RBD spike protein and des-Arg9-bradykinin mimic substrate
[mean (95% confidence intervals)]. Substrate concentration in (A)—(F) is 20 uM. Assays were conducted in two biological replicates.

increase in the ACE2 activity rate in the presence of the
spike protein (Fig. 1A). We observed a similar effect by
preincubating ACE2 with a shorter version of recombin-
ant spike protein that contains only the RBD (Ala319-
Phe541) of SARS-CoV-2 (Fig. 1B), suggesting that RBD
spike is sufficient to accelerate ACE2 activity. The RBD
domain of SARS-CoV-1 was also able to accelerate
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ACE2 activity, albeit to a lesser extent than that of
SARS-CoV-2, consistent with the known lower binding
affinity of SARS-CoV-1 (Fig. 1B). We also quantified
ACE2 steady-state kinetics in the absence and presence of
SARS-CoV-1 and SARS-CoV-2 spike RBDs (Fig. 1C
and D). The addition of SARS-CoV-2 RBD results in an
approximate doubling of enzyme activity (k.,) with no



change in K,,. A smaller activation of k., (~42%) was
induced by SARS-CoV-1 RBD (Fig. 1C and D). In add-
ition, we demonstrated that SARS-CoV-2 RBD spike
affects ACE2 k., in a dose-dependent manner
(Supplementary Fig. S1).

SARS-CoV-2 spike protein accelerates the activity of
ACE2 in a substrate-specific fashion

Next, we sought to determine whether the acceleration
of ACE2 catalytic activity produced by spike protein
binding that is observed when using the commercially
available pseudosubstrate is also evident in the presence
of endogenous substrates. ACE2 is known to cleave mul-
tiple physiological substrates. Besides controlling blood
pressure and fluid balance as a part of the RAAS and
apelin signalling (26), ACE2 negatively regulates the
plasma kallikrein—kinin system (KKS) by cleaving des-
Arg9-bradykinin which is released in response to tissue
injury or inflammatory stimuli (/2). Thus, we synthesized
several internally quenched fluorogenic substrates that
mimic known biological substrates of ACE2, including
angiotensin Il (Ang II) [MCA-DRVYIHPK(Dnp)],
apelin 13 [MCA-QRPRLSHKGPMPK(Dnp)] and
des-Arg9-bradykinin [MCA-RPPGFSPK(Dnp)]. We
also included two peptides that are normally less effi-
ciently cleaved by ACE2: dynorphin A [MCA-YGGF
LRRIRPKLK(Dnp)] and angiotensin I (Ang 1)
[MCA-DRVYIHPFK(Dnp)]. We preincubated ACE2
with SARS-CoV-2 RBD spike, added 20 uM of each
substrate, and measured the accumulation of product
over time (Fig. 2). RBD failed to activate ACE2 cata-
lytic activity when Ang II was used as a substrate
(Fig. 2B). However, catalytic activity was increased
by RBD when each of the other substrates was uti-
lized (Fig. 2C-F). The greatest increase in the rate
of ACE2 activity was observed in the presence of
des-Arg9-bradykinin as substrate (Fig. 2D). Taken
together, these findings suggest substrate-specific en-
hancement of ACE2 enzymatic activity produced by
spike RBD binding.

Next, we quantified ACE2 steady-state kinetics in
the presence or absence of SARS-CoV-2 spike RBD
against des-Arg9-bradykinin and found there to be an
~2.5-fold increase in ACE2 enzymatic activity (k.q,)
with no significant change in K, produced by add-
ition of spike RBD (Fig. 2G and H). Notably, we
observed that ACE2 activity dropped off when using
the highest concentration of des-Arg9-bradykinin sub-
strate (50 uM) suggesting a possibility of substrate in-
hibition (Fig. 2G). When fitting observed rates to an
alternative model that includes substrate inhibition,
the key conclusions did not change, and we still
observed ~2.7-fold increase in k., in the presence of
spike RBD (data not shown).

In addition, we tested if two spike RBD mutants
(G502D and Y505C) with a lower affinity to ACE2
(5) would still affect enzymatic activity. We observed
that both mutants accelerated the activity of ACE2
but significantly less than spike RBD wild-type
(Supplementary Fig. S2), suggesting that the increase
in ACE2 activity also depends on the affinity to spike
RBD.

SARS-CoV-2 spike protein increases ACE2 enzymatic activity

SARS-CoV-2virus binding to ACE2 enhances catalytic
activity and cleavage of des-Arg9-bradykynin

Next, we sought to determine if binding of intact
SARS-CoV-2 viral particles to ACE2 would mimic
the effects on ACE2 catalytic activity observed when
purified spike protein or RBD was used. Therefore,
we measured ACE2 activity against three substrates
[des-Arg9-bradykinin, the pseudosubstrate MCA-
YVADAPK(Dnp), and Ang II] in the presence of
varying concentrations of intact virus. A significant ef-
fect on ACE2 catalytic activity was observed in the
presence of the highest concentration of the virus
(3.8 x 10 VGCs/ul) when tested against all three sub-
strates (Fig. 3). At the same time, the addition of the
lower concentration of the virus (1.1 x 10° VGC/ul)
resulted in a more modest acceleration of ACE2 pro-
teolytic activity towards Ang II and relatively little
against the pseudosubstrate MCA-YVADAPK(Dnp)
(Fig. 3B and C). In the case of the des-Arg9-bradyki-
nin substrate, ACE2 activity was significantly acceler-
ated even wupon the addition of the lowest
concentration of the virus (380 VGC/pul) (Fig. 3A).

Discussion

The COVID-19 pandemic represents a significant
threat to public health and there are still numerous
unanswered questions regarding the mechanisms of
COVID-19 pathogenesis. Our results suggest that
SARS-CoV-2 binding to ACE2 can affect its catalytic
activity in a substrate-specific manner, suggesting that
various signalling cascades normally regulated by
ACE2 may be affected in patients suffering from
COVID-19. Changes in ACE2 activity could contrib-
ute to vascular, thrombotic and cardiac complications
of infection by altering local peptide mediators or per-
turbing the systemic action of peptide hormones.
Supporting this hypothesis is one short report show-
ing that plasma ACE2 activity levels are significantly
increased and remain elevated up to an average of
114 days post-COVID-19 infection (27).

The results of our study are in general agreement
with results recently published by Lu and Sun (28), al-
though we found some significant differences. In that
study, the authors also observed enhancement of ACE2
catalytic activity upon SARS-CoV-2 spike RBD bind-
ing, with some variation depending on the substrate
(Caspase-1 pseudosubstrate versus a bradykinin ana-
logue) (28). However, they reported a significant de-
crease in K,, upon spike binding which we did not
reproduce under our assay conditions. Also, Lu and
Sun did not directly measure catalytic activity using an
Ang II substrate analogue, an important distinction as
we did not observe significant enhancement with this
substrate. Notably, the authors used a bradykinin ana-
logue substrate [Mca-RPPGFSAFK(Dnp)] that does
not fully replicate the sequence of the ‘classic’ bradyki-
nin peptide (RPPGFSPFR, sequence ID: AAH60039.1).
It is also known that ACE2 has no catalytic activity
against bradykinin (/3). Additionally, the rates of ca-
talysis (k.. that the authors reported with the pseudo-
substrate are lower than what we observed, likely
attributable to different assay conditions or enzyme and
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Fig. 3. Binding of the heat-inactivated SARS-CoV-2 viral particles accelerates ACE2 catalytic activity. (A—C) Kinetic curves showing the effect
of different concentrations of heat-inactivated SARS-CoV-2 on ACE2 activity in the presence of des-Arg9-bradykinin mimic [MCA-
RPPGFSPK(Dnp)] substrate (A); MCA-YVADAPK(Dnp) substrate (B); and angiotensin II mimic [MCA-DRVYIHPK(Dnp)] substrate (C).
Substrate concentration in (A)—(C) is 20 uM. Assays were conducted in two biological replicates.

substrate preparations. Importantly, however, our stud-
ies support the general observation that spike RBD
binding to ACE2 can lead to higher rates of catalysis,
and our work extends these findings by emphasizing the
significant differences in this effect dependent upon sub-
strate and the affinity to SARS-CoV-2 spike.
Furthermore, our results newly demonstrate that the ef-
fect is not confined to isolated RBD, but that intact
SARS-CoV-2 virus can also enhance ACE2 activity.

The relevance of our in vitro studies to COVID-19
pathogenesis will require further studies including the as-
sessment of both cell surface and soluble ACE2 activity
and various cleavage products in infected patients. Prior
work has suggested that SARS-CoV-1 infection results in
downregulation of cell surface ACE2, likely due to in-
ternalization and/or shedding of bound receptor (29, 30).
However, similar downregulation upon SARS-CoV-2
binding has not been reported to date in experimental
models up to several days after infection (31, 32). Even if
viral infection in humans does result in altered cell surface
concentrations of ACE2 in some tissues, short-term
changes in cell surface ACE2 activity, and that of soluble
ACE2, could be clinically relevant. The observation of
substrate specificity, with little effect of spike binding
when Ang II is the substrate, suggests that the primary
effects in vivo may be on pathways other than the renin—
angiotensin—aldosterone pathway.

Our findings, together with data published by other
groups, point to the importance of additional studies
to decipher changes related to ACE2 activity in vivo in
the context of COVID-19 infection, such as the over-
all receptor expression levels or other feedback regula-
tory mechanisms. Results presented here should spur
both diagnostic and therapeutic advances necessary to
overcome the COVID-19 pandemic.
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