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The discovery of crosstalk effects on the renin-angiotensin system (RAS)
is limited by the lack of approaches to quantitatively monitor, in real time,

multiple components with subtle differences and short half-lives. Here
we report ananopore framework to quantitatively determine the effect
of the hidden crosstalk between angiotensin-converting enzyme (ACE)
and angiotensin-converting enzyme 2 (ACE2) on RAS. By developing an
engineered aerolysin nanopore capable of single-amino-acid resolution,
we show that the ACE can be selectively inhibited by ACE2 to prevent
cleavage of angiotensin I, even when the concentration of ACE is more
than 30-fold higher than that of ACE2. We also show that the activity of
ACE2 for cleaving angiotensin peptidesis clearly suppressed by the spike
protein of SARS-CoV-2. This leads to the relaxation of ACE and the increased
probability of accumulation of the principal effector angiotensin Il. The
spike protein of the SARS-CoV-2 Delta variant is demonstrated to have a
much greater impact on the crosstalk than the wild type.

The renin-angiotensin system (RAS) acts as a critical guard that pro-
tects the human body from aloss of blood pressure or an electrolyte
imbalance?. Dysregulation of this system causes cardiovascular
disease, which is the leading cause of death worldwide**. Traditional
clinical therapies for pathological RAS activation focus mainly on the
principal effector peptide angiotensin Il (AngII), involving inhibitors of
its formation enzyme ACE (angiotensin-converting enzyme) or treat-
ment with Ang Il receptor antagonists®. In fact, endogenous ACE2,
another angiotensin-converting enzyme, could also reduce Ang Il lev-
elsand degrade its precursor Ang I into Ang 1-9 (Fig. 1b). Moreover,
emerging evidence has demonstrated that Ang1-7, cleaved from Ang
11 by ACE2, exhibits entirely opposite actions towards Ang II, suggest-
ing the counter-regulatory role of ACE2 in the activation of the RAS®’.
Therefore, the crosstalk effect of ACE2 and ACE indeed has complex
effects on the RAS'?, and thus might provide novel in-depth insights
into the RAS regulation mechanism. The individual catalytic features

of ACE and ACE2 are well established®, but the crosstalk effect between
themremains undetermined>®. Moreover, recently, the COVID-19 pan-
demichasdirected scientists’attentionback to ACE2, asitisthe leading
receptor reported on human cells to be bound by the spike protein
(SP) of SARS-CoV-2"'°, To our knowledge, when the cells are attacked
by the coronavirus, the crosstalk of ACEand ACE2is further perturbed,
leading to the characteristic symptoms™.

Studies of the enzyme crosstalk effect rely on the simultaneous
real-time discrimination of substrates with subtle structural differ-
ences, given the short half-life of the subsequent enzyme reaction’.
However, the current fluorescence-based method depends heavily on
complex multicoloured label design'>", and mass spectrometry (MS)
shows limited ability to provide dynamic information*, Moreover,
the quantification of each substrate presents the additional challenge
to avoid obtaining the average characteristics from ensemble meas-
ures. The nanopore has been developed as a powerful high-throughput
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Fig.1|Discrimination of Ang peptide substrates for ACE and ACE2 with

the engineered aerolysin nanopore. a, lllustration of the aerolysin-based
nanopore framework for detecting Ang peptides cleaved by ACE and/or ACE2.
b, Metabolism pathways of Ang I regulated by ACE and ACE2. Ang peptides,
including Ang 1, Ang1-9, Ang Iland Ang 1-7, differ in only one C-terminal amino
acid. c¢,d, Raw current traces (c) and the corresponding scatter plots (d) of the
mixture of Angl, Ang1-9, AngIl, Ang1-7 and Ang Il observed in the T232K
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engineered aerolysin platform. The red curve represents the Gaussian fitting

to thel/l, histogram of the mixture (/and /, represent residual current and open
pore current, respectively), in which the data were acquired in1.0 M KCl with

10 mM Tris and 1.0 mM EDTA at pH 8.0 under an applied potential of +140 mV. The
current was sampled at 100 kHz and filtered at 5 kHz. The colours used for the
Ang peptides are consistentin all panels.

single-molecule method to determine the features of a single mol-
ecule, in terms of its size'®'®, charge'*' and conformation®*, for
example. Given that only one molecule at atime can enter the nanop-
oretoinduce the characteristic current event, the nanopore approach
could be used to identify the properties of each individual molecule
without losing the information for low-abundance molecules. More
importantly,in contrast to other single-molecule approaches such as
single-molecule force spectroscopy, which examines each molecule
foralongtime, continuous reading of differentindividual molecules
over short intervals®*?® enables the nanopore approach to monitor
the dynamic transformation processes of a series of biomoleculesin
acomplex system.

In this Article we first describe the establishment of a nanopore
framework to reveal crosstalk effects in the RAS, based on the fol-
lowing three criteria: (1) sufficient resolution to identify peptides
with one-amino-acid difference; (2) high capture efficiency to ensure
real-time analysis; (3) proper conditions for peptide detection that
are compatible with the enzyme reaction environment. These fea-
tures allow us to utilize the engineered aerolysin platform to achieve
real-time monitoring of the evolution of multiple substrates and also
quantify instantaneous intermediates in a mixed enzyme reaction
system. The results reflect an amazing inhibition of ACE by ACE2 for
cleaving Ang I with a concentration ratio of ACE and ACE2 of 1:0.64
and 1:0.16, but almost no influence on ACE activity for degrading Ang
1-9. Theintermediate Ang Ilwas not generated until the concentration
ratio of ACE:ACE2 decreased to about 1:0.03. Furthermore, the effect
ofthe SARS-CoV-2SP onthis systemwasillustrated, demonstrating the
infection of ACE2 by the SARS-CoV-2 SP with an efficiency quantified
as2.96 + 0.58 U mg™, leading to increased ACE-mediated Ang peptide
production. Moreinterestingly, the SP of the SARS-CoV-2 Delta variant
further induced a great enhancement to about threefold production
and fourfold accumulation of Ang Il compared to the wild-type (WT)
SP, suggesting that the inhibition of ACE activity for Angl cleavage by
ACE2 has almost disappeared.

Results and discussions

Reading Ang peptides at single-amino-acid resolution with
highaccuracy and efficiency

Aerolysin has a unique geometric structure, with a narrow (~1.0 nm)
and long (-10 nm) channel and without a vestibule, that provides a
superconfined environment for single-molecule sensing. This con-
fined space leads to high sensitivity for the detection, identification
and discrimination of highly charged DNA or homopolypeptides, even
those with only one nucleobase or amino-acid difference from WT
aerolysin'®?°??° An engineered FraC nanopore has been used previ-
ously to identify Ang peptides®**. However, accurate discrimination
of Ang peptides differing by a single amino acid in a mixtureis crucial
for unveiling the crosstalk between ACE and ACE2. Given the ultralow
charges carried by Ang peptides (Supplementary Table 1), whichis one
of the challenges for nanopore-based peptide sensing, the aerolysin
was further engineered to introduce electroosmotic flow and enhance
theinteractions with target peptides (Fig. 1a). Among the engineered
aerolysin candidates with different mutations, the T232K aerolysin
nanopore exhibited the longest duration and highest capture efficiency
for the model molecule Ang I (Supplementary Figs.1and 2). These
results can be ascribed to the enhancement of electroosmotic flow
by the positive charges of lysine, the narrow radius and the longer side
chain of lysine, and the introduction of an extra potential fluctuation
regioninside the T232K mutant aerolysin (Supplementary Figs. 3 and
4).In addition, to balance the detection stability and high duration/
capture efficiency, the applied voltage was fixed to +140 mV in the
following nanopore experiments, based on the voltage-dependent
duration and frequency of Ang lin T232K aerolysin (Supplementary
Fig.5).Because thelong duration ensures sufficient current resolution,
T232K could identify all five Ang peptides in the mixture—Angl, Ang
1-9,Angll, Ang1-7 and Ang Il (which differ inonly one amino acid)—by
direct readout of these peptides as clearly distinguishable residual
current populations (Fig. 1b-d). Considering the characteristic current
fluctuations for each Ang peptide inside the nanopore (Supplementary
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Fig. 6a), the resolution of T232K aerolysin for distinguishing the Ang
peptides could be further improved by combining it with the residual
current standard deviation (s.d.) of each blockage (Supplementary
Fig. 6b,c). It should be noted that the assignment of five residual cur-
rents was further determined by the successive addition of the Ang
peptide samples to the detection system (Supplementary Fig. 7).

Construction of the nanopore framework for Angl cleavage
recording

With a view to determining the peptide cleavage activities of ACE and
ACE2, the constructed T232K nanopore platform was then evaluated
forits single-molecule detection of Ang peptides while in the enzyme
functional environment. To balance the activity of ACE/ACE2 and the
signal-to-noiseratio of the current recording, the salt concentration was
setto1.0 MKCIwith10 mMHEPES and 10 pM ZnCl,at pH 8.0, defined as
HEPES-KClbuffer, because ACE and ACE2 are zinc metalloproteases.
Itwas noted that the ACE and ACE2 catalytic activities are enhanced by
the monovalent anion of CI7, thus ensuring the intrinsic adaptability
of the nanopore for the reaction study®’. As shown in Supplementary
Fig.8,the T232K aerolysin detection systemis stablein the HEPES-KCI
environment, with virtually no background signal. More importantly,
the five Ang peptides (Ang 1, Ang 1-9, Ang Il, Ang 1-7 and Ang III) can
also be explicitly identified and distinguished from one another in
thisenvironment, asshownin Supplementary Fig. 9. This observation
shows that the constructed T232K aerolysin framework clearly meets
the three critical criteria described above, thus enabling us to reveal
the crosstalk effects in the RAS.

To further verify the biological activities of ACE and ACE2 in the
detection system, we examined the hydrolysis of Ang I by ACE or ACE2.
AsshowninFig. 2a, sequential loss of the characteristic blockade cor-
responding to Ang I was observed, along with the concurrent appear-
ance of blockades withincreased residual current ratio ///,and shorter
duration. Interms of the current population of the mixed sample, the
new blockades were generated by the addition of Ang I, demonstrat-
ing hydrolysis of Ang I by ACE (Supplementary Fig. 10). Moreover,
only two blockades, referred to as Ang I and Ang II, were detected
throughout the entire hydrolysis process, indicating that Ang Il was
the sole decomposition product derived from Ang I by ACE alone.
Based on the continuous current recording, the complete evolution
process for Angland Ang Il during the entire enzymatic reaction could
be observed by analyzing means of ///, and the absolute time when
the events occurred (Fig. 2b). As shown in Fig. 2c, by combining the
capture efficiency of Ang 1 and Ang Il in T232K aerolysin as presented
in Supplementary Fig. 11, the concentrations of Ang l and Ang Il were
calculated every minute, demonstrating the real-time nature of the
nanopore approach (details are provided in the Methods, Supple-
mentary Figs.12-14 and Supplementary Table 2). Moreover, based on
the substrate concentration-dependent catalytic velocity, the kinetic
constants (k. and k;) of ACE could be calculated by using the Michae-
lis-Menten equation. Here, k. and ky represent the Michaelis constant
andturnover number, respectively. AsshowninFig.2d, accordingtothe
Lineweaver-Burk plot, the k_,, and k,, of ACE for Ang1(10.8 + 1.1 min™
and 12.8 £ 0.9 pM, respectively) in the nanopore measurements are
comparable but obviously lower than those found in previous studies
(approximately 660 min™and 70 uM for Anglin 0.3 M NaCl at pH 7.5)*.
This could be ascribed to chloride inhibition at over-high concentra-
tions, especially at concentrations higher than 800 mM (ref.>*).

Similarly, the gradual appearance of the characteristic blockades
for Ang1-9 was also observed during hydrolysis by ACE2, as shown in
Fig.2e and Supplementary Fig.15. Ang1-9is the only product of Ang |
produced by ACE2. As presented in Fig. 2f-h, ACE2 exhibited agreater
hydrolysis efficiency for Ang I than ACE under the experimental condi-
tions (calculated k,,and ky,0f -64.8 + 5.1 min"and 20.2 + 1.1 uM, respec-
tively). Notably, the standard errors of the kinetic constants arose from
the threeindependent measurements. More interestingly, anabnormal

Lineweaver-Burk plot was observed for ACE2 with alow concentration
of Ang 1 (Fig. 2h, blue area), which suggests acomplicated mechanism
for the reaction with low occupancy of the substrate Ang I and high
occupancy of the product Ang 1-9. This observation, as well as the
kinetic features of ACE and ACE2 measured above, were also confirmed
by MS, as shown in Supplementary Figs. 16-19. To further validate
the catalysis efficiency of the enzymes measured in the nanopore
approach, the hydrolysation by ACE2 of human 3-casomorphin (Cas-7)
and neurotensin1-8 (Neu1-8) was monitored using T232K mutant aer-
olysin (details are provided in the Methods). As shown in Supplemen-
tary Figs. 20-23, by distinguishing Cas-7 from its product Cas-6, and
Neu1-8fromNeu1-7,ACE2 showed obviously larger conversionrates
(k.,,) for Cas-6 (-115.6 = 4.9 min™) and Neu 1-8 (~1,312.2 £ 29.7 min™),
and amuch greater ky, value for Neu 1-8 (181.2 + 2.6 pM) than for Ang
I, which is quite consistent with the previous results regarding the
efficiency of ACE2 for Ang 1, Cas-7 and Neu 1-8*.

Crosstalk between ACE and ACE2

Toexplore the crosstalk effects between ACE and ACE2 in the RAS, we
further profiled the peptide substrate transformationin the presence of
both ACE and ACE2. As shown in Fig. 3a (left panel) and Supplementary
Fig.7,immediately following the addition of the ACE and ACE2 enzyme
mixture (36 nM ACE and 23 nM ACE2) to the peptide substrate Ang I,
the amount of Ang I decreased significantly, while the populations
corresponding to the other three Ang peptidesincreased successively.
Towardstheend, after more than4 h, all the peptides were transformed
almost completely to just one species (Fig. 3a and Supplementary
Fig.24). According to the residual currents of the Ang peptide mix-
ture, the first two populationincreases were attributed to Ang1-9 and
Ang 1-7, and the final population was demonstrated to be induced
by the Ang 1-5 by adding the peptide to the final digestion solution
(Supplementary Fig. 25). Surprisingly, Ang II, which was expected to
be generated by ACE cleavage of Angl, was not observed at all during
the entire catalysis process. To clarify why Ang I did not appear during
thereaction, we calculated the concentrations of Ang peptides every
1 min (details are provided inthe Supplementary Methods). As shown
inthe left panel of Fig. 3c, the stepwise conversion from Anglto Ang
1-9, Ang 1-7 and Ang 1-5 clearly demonstrates the absence of Ang II.
More importantly, the conversion velocity of Ang I was almost the
same as that during the reaction in which ACE2 cleaved Ang I alone,
as shownin Fig. 2f,g, demonstrating that the absence of Ang Il was
not caused by immediate degradation by ACE2. Considering that the
production of Ang 1-7 and Ang 1-5 indeed requires the assistance
of ACE, these results suggest that the activity of ACE is severely and
selectively suppressed by ACE2, which acts only on the production
of Ang I (Fig. 3d, left).

To further confirm and study the selective inhibition of ACE by
ACE2 for only Ang I cleavage, experiments at a lower salt concentra-
tion (0.50 M KCI) were performed to examine the potential chloride
inhibition of ACE at over-high concentrations, as mentioned above*’. As
illustrated in Supplementary Figs. 26-28, Ang Il was still not observed
during the reaction, and the conversion of Ang I slowed, which could
be attributed to the weakened activity of ACE2 at the low CI” concen-
tration. These observations support that the absence of Ang Il is not
caused by immediate degradation by ACE2, and further suggest that
the inhibition of ACE by ACE2 is not simply caused by competition
with the substrate. Furthermore, even at the physiologically relevant
salt concentration (0.15 M), although the activity of ACE2 for Ang Iwas
greatly weakened, as described in previous work™®, selective inhibition
of ACE by ACE2 for only Ang I cleavage was still observed, with barely
any current events recorded for Ang Il (Supplementary Figs. 29 and
30), indicating that this crosstalk between them was stable at chloride
concentrations ranging from 0.15Mto1.0 M. Thisis thus a clear obser-
vation of the enzyme crosstalk effectin the RAS. Notably, the crosstalk
between ACEand ACE2in1.0 Mand 0.15 MKClwas confirmed by using

Nature Chemistry | Volume 15 | April 2023 | 578-586

580


http://www.nature.com/naturechemistry

Article

https://doi.org/10.1038/s41557-023-01139-8

a(AngI )+(>§ACE)

1,000 o _ 180 min
| Omin | | 20 min | | 40min | | 90 min | 180 min | ©
m
£
c
K]
3
a
9
300 ms
b c d
e
o |
3
4
Ang I £ 60
2 g Slope = ky/Vyax
Ang | <} s 7
o 2 <
102 106 110 14 ) € 40
T s
\:,. -
S
Ang Il 20
Ang | <
O : max . ‘ ‘
\ \ \ \ \ \ 0 50 100 150 200 0 05 0 15 20
0 40 80 120 160 200 Time (min) CAngI_1 (uM™)
Time (min)
e P
D d 1,000 - 180 min
| 0min | | 20 min_| | 40 min | | 90 min | 180 mln g — o
2 100 4
E o
S - e
T 10 El
S 3
a 7
14
+ T T T T T
‘— 03 0.4 05 0.6 0.7 08
300 ms I,
f g @) h
S 200
(o]
o
=
3 (o
z ]
S —~
_ c
= =
< €
T 150 4=
< 3 ™7
2 501 O
> ~k
Slope = ky/Vnax O
1 Wi ©
.
,
»
| | 0 T T
‘ ‘ . ‘ ‘ 0 50 100 150 200 ° 05 10 15
R -1
0 40 80 120 160 200 Time (min) Cangi (HM7)
Time (min)

Fig.2|Recording the evolution of Ang I mediated by ACE or ACE2. a, Left:

raw current traces for Ang I cleaved by ACE at 0, 20, 40, 90 and 180 min. Right:
scatter plots (black dots) and Gaussian fitting (red line) for the corresponding
I/, histogram of Ang I cleaved by ACE after 180 min. b,c, ///, of the events versus
reaction time (b) and evolution of Angland Ang 11 (c) during ACE cleavage of
Angl. The coloursinb and crepresent the s.d. of each current event and the
concentration of Ang peptides, respectively. d, Lineweaver-Burk plot of ACE
cleaving Angl.Here, Vand v,,,,, represent the reaction velocity and the maximum
reaction velocity, respectively, and cis the concentration of the peptide. e, Left:

raw current traces of Ang I cleaved by ACE2 at 0, 20, 40, 90 and 180 min. Right:
scatter plots (black dots) and Gaussian fitting (red line) for the corresponding

I/l histogram of Ang I cleaved by ACE2 after 180 min. f,g, ///, of the events versus
reaction time (f) and evolution of Angland Ang 1-9 (g) during ACE2 cleavage of
Angl. h, Lineweaver-Burk plot of ACE2 cleaving Ang . The data were acquired in
1.0 MKClwith 10 mM HEPES and 10 uM ZnCl, at pH 8.0 under an applied potential
of +140 mV. The concentrations of ACE and ACE2 were 36 nM and 23 nM,
respectively, with 4.0 pM Ang I substrate, and the reaction temperature was set to
21+1°C. The current was sampled at 100 kHz and filtered at 5 kHz.
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Fig.3|Real-time monitoring of the enzymatic degradation of Ang 1 by ACE2
and ACE. a,b, ///, of the events versus reaction time while Ang lis cleaved by

the enzyme mixture (36 nM ACE and 23 nM ACE2 for a; 36 nMACE and 1.2 nM
ACE2forb). c, Evolution of Angl, Ang1-9, Angll, Ang 1-7 and Ang 1-5 during

the reaction of Ang I cleaved by the ACE and ACE2 mixture with different
concentrationratios. The concentrations were calculated every 1 min. The colour
represents the concentration of each Ang peptide. d, lllustration of the transition

route for Angl degradation by ACE and ACE2 with concentrations of 36 nMand
23 nM, respectively (left),and 36 nM and 1.2 nM, respectively (right). The data
were acquired in1.0 MKCl with 10 MM HEPES and 10 pM ZnCl, at pH 8.0, under
anapplied potential of +140 mV. The initial concentration of substrate Ang |
was 4.0 uM, and the reaction temperature was set to 21 +1°C. The current was
sampled at100 kHz and filtered at 5 kHz.

traditional MS (Supplementary Figs. 31 and 32). Given the catalytic
mechanism and behaviour of ACE reported previously, the two active
domains of ACE (N domainand C domain) have obvious differencesin
terms of substrate specificity and chloride ion dependence®. Although
the N domain of ACE exhibited a high hydrolysis efficiency of Ang1-7

with low CI” dependence®, its C domain dominated the cleavage of
Anglamongallthe ACE¥, almost without activity for Ang1-7, and was
highly activated by CI". Therefore, the crosstalk between ACE and ACE2
may be mainly attributable to the effects of ACE2 on the C domain of
ACE, suchas ACE2 transient interaction/binding with the ACE C domain
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and/or hydrolysis of several terminal amino acids, leading to achange
in C-domain activity for Ang I cleavage.

We also explored the effect of the concentration ratio of ACE2 and
ACE on the production of Ang Il in this crosstalk system. The results
showed that a decrease in ACE2 concentration to 5.8 nM with ACE
kept constant had almost no effect in comparison with the catalytic
tendency of ACE2 at 23 nM, as described above (Supplementary Fig.33),
but the gradually producing of Ang Il was observed when the ACE2
concentration was decreased to 1.2 nM (-30-fold lower than ACE), as
shown in Fig. 3b. However, the observation of Ang 1-9 indicated that
ACE2wasactive, even when present at such alow enzyme proportion,
suggesting that both the ACE pathway and the ACE2 pathway func-
tionin the same process of Ang I degradation, asillustrated in Fig. 3d.
Longer monitoring of the catalytic processes was performed to ensure
the stability of ACE2 with such low activity (Supplementary Fig. 34).
Moreover, from a comparison of the Ang Il frequency-time curve
induced by the ACE enzyme alone (Fig. 2b,c), we observed that the
release of Ang Il was reduced during the same time period, reflecting
the inhibitory effects of ACE2 in the ACE pathway on Ang Il forma-
tion. More interestingly, increasing the initial substrate, Angl, did not
change the catalysis tendency (Supplementary Fig. 35), and ACE and
ACE2 could simultaneously hydrolyse Ang I and Ang 1-9, Ang I and
Angll, respectively, in their mixture (Supplementary Figs. 36 and 37),
further supporting the complexinhibition of ACEby ACE2 rather than
competition for the substrate. These results further demonstrate the
extensive and selective inhibition of ACE by ACE2 and provide a criti-
calregulatory ratio for weakening or even preventing the production
of Ang Il. Traditionally, the downregulation of Ang Il accumulation
in vivo is achieved mainly by the use of ACE inhibitors. However, the
inhibition of ACE activity could also greatly affect the balance of Ang
1-7 in human systems (including production and metabolism), while
Ang1-7 has extra functions beyond inhibiting the function of Ang II'.
Asillustratedin Fig. 3¢, the crosstalk between ACE and ACE2 suggests
that ACE2 could potentially be regarded as a regulatory target, the
slightupregulation of which could effectively reduce Ang Il production
while maintaining the balance of Ang 1-9 and Ang 1-7.

Influence of the SARS-CoV-2 spike protein

As ACE2 hasbeenregarded as the cellular receptor of SARS-CoV-2, we
employed the present approach to gain deeper insights into the patho-
genic pathway of this global health risk, and attempted to optimize
treatment for infected patients™. Because the spike protein (SP) of
SARS-CoV-2binds to the N-terminal region of ACE2 to infect mammalian
cells, asillustrated in Fig. 4a®'°, the SP was used to evaluate the effects
of SARS-CoV-2in this crosstalk system. After 30 min of incubation at
20 °C, the mixture of SP, ACE and ACE2 (concentration ratio of ACE and
ACE2 0f 1:0.03) was added to a detection system that contained Ang |
(detailsare providedinthe Supplementary Information). Asshownin
Fig.4band Supplementary Fig. 38, SP obviously reduced the production
of Ang1-9, Ang1-7 and Ang1-5, while, surprisingly, the proportion of
Angllincreased. These observations indicate that the existence of SP
could consume ACE2, leading to adecrease in ACE2-based cleavage of
Ang peptides. Because the conversion of Anglto Ang1-9, Ang1-7 or
Ang1-5ismediated by ACE2 only once, asillustrated in Fig. 4c, inhibi-
tion of ACE2 by the SP of SARS-CoV-2 could be estimated. As shown
in Fig. 4d, the inhibition by SP of the ACE2-based cleavage quantity
was, surprisingly, proportional to the reaction time, withaninhibition
efficiency of-2.96 + 0.58 U (ACE2) mg™ (SP) (details are provided in the
Methods; the s.d. was derived from estimations at four time points).
More interestingly, the occupancy of Ang Il increased at each time
point, demonstrating the higher ACE activity for Ang I cleavage in the
presence of SP, which further suggested a decrease in the inhibition
of ACE by ACE2. However, the change in ACE-based cleavage quan-
tity by SP exhibited a non-monotonic correlation with reaction time
(Fig. 4e), which might be ascribed to counteraction of the weakened

ACE2 activity by the enhanced ACE activity for producing Ang1-7 and
Ang1-5.1tshould be noted that, with inhibition of ACE2 by SP further
confirmed by MS, and ina physiological salt concentration (Supplemen-
tary Figs.39 and 40), the effect of the SP of SARS-CoV-2 on the activity
of ACE2 in our experiments seems to be opposite to those reported
previously***°, This could be explained in two ways. First, considering
that the determination of ACE2 activity in these works is based mainly
onthe cleavage of Mca-YVADAPK-Dnp*****, the different influences of
SPonACE2activity might be caused by the different substrates, because
the smalllobe contacted by the SP forms the peptide substrate-binding
site of ACE2 withanother lobe’. Furthermore, the fluorophores used to
label the substrate could introduce an extra effect on the interactions
betweenthe substrate and ACE2, which might furtherlead toachange
inthe effect of SPon ACE2 activity. In principle, the nanopore approach
withoutlabelling could show the ‘intrinsic’ interplay between proteins,
which should be close to that occurring in vivo. Moreover, the relatively
constant Ang1-5/Ang Il levels, with their lower absolute concentrations
in patients with COVID-19*°, indeed reflect the lower activity for each
ACE2 molecule, and the downregulation of ACE2 with a concomitant
increasein AngIlin the lung tissue or vascular endothelial cells by the
isolated SP****is also consistent with the results obtained in nanopore
measurements. Second, given that ACE2 could selectively inhibit the
activity of ACE for Angl cleavage, to study the potential effect of ACE on
ACE2activity in the presence of SP, the influences of SP on ACE2 without
ACEwere tested. AsshowninSupplementary Fig. 41, without ACE, the
changein ACE2-based cleavage quantity decreased under SPinduction,
indicating the potential effect of ACE on the inhibition of ACE2 by SP.
In addition, the excessive SP used in nanopore experiments and the
ACE2-concentration-dependent SPinhibition efficiency suggest acom-
plicated mechanism of action between them (Supplementary Fig.42).

Furthermore, as the Delta variant of SARS-CoV-2 is highly conta-
gious and had accounted for the most COVID-19 casesinthe world, the
effects of the SP of the Delta variant on the crosstalk between ACE and
ACE2 were evaluated. Because the Delta variant shows higher binding
affinity with ACE2 and has several mutations in the receptor-binding
domain (RBD), including L452R and T478K in the receptor-binding
motif (RBM) (Fig. 4f), the binding between ACE2 and the SP of the Delta
variant (called Delta SP) might exhibit some changes compared to
the WT SP. To our surprise, Ang Il became the leading product ateach
time point in the presence of the Delta SP (Fig. 4g), which was never
observed during the reactionin the presence of the WT SP or without
the SP, demonstrating an obvious enhancement of both Angll produc-
tion and accumulation (Fig. 4h). These results further demonstrated
the disappearance of inhibition of ACE2 to ACE for Ang I cleavage in
this system. Given that the over-accumulation of Ang Il would not
only disturb the RAS, but also affect the central nervous system and
even theimmune system”°, the observation of the higher level of Ang
Il induced by the Delta SP might be related to the severe illness and
potential cytokine storm observed in some patients with COVID-19
infected with the Delta variant.

In summary, we have reported a nanopore framework to intrinsi-
cally screen the crosstalk effects between ACE2 and ACE in a complex
environment. By directly reading a number of individual molecules of
multiple Ang peptides during the enzymic process, not only was the
selective inhibition of ACE by ACE2 clearly illustrated, but also the influ-
ences of the SARS-CoV-2 SP. The results demonstrate that the binding of
the SARS-CoV-2 SP and ACE2 could weaken the crosstalk effect of ACE
and ACE2, leading to accumulation of vasoconstriction and the fibrosis
factor Ang Il. This suppression of ACE2 by SARS-CoV-2 demonstrates
another explicit advantage of the nanopore framework, which could
overcometheinevitable perturbation of the enzymatic processinduced
by extra modifications involved in other single-molecule methods,
such as fluorescence-based approaches. More interestingly, with the
concentration of the SPremaining much higher than that of ACE2 based
onbindingaffinity, promotion of this suppression of ACE2 by the SP was
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Fig.4 | The effects of the SP of SARS-CoV-2 on the crosstalk between ACE and
ACE2. a, Illustration of the binding between the SARS-CoV-2 SP and ACE2 (PDB
6MO0)). b, Time-dependent probability of Ang peptides during the cleavage

of Ang 1by ACE2 and ACE without (left) and with (right) the SP of SARS-CoV-2,
respectively. ¢, [llustration of Ang I metabolism pathways regulated by ACE and
ACE2.d,e, Time-dependent cleavage quantity of ACE2 (d) or ACE (e), and the
corresponding inhibition or enhancement (open circles) induced by SARS-CoV-2
SP.f, Mutation sites in the SP of the SARS-CoV-2 Delta variant. g, Time-dependent

probability of Ang peptides during the cleavage of Ang 1 by ACE2 and ACE with
Delta SP. h, Enhancement of Ang Il accumulated and produced by the Delta SP
compared to SP. The data were acquired in1.0 M KCl with 10 mM HEPES and

10 pM ZnCl,at pH 8.0 under an applied potential of +140 mV. The concentrations
of ACE and ACE2 were 36 nM and 1.2 nM, respectively, with 17 nM SP of SARS-
CoV-2 or SARS-CoV-2 Delta variant, and aninitial Ang I substrate concentration of
13.1 pM. The reaction temperature was set to21+1°C.

observed for thereaction without ACE or withincreasing ACE2 concen-
tration, suggesting acomplex mechanism between them. Furthermore,
the effect of the SP of the SARS-CoV-2 Delta variant was evaluated,
and the change in the interactions between the Delta SP and ACE2 was
foundtoclearly induce a greater relaxation of ACE from the inhibition
of ACE2 for Ang I cleavage, leading toahigh Anglllevel. This result sug-
gests that the nanopore framework might also be applied to test the
potential effect and roughly screen the possible variants of concern for
SARS-CoV-2invitro. As the two active domains of ACE possess distinct
substrate specificity for Ang peptides® ¥, the crosstalk between ACE
and ACE2, and the disturbance of this crosstalk effect by the SARS-CoV-2
SP, might be attributed to the binding and/or cleavage of one domain of
ACEby ACE2; this could be systematically investigated and might further
suggest anew rapid intervention for the disease induced by SARS-CoV-2.
Considering that the quantitative analysis of substrates with only one
unit difference in real time and the simultaneous monitoring of the
evolution of multiple components are ongoing challenges for MS and

fluorescence labelling, respectively, this nanopore-based approach
can satisfy the requirements for high-precision analysis in terms of
identification and quantification at the same time. Given that the sen-
sitivity and efficiency of the nanopore single-molecule interface canbe
precisely regulated, and the temporal resolution of the nanopore when
studyingareaction can beimproved by developing asmarter algorithm
and/or nanopore sensor with higher capture efficiency, in principle, the
nanopore framework could be adapted for application to all biological
crosstalk effects and could even be used to develop single-molecule
temporal omics and reveal unknown biological processes.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Mutation, expression and purification of proaerolysin

The construction of recombinant proaerolysin plasmids is
described in our previous work***, The mutant expression vectors
were constructed by site-directed mutagenesis with high-fidelity
polymerase chain reaction (PCR) enzymes (Invitrogen, 12368010).
The following primers were used for plasmid mutation: K238Q,
5-GAGCGAGCAAGTCACCACCAAAAACAAATTC-3’ (forward) and
5-GGTGGTGACTTGCTCGCTCAGACCGTAGG-3’ (reverse); N226Q,
5’-CCGCAACCCAATGGAGCAAAACCAATACC-3’ (forward) and
5-TTGCTCCATTGGGTTGCGGTATCGTAACG-3’ (reverse); T232K,
5’-AAACCAATAAATACGGTCTGAGCGAGAAAG-3’ (forward) and
5-AGACCGTATTTATTGGTTTTGCTCCAG-3’ (reverse). The PCR cycling
conditions and the expression and purification processes of proaeroly-
sinroughly correspond to our previous studies. It should be noted that
the expression temperature of the T232K mutation was shifted to 15 °C
aftertheaddition of IPTG withafinal concentration of 0.4 mMto reduce
the possible aggregation of misfolded proaerolysin.

Nanopore experiments

The nanopore experiment was performed on a Delrin bilayer cup
(Warner Instruments), which was separated into cis and trans com-
partments by a50-pm orifice. Note that the cischamber was grounded.
Both compartments were loaded with 1.0 ml of electrolyte solution,
and a pair of Ag/AgCl electrodes connected to an Axopatch 200B
amplifier (Molecular Devices) were immersed to apply potential. By
using 30 mg ml™1,2-diphytanoyl-sn-glycero-3-phosphocholine (Avanti
PolarLipids, 850356) in decane (Sigma-Aldrich, 30540), alipid bilayer
was formed on the orifice. By injecting pre-activated aerolysin mutant
protein adjacent to the orifice onthe cisside, this could self-assemble
to form a nanometre pore in the lipid bilayer. To prevent the possi-
ble cleavage of Ang peptides by trypsin, activation of the purified
proaerolysin used in this work was carried out using Trypsin-agarose
(Sigma-Aldrich, T1763) rather than trypsin-EDTA. After incubation
with0.03 U (-2.0 pl) trypsin-agarose for 1.0 ml of proaerolysin solution
(1.0 mg mlI™) for 6 hat 20 °C, the suspension was centrifuged at12,000g
for10 minto pellet the trypsin-agarose. The current traces were ampli-
fied and measured with the Axopatch 200B amplifier equipped witha
Digidata 1440A analog-to-digital converter (Molecular Devices). The
currentwas filtered at 5 kHz and acquired at asampling rate of 100 kHz
with Clampex 10.4 software (Molecular Devices). The enzymes ACE
and ACE2 were purchased from Sigma-Aldrich, the SPs of SARS-CoV-2,
including WT and Delta variant, were purchased from Sino Biological.
All Ang peptides were purchased from GL Biochem (purity >98%),
and were not purified before the experiments. Of note, the purity of
all the peptides used in the experiments was rechecked using HPLC
(Supplementary Fig. 43).

Ang peptides identification and quantification. After asingle stable
and low-background aerolysin mutant nanopore was formed, the -V
curve of the mutant aerolysin was characterized to roughly determine
thereliability of the pore. The analyte was then added to the cischam-
ber, and the single-channel events were measured with an applied
potential. To determine the sensing capability of mutant aerolysins,
eachtype of aerolysin was tested with three individual measurements
with the applied voltage ranging from +80 mVto +160 mV. To identify
the Ang peptides with T232K mutant aerolysin, the Ang peptides were
addedto the cischamber one by one, carrying out atleast1.0 h of cur-
rent recording to ensure full diffusion after adding each peptide. To
establishthe correlation between capture rates and Ang peptide con-
centrations, the Ang peptide was premixed with the detection solution
toavoid diffusion-induced capture differences, and the capturerate for
each concentration was taken from at least three individual measure-
ments. Note that the storage concentrations of the Ang peptides were
confirmed by ultra-violet (UV) analysis (Supplementary Fig. 44 and

Supplementary Table 3) using aNanoDrop 2000C spectrophotometer
(Thermo Scientific).

Enzymatic catalysis processes monitoring. To avoid the uneven
diffusion-induced capture rate change, the substrate Ang I was pre-
mixed with the solutionin the cischamber. After ensuring the reliability
and stability of the constructed T232K mutant aerolysin nanopore as
described in the previous section, the enzymes were added to the cis
chamber. More importantly, to avoid possible diffusion from the cis
to the trans chamber during reforming of the lipid membrane, which
would result in a change in concentration of the substrate, enzyme
and products, the same enzymatic reaction, including substrate and
enzymes, was performed in the trans chamber.

Mass spectroscopy analysis

The enzymatic reactions were performed in the same conditions as
used for the reactions inthe nanopore approach, including the reaction
volume (1,000 pl), pH (8.0), salt type and concentration (1.0 Mor 0.15M
KCI), substrate quantity (4.0 uM or 13.1 uM Ang 1), ACE and/or ACE2
concentration (ACE, 36 nM; ACE2, 23 nM or 1.2 nM), and temperature
(21 +£1°C). Ateachtime point, 200 pl of reactionsolution was separated
from the reaction mixture and quenched by incubating at 90 °C for
10 min in the metal bath. The reaction mixture was then loaded onto a
C18Ziptip set-up (Millipore) that had been washed with100% acetonitrile
and equilibrated with 0.1% trifluoroacetic acid (TFA). The Ziptip was
washed with 0.1% TFA and the sample eluted in 75% acetonitrile contain-
ing 0.1% TFA. The desalted samples were identified and quantified using
an Orbitrap Q Exactive high-resolution mass spectrometer (Thermo
Scientific) equipped with a heated electrospray ionization source. The
following generic MS tune parameters were used: spray voltage, 3.5kV
(positive mode); capillary temperature, 320 °C, sheath gas (nitrogen)
flow, 35 arbitrary units (a.u.); auxiliary gas (nitrogen) flow, 10 a.u.; probe
heater temperature, 400 °C. A fullMS scanwas acquired foreachrunin
therange of m/z200-2,000 witharesolving power 0f 140,000 full-width
athalf-maximum. The automatic gain control target value and maximum
injection time used for the full MS scan were 3 x 10® and 50 ms, respec-
tively. The raw data obtained from ESI-Quadrupole-Orbitrap MS were
processed using Thermo Xcalibur software version 4.1.

HPLC analysis

HPLC analysis was performed on a Shimadzu LC-20AB HPLC system
using an ACE C18-300 250 x 4.6 mm (5.0 pm) column and monitored
witha UV (220 nm) detector. After injecting the peptide solution, the
columnwaseluted with alinear gradient (-1-88%) of acetonitrile con-
taining 0.1% formic acid from -2 to 30 min ataflow rate of 1.0 ml min™.

Molecular dynamics simulation

Model construction. The wild-type aerolysin structure coordinates
were obtained from the Protein Data Bank (PDB 5)ZT)*°. The aerolysin
was first solvated by the SOLVATE program* to produces a 3-A-thick
shell of water around the aerolysin using eight Gaussians to approxi-
mate the protein surface, which was merged witha200 A x 200 A path
of1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid bilayer,
aligned to the x-y plane with the hydrophobic B-barrel of aerolysin
embedded inthe bilayer andits hydrophilic cap protruding above the
membrane. All the lipid and water molecules overlapping with the pro-
teinnanopore were removed. The nanopore-lipid systemwas solvated
with pre-equilibrated TIP3P water molecules*® using Visual Molecular
Dynamics (VMD)*. K* and CI” ions were added to the solution to neu-
tralize the aerolysin systemto a concentration of1.0 M. The T232K and
N226Q mutantaerolysins were constructed by mutating the amino-acid
residues from WT aerolysin using the Mutator plugin in VMD*°.

System equilibrium and simulation. All MD simulation were per-
formed using the program NAMD"!, with visualization and analysis
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by VMD¥. The aerolysin protein and oligonucleotide molecule were
described by the CHARMM36 force field. After a 5,000-step mini-
mization, the aerolysin nanopore system was equilibrated in the
constant-temperature, constant-pressure (NPT) ensemble at 295K
and1atmfor2 ns, withthe heavy atoms (non-hydrogen) of the protein
restrained, and allowing relaxation of the lipid, water, ions and protein
hydration atoms. Afterwards, the alpha carbons of the protein were
still restrained, and the equilibration simulation lasted 20 ns. Next,
alltherestraints were removed, and the system was relaxed for 60 ns.
AIINPT ensemble simulations were carried out with a Langevin piston
for pressure control and Langevin dynamics for temperature control™.
Periodic boundary conditions were employed in all directions. The
van der Waals energies were calculated using a 12-A cutoff, and the
particle-mesh-Ewald (PME) method was used to treat long-range elec-
trostatics™. Additional 80-ns simulations with anelectric field applied
to each system (WT,N226Q, T232K and K238Q) were performed as an
constant-temperature, constant-volume (NVT) ensemble without any
positional restraint applied to the aerolysin side chain to simulate the
applicationof avoltage bias of +120 mV. The electrostatic potential map
of each system was then computed based on the last 10-ns simulation
trajectory using the PME electrostatics plugin of VMD in accordance
with previous work>*.

Data analysis

After current recording, the datawere analysed using Mosaic 1.3 soft-
ware*, which fit the equations obtained in an equivalent circuit model
of the nanopore system to each event. The scatter plots of peptide
events could be divided into two parts, translocation events and col-
lision events, according to our previous work?. For further analysis,
including frequency calculation, capture efficiency normalization and
events classification, the collision events that were normally shorter
than~0.2 mswere excluded. The blockade current was analysed statis-
tically by using Gaussian fittings to event amplitude histograms. The
duration time and inter-event time of characteristic events falling in
the Gaussian peak were further analysed by fitting the histograms with
asingle exponential curve.

Capture rate calculation. Traditionally, the capturerate of apeptide
iscalculated fromf=1/7,, where 1, istheinter-eventinterval, with the
histogram fitted into single exponential decline. It should be noted
that thisfitting process requires many inter-event intervals (normally
>500) to ensure the accuracy of the fitted 7,,, value, which leads to a
requirement for a long recording time. We improved the calculation
method for the capture rate by directly using the total event number
Npeprice during effective time Tegecaye. As illustrated in Supplementary
Fig.12, because the effective time for a certain peptide represents the
time during which the peptide does not stay inside the pore, Toseccive Can
be calculated from Tegective = Trotal — Yoffpeptide EAS showninSupplemen-
tary Fig. 13, taking Ang Il as an example, the 1,,,iqe Of Ang Il is propor-
tional to Tefecrye, SiViNg a stable nyeprige/ Temrecrve Value. Also, the standard
€r70r Of Nyeprige/ Tetrective from at least three independent measurements
was lower than 4.4%, demonstrating the reliability of the improved
calculation method. We compared the nide/ Tefrecrive and f calculated
from the inter-event interval with a series of concentrations of Ang Il
ranging from 0.1 uM to 4.0 pM. The results showed that np.pide/ Tetective
was almost equal tofat each concentration of Angll, and the standard
curvesfor the concentration and capture rate (Mpepde/ Tefrective OT.f) WeTE
also quite similar (Supplementary Figs.13 and 14), with deviation lower
than 5% (Supplementary Table 2), demonstrating the accuracy of the
improved calculation method. Furthermore, to confirmthe feasibility
ofthis calculation method in estimating the concentration in the mix-
ture, we calculated npeyge/ Tefrecrive FOr Ang Ilin the mixture in the pres-
enceof 0.50 Mor1.0 Mofeach of the Ang peptides (Ang 1, Ang1-9, Ang
II, Ang 1-7 and Ang 1-5). The Npepride/ Terecive Values of Ang 11 are
2.91+0.08s"and 6.95+ 0.29 s}, giving estimated concentrations of

Angllof0.51+0.07 pMand 1.1+ 0.09 pM, respectively (by referring to
the standard curves between the concentration and npide/ Tesrectiver 35
shown in Supplementary Fig. 13f), which are almost equal to the real
concentrations of Ang Il in the mixtures (0.50 uM and 1.0 pM). These
results demonstrate the feasibility of using n,epige/ Tefrective fOF calculating
the concentration of the peptides in the mixture. Therefore, in this
Article, we calculated the n,epige/ Tefrecuive Of €aCh Ang peptide every 1 min
to obtain the capture rate ratio, which could then be used to estimate
their concentrations at every 1 min by combining with the capture
efficiency of the Ang peptides.

Capture efficiency normalization. Due to the different lengths and
net charges of the Ang peptides, the T232K mutant aerolysin has a dis-
tinct capture efficiency for the different Ang peptides. To quantify this
captureefficiency among the Ang peptides, we introduced the capture
efficiency ratio between the peptides. Because the differences in the
frequency of events between Ang peptides with the same concentration
represent their capture efficiency (P) difference, the capture efficiency
ratio canbe calculated from the frequency (f) of the events of each Ang
peptide and their concentrations (c), as follows:

Pangt * Pang1-9 * Pangt © Pangi-7 * Pangi-s

_ Jangt . Sangio . Sangn . Sangi-7 . Sfangis

Cangl CaAng1-9 Cangll CaAng1-7 CAng1-5

If the concentration of each peptide is same in the mixture when
performing the experiments, the capture efficiency ratio can be
directly estimated from the event frequency. To evaluate the capture
efficiency ratio and its consistency in different concentrations, Ang
I, Ang 1-9, Ang I, Ang 1-7 and Ang 1-5 were premixed in the solution
with final concentrations of 0.50, 1.0 and 2.0 uM for each. The events
were assigned to five Ang peptides based on the current blockage,
current s.d. and duration, and n,pqe/ Terrecrve fOT the five peptides was
analysedindividually. The capture ratios for the five peptides were then
calculated at the three different concentrations to verify the stability
ofthe capture efficiency.

Ang peptides quantification. During the enzymic catalysis processes,
giventhat the single amino acid and dipeptide cannotinduce any cur-
rent blockage on T232K mutant aerolysin (data not shown), the total
concentration of detectable Ang peptides (Angl, Ang1-9, Angll, Ang
1-7and Ang1-5) is equal to the initial concentration of substrate Ang
1(Coangn) at every time:

Cangl t Cang1-9 + Cangll T Cang1-7 + Cang1-5 = Co(ang])

Because the capture efficiency ratios for the Ang peptides were quite
stable at different concentrations, as already demonstrated (Supple-
mentary Fig. 11), the concentration ratio of the Ang peptides can be
estimated based on the capture rateratio of each Ang peptide and their
capture efficiency ratio. Note that the capture rate ratio of Ang peptides
here was calculated from n,ige/ Tesrecave Of €ach peptide, as described
above. Inthe mixture with total concentration ranging from 0.1 pM to
10.0 uM, the Ang peptides enter into the T232K mutant aerolysin as
anon-competitive model, and the entering of each Ang peptide is
hardly affected by the other peptides. Therefore, the T g fOr each
Ang peptide was calculated from the total duration of each Ang
peptide. For example, for the capture rate of Ang Il in each minute,

f= nAngI/(Tlmin - Tduration(Angl))-

Kinetic constants calculation. According to the substrate/product
concentration-reaction time curve, the rate of the reaction was cal-
culated from the slope at a certain time point. It should be noted that
there is an assumption in the Michaelis—-Menten equation that the
enzyme-substrate complexisinequilibriumwith free enzyme and free
substrate. Using the concentrations of enzymes used in Fig. 2 for kinetic
constant calculations (0.036 pM for ACE and 0.023 uM for ACE2), after
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therate of thereaction reaches amaximum, rates of reaction with the
substrate ranging from -3.2 pM to ~0.50 pM were used for calculation
ofthekinetic constant. The substrate-concentration-dependent reac-
tionrate was thenfitted to the Lineweaver-Burk equation to evaluate
the kinetic constants of the enzymes.

SP inhibition efficiency calculation. The enzyme crosstalk effects
of ACE and ACE2 contain the following potential catalysis pathways:
Pathway (a)

AnglA—cfAngllAEEZAngl - 7A—C>EAngl -5
Pathway (b)
ACE2 ACE ACE
Angl - Angl-9 — Angl-7 - Angl-5

For both pathways, the formation of Ang 1-9, Ang 1-7 and Ang
1-5 must have been cleaved by ACE2 once. Therefore, the total cleav-
age quantity by ACE2 can be estimated from the concentrations of
Ang1-9,Ang1-7and Ang1-5. Here we use the time-dependent concen-
tration of ACE2-related products without and with SP of SARS-CoV-2
to calculate the average SP inhibition efficiency by linear fitting, as
showninFig.4d.

Data availability

Data supporting the findings of this study are available in the main text
and the Supplementary Information. Additional raw data are available
at https://doi.org/10.6084/m9.figshare.21621663. Source data are
provided with this paper.
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