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Prevention of infection and propagation of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is a high priority in the Coronavirus Disease 2019
(COVID-19) pandemic. Here we describe S-nitrosylation of multiple proteins
involved in SARS-CoV-2infection, including angiotensin-converting enzyme
2 (ACE2), thereceptor for viral entry. This reaction prevents binding of ACE2
to the SARS-CoV-2 spike protein, thereby inhibiting viral entry, infectivity
and cytotoxicity. Aminoadamantane compounds also inhibit coronavirus
ion channels formed by envelope (E) protein. Accordingly, we developed
dual-mechanism aminoadamantane nitrate compounds that inhibit viral
entry and, thus, the spread of infection by S-nitrosylating ACE2 via targeted
delivery of the drug after E protein channel blockade. These non-toxic
compoundsareactiveinvitroandinvivoin the Syrian hamster COVID-19
model and, thus, provide a novel avenue to pursue therapy.

The process of SARS-CoV-2infection firstinvolves binding of the viral
spike protein to a cell surface receptor, which has been shown to be
ACE2 (ref."). Viral entry into cells can be accomplished by fusion of
the viral E protein, located on SARS-CoV-2 near the spike protein, to
facilitate fusion with the cell surface, or endocytosis with subsequent
envelope fusion to endosomal membranes®*. We reasoned that using
the E protein viroporin channel to target a molecular warhead to the
ACE2receptortoinhibitinteraction with the spike protein could yield
anovel mechanism for drug action to treat COVID-19.

Along these lines, we built upon our experience in develop-
ing the aminoadamantane drug, memantine, as a US Food & Drug
Administration-approved treatment for Alzheimer’s disease and

synthesized several additional compounds withimproved efficacy®™’.
These new chemical probes, termed aminoadamantane nitrates,
offer dual-allosteric inhibition of the ion channel associated with the
N-methyl-D-aspartate (NMDA) type of glutamate receptor in the brain,
with theaminoadamantane moiety providing channel block as well as
targeted delivery of anitric oxide (NO)-related group to S-nitrosylate,
and, thus, further inhibit the receptor. Moreover, these aminoada-
mantane nitrates have displayed no untoward side effects, such as
hypotension or other NO-associated actions, in two-species toxicity
studies’. Intriguingly, aminoadamantane drugs such as amantadine
and memantine were originally developed as antiviral agents because
they also block the ion channel found in the envelope of multiple
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viruses, including influenza and the B-coronaviruses, and anecdotal
reportsin humans suggest that they may possibly offer some efficacy
for SARS-CoV-2, but definitive data are lacking®*'°™*, Coupled with
the facts that SARS-CoV and SARS-CoV-2 have also been shown to be
susceptible to NO, in part by inhibiting their protease and replication
cycle®, and NO-based therapies have shown promise in human clinical
trials for COVID-19 treatment'®, we postulated that the new aminoada-
mantane nitrate drugs might provide mechanisticinformationonthe
mode of action of NO against SARS-CoV-2 and offer improved antiviral
activity. Indeed, we show here that the aminoadamantane moiety can
block theion channelinthe envelope of SARS-CoV-2to provide aguided
missile to target a therapeutic warhead to ACE2 and, thus, prevent
interactionwith the nearby spike protein. Accordingly, we demonstrate
thattheviralreceptor, ACE2, can be S-nitrosylated by NO-related spe-
cies generated by the nitro adduct of the aminoadamantane nitrate
compounds toinhibit viral entry.

Results

S-Nitrosylated ACE2 inhibits binding to SARS-CoV-2 spike
protein

Initially, weinvestigated the molecular mechanism whereby NO-related
species might inhibit SARS-CoV-2 activity. As assessed by biotin switch
assay, we found that the host cell membrane protein receptor for
SARS-CoV-2, ACE2, and a protease that cleaves the viral spike pro-
tein, transmembrane serine protease 2 (TMPRSS2), both of which are
necessary for viral entry and infectivity"", could be S-nitrosylated by
the physiological small molecule NO donor and transnitrosylating

o

agent S-nitrosocysteine (SNOC) (Fig. 1a-c). Interestingly, multiple
cysteine residues have been shown to be of importance in ACE2 and
TMPRSS2 activity, so S-nitrosylation might be expected to disrupt
their activity’s”,

We focused on S-nitrosylation of ACE2 (forming SNO-ACE2),
reasoning that this nitrosylation reaction might prevent binding
of SARS-CoV-2 S protein to ACE2, thus inhibiting viral infection. To
test this premise, we exposed HelLa cells stably expressing human
ACE2 (HeLa-ACE2) to SNOC and assessed SNO-ACE2 formation by
biotin switch assay. To evaluate binding of the spike protein to these
HeLa-ACE2 cells, we then incubated the cells with purified recombi-
nant SARS-CoV-2 spike protein (S1+S2). Because NO dissipates very
quickly from SNOC (<5 minutes at neutral pH), and spike protein was
addedsequentially after this period, we could rule out the possibility
of direct S-nitrosylation of spike protein by SNOC under these con-
ditions. We found that the formation of SNO-ACE2 was stable for at
least 12 hours (Extended Data Fig. 1). The receptor-binding domain
(RBD) inthe S1subunit of the SARS-CoV-2 spike glycoprotein binds to
ACE2 expressed on the surface of host cells, whereas the C-terminal
S$2 membrane anchoring subunit functions to translocate virus into
host cells’°. After pre-incubation of HeLa-ACE2 cells with SNOC,
we found significantly decreased binding of purified spike protein
to HeLa-ACE2 cells (Fig. 1d,e), consistent with the notion that the
cysteine residue(s) susceptible to S-nitrosylation in ACE2 affected
spike protein binding.

Human ACE2 protein contains eight cysteine residues, six of which
participate in formation of three pairs of disulfide bonds, and the
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Fig.1|SNOC increases S-nitrosylation of ACE2 and inhibits binding of SARS-
CoV-2spike protein. a, Assay for SNO-ACE2 and SNO-TMPRSS2 in HeLa-ACE2
cells. Cells were exposed to 100 uM SNOC or, as a control, ‘old’ SNOC (from
which NO had been dissipated). After 20 minutes, cell lysates were subjected

to biotin switch assay to assess SNO and input (total) proteins detected by
immunoblotting with cognate antibody. The ascorbate minus (Asc-) sample
served as a negative control. b,c, Ratio of SNO-ACE2/input ACE2 protein and
SNO-TMPRSS2/input TMPRSS2 protein. Data are mean +s.e.m. by one-way

+ spike protein

ANOVA with Tukey’s multiple comparisons. n = 3 biological replicates. d, HeLa
and HeLa-ACE2 cells were pre-exposed to 100 pM SNOC or old SNOC. After

30 minutes, 10 pg ml™ of purified recombinant SARS-CoV-2 spike (S1+S2)
protein was incubated with the cells. After 1 hour, cells were fixed with 4% PFA for
15 minutes, and bound spike protein was detected by anti-spike protein antibody;
nucleiwere stained with Hoechst. Scale bar, 20 um. e, Quantification of relative
fluorescence intensity. Data are mean +s.e.m. by two-way ANOVA with Tukey’s
multiple comparisons. n =3 biological replicates.
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Fig.2|Dose response of drugs screened against SARS-CoV-2. Dose-response
curves showing the EC,, of each compound against SARS-CoV-2 (% infected cells,
blue), total cell counts (orange) in the infection experiment and the CC, for

log concentration (M)

log concentration (M)

uninfected host cell toxicity (magenta), as assessed in HeLa-ACE2 cells. See also
Supplementary Dataset 1for the full dataset.

remaining two (Cys®*' and Cys*®) are present as free thiols (or thi-
olates) (Extended Data Fig. 2a)" and, thus, potentially available for
S-nitrosylation via reversible nucleophilic attack on a nitroso nitro-
gen to form an SNO-protein adduct®. Accordingly, we performed
site-directed mutagenesis of these cysteine residuesin ACE2 and found
that C261A, C498A or C261A/C498A mutation significantly inhibited
SNOC-mediated S-nitrosylation onbiotin switch assays, consistent with
the notion that these two cysteine residues are targets of S-nitrosylation
(Extended DataFig. 2b,c). Moreover, mass spectrometry confirmed the
presence of S-nitrosylated ACE2 at Cys®*' and Cys**® after exposure to
SNOC (Extended Data Fig. 2d).

SNO-ACE2 destabilizes dimerization and spike protein binding
Notably, these S-nitrosylation sites on ACE2 are located near
the collectrin-like domain (CLD) region rather than the spike
protein-binding domainregion (Extended Data Fig. 3a). This suggests
that S-nitrosylation may affect the conformation of ACE2 protein at
some distance from the S-nitrosylated cysteine residue(s) to diminish
binding of ACE2 to trimeric spike protein'®**??, Accordingly, explicitly
solvated, all-atom molecular dynamics simulations of the SNO-ACE2/
RBD complex in plasma membrane show that the distance between
each SNO-ACE2 protomer’s center of mass (COM) is overall much
longer and more broadly distributed than in simulations of wild-type
(WT) ACE2 dimer (Extended Data Fig. 3a,b)?. This behavior indicates

a certain extent of destabilization of the dimer interface imparted
by S-nitrosylation, particularly of C*?8, Specifically, at the beginning
of the simulations, the SNO-ACE2/RBD model displays a hydrogen
bondbetween Q175,and Q139;, whichis theninterchanged with D136,
(Extended DataFig.3c). Thisisthe only interaction between the pepti-
dase domains (PDs) of the two protomers, as also reported for the initial
cryogenic electron microscopy (cryo-EM) structure?. Notably, over
the course of our simulations, this interaction was progressively lost
(Extended DataFig.3d), leading to partial disruption of the PD dimeric
interface and transient detachment of the two protomers. Therefore,
we hypothesize that the addition of S-nitrosylation at the sidechain of
C*8,whichislocated in the vicinity of Q”*, could be sufficient toinduce
rearrangement in the packing of secondary structural elements of this
region, leading, in turn, to the disruption of the only point of contact
between the two PDs of ACE2. The loss of this contact may potentially
trigger a further destabilization at the level of the dimeric interface
between the neck domains. Alteration of ACE2 dimer stability has the
potential to interfere with the SARS-CoV-2 spike binding®, thus abro-
gating infection.

Screening aminoadamantane nitrate compounds against
SARS-CoV-2infection

Next, we examined the effect of aminoadamantane nitrate compounds
onSARS-CoV-2entryinto cells, causing infection. Aminoadamantanes
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Fig.3|NMTS5 inhibits SARS-CoV-2 pseudoviral entry. a, HeLa-ACE2 cells were
treated with10 uMNMT3 or 5 uM NMTS5. After 1 hour, cell lysates were subjected
to biotin switch assay for protein S-nitrosylation, detected by immunoblotting
with anti-ACE2 antibody. b, Ratio of SNO-ACE2/input ACE2 protein. Data are
mean +s.e.m. by one-way ANOVA with Tukey’s multiple comparisons.n=>5
biological replicates. ¢, HeLa-ACE2 cells were incubated with SARS-CoV-2 spike
(D614) or VSV-G (control) pseudovirus particles in the presence and absence of
MEM (memantine), NMT3 or NMTS5. After 48 hours, viral transduction efficiency
was monitored by luciferase activity. Data are mean +s.e.m. by one-way ANOVA

with Tukey’s multiple comparisons. n = 3-7 biological replicates. d-f, HeLa-

ACE2 cells were incubated in the presence and absence of NMT5 with SARS-
CoV-2N501Y spike, SARS-CoV-2 K417N/E484K/N501Y spike or VSV-G (control)
pseudovirus particles (d) or with SARS-CoV-2 Delta variant (e) or Omicron variant
pseudovirus particles (). After 48 hours, viral transduction efficiency was
monitored by luciferase activity. Data are mean +s.e.m. by two-tailed Student’s
t-test (d) or one-way ANOVA with Tukey’s for multiple comparisons (e,f).n=3
biological replicates.

havebeenreportedtodirectly bind to the viroporinion channel formed
by the SARS-CoV-2 E protein'®*?¢, Therefore, we screened our series
of aminoadamantane and nitro-aminoadamantane compounds®® as
potential therapeutic drugs against SARS-CoV-2. These latter chemical
probes might be expected to bind to the viral channel, thus targeting
S-nitrosylation to ACE2 to inhibit its interaction with spike protein
and, thus, viral entry. Specifically, we tested, in a masked fashion, the
efficacy against live SARS-CoV-2 in HeLa-ACE2 cells of aminoadaman-
tanes (memantine, blindly coded asNMT1, and amantadine/NMT4) and
aminoadamantane nitrate compounds (NMT2,NMT3 and NMT5-NMT9)
(Fig.2 and Extended Data Fig. 4; full dataset shown in Supplementary
Dataset1). As positive controls, we used remdesivir, apilimod and puro-
mycin (Supplementary Dataset 1)”**. In determining the therapeutic
potential of these compounds, we considered the selectivity index (SI)
that compares a compound’s half-maximal non-specific cytotoxicity
(CCyp) inthe absence of infection toits half-maximal effective antiviral
concentration (ECy) (CCso/ECs,) (Supplementary Dataset 1). The SI
can be considered an in vitro indicator of therapeutic index and, ide-
ally, would approach 10. The aminoadamantane compounds alone
(amantadine and memantine) offered no efficacy and, thus, were not
studied further. In contrast, several of the aminoadamantane nitrate
compounds offered some degree of protection from infection. How-
ever, NMT6 and NMT8 may have done this simply by killing the host cells
irrespective of infection, as evidenced by its off-target killing of unin-
fected cellsinthelive/dead assay (Fig.2 and Supplementary Dataset1).
Among the seven aminoadamantane nitrate compounds tested, NMT5
displayed the best combination of ECsoand CCs, (SI=9.2) with an ECs,
for protection against SARS-CoV-2 of 5.28 uM (Fig. 2 and Supplementary

Dataset 1); this concentration of compound is well within the micro-
molar amounts attainable in human tissues at well-tolerated doses, as
tested in two animal species®**. Additionally, NMT3 (also known as
NitroSynapsin), which was already being developed for central nervous
system indications®’, displayed some degree of protection against
SARS-CoV-2 with an ECs, of 87.7 uM, although this value may be artifi-
cially high due to the short half-life of NMT3 in aqueous solution under
in vitro conditions®**°. Hence, these two compounds were advanced
for further study. We next asked if NMT3 and NMT5 could S-nitrosylate
ACE2. We found that NMT5 > NMT3 effectively S-nitrosylated ACE2 both
invitroin HeLa-ACE2 cellsandin vivo in Syrian hamsters, as assessed by
the biotin switch assay (Fig. 3a,b and Extended Data Fig. 5). Notably, a
statistically significantincreasein the level of S-nitrosylated ACE2 was
observedinthe SARS-CoV-2targettissues of lung and kidney at 48 hours
after oraladministration of asingle dose of drug at 10 mg kg™ (Extended
DataFig.5d-i). Consistent with the structure-activity relationship indi-
cating that SNO-ACE2 was associated with the antiviral effect of NMT5
and NMT3, the other aminoadamantane nitrates (including NMT6 and
NMTS8) did not S-nitrosylate ACE2 at low micromolar concentrations
(Extended DataFig. 6).

SNO-ACE2inhibits SARS-CoV-2 variant infectivity

Because we had found that S-nitrosylation of ACE2 inhibited the bind-
ing of SARS-CoV-2 spike protein, we next asked if NMT3-mediated or
NMT5-mediated SNO-ACE2 formation could prevent viral entry into
host cells. To test this premise, we employed a replication-deficient
Maloney murine leukemia virus (MLV)-based SARS-CoV-2 spike protein
pseudotyped virus, initially using the most prevalent strain of spike
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Fig.4|S-Nitrosylation of ACE2 by NMTS5 inhibits binding to spike protein.
a,HEK293T cells were transfected with plasmids encoding human WT ACE2 or
non-nitrosylatable mutant ACE2 (C262A, C498A or C261A/C498A). Cells were
treated with10 uM NMTS5 and subjected to biotin switch assay for detection of
S-nitrosylated proteins by immunoblotting with anti-ACE2 and anti-TMPRSS2
antibodies. The absence of ascorbate (Asc—) served as a negative control.

b, Ratio of SNO-ACE2/input ACE2. Data are mean +s.e.m. by two-way ANOVA with
Fisher’s LSD multiple comparisons. n =3 biological replicates. ¢, Crystal structure
of ACE2 (left panel; PDB ID: 6M0J) with enlarged view of S-nitrosylation sites of

ACE2. Glu**and Asp**, acidic amino acid residues, surround Cys**® (right panel).
d, HEK293T cells were transfected with plasmids encoding human WT ACE2 or
non-nitrosylatable mutant ACE2 (C262A, C498A or C261A/C498A). Cells were
exposed to 1 pg ml™ of purified recombinant SARS-CoV-2 spike proteinin the
presence or absence of 5 p{M NMTS5; after 1 hour, cells were lysed and subjected to
co-IP with anti-ACE2 antibody. Immunoprecipitated ACE2 and spike protein were
detected by immunoblotting with anti-ACE2 and anti-spike protein antibodies.
e, Ratio of IP-ACE2/IP-spike protein. Data are mean +s.e.m. by one-way ANOVA
with Fisher’s LSD multiple comparisons. n = 4 biological replicates.

protein (D614) as of early 2020 (ref. *'). We examined whether NMT3
and NMTS5 could suppress infection with this SARS-CoV-2 pseudovi-
rus. We found that NMT5 inhibited SARS-CoV-2 pseudoviral entryina
dose-dependent manner, with 5 uM inhibiting 53%, 10 pM inhibiting
76% and 20 pM inhibiting 92% (Fig. 3c). NMT3 showed more limited
ability to suppress pseudovirus entry, ~24% at 10 pM. The fact that
S-nitrosylation of ACE2 manifested inhibitionin the pseudovirus assay
(as shownin Fig. 3c) at approximately the same EC,, of 5 uM as found
inthelive virusinfection assay (Fig. 2) strongly implies that SNO-ACE2
formationisindeed the predominant mechanism by which NMT5 pre-
vents viral infection. As a control, the NMT5 metabolite lacking the
nitro group did not suppress SARS-CoV-2infectionin the pseudovirus
entry assay (Fig.3c and Extended DataFig. 7). Asafurther control, the
pseudovirus entry assay performed with vesicular stomatitis virus G
protein (VSV-G) was unaffected by NMT3 or NMT5 (Fig. 3¢).

We next examined if NMTS5 could suppress viral infection from
more recently identified SARS-CoV-2 variants, including N501Y spike
protein, acommon mutationin B.1.1.7 (or Alpha variant, United King-
dom) and B.1.351 (or Beta variant, South Africa), and P.1 (or Gamma
variant, Brazil), encountered in the winter of 2020/2021. Additionally,
wetested K417N, E484K and N501Y spike protein, as found in the B.1.351
and P.1 variants, the B.1.617.2 variant (or Delta, Indian; TI9R, G142D,

156/157 DELETION, R158G, L452R, T478K, D614G, P681R and D950N)
and the BA.1 variant (or Omicron, South Africa), found in 2021/2022,
which are associated with higher transmissibility or severity as well as
altered antigenicity*. We found that NMT5 was also effective in reduc-
ing infectivity of these SARS-CoV-2 variants, including the Delta and
Omicron variants, by up to 95% (Fig. 3d-f). These results are consistent
with the notion that NMTS5 » NMT3-mediated S-nitrosylation of ACE2
caninhibit SARS-CoV-2 entry into host cells.

NMT5-induced SNO-ACE2 inhibits spike protein binding

Next, we sought to determine if NMTS5 could modify ACE2 at both of
the cysteine residues (Cys*' and Cys**®) that we demonstrated to be
susceptibleto S-nitrosylation by SNOC. Analysis by cysteine mutation
revealed that NMTS5 preferentially S-nitrosylated Cys**® over Cys*'
(Fig.4a,b). Interestingly, the crystal structure of ACE2 shows thatanacid/
base motif (comprised of Glu** and Asp*®), which, under some condi-
tions, may facilitate S-nitrosylation, is present near Cys**%, whereas only
apartial motif (represented by Asp®®) is found near Cys®® (Fig. 4¢)> .
This observationis consistent with previous findings that potent or sup-
raphysiologicalamounts of NO, donors suchas SNOC, can S-nitrosylate
cysteineresidues surrounded by no motif or only a partial SNO motif®,
whereas a full SNO motif can facilitate S-nitrosylation by less potent

Nature Chemical Biology


https://www.rcsb.org/structure/6m0j

Article

https://doi.org/10.1038/s41589-022-01149-6

a
Spike
Spike protein + E protein
© %) © )
A A )

98 kD - * S, ﬁ SNO-ACE2
E .

b d
. Control
Spike
Spike protein + E protein
2.0 P=0.0045
P =0.0364

‘ 1

1.5 4

1.0

Relative SNO-ACE2 levels (SNO-ACE2/input ACE2)

0.5 -

Fig. 5| Targeted S-nitrosylation of ACE2 and inhibition of E viroporin protein
channel by NMTS5. a, E protein plasmid was transiently transfected into HEK293-
spike protein cells. After 1 day, cells were harvested and plated onto HeLa-ACE2
cellsinthe presence or absence of 5 uM NMTS5. After 30 minutes, cell lysates
were subjected to biotin switch assay to monitor protein S-nitrosylation of ACE2,
detected by immunoblotting. b, Ratio of SNO-ACE2/total input ACE2 protein.
Dataare mean +s.e.m. by two-way ANOVA with Tukey’s multiple comparisons.
n=3biological replicates. c-e, Representative traces of whole-cell currents from
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untransfected (n =4) and transiently transfected (n = 15) HEK293T cells before
and after application of memantine or NMT5 during patch-clamp recording.
Whole-cell currents were generated by holding cells at 0 mV and applying voltage
steps between -90 mV and +90 mV in increments of 10 mV.f, Current-voltage
(I-V) curves from steady-state current density (pA/pF) versus holding potential
(mV) for memantine (MEM, 5 pM and 10 pM) and NMTS5 (5 pM). Data are mean £
s.e.m.;n=16 cellsrecorded.

donors, presumably like NMT5. Mechanistically, cysteine thiol groups (in
fact, thiolates) are nucleophiles that can performreversible nucleophilic
attack onanelectrophilic nitroso nitrogen®**. The local environment of
the thiolate anion can kinetically favor one electrophile over another;
moreover, the bulky R-group of NMTS5, as an RNOx donor (x=10r2)
compared to the small molecule SNOC, could sterically hinder reac-
tivity*°. Notably, concentrations of NMTS5 that significantly inhibited
viral entry (<10 uM) failed to S-nitrosylate other proteins, including
TMPRSS2, spike protein or E protein (Fig. 4a and Extended DataFig. 8),
demonstrating relative selectivity of NMT5 for ACE2 at the cell surface.
Although we cannot rule out the possibility that proteins associated
with virusintracellular trafficking are S-nitrosylated, this would be less
likely as aminoadamantane nitrate compounds are known to act on
extracellular rather thanintracellular targets®™°.

To further investigate the effect of NMT5 on SARS-CoV-2 spike
protein binding to ACE2, we performed co-immunoprecipitation

(co-IP) experiments of these two proteins in the presence and
absence of NMTS5 using anti-ACE2 antibody for IP. As expected, the
two proteins co-immunoprecipitated, as evidenced onimmunoblots.
NMTS5 (5 pM) diminished this co-IP, consistent with the notion that
the compound could inhibit binding of spike protein to ACE2 to a
significant degree (Fig. 4d,e). As controls, the spike protein was not
co-immunoprecipitated with cysteine mutant ACE2(C498A) or with
double mutant ACE2(C261A/C498A) to a significant level, although
mutant ACE2(C261A) was still co-immunoprecipitated. These data
suggest that S-nitrosylation predominantly of C**® of ACE2 isimportant
for spike protein binding to ACE2. Moreover, NMT5 inhibited co-IP of
the spike protein and ACE2(C261A) while having less effect on mutant
ACE2(C498A) or ACE2(C261A/C498A) binding (Fig. 4d,e). Thus, the
co-IPexperimentsuggests that theintact Cysresidueis needed for full
interaction/binding of spike protein with ACE2. Either Cys mutation
or S-nitrosylation can significantly decrease the interaction of spike

Nature Chemical Biology



Article

https://doi.org/10.1038/s41589-022-01149-6

a b c P=0.0261 f
97 5 =
NMTS3 (half-life: 7.9 hours) NMTS5 (half-life: 10.6 hours) o P=00238
c —&- Hamster #372 = 0 i
S 1,000 & Hamster#a7a 2 100 -~ Hamster#71 & g ]| . g 4 et
8 —A- Hamster #374 S -8~ Hamster#73 3 @ 2
& ~ ~¥- Hamster #375 & — —A— Hamster #75 >3 71 = 37
o< 100 o 10 0 ~» 2
IS “—E —o— Hamster #376 < Is_E [SRES %
S —6— Hamster #377  © 0L g £
o 2 - 2 = ©
oL 10 o2& 1 < o
kS © @
3 3 5
8 1 8 0.1
0 5 10 15 20 25 0 10 20 30 40 50 Vehicle NMT3 NMT5 Vehicle NMT5
Time (hours) Time (hours)
d e

Uninfected.,

Uninfected

RENER oF

Fig. 6 |NMTS5 inhibits SARS-CoV-2 infection in vivo in Syrian hamsters. a,b,
PK datain plasmafor NMT3 (n = 6) and NMTS5 (n = 3) in Syrian hamsters after
anoral dose of 10 mg kg™ ¢, Live viral load in Syrian hamsters monitored by
plaque assay from lung tissue 2 days after infection after treatment with NMT3,
NMTS5 or vehicle (Control). Data are mean +s.e.m. by two-tailed Student’s ¢-test
(n=8Syrian hamsters tested). d,e, Syrian hamsters were sacrificed 5 days

after infection with SARS-CoV-2 that were either untreated (labeled Vehicle/
Infected) or treated with oral NMT5 (NMTS5/Infected) and compared to control
(Uninfected). Representative H&E-stained sections showed virtually no areas of
large hemorrhage (confluent bright red regions) in NMT5-treated hamster lungs

compared to vehicle-treated. Scale bars, 2 mm; high magnification 200 um (d).
Representativeimmunohistochemistry of lung sections stained with anti-TNFa
cytokine antibody and anti-CCL3 (MIP-1a) chemokine antibody from untreated
and NMTS5-treated hamsters 5 days after SARS-CoV-2 infection; uninfected
sections are shown as a control. Merged image with Hoechst stain for DNA shown
inright-hand panels. Scale bar, 40 pm (e). f, Lung pathology scores (Methods)
forinfected hamsters, either untreated or treated with NMT5. Treated hamsters
showed significantimprovement. Data are mean +s.e.m. by two-tailed
Mann-Whitney U-test (n =9 Syrian hamsters tested).
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protein with ACE2. Taken together, these results are consistent with
the notion that NMT5 inhibits SARS-CoV-2 spike protein from binding
to ACE2 and, thus, virus entry into the cell via S-nitrosylation of ACE2.

NMTS5 targets SNO to ACE2 via blockade of the E protein
channels

Intriguingly, we found that the presence of the E protein of SARS-CoV-2
appeared to target S-nitrosylation by NMTS5 to nearby ACE2 receptor
proteins (Fig. 5a,b and Extended Data Fig. 9). Toinvestigate thisaction
further, we assessed the ability of the aminoadamantane compound,
memantine, and thelead aminoadamantane nitrate candidate, NMTS5,
to block ion channel activity of the E protein" using the patch-clamp
technique. To test direct interaction with the viroporin channel, we
transiently transfected HEK293T cells with a construct encoding the
E proteinand assessed voltage-dependent currents (versus uninfected
cells) inthe presence and absence of drug (Fig. 5c—f). Under our condi-
tions, we found that the presence of the E protein resulted in arobust
voltage-dependent current carried by K* that was inhibited by meman-
tine and with greater potency by NMT5. Notably, the low micromolar

concentrations needed to see these effects are within attainable levels
inmammalian plasma and tissues, as shown in pharmacokinetic (PK)
studies, and have proven to be safe in animal toxicity studies® %,

NMTS5 protects from SARS-CoV-2 infectionin vivo

In preparation for in vivo efficacy testing of our chemical probesina
COVID-19 small animal model, we next performed 48-hour PK studies
after asingle oral dose of NMT3 or NMT5 at 10 mg kg™ in -150-g Syrian
hamsters. We found a half-life in plasma for NMT3 of 7.9 hours and for
NMTS5 0f10.6 hours (Fig. 6a,b and Supplementary Table 1). The mean
Crax forNMT5was 0.2 pM and ~0.4 puM for NMT3; NMT3 also displayed a
hydroxylated metabolite (full detailed PK dataset shownin Supplemen-
tary Datasets 2 and 3). The fact that NMT5 was found to be more stable
than NMT3 by mass spectrometry analysis (Fig. 6a,b and Supplementary
Table1) was also consistent with previous findings®>*. Moreover, these
drugsare concentratedin tissues up to~30-fold over plasmalevels. Using
aBayesian-like adaptive clinical trial design, we determined the maximal
tolerated dose (MTD) of NMT3 and NMT5in vivo based on dose-ranging
toxicity and efficacy studies in 52 Syrian hamsters. To assess treatment
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efficacyinthe Syrian hamster model of COVID-19 at the MTD for NMTS5,
we administered by oral gavage 200 mg kg™ in two equally divided doses
separated by 12 hours, with the initial dose timed right after challenge
with the virus and the second dose 12 hours later®**, Based on the PK
results, at this dose, drug levels in tissue should approach or exceed
the EC,, found in our in vitro screens to significantly decrease viral
infectivity. We found in the Syrian hamster model that this regimen
of NMTS5, but not NMT3, knocked down live viral titers of SARS-CoV-2
afterinfectionby~-100-fold, as measured by plaque assay (Fig. 6¢).Inthe
absence of depletion by antibodies®*, virus can persist in lung tissue
for several days even in the absence of infection and, thus, contribute
to plaque assay titers; any significant decrement is encouraging as a
potential treatment. More importantly in this model is the histologi-
cal examination of the lungs for large hemorrhages related to actual
SARS-CoV-2infection, reflecting direct blood vessel damage as also
seen in human lungs with fatal COVID-19 (ref. *°). In this regard, on histo-
logical examination, NMT5 virtually eliminated large COVID-19-related
hemorrhages in the lungs of infected hamsters compared to vehicle
whenexamined up to5 days after infection (Fig. 6d). This translational
model revealed a striking absence of large SARS-CoV-2-induced hem-
orrhagesin the lungs of NMT5-treated hamsters versus controls, with
all controls displaying such hemorrhages, whereas no NMT-5 treated
animals did so (n=12; P< 0.01by Fisher’s exact test)*.. The lethal effect
oflarge hemorrhagic conversion was completely prevented by NMTS.
Although someinflammatory changes were noted inthe NMT5-treated
lung tissue compared to uninfected controls, it was far less thanin the
infected/untreated tissue (Fig. 6d). Infact, pro-inflammatory cytokine
and chemokine activation downstream of infection were abated with
NMTS5 treatment compared to vehicle control, as demonstrated by
immunohistochemical staining of lung sections (Fig. 6e). Quantification
oftheseresultsinan overall pathology score showed significant protec-
tionby NMTS5 (Fig. 6f). These findings benchmark favorably against our
group’s published studies on the same model using antibodies directed
against spike protein®-*,

Discussion

Insummary, development of an oral drug to combat acute SARS-Cov-2
infection remains a high priority to treat the COVID-19 pandemic,
particularly for the unvaccinated segment of the world population.
Our findings provide proof of concept that the cellular receptor of
SARS-CoV-2, ACE2, can be S-nitrosylated. This nitrosylation reaction
appears to inhibit binding of SARS-CoV-2 spike protein, thus inhib-
iting viral entry, infectivity and cytotoxicity. As emerging evidence
for this mechanism of action, our binding, co-IP and Cys mutation
experiments showasignificant degree of disruption of binding of spike
protein to ACE2 after S-nitrosylation of ACE2 or after mutation of the
S-nitrosylation sites on ACE2. In fact, this mechanism was predictedin
our molecular dynamics (MD) simulation experiments. We acknowl-
edge, however, that, although this is arational explanation, it remains a
hypothesis for the observed mechanism of viralinhibition by chemical
probes that S-nitrosylate ACE2.

Taking advantage of these findings, we developed a novel ami-
noadamantane nitrate compound, NMTS5, as a chemical probe that
providesinhibition of SARS-CoV-2 activity by protein S-nitrosylation.
NMTS contains a nitro group, and we provide evidence that this nitro
group is targeted to ACE2 by aminoadamantane-mediated viroporin
channelblockade of the E protein**'°"'2, The discovery that ACE2 could
be S-nitrosylated was quite unexpected, as most authorities had pos-
tulated that the beneficial effects of NO on patients with COVID-19 was
due to a direct effect on the virus itself. These mechanistic insights
provided by our chemical probes should facilitate development
of aminoadamantane nitrate drugs for acute antiviral therapy for
human COVID-19.

Akey concept of this novel approach to ameliorating infection by
SARS-CoV-2 is that these nitro-aminoadamantane compounds may

prevent the viral spike protein from binding to the ACE2 receptor by
S-nitrosylating the receptor in targeted fashion, apparently facilitated
by blockade of the vicinal viroporin E protein (Fig. 5 and Extended
DataFigs. 9 and 10). Hence, drugs like NMT5 should also prevent new
variants of the spike protein from binding to ACE2 because ACE2 itself
is blocked. In this manner, the development of aminoadamantane
nitrates for COVID-19 drug therapy complements other drug, vac-
cine and antibody therapies, which are dependent on spike protein
antigenic sites and, thus, may eventually be susceptible to evasion
by further spike protein mutation. Critically, the binding of NMT5
to the viroporin channel may also confer the ability to block spread
of SARS-CoV-2 from one host to another. To explain this mechanisti-
cally, we posit that NMT5 binds to the E protein viroporin channel on
SARS-CoV-2 and then transfers NO to ACE2 on the host cell to prevent
infection (Fig. 5a,b and Extended Data Fig. 9). However, if a patient is
already infected and takes an NMT5-like drug, the newly produced viral
particles will bind to the aminoadamantane moiety of NMTS5 via their
E protein viroporin channels; hence, viral infectivity should be limited
when a new potential host is exposed to this virus because the new
host’s ACE2 target protein will be S-nitrosylated by the drug attached
to the viral particles as the virus approaches ACE2 on the new host.
Compounds like NMTS5 thus provide tools for the development of a
novel strategy to combat spread of COVID-19 from one host to another.
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Methods

Cell lines

HEK293T (System Biosciences, LV900A-1) and HEK293-spike cells
(SARS-CoV-2 spike (D614)-expressing 293 cells (293-SARS2-S cells,
InvivoGen)) were maintained in DMEM with GlutaMAX (DMEM, high
glucose, GlutaMAX Supplement, Life Technologies, 10566016) sup-
plemented with 10% FBS (Sigma-Aldrich, F7524), 100 IU ml™, and
100 pg ml™ of penicillin-streptomycin (Thermo Fisher Scientific,
10378016) at 37 °Cin a 5% CO, incubator. Transfections were carried
outwith Lipofectamine 2000 (Life Technologies, 11668019) using the
protocol recommended by the manufacturer. HeLa-ACE2 cells were a
gift from David Nemazee (Scripps Research Institute)®. Monkey Vero
E6 cells (American Type Culture Collection, CRL-1586) were main-
tained incomplete DMEM (Corning, 15-013-CV) containing 10% FBS, 1x
penicillin-streptomycin (Corning, 20-002-CL) and 2 mML-glutamine
(Corning, 25-005-CL) at 37 °Cin a 5% CO, incubator.

Plasmids

hACE2 was a gift from Hyeryun Choe (Addgene plasmid, 1786; http://
n2t.net/addgene:1786; RRID: Addgene_1786)**. The C262A, C498A
and C261/498A mutant ACE2 constructs were generated using the
QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent
Technologies, 210514), according to the manufacturer’s protocol.
pGBW-m4252984 (SARS-CoV-2 E) was a gift from Ginkgo Bioworks
(Addgene plasmid, 153898; http://n2t.net/addgene:153898; RRID:
Addgene_153898). MLV-gag/pol, MLV-CMV-luciferase, SARS-CoV-2
and VSV-G plasmids were a gift from David Nemazee (Scripps Research
Institute)®.

Aminoadamantane and aminoadamantane nitrate drugs
Aminoadamantane nitrate compounds (blindly coded NMT2, NMT3,
NMT5-NMT9 and NMT5-met (metabolite, sans nitro group)) were syn-
thesized by and obtained from EuMentis Therapeutics and have been
described previously®®?, Additionally, note that these compounds
were prepared as hydrochloride salts to increase stability and aque-
ous solubility. The aminoadamantane compounds, memantine and
amantadine (blindly coded NMT1and NMT4), were also obtained from
EuMentis Therapeutics. Detailed protocols for chemical synthesis are
provided in the Supplementary Note in the Supplementary Informa-
tion. All compounds were sent to the Scripps Research Institute for
testinginamasked fashion,and compoundidentities were not revealed
until after experiments were completed and analyzed.

Biotin switch assays and immunoblotting

For analysis of S-nitrosylated proteins, we performed the biotin switch
assay as previously described®. In brief, cells or tissue samples were
lysed with HENTS buffer (100 mM HEPES, pH 7.4,1 mM EDTA, 0.1 mM
neocuproine, 0.1% SDS and 1% Triton X-100) containing 10 mM methyl
methanethiosulfonate (MMTS). SDS solution (25% w/v) was added to
lysed samples to afinal concentration of 1% and incubated for 20 min-
utes at 45 °C with frequent vortexing to facilitate blockade of free
thiol groups. After removing excess MMTS by acetone precipitation,
S-nitrosothiols were reduced to thiols with 20 mM ascorbate. Newly
formed thiols were then linked with the sulfhydryl-specific biotinylat-
ing reagent N-[6-(biotinamido)-hexyl]-I’-(2’-pyridyldithio) propiona-
mide (biotin-HPDP; Dojindo, SB17-10). Unreacted biotin-HPDP was
removed by acetone precipitation, and the pellet was resuspended in
HENS buffer (100 mM HEPES, pH7.4,1 mMEDTA, 0.1 mM neocuproine
and 1% SDS), neutralized and centrifuged to clear any undissolved
debris. Five percent of the supernatant was used as the input for the
loading control. Biotinylated proteins were pulled down with High
Capacity NeutrAvidin Agarose beads (Thermo Fisher Scientific, 29202)
and analyzed by immunoblotting for S-nitrosylated ACE2, TMPRSS2
or spike protein. Protein samples were subjected to Bolt Bis-Tris Plus
(Thermo Fisher Scientific, NW04122BOX) gel electrophoresis and

transferred to PVDF membranes (Millipore, IPFLO0010). Membranes
were blocked with Odyssey blocking buffer (Li-Cor, 927-40000) for
30 minutes at room temperature and then probed with primary anti-
bodies against ACE2 (1:3,000, Abcam, ab15348; 1:3,000, Proteintech,
21115-1-AP), TMPRSS2 (1:1,000, Santa Cruz Biotechnology, sc-515727) or
SARS-CoV-2spike protein (1:2,000, Abcam, ab275759). After incubation
withsecondary antibodies (IR-dye 680LT-conjugated goat anti-mouse
(1:20,000; Li-Cor, 926-68020) or IR-dye 800CW-conjugated goat
anti-rabbit (1:15,000; Li-Cor, 926-32211)), membranes were scanned
withan Odyssey infrared imaging system (Li-Cor).Image Studio (Li-Cor)
software was used for densitometric analysis ofimmunoblots.

Immunocytochemistry for SARS-CoV-2 spike protein

Purified recombinant SARS-CoV-2spike (S1+S2) protein (10 pg ml™, Sino
Biological, 40589-VO8B1) exposed cells were fixed with 4% paraformal-
dehyde (PFA) for 15 minutes at room temperature, washed three times
with PBS and blocked (3% BSA and 0.3% Triton X-100 in PBS) for 30 min-
utesatroomtemperature. Cells were incubated with anti-SARS-CoV-2
spike protein antibodies (1:200, Sino Biological, 40150-R007) over-
nightat4 °C, followed by incubation with Alexa Fluor 488-conjugated
secondary antibody (Thermo Fisher Scientific, A21206). Cells were
counterstained with 1 ug ml™ of Hoechst dye 33342 (Invitrogen). Cell
images were acquired with a Nikon Al confocal microscope using a
x20/0.75 air objective (1-um Z-stack). Maximum intensity projection
of images was generated with NIS-Elements AR, and fluorescence
intensity was analyzed with Image]J software (https://imagej.nih.gov/
ij/download.html) as previously described*:.

Expression and purification of human ACE2 protein

The N-terminal peptidase domain of human ACE2 (residues 19-615,
GenBank: BAB40370.1) was cloned into phCMV3 vector and fused
with C-terminal His-tag. The plasmid was transiently transfected into
Expi293F cells using ExpiFectamin 293 Reagent (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. The supernatant
was collected at day 7 after transfection. The His-tagged ACE2 protein
was then purified by Ni-NTA (Qiagen) affinity purification, followed
by size-exclusion chromatography. The ACE2 preparation then was
buffer-exchanged to 1x PBS for the S-nitrosylation assay.

Co-IP experiments

Cultured cells were harvested and lysed in 1% Triton X-100 in PBS.
Equivalent protein quantities wereimmunoprecipitated with anti-ACE2
antibody (Abcam, ab15348)-conjugated magnetic beads (Dynabeads
Protein A; Thermo Fisher Scientific, 10002D) for 90 minutes at room
temperature. Immunoprecipitants were eluted and subjected toimmu-
noblotting with anti-ACE2 antibody (1:1,000, Cell Signaling Technol-
ogy, 15983) and anti-SARS-CoV-2 spike protein antibody (1:2,000,
Abcam, ab275759).

Mass spectrometry analysis of S-nitrosylated ACE2 protein
Biotin switchwas performed as described above. Biotinylated proteins
were then precipitated withiced acetone, pelleted and solubilized in
HENS buffer (100 mMHEPES, pH7.4,1 mMEDTA, 0.1 mM neocuproine
and 1% SDS). The samples were desalted using a ZebaSpin desalting
column (Thermo Fisher Scientific) pre-equilibrated with PBS, and
biotinylated ACE2 protein was immunoprecipitated as described
above. Immunoprecipitated ACE2 was eluted in 1% SDS solution and
precipitated using methanol-chloroform. Dried pellets were dissolved
in 8 M urea/100 mM triethylammonium bicarbonate (TEAB, pH 8.5).
Samples were diluted to 2 M urea/100 mM TEAB, and proteins were
trypsin digested overnight at 37 °C. The digested ACE2 peptides were
enriched asecond time by biotin-avidin affinity to enrich biotinylated
peptides representing the initial SNO sites. After avidin enrichment,
peptides were eluted by reduction using tris(2-carboxyethyl)phos-
phine (TCEP).
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Samples were analyzed on an Orbitrap Eclipse mass spectrom-
eter (Thermo Fisher Scientific). Samples were injected directly onto
a25-cm, 100-pum ID column packed with ethylene bridged hybrid
(BEH) 1.7-pm C18 resin (Waters). Samples were separated at a flow
rate of 300 nl min™ on an nLC 1200 (Thermo Fisher Scientific) using
a gradient of solution A (0.1% formic acid in water and 5% acetoni-
trile) and solution B (80% acetonitrile and 0.1% formic acid). Specifi-
cally, a gradient of 1-25% B over 100 minutes, an increase to 40% B
over 20 minutes, anincrease to 100% B over another 10 minutes and
held at 90% B for 10 minutes was used for a 140-minute total run
time. Peptides were eluted directly from the tip of the column and
nanosprayed directly into the mass spectrometer by application of
2.5kV voltage at the back of the column. The Orbitrap Eclipse mass
spectrometer was operated in data-dependent mode. Full MS1scans
were collected in the Orbitrap at120,000 resolution. The cycle time
was set to 3 seconds, and, within these 3 seconds, the most abundant
ions per scan were selected for high-energy collisional dissociation
(HCD) withdetectionin the Orbitrap. Monoisotopic precursor selec-
tion was enabled, and dynamic exclusion was used with exclusion
duration of 5 seconds.

Protein and peptide identification were done with Integrated
Proteomics Pipeline-IP2 (Integrated Proteomics Applications). Tan-
dem mass spectrawere extracted from raw files using RawConverter*
and searched with ProLuCID*® against the UniProt human database.
The search space included all fully-tryptic and half-tryptic peptide
candidates. Data were searched with 50-p.p.m. precursor ion toler-
ance and 600-p.p.m. fragmention tolerance. Identified proteins were
filtered to 10-p.p.m. precursor ion tolerance using DTASelect* using
atarget-decoy database search strategy to control the false discovery
rateto 1% at the protein level*s.

MD simulations

The fully glycosylated, Cys?'/Cys**8-S-nitrosylated model of human
ACE2 dimer bound to two SARS-CoV-2 spike RBDs (with a 1:1 sto-
ichiometry) is based on the cryo-EM structure of the ACE2/RBD/
BOAT1 complex (Protein Data Bank (PDB) ID: 6M17)*. BOAT1 dimer
chaperone coordinates were manually removed, and N-glycans were
added onboth ACE2 and RBD in the same fashion asin Barros et al.>.
The sidechain of Cys?' and Cys**® was S-nitrosylated in both ACE2
protomers using Schrodinger Maestro (Schrodinger Release 2020-4).
ParamChem web interface was used to generate CHARMMZ36 suit-
able parameters for the S-N = O moiety*’*'. The glycosylated and
S-nitrosylated ACE2/RBD construct was inserted into a lipid bilayer
patch of 350 A x 350 A with a composition similar to that of mam-
malian cell membranes (56% POPC, 20% CHL, 11% POPI, 9% POPE
and 4% PSM)*>%, Finally, the resulting system was embedded into an
orthorhombic box of explicit waters and Na*/Cl ions at a concentra-
tion of 150 mM. MD simulations were performed on the Frontera
supercomputer at the Texas Advanced Supercomputing Center using
NAMD 2.14 (ref.**) and CHARMM36m all-atom additive force fields>>*°.
Excluding initial minimization and equilibration, a total of 310 ns
were collected for analysis. We note that, except for Cys**'and Cys**®
S-nitrosylation, the model described here is the same as the ACE2/
RBD complex presented in Barros et al.”>. Therefore, we refer to that
work for a complete description of system setup procedures and
simulation protocol.

Analysis of COM distance was performed with the compute_
center_of mass functionwithin MDTraj*”’. COM for each ACE2 protomer
was calculated taking into account the amino acid backbones of resi-
dues 18-742. The distance between COMs was evaluated at each frame
alonga310-nstrajectory for boththe WT ACE2/RBD complex by Barros
etal.”? and the model of the SNO-ACE2/RBD complex presented here.
Asareference, the distance between COMs from the cryo-EM structure
(PDB ID: 6M17) was also calculated. The simulations were visually
inspected using VMD,

SARS-CoV-2virus generation

Monkey Vero E6 cells were plated in a T225 flask with complete DMEM
containing 10% FBS, 1x penicillin-streptomycin, 2 mM L-glutamine
and incubated for overnight at 37 °C in a humified atmosphere of
5% CO,. The medium in the flask was removed, and 2 ml of complete
DMEM containing the WA1 strain of SARS-CoV-2 (USA-WA1/2020 (BEI
Resources, NR-52281)) was added to the flask at a multiplicity of infec-
tion (MOI) of 0.5. After incubation for 30 minutes at 34 °Cin a 5% CO,
incubator, 30 ml of complete DMEM was added to the flask. The flask
was then placed in a 34 °C incubator with 5% CO, for 5 days. On day
5 after infection, the supernatant was harvested and centrifuged at
1,000gfor 5 minutes. The supernatant was filtered through a 0.22-uM
filter and stored at —80 °C.

SARS-CoV-2/HeLa-ACE2 high-content imaging assay for
infection

Control compounds solvated in DMSO were transferred into 384-well
pClear-bottom plates (Greiner, 781090-2B) using the ADS Labcyte
Echoliquid handler. Aminoadamantane and aminoadamantane nitrate
compounds to be screened were solvated in saline solution onice
immediately before use and transferred into the assay platesin 5 pl of
DMEM with 2% FBS (assay medium). HeLa-ACE2 cells were added to
plates in assay medium at a density of 1.0 x 10° cells per well to a 13-pl
volume. Plated cells were transported to the Biosafety Level 3 facility
at Scripps Research Institute, and, within 1 hour, 13 pl of SARS-CoV-2
dilutedin assay mediawasadded at MOI = 0.65. Cells were incubated for
24 hoursat 34 °Cina 5% CO,incubator and then fixed with 8% formalde-
hyde for 1 hour. Human polyclonal sera diluted at 1:500 in Perm/Wash
buffer (BD Biosciences, 554723) were added to the plate and incubated
at room temperature for 2 hours. Then, 6 pg ml™ of goat anti-human
H+L conjugated Alexa Fluor 488 (Thermo Fisher Scientific, A11013)
together with 8 uM of Antifade DAPI (Thermo Fisher Scientific, D1306)
inSuperBlock T20 (PBS) buffer (Thermo Fisher Scientific, 37515) were
addedtothe plateand incubated at room temperature for1 hourin the
dark. Four fields were imaged per well using the ImageXpress Micro
Confocal High-Content Imaging System (Molecular Devices) with a
x10 objective. Images were analyzed using the Multi-Wavelength Cell
Scoring Application Module (MetaXpress) where DAPI staining was
used to identify host cell nuclei (the total number of cellsin the images)
and the SARS-CoV-2 immunofluorescence signal for identification of
infected cells.

Uninfected host cell cytotoxicity counterscreen

Compounds were prepared and plated in 384-well plates as for the
infection assay. HeLa-ACE2 cells were seeded in the assay-ready plates
at1.6 x 10° cells per well in assay medium, and plates were incubated for
24 hours at 37 °C with 5% CO,. To assess cell viability, the Image-iT DEAD
Greenreagent (Thermo Fisher Scientific, 110291) was used according to
the manufacturer’sinstructions. Cells were fixed with 4% PFA and coun-
terstained with DAPI. Fixed cells were imaged using the ImageXpress
Micro Confocal High-Content Imaging System (Molecular Devices) with
a x10 objective, and total live cells per well quantified in the acquired
images using the Live Dead Application Module (MetaXpress).

Data analysis of the compound screening results

The in vitro infection assay and the host cell cytotoxicity counter-
screen data were uploaded to Genedata Screener, version 16.0. Data
were normalized to neutral (DMSO) minus inhibitor controls (2.5 pM
remdesivir for antiviral effect and 10 uM puromycin for infected host
celltoxicity). For the uninfected host cell cytotoxicity counterscreen,
10 puM puromycin (Sigma-Aldrich) was used as a positive control. For
dose-response experiments, compounds were tested in technical
triplicates, and dose curves were fitted with the four-parameter Hill
equation. Replicate datawere analyzed using median condensing. The
full dataset is provided in Supplementary Dataset 1.
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Pseudoviral entry assay

Tomeasure SARS-CoV-2viral infectivity, we performed pseudoviral entry
assaysas previously described™. Inbrief, HEK293T cells were transiently
co-transfected with MLV-gag/pol, MLV-CMV-luciferase plasmid and
SARS-CoV-2 spike (D614) or VSV-G plasmid. Two days later, superna-
tants containing pseudotyped virus particles were collected. To assay
for pseudoviral entry, HeLa-ACE2 cells were seeded in 96-well plates at
10,000 cells per well (PerkinElmer, 6005680). One day later, cells were
incubated with diluted pseudovirus. After 48 hoursto allow for viral trans-
duction, cellswere lysed and assayed for luciferase activity by Steady-Glo
(Promega, E2510) according to the manufacturer’sinstructions. Lumines-
cence was quantified using a Luminoskan Ascent plate leader (Thermo
Fisher Scientific). To assess the ability of NMT5 to reduce viral infection
inhuman-ACE2 cells with SARS-CoV-2 variants, lenti-SARS-CoV-2 N501Y
spike, SARS-CoV-2K417N, E484K and N501Y spike and VSV-G pseudoviral
particles were obtained from the Rhode Island Hospital lentivirus con-
struct core®, or lenti-SARS-CoV-2 Deltaand Omicron variant pseudoviral
particles were obtained from PBS Bioscience (78215 and 78348, respec-
tively). SARS-CoV-2 variant preparations were diluted in assay mediaand
addedat4.0 x10°TU/1x10*or 1.5 x 10° TU/1 x 10* cells (for Delta variant),
or9 x10%TU/1 x 10* cells (for Omicronvariant), in the presence or absence
of 20 UAMNMTS5. Plates were centrifuged at 600g for 1 hour atroom tempt-
erature, and then cellswere incubated at 37 °Cina 5% CO, incubator. After
48 hourstoallow for viral transduction, cells were lysed and assayed for
luciferase activity by Steady-Glo. Luminescence was quantified using a
Luminoskan Ascent plate reader.

PK testing and analysis

Golden Syrian hamsters (110-150 g, n = 3 for each compound) were
dosed by oral gavage at 10 mg kg ™. Blood samples were obtained at
30 minutesandat1,3,7,24,32 and 48 hours. The blood samples were
collected in BD Vacutainers (BD, 366664) containing sodium heparin
and centrifuged. The processed plasma samples were stored at —20 °C
until high-performance liquid chromotography-tandem mass spec-
trometry (HPLC-MS/MS) analysis. Animals were then sacrificed, and
lung and kidney tissues were harvested for biotin switch analysis for
SNO-ACE2. To quantify the test compound in the collected plasma
samples, a plasma calibration curve was generated by spiking aliquots
of drug-free plasmawith the test compound at the specified concentra-
tionlevels. Spiked and collected plasma samples were treated with an
aliquot of acetonitrile containing aknown concentration of aninternal
standard (IS). The extraction solvent was analyzed on an Agilent 1100
LC mated to an AB Sciex 4000 Q TRAP MS. Separation of the analytes
was achieved by using a Phenomenex Kinetex EVO C18 50 x2.1-mm
column (Phenomenex, 00B-4633-AN) and a mobile phase consisting
of (A) 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile.
TheLC gradient consisted of a0.5 ml min~ flow rate starting at 100% of
(A). TheLCgradientthenramped to 90% (B) over 0.1 minutes and held
for2.5 minutes. The gradient reverted to 100% (A) over 0.1 minute and
allowed for 2 minutes of re-equilibration time. lonization spray voltage
was set to 4,000, with the source temperature set at 400 °C. Analytes
were monitored by multiple reaction monitoring (MRM) in positive
ionization mode. Peak areas were recorded, and the concentrations of
the test compound in the unknown plasma samples were quantified by
the calibration curve using Sciex Analyst software (PE Sciex). Phoenix
WinNonLin 8.1software (Certara) was used in NCAmode to determine
the PK parameters from the LC-MS/MS measured values. NMT5 PK
analysis was performed by ‘serial sampling’ where we followed the PK of
thedrugineachindividualanimal (animals 71,73 and 75) and then aver-
aged those PK values. We took this approachbecause all the animals had
values for the full time course available, as detailed in Supplementary
Dataset 2. For NMT3 PK, the ‘sparse sampling’ procedure was used to
account for plasma concentrations from animals that did not have a
full time course profile available (animals 372-374), in part due to the
short half-life and rapid metabolism to the hydroxylated form with

release of the nitrate group, as detailed in Supplementary Dataset 3.
The differences in methodology results in ‘serial sampling’ averaging
the PK values and ‘sparse sampling’ averaging the concentrations were
used to determine the PK values. Sparse sampling was also necessary
because tissue samples were obtained at two of the timepoints (1 hour
and 24 hours), so the study parameters had to be modified. Addition-
ally, both parent drug (NMT3) and metabolite were detected, making
the samples sparser. Summary PK data are shown in Supplementary
Table1, and the full datasets are provided in Supplementary Dataset 2
(for NMT5) and Supplementary Dataset 3 (for NMT3).

Syrian hamster COVID-19 model

Eight-week-old golden Syrian hamsters (110-150 g, Charles River Labo-
ratories) were challenged with adose of 1 x 10° or 1 x 10° plaque-forming
units (PFU) of SARS-CoV-2 (USA-WA1/2020) by intranasal administra-
tion in a volume of 100 pl of DMEM as previously described™. For the
experiments shown, the hamsters were subsequently administered via
oral gavage either vehicle or the aminoadamantane nitrate candidate
drugsNMT3 or NMT5inavolume of 500 pl, with theinitial dose timed
for delivery right after challenge with SARS-CoV-2 and a second dose
administered 12 hourslater. At 2 days and 5 days after infection, lung tis-
suewas collected for assessing viral titers and histology as described’..
Allanimal experiments were approved by the Scripps Research Institute
Animal Care and Use Committee.

Plaque assay for SARS-CoV-2 viral titers

SARS-CoV2 titers were measured 2 days and 5 days after infection
by homogenizing hamster lungs in DMEM 2% FBS using 100-pm cell
strainers (Myriad, 2825-8367). Homogenized lungs were titrated 1:10
over six steps and layered over Vero cells. After 1 hour of incubation at
37°C, al% methylcellulose in DMEM overlay was added, and the cells
were incubated for 3 days at 37 °C. Cells were then fixed with 4% PFA,
and plaques were counted by crystal violet staining and expressed as
PFU. PFU after treatment with NMT3 was statistically equal to that of
vehicle control.

Lung histology and immunohistochemistry

Lung tissue from golden Syrian hamsters was stored in zinc formalin
for ~72 hours. The tissue was processed for paraffin embedding, and
sections cut at a thickness of 5 um. The tissue was then stained with
hematoxylin and eosin (H&E). The slides were scanned at x20 using
an Aperio AT2 whole slide scanner. For immunohistochemistry, lung
sections were fixed with 4% PFA for 15 minutes and washed three times
with PBS. Sections were blocked with 3% BSA and 0.3% Triton X-100in
PBS for 30 minutes. Sections were incubated with primary antibody
in blocking solution overnight at 4 °C and then washed with PBS. The
appropriate Alexa Fluor 488-conjugated (Thermo Fisher Scientific,
A21206) and Alexa Fluor 555-conjugated (Thermo Fisher Scientific,
A31570) secondary antibodies were used at1:500, plus Hoechst 33342,
trihydrochloride and trihydrate dye (1:1,000, Thermo Fisher Scientific,
H3570) to visualize nuclei, for 1 hour at room temperature. Primary
antibodies and dilutions were as follows: mouse anti-TNFa (5 pg ml?,
Abcam, ab1793) and rabbit anti-macrophage inflammatory proteinla
(MIP-1a)/CCL3 + CCL3L1(1:250, Abcam, ab259372). Slides were imaged
using a C2 confocal microscope (Nikon) ina masked fashion. For quan-
tification of lung injury, pathology scores were applied based on the
percentage of interstitialhemorrhage and cytokines present using the
following criteria: (0) normal; (1) less than 10% of tissue affected; (2)
10-25% affected; (3) 26-50% affected; and (4) more than 50% affected,

similar to the scoring system used previously for COVID-19 models®°.

Patch-clamp analysis of SARS-CoV-2 E protein viroporinion
channel activity

Using the patch-clamp technique, we recorded whole-cell cur-
rents from untransfected HEK293T cells and cells transfected with
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SARS-CoV-2 E protein. Cells were recorded at room temperature in
HEPES-supplemented HBSS with the following composition (in mM):
NaCl 138, KCI 5.3, KH,PO, 0.4, Na,HPO, 0.3, NaHCO, 4.2, MgCl, 0.5,
MgSO0, 0.4, CaCl, 2.0, b-glucose 5.6 and HEPES 10; pH 7.4, osmolality
300 mOsm. Patch pipettes were filled with an intracellular pipette
solution composed of (in mM): 113 K-gluconate, 6 KCI, 4.6 MgCl,, 1.1
CaCl,, 10 HEPES, 10 EGTA, 4 Na,-ATP, 0.4 Na,-GTP, pH adjusted to 7.3
with KOH; osmolality 291 mOsm. Whole-cell currents were recorded
using Clampex software (Molecular Devices) on acomputer-controlled
patch-clamp amplifier (Multiclamp 700B, Molecular Devices) and
analyzed with Clampfit software (Molecular Devices). Traces were
filtered at2 kHzand sampled at 20 kHz. Drugs were dissolved in water
andstored as100 mM stocks at —20 °C. During experiments, drugs were
dissolvedinextracellular solution and tested at concentrations of 5 pM
and 10 pM. HEK293T cells were plated on 12-mm-diameter glass cover-
slips coated with a mixture of rat tail type I collagen and poly-D-lysine.
For transient expression in HEK293T cells, we used a transfection
reagent (FUGENE HD, Promega) to co-transfect plasmids containing
cDNAs for SARS-CoV-2 E protein (pGBW-m4133502, Addgene) and
green fluorescent protein (GFP) ataratio 0f1:0.1(0.5:0.05 pg per well,
respectively).

SNO-ACE2 targeting assay via E protein viroporin channel
SARS-CoV-2 E plasmid was transiently transfected into HEK293-spike
cellswith Lipofectamine 2000 (controls received Lipofectamine 2000
vehicle alone). One day later, cells were harvested by tapping the plate
in pre-warmed PBS. These cells were then added onto pre-plated
HeLa-ACE2cellsinthe presence or absence of NMT5. After 30 minutes,
all cells were collected and subjected to biotin switch assay and immu-
noblotting with anti-ACE2 antibody to assess the levels of SNO-ACE2
and total input ACE2.

Quantification and statistical analysis

A power analysis of our prior data was used to determine the number
of replicates needed for statistical purposes. The number of replicates
or experiments is indicated in the individual figure legends. Data are
expressed as mean + s.e.m. In general, for multiple comparisons on
data with a normal distribution, differences between experimental
groups were evaluated using an ANOVA followed by a post hoc Tuk-
ey’s or Fisher’s least significant difference (LSD) test. For comparison
betweentwo groups, aStudent’s ¢-test (for normally distributed data)
or a non-parametric Mann-Whitney U-test (for data not known to be
normally distributed) was employed. Additionally, for the statistical
assessment of lung pathology in the Syrian hamster model of COVID-19,
a Fisher’s exact test with a 2 x 2 contingency table was used. P values
less than 0.05 were considered significant. Statistical analyses were
performed using GraphPad Prism software.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data are available in the main text or the supplementary materials.
All plasmids generated in this study are available from S.A.L. under a
material transfer agreement with the Scripps Research Institute. The
structure data for ACE2 protein is available at https://www.rcsb.org/
structure/6m17 (PDBID: 6M17).Source data are provided with this paper.
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Extended Data Fig. 2| Identification of cystene residues in ACE2 that are
S-nitrosylated. a, List of human ACE2 peptides (+ 7 amino acid residues flanking
acysteineresidue); gray: peptides involved in disulfide bond formation;

black: peptides containing a free cysteine thiol (red) that could potentially be
S-nitrosylated. b, HEK293T cells were transiently transfected with plasmids
containing human WT ACE2 or cysteine mutant ACE2 (C261A, C498A, or
C261/498A). One day after transfection, cells were exposed to 100 pM SNOC.

After 20 minutes, cells were subjected to biotin-switch assay. Absence of
ascorbate (Asc -) served as a negative control. ¢, Ratio of SNO-ACE2/input ACE2.
Data are mean +s.e.m. by two-way ANOVA with Tukey’s multiple comparisons.
n=3biological replicates. d, HEK293T cells expressing ACE2 were exposed to
SNOC and subjected to biotin switch. The peptides were eluted by reduction for
subsequent detection by LC-MS/MS. Representative MS/MS spectra of detected
peptides from human ACE2 containing Cys®®' (left) or Cys*® (right) are shown.
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ACE2. a, Molecular representation of the S-nitrosylated-ACE2/RBD model upon
transient detachment at the level of the peptidase domain dimeric interface.
SNO-Cys261and SNO-Cys498 are shown with Van der Waals spheres. The black
dots indicate qualitative placement of centers of mass (COM) for each ACE2
protomer, and the dashed arrow represents the distance between COMs. Spike’s
RBDs and N-glycans, which were included in the simulation, are hidden forimage
clarity. SpBD, Spike binding domain; CLD, collectrin-like domain; PD, peptidase
domain. b, Distribution of the distance between COMs from molecular dynamics
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Detection of SNO-ACE2 invitro. HeLa-ACE2 cells were exposed to 10 pM NMT3
or 5 UM NMTS5. After 1 h, cells were subjected to the biotin-switch assay in the
presence or absence of ascorbate. SNO-ACE2 and input ACE2 were detected by
immunoblotting with anti-ACE2 antibody. b, ¢, Ratio of SNO-ACE2/input ACE2.
Data are mean +s.e.m. by two-tailed Student’s t test. n = 5Sbiological replicates.
d-i, Detection of SNO-ACE2 in vivo. Syrian hamsters received 10 mg/kg of NMT3

or of NMT5 by oral gavage and were sacrificed 48 h later. Kidney and lung tissues
were subjected to biotin-switch assay in the presence or absence of ascorbate.
Note thatin some samples, low levels of SNO-ACE2 were observed in control
tissue, suggesting endogenous S-nitrosylation of ACE2 may occur at low levels.
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by immunoblotting with anti-HA antibody. n = 3 biological replicates.
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Data exclusions  No data were excluded.

Replication The following experiments were repeated independently with similar results by indicated biological replicates: Fig. 1b (n=3), 1c (n=3), le
(n=3), Fig. 3b (n=5), 3c (n=3 to 7), 3d (n=3), 3e (n=3), 3f (n=3), Fig. 4b (n=3), 4e (n=4), Fig. 5b (n=3), 5¢ (n=15), 5d (n=15), 5e (n = 4), 5f (n=16),
Fig. 6a (n=6), 6b (n=3), 6¢ (n=8), 6f (n=9); Extended Data Fig. 1b (n=3), Extended Data Fig. 2b (n=3), Extended Data Fig. 5b (n=5), 5c (n=5), 5e
(n=3), 5f (n=3), 5h (n=3), 5i (n=3), Extended Data Fig. 6b (n=3), Extended Data Fig. 7b (n=4), Extended Data Fig. 8a (n=3), 8b (n=3), and
Extended Data Fig. 9 (n=5)

Randomization  All samples were randomly chosen and assigned to different experimental groups.

Blinding For microscopic experiments, investigators were blinded during data collection and analysis. In addition, for the majority of the immunoblot
results, we used automated methods (Li-Cor image scanner, quantification of fluorescence images) to quantify the data.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
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Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Dual use research of concern

Antibodies

Antibodies used The following commercial antibodies were used in this study:
anti-ACE2 (Abcam, ab15348, Lot #GR3344201-1; Proteintech, 21115-1-AP, Lot #00087165), anti-TMPRSS2 (Santa Cruz, sc-515727,
Lot #D2420), anti-SARS-CoV-2 spike protein (Abcam, ab275759, Lot #GR3360068-6; Sino Biological, 40150-R007, Lot #MA14FE2702-
B), anti-TNFa (Abcam, ab1793, Lot #GR3354381-1), and anti- MIP-1a/CCL3+CCL3L1 (Abcam, ab259372, Lot #GR3371299-7), IR-dye
680LT-conjugated goat anti-mouse (Li-Cor, 926-68020, Lot #D10324-15), IR-dye 800CW-conjugated goat anti-rabbit (Li-Cor,
926-32211, Lot #D10831-15), Alexa Fluor 488-conjugated secondary antibody (Thermo Fisher Scientific, A21206, Lot #2045215),
Alexa Fluor 555-conjugated secondary antibody (Thermo Fisher Scientific, A31570, Lot #1984063).

Validation All antibodies used in this study were validated by the manufacturers via immunoblotting or immunocytochrmistry.
anti-ACE2 (https://www.abcam.com/ace2-antibody-ab15348.html, https://www.ptglab.com/products/ACE2-Antibody-21115-1-
AP.htm)

anti-TMPRSS2 (https://www.scbt.com/p/tmprss4-antibody-a-3?
gclid=CjOKCQjw852XBhC6ARIsAIsSFPN1BWbdnwvTvEjhKHQrR1IbGGWN7250JJgADMcUVGlotwM4zCFONHPVUaAQTLEALW_wcB)
anti-SARS-CoV-2 spike protein (https://www.abcam.com/sars-cov-2-spike-glycoprotein-s1l-antibody-ab275759.html; https://
www.sinobiological.com/antibodies/cov-spike-40150-r007?gclid=CjOKCQjw852XBhC6ARIsAJsFPN3kuEkvun0-
sQZ458ghcWebkjVzZg_HngZtPhIV5qDK_fibWxHijxjAaAg2eEALwW_wcB
anti-TNFa(https://www.abcam.com/tnf-alpha-antibody-52b83-ab1793.html)

nti- MIP-1a,/CCL3+CCL3L1 (https://www.abcam.com/macrophage-inflammatory-protein-1-alpha--ccl3--ccl3l1-antibody-epr23751-54-




ab259372.html)

IR-dye 680LT-conjugated goat anti-mouse (https://www.licor.com/bio/reagents/irdye-680lt-goat-anti-mouse-igg-secondary-
antibody)

IR-dye 800CW-conjugated goat anti-rabbit (https://www.licor.com/bio/reagents/irdye-800cw-goat-anti-rabbit-igg-secondary-
antibody)

Alexa Fluor 488-conjugated secondary antibody (https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-IgG-H-L-
Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21206)

Alexa Fluor 555-conjugated secondary antibody (https://www.thermofisher.com/antibody/product/Donkey-anti-Mouse-IgG-H-L-
Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-31570)

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Vero E6 cells (ATCC CRL-1586)
HEK293T (System Biosciences, LV900A-1)
HEK293-Spike cells (SARS-CoV-2 Spike (D614)-expressing 293 cells [293-SARS2-S cells, InvivoGen], 293-cov2-s)
Hela-ACE2 cells were generated and provided by Dr. David Nemazzi (Science. 2020 Aug 7;369(6504):731-736)
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Authentication Vero E6 cells were authenticated by ATCC before the purchase.
HEK293T cells were authenticated by System Biosciences before the purchase.
HEK293-Spike cells were authenticated by InvivoGen before the purchase and validated by immunoblotting with anti-Spike
protein antibody.
Hela-Ace2 cells were authenticated in Science. 2020 Aug 7;369(6504):731-736 and validated by immunoblotting with anti-
ACE2 antibody.

Mycoplasma contamination All cell lines routinely tested negative for mycoplasma contamination.

Commonly misidentified lines  no commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Eight-week-old male Golden Syrian hamsters (110-150 gm) were used in this study.
Wild animals No wild animals were used.
Field-collected samples  No field-collected samples were used.

Ethics oversight All animal experiments were approved by The Scripps Research Institute Animal Care and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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