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Nanchangmycin is a natural product with broad-spectrum activity against various organisms, exhibiting
antibiotic, antiviral, anticancer, and antifibrotic effects. Nanchangmycin belongs to the family of polyether
ionophores and is proposed to exert its therapeutic effects by altering ion gradients across biological
membranes. Although this therapeutic mechanism has been well characterised in cancer models, it does not
fully explain how nanchangmycin inhibits Zika virus infection, as recently reported. The specific molecular
targets responsible for mediating nanchangmycin's antiviral activity remain unknown. Here, we designed a
photoreactive clickable nanchangmycin probe and employed chemical proteomics to identify protein targets
of nanchangmycin related to Zika virus infection in human cells. Among the most prominent targets was the
protein SEC11A, a key component of the signal peptidase complex, which is essential for cleaving and
processing Zika virus proteins. We showed that nanchangmycin blocks the cleavage of a Zika virus
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Introduction

Zika virus (ZIKV) is a vector-borne RNA virus belonging to the
Flavivirus genus." Flaviruses enter cells through endocytosis, and
rely on the acidification of the endosome to fuse with the endoso-
mal membrane, releasing their RNA genome into the cytoplasm.
The viral proteins are translated as a single polyprotein which is
post-translationally cleaved into ten different proteins: three struc-
tural proteins - capsid (C), membrane precursor (prM), and envel-
ope (E) - as well as seven nonstructural proteins - NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5.” The viral protease NS2B/NS3, mediates
several of these cleavage events during polyprotein maturation.®
However, host proteases, such as the signal peptidase complex
(SPC), are also essential for the complete polyprotein processing,
including the cleavage of a short hydrophobic segment called 2K,
located immediately upstream of the NS4B protein. Hence, these
proteases are critical host factors in the viral life cycle.* Once
processed, viral proteins enable the replication of the viral genome
and the assembly of new viral particles, which escape from cells to
restart the cycle of infection.

ZIKV remains a serious threat to human health, causing
severe birth defects and neurological complications, such as
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polyprotein, suggesting a novel mechanism for nanchangmycin-mediated inhibition of Zika virus infection.

Guillain-Barré syndrome.’ In addition, neither a ZIKV vaccine
nor an effective drug has been developed, highlighting the
urgent need for new ZIKV therapeutics to prevent future ZIKV
outbreaks, such as the 2015 epidemic in South America.®

Over the last decade, several high-throughput screenings
(HTS) of compound libraries have been performed to identify new
ZIKV inhibitors or repurpose FDA-approved drugs.” " Interestingly,
nanchangmycin (Nan), a natural product isolated from Streptomyces
nanchangensis, was identified as an inhibitor of ZIKV and other
Flaviviruses in a microscopy-based screening assay.'> Nanchangmy-
cin has a wide spectrum of reported activities, including antibiotic,"?
anticancer,™ antiviral,”> and antifibrotic'® effects. Like other iono-
phores, it has been proposed that its mechanism of action involves
ion flux modulation across biological membranes;'®*® however, this
alone does not fully explain its diverse biological activities. Therefore,
additional mechanisms have been proposed in different models,
such as inhibition of the Wnt signaling pathway'* and decreased
phosphorylation of proteins like FYN, PTK2, and MAPK1/3.'®

It is possible that Nan exerts its anti-ZIKV activity thanks to
its ability to change ion gradients in cells. However, salinomy-
cin, another ionophore that modulates ion concentrations
across biological membranes, did not inhibit ZIKV infection
when it was tested in the same high-throughput screen. This
suggests that Nan may have a different or additional mode of
action regarding its antiviral properties.

Identifying the cellular targets of Nan could help elucidate
the precise molecular mechanism through which Nan exerts its
antiviral effects, especially against ZIKV. To date, no proteomic
approach has been applied to elucidate nanchangmycin’s
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Scheme 1 Synthesis of the nanchangmycin (Nan) probe (Nan-DYne).
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interaction partners at the proteome level in living cells in an
unbiased manner.

Herein, we report the synthesis and validation of a photo-
reactive and clickable Nan probe (Nan-DYne). Nan-DYne was
applied in human cells to identify the cellular target(s) of Nan,
using quantitative mass spectrometry-based proteomics and com-
petition with the natural product Nan. Among the prominent
targets identified was the protein SEC11A, a subunit of the SPC.
Subsequent experiments confirmed the binding of Nan to SEC11A,
and functional studies revealed that Nan blocked the activity of the
SPC in human cells. This host-protein complex is essential for
ZIKV polyprotein cleavage and processing during ZIKV infection in
host human cells. These findings suggest a novel mechanism for
the therapeutic effect of Nan in ZIKV infection.

Results and discussion
Synthesis and validation of a Nan probe

In order to assess the protein targets of Nan, we designed a
photoreactive clickable Nan probe by derivatising Nan at the
carboxylic acid position. This position was chosen since mod-
ification of the same position in other ionophore compounds
did not significantly alter their biological activitiy.”® Nan was
coupled in one step to a minimalist photoreactive clickable
moiety”" to provide Nan-DYne (Scheme 1).

Nan-DYne comprises: (1) a diazirine photocrosslinker
moiety for UV-induced covalent capture of proteins interacting
with Nan-DYne in cells; and (2) a terminal alkyne for subse-
quent conjugation to an azido-tagged reporter via copper
Azide-Alkyne cycloaddition (CuAAC), such as a fluorophore
for in-gel fluorescence visualisation or a biotin moiety for
enrichment and identification of Nan-DYne binding proteins.

To validate that this modification did not affect the biological
activity of Nan, we assessed the antiviral activity of Nan-DYne
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Fig. 1 Effect of Nan and Nan-DYne on Zika virus (ZIKV) infection. A549 cells were infected with ZIKV at a multiplicity of infection (MOI) of 1 and treated
with either vehicle control, Nan (1 uM), or Nan-DYne (1 uM) for 72 hours. Subsequently, culture supernatants were collected for RT-gPCR and TCID50
assays, while cells were harvested for flow cytometry analysis. (A) Bar plot representing the viral titers estimated using the TCID50 assay for each
condition. (B) Bar plot representing the viral RNA levels determined by RT-qPCR for each condition. (C) Bar plot showing the percentage of ZIKV-infected
cells at 72 hours post-infection, as determined by flow cytometry using an anti-flavivirus envelope antibody. Cells were either mock-infected (virus-free
medium) or infected with ZIKV (MOI 1). Data in all panels are presented as mean =+ standard deviation (s.d.) from three independent biological replicates.
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Fig. 2

Log, fold change (Nan-DYne vs. Nan-DYne + competition)

Identification of the protein interaction partners of Nan using Nan-Dyne. (A) Workflow to visualise and/or identify Nan-DYne-interaction partners. (B)

Visualisation of the Nan-DYne interaction partners using in-gel fluorescence. Coomassie is shown as a loading control. Cells were treated with 25 pM Nan or
DMSO for 15 min. 0.5 uM Nan-DYne was added and cells were incubated for 1 h, irradiated with UV, lysed and Nan-DYne-labelled proteins were coupled to azido-
TAMRA-biotin via CUAAC. Green arrows indicate bands which are affected by competition with Nan. (C) Volcano plot analysis of Nan-DYne targets sensitive to a
50x competition with Nan (n = 3). Proteins significantly sensitive to the competition (p-value < 0.01 and Log; fold change > 2) are shown in pink.

against ZIKV. A549 human cells were treated with 1 pM Nan,
1 pM Nan-DYne or vehicle (DMSO), and infected with ZIKV at a
multiplicity of infection (MOI) of 1.

At 72 hours post-infection, viral RNA levels were measured by RT-
gPCR (Fig. 1A) and the number of newly generated mature viral
particles was estimated using a TCID50 (50% tissue culture infectious
dose) assay (Fig. 1B). In addition, the percentage of infected cells was
evaluated by flow cytometry using an anti-flavivirus envelope anti-
body (Fig. 1C and Fig. S1). Nan and Nan-DYne inhibited ZIKV
infection to a similar extent, albeit with a slight decrease in activity
for Nan-DYne, which is often observed for probe derivatives.>*

A cell cytotoxicity assay was performed over 72 h to assess
the cytoxicity of the probe and to rule out nonspecific effects in

© 2025 The Author(s). Published by the Royal Society of Chemistry

the antiviral assays and subsequent experiments (Fig. S2). Nan-
Dyne appeared to be slightly less toxic, with a half maximal
effective concentration (EC50) of 9.1 uM, compared to 4.3 uM
for Nan. This difference might be attributed to the weaker
ability of Nan-Dyne to chelate ions, a well-known mechanism of
toxicity for Nan. Importantly, both Nan-Dyne and Nan showed
weak cytotoxicity at the working concentration of 1 uM.

Gel-based and mass spectrometry-based profiling of Nan-Dyne
protein targets

With this Nan probe in hand, we assessed the labelling profile of
Nan-Dyne in human cells using in-gel fluorescence. Cells were
treated with increasing concentrations of Nan-Dyne for 1 hour,
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Fig. 3 Validation of the binding of Nan to SEC11A using immunoprecipitation-
click (IP-click) and cellular thermal shift assay (CETSA) methods. (A) Validation of
direct binding of SEC11A to Nan using IP-click and western blot. SEC11A-HA
was overexpressed, cells were treated with Nan or DMSO, then Nan-DYne or
DMSQ, irradiated with UV and lysed. SEC11A-HA was immunoprecipitated and
coupled to azido-TAMRA via CuAAC. Data are representative of a biological
duplicate. (B) and (C) Validation of direct binding of Nan to SEC11A-HA using
CETSA. Cells overexpressing SEC11A-HA were lysed, incubated with Nan (1 uM)
or DMSO and then incubated at different temperatures for 3 min. Samples
were centrifuged to analyse only non-aggregated soluble protein by SDS-Page
gel and western blot analysis. (B) Western blot showing the thermal aggregation
of SEC1IA-HA in cell lysates treated with DMSO or Nan with increasing
temperature. (C) Thermal aggregation curves derived from quantification of
blot data in panel B, normalized to the unheated sample. Data are presented as
mean + s.d. of three independent biological replicates.

irradiated with UV light, lysed, and Nan-Dyne-labelled proteins
were coupled to azido-TAMRA-biotin via CuAAC (Fig. 2A). Nan-
Dyne showed a concentration-dependent labelling, with little to
no labelling observed in control samples that were not UV-
irradiated (Fig. S3A). Competition experiments with the natural
product Nan were performed to exclude non-specific binding.
Competition with Nan resulted in a decrease of labelling in a
concentration-dependent manner of a subset of proteins (Fig.
S3B and C). A 50-fold excess of Nan was shown to result in the
best competition. However, since Nan was toxic to cells at
concentrations above 25 puM, a concentration of 0.5 pM of
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Nan-DYne for the labelling and 25 pM of Nan for the competi-
tion (Fig. 2B and Fig. S3C) were chosen in subsequent target
identification and quantification experiments.

Next, we employed an activity-based protein profiling (ABPP)
approach to identify the protein interaction partners of Nan. Cells
were treated with 25 pM Nan or DMSO, followed by 0.5 uM Nan-
DYne for 1 hour, irradiated with UV light, lysed, and Nan-DYne-
labelled proteins were coupled to azido-TAMRA-biotin via CuAAC.
Proteins were enriched on NeutrAvidin beads, enzymatically
digested with trypsin, and the peptides were analysed by LC-MS/
MS using label-free quantification (LFQ) (Fig. 2C and Table S1).>*

Four proteins, TIMM17A, TIMM17B, TMEM126A and SEC11A
were found to be significantly labelled and enriched by Nan-DYne
and sensitive to a 50-fold competition with Nan (p-value < 0.01
and Log, fold change > 2). TIMM17A and TIMM17B are compo-
nents of the TIM23 mitochondrial import inner membrane
translocase complex, which imports presequence-containing pro-
teins into the mitochondrial matrix and inner membrane.*

TMEM126A, a transmembrane protein localised on the inner
membrane of mitochondria, is essential for the synthesis and
quality control of mitochondrial-encoded protein.>® To date,
TIMM17A, TIMM17B and TMEM126A have not been associated
with viral infection. Interestingly, the protein SEC11A is a sub-
unit of the signal peptidase complex (SPC), known to be essential
for the processing of viral polyproteins in flaviviruses infections,
including ZIKV infection.'®***” Thus, we decided to further
investigate the link between Nan, SEC11A and ZIKV.

Confirmation that nanchangmycin binds to SEC11A

To validate that SEC11A is a target of Nan, we expressed HA-tagged
SEC11A in HelLa cells and treated the cells with Nan-DYne with or
without Nan competition. Cells were irradiated with UV, lysed,
immunoprecipitated using anti-HA beads, and Nan-DYne-labelled
proteins were coupled to azido-TAMRA via CuAAC before analysis
by in-gel fluorescence and western blotting (Fig. 3A). A fluorescent
band was observed in Nan-DYne treated cells, confirming the
binding of Nan-DYne to SEC11A. Importantly, Nan-DYne binding
and labelling appeared to drastically decrease upon Nan competi-
tion, confirming that SEC11A is a specific protein target of Nan.

To further assess Nan target engagement and selectivity, we
employed a cellular thermal shift assay (CETSA), which detects
changes in a protein stability upon binding to a small molecule.
Lysates from cells expressing SEC11A-HA were incubated with
Nan or DMSO and were subjected to a 3-minute heat treatment,
ranging from 40 to 75 °C. At high temperatures, proteins denature
and aggregate, allowing soluble proteins to be separated by
centrifugation. Soluble SEC11A-HA was then analysed and quan-
tified by western blot analysis (Fig. 3B and C). In lysates treated
with Nan, SEC11A-HA was more resistant to thermal degradation.

Taken together, these results suggest that Nan directly binds
to SEC11A.

Nanchangmycin inhibits the activity of the signal peptidase
complex responsible for cleaving viral polyproteins

We next tested whether Nan could disturb the function of
SEC11A. SEC11A is a subunit of the SPC, which is involved in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of Nan and Nan-DYne on the cleavage of Zika Virus 2K-NS4B-V5 protein. (A) HEK293 cells were transfected with pcDNA-2K-NS4B-V5. After 24 h,
cells were pulsed with HPG for 1 hour and treated with either Nan (1 pM) or Nan-DYne (1 uM) for 12 hours. Protein lysates were collected and labelled proteins
were precipitated. Subsequently, the samples were analysed by western blot using an anti-V5 antibody to detect the expression of the viral protein. Alpha-tubulin
was used as a loading control. Results are representative of three independent biological replicates. (B) HEK293 cells were transfected with pcDNA-2K-NS4B-V5.
After 24 h, cells were pulsed with HPG for 1 hour and treated with increasing concentrations of Nan or Nan-DYne (0.05-1 uM) for 12 hours. Protein lysates were
collected and HPG-labelled proteins were coupled to azido-biotin via CUAAC and enriched on NeutrAvidin beads. Subsequently, the samples were analysed by
western blot using an anti-V5 antibody. Alpha-tubulin was used as a loading control. Results are representative of three independent biological replicates.

the cleavage of the ZIKV polyprotein.'>**?” Specifically, the SPC
cleaves the ZIKV polyprotein at four sites, at the N-termini of the
prM, E, NS1, and between the 2K segment and NS4B proteins.

In order to study the effect of Nan on the cleavage of the viral
polyprotein by SPC, we transfected human cells with the ZIKV
precursor protein 2K-NS4B tagged with V5 (2K-NS4B-V5).>® The
blockage of this cleavage alters the maturation of NS4B protein
and impairs ZIKV replication.””** To monitor only newly synthe-
sised 2K-NS4B-V5, rather than steady-state 2K-NS4B-V5 that may
have already been cleaved by the SPC, we metabolically labelled
proteins with homopropargylglycine (HPG) for 1 hour.>” Cells were
collected 12 hours post HPG-pulse to allow sufficient time for SPC-
mediated processing of the HPG-labelled proteins.*® Following cell
lysis, samples were labelled with azido-biotin and newly synthe-
sized proteins were affinity-purified using NeutrAvidin beads.

In control cells, the SPC efficiently cleaved 2K-NS4B-V5 to
yield NS4B-V5 (Fig. 4A). In contrast, cells treated with 1 uM Nan
or 1 uM Nan-DYne exhibited a band shift corresponding to the
accumulation of the full-length precursor protein 2K-NS4B-V5,
indicating inhibition of the SPC-mediated cleavage. This accu-
mulation of the full-length precursor protein 2K-NS4B-V5 was
dose-dependent (Fig. 4B). Taken together, these data demon-
strate that Nan impairs the cleavage of ZIKV proteins by SPC, a
process that is crucial for the ZIKV life cycle.*”*°

To further understand how the binding of Nan to SEC11A could
inhibit the SPC function, we performed a molecular docking
analysis to model their interaction using the Swissdock web tool
which employs the docking algorithm AutoDockVina (Fig. $4).*"**
Ser56, His96, and Asp122 have previously been identified as the
catalytic residues of SEC11A.”® Remarkably, the docking analysis
revealed that the most favourable binding mode of nanchangmycin
was located within the active site of SEC11A (Fig. S4).

Conclusions

In this study, we synthesised a photoreactive clickable probe of
nanchangmycin (Nan-DYne) and applied it in activity-based

© 2025 The Author(s). Published by the Royal Society of Chemistry

protein profiling to identify its protein interaction partners.
Strong enrichment and competition with the natural product
were observed for four proteins, including SEC11A, which is a
component of the SPC complex. SEC11A has previously been
shown to be essential for the activity of the SPC** and for ZIKV
infection.”” Here, we confirmed that Nan directly engages
SEC11A, possibly binding within its catalytic site. The SPC
activity was abrogated upon treatment with Nan, suggesting a
novel mechanism by which Nan inhibits ZIKV infection. Inter-
estingly, another natural product, cavinafungin, was previously
found to inhibit ZIKV infection by impairing the SPC complex
activity through targeting of SEC11A.*” While additional cellular
effects may contribute to the antiviral activity of Nan, this study
on cavinafungin supports SPC inhibition, via SEC11A, as one
important mechanism contributing to Nan’s antiviral effect.

The SPC is a membrane-bound complex located in the
endoplasmic reticulum (ER), composed of four subunits,
SPC22/23, SPC 25, SPC12, and a catalytic subunit SEC11A.%°
The SPC removes signal peptides from host secretory pre-
proteins but is also highjacked by flaviviruses to cleave the
viral polyprotein at the N-termini of four proteins: prM, E, NS1,
and NS4B proteins. Both NS1 and NS4B are non-enzymatic
proteins that play critical roles in viral replication and immune
through interactions with and host
components,**** while prM and E are structural proteins which
are necessary for the formation of the viral capsid and
envelope.'® Incomplete cleavage of the viral polyprotein dis-
rupts the maturation and function of these proteins, and
consequently compromises viral replication and secretion of
viral particles.*'**”°

Accordingly, the SPC represents a promising drug target for
the development of new ZIKV inhibitors, particularly through
inhibition of SEC11A, as suggested by our study and previous
findings on cavinafungin.?”

Since ZIKV and other flaviviruses rely on the same mecha-
nism and host processing machinery to infect cells, and given
the high sequence homology of SPC cleavage sites across

evasion viral
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flaviviruses,”” SEC11A may also represent a viable antiviral
target for a broader range of flavivirus infections.
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