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Dear Editor, development due to their critical roles in viral replication, pathogenesis,
Hand, foot, and mouth disease (HFMD) is a common illness among
children that is usually mild and self-limiting. However, in some severe
cases, patients may rapidly develop neurological and systemic compli-
cations that can be fatal (Ooi et al., 2010). HFMD is caused by a few
serotypes of human enterovirus A (HEV-A) species (Yu and Cowling,
2019), with enterovirus A71 (EV-A71) and coxsackievirus A16 (CV-A16)
being the most typical causative agents (Yu and Cowling, 2019).
Furthermore, severe neurological sequelae are more common in cases
with EV-A71 serotype infection than other serotypes (Ooi et al., 2010; Yu
and Cowling, 2019). There has been a significant increase in EV-A71
epidemic activity throughout the Asia–Pacific region (McMinn, 2002)
since EV-A71 was first isolated from a patient with central nervous sys-
tem (CNS) disease in 1969 (Schmidt et al., 1974).

EV-A71 is a small non-enveloped virus belonging to HEV-A species of
the genus Enterovirus in the family Picornaviridae (Nasri et al., 2007). Its
genome is a single-stranded positive-sense RNA of approximately 7400
bp in length and contains only one complete open reading frame (ORF),
which encodes a large polyprotein (Solomon et al., 2010). The poly-
protein is eventually hydrolyzed into four structural proteins (VP1–VP4),
which form the viral icosahedral capsid and enclose the viral genome,
and seven non-structural proteins (2A–2C and 3A–3D) (Mandary and
Poh, 2018). Although several EV-A71 inactivated vaccines are now
available for HFMD prevention (Guan et al., 2020; Mao et al., 2016;
Nguyen et al., 2022), no antiviral drugs with replication inhibition effects
against EV-A71 have progressed to the clinical trial stage as comple-
mentary therapies to these vaccines. Notably, the viral non-structural
proteins are considered potential targets for antiviral drug
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and immune evasion (Norder et al., 2011).
Similar to other positive-strand RNA viruses, enteroviruses replicate

their viral genomes by remodeling the intracellular membranes of host
cells and assembling viral replication organelles (ROs) (Salonen et al.,
2005). The non-structural protein 3A of EV-A71 has been identified to
recruit the lipid kinase phosphatidylinositol 4-kinase IIIβ (PI4KB) to the
ROs and facilitates viral replication by binding to a host factor,
acyl-CoA-binding domain-containing protein 3 (ACBD3) and promoting
PI4KB-ACBD3 interaction (Xiao et al., 2017). Recently, a novel host
factor, secretory carrier membrane protein 3 (SCAMP3), has also been
shown to associate with enterovirus 3A protein, PI4KB, and
phosphatidylinositol-4-phosphate (PI4P) to form replication complexes
and participate in viral replication (Lu et al., 2021). It has also been
shown that 3A protein interacts with proteins such as host neuronal
PRSS3 (brain trypsinogen) and vacuolar protein sorting 25 to facilitate
viral replication (Rattanakomol et al., 2022; Ruan et al., 2022). Together,
the crucial role of 3A protein in viral replication highlights its potential as
a target for drug development.

Spanning residues 1441–1526 within the polyprotein, EV-A71 3A
protein is a small membrane-anchoring protein containing 86 amino
acids and forms homodimers to function (Horova et al., 2019). It includes
a transmembrane domain near the C-terminus, and two amphipathic
α-helices near the N-terminus serving as the homodimerization interface
(Horova et al., 2019). Structures of dimeric 3A protein in several
Enterovirus species complexed with ACBD3 GOLD domain have been
resolved, including EV-A71 (PDB: 6HLW) (Horova et al., 2019), EV-G1
(PDB: 6Q69) (Smola et al., 2020) and EV-F2 (PDB: 6Q68) (Smola et al.,
2020). Despite the high conservation within the two amphipathic
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α-helices (Supplementary Fig. S1A), the dimerization patterns of these 3A
proteins displayed both similarities and discrepancies: EV-G1 and
EV-A71 3A dimers are most similar (Supplementary Fig. S1B), while
EV-F2 forms a differently oriented 3A dimer (Supplementary Fig. S1C),
depicting a varied interspecies homodimerization landscape. Recently,
Qiu et al. have shown that the EV-A71 3A protein acts as a viral sup-
pressor of RNAi (VSR), a host innate antiviral immunity mechanism that
involves post-transcriptional gene silencing (Qiu et al., 2017). Further-
more, ER-DRI, a D-peptide designed to target the dimerization interface
of EV-A71 3A protein to inactive its VSR function, showed potent
anti-enteroviral efficacies against EV-A71 both in vitro and in vivo by
restoring the RNAi response in infected host cells (Fang et al., 2021).
ER-DRI has also demonstrated potent antiviral activity against CV-A16,
which also contains homodimeric 3A protein as well, indicative of the
potential for designing pan-anti-enteroviral drugs using a strategy to
disrupt the homodimeric interface of 3A protein. However, the under-
lying molecular mechanisms of 3A-ER-DRI interaction remain unclear,
limiting the future development of ER-DRI-based drugs.

In this study, we present a comprehensive characterization of the
structural, biophysical, and biochemical profiles of the EV-A71 3A pro-
tein. Utilizing nuclear magnetic resonance (NMR) spectroscopy and
molecular dockingmethods, we further disclosed keymechanisms for the
interaction between the D-peptide ER-DRI and EV-A71 3A protein. Our
results provided insights into the interaction interface andmechanisms of
ER-DRI in inhibiting the dimeric state of EV-A71 3A protein, laying an
important foundation for optimizing and improving the design of sub-
sequent anti-enteroviral therapeutic peptides.

To enhance the expression level of soluble EV-A71 3A protein, we
fused a 6�His-tag, and a SUMO-tag at the N-terminus of the extracellular
domain of 3A protein to create the construct 6�His-SUMO-3A1–57. This
construct was then used for later biophysical interaction studies and
structural investigations since the standalone expression of the extra-
cellular domain (3A1–57) in E. coli expression system presents poor sol-
ubility (Horova et al., 2019). The detailed method is in the
Supplementary Materials. The 6�His-SUMO-3A1–57 was expressed and
cleaved with SUMO protease to generate a recombinant 3A1–57 protein
(comprising 63 aa) with a theoretical isoelectric point (pI) of 5.27 and a
calculated molecular weight of 7.16 kDa. The recombinant 3A1–57 pro-
tein was eventually homogenized via size-exclusion chromatography
(Supplementary Fig. S2A and S2B). The elution volume is close to the
position of a dimer, which implies that the recombinant 3A1–57 protein
should be dimeric in solution. We performed a 1H NMR experiment and
confirmed that the 3A1–57 protein was well-folded in solution, as evi-
denced by the sharp amide 1H peaks distributed at 6.5–9.0 ppm (Sup-
plementary Fig. S2C). The purified 3A1–57 protein was then used for
follow-up experiments.

We next prepared uniformly [13C,15N]-labeled 3A1–57 protein sam-
ples for further heteronuclear NMR characterizations. The backbone
resonance assignments of 3A1–57 were obtained by regular backbone
three-dimensional spectra analysis. Totally, 75% (42/56) of the back-
bone amide 1H–15N pairs were assigned to the non-proline amino acids of
3A1–57 protein (Fig. 1A). In particular, the peak intensities of residues
25–45 (residues 1459–1479 in EV-A71 polyprotein) were significantly
lower compared to those of other residues, presumably reflecting the
homodimer formation involving this fragment as elucidated by the pre-
viously resolved 3A1–57 crystal structure (PDB: 6HLW) (Horova et al.,
2019). Leveraging CO/HN/N/Cα/Cβ chemical shift assignments, we pre-
dicted the secondary structure of 3A1–57 with TALOS-N (Shen and Bax,
2013). Notably, 3A1–57 in solution exhibits similar secondary structural
elements to the crystal structure 6HLW, where residues 25–45 exhibit a
tendency to form two helical structures (Fig. 1B). This is in accordance to
the putative homodimerization state of 3A in solution as the amphipathic
helices are expected to cluster in water solution in an entropy-driven
way. In addition, we noticed that except for the unassigned I49, E58,
R59, and H60, chemical shift-based predictions revealed that residues
46–63 are a structurally disordered region (Supplementary Fig. S3).
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In contrast, the fragment TNVERH (residues 49–54 in 6HLW or residues
55–60 in this study) in the holo-form crystal structure (PDB: 6HLW)
(Horova et al., 2019) is β-stranded and forms an anti-parallel β-sheet with
other β-strands of the ACBD3 GOLD domain. Since the NMR data in our
study was acquired with apo-form 3A1–57 samples, this discrepancy in
secondary structure elements implicates potential target binding-driven
β-strand formation for the fragment TNVERH of EV-A71 3A1–57, depict-
ing a dynamic process during the binding by ER-DRI.

With the majority of backbone assignments of EV-A71 3A1–57 protein,
we conducted NMR 15N relaxation analysis to further investigate the
structural dynamics of 3A1–57. Longitudinal relaxation rate R1, transverse
relaxation rate R2, and {1H}-15N heteronuclear steady-state nuclear
Overhauser effect (hNOE) values for individual residues were obtained
from 15N relaxation measurements (Fig. 1C–E). We analyzed a total of
37 non-proline residues, excluding those with overlapped peaks or low
signal-to-noise ratios. Residues 1–24 and 50–63, located at the N- and
C-terminals of 3A1–57, respectively, are highly dynamic as evidenced by
their low R2 and hNOE values (<0.6). This observation agrees with our
chemical shift-based secondary structure prediction (Fig. 1B) where the
C-terminal residues adopt the form of a disordered coil in apo state
instead of a β-strand like in ACBD3-complexed state. Meanwhile, as ex-
pected, the helix motif (residues 25–46) showed less flexibility with low
R1, high R2, and high hNOE values. Of note, residues D25, A26, and E37
displayed significantly higher R2 values than other helical residues,
implicating in possible conformational exchange for these residues.
Given that these three residues are not in direct contact with another
monomeric unit within the EV-A71 3A homodimer, as shown in the
crystal structure, the possible conformational exchange might reflect a
distinct dynamics pattern of the protein in solution. Overall, these results
confirmed the two relative rigid helices and the flexible loops in both
termini in solution.

Furthermore, using the T1/T2 data of residues 25–46, the relative
rigid region of EV-A71 3A1–57, we calculated the rotational correlation
time τc to be 10.49 ns. An empirical formula reported by Rossi (Rossi
et al., 2010) was then used to estimate the apparent molecular weight
(Mw) of EV-A71 3A1–57 as 16.78 kDa. This result supports the dimeric
state of the 7.16-kDa 3A1–57 protein in solution, where the statistical
deviation can be attributed to the dimerization equilibrium process as
well as the complex overall motion pattern brought about by disordered
regions at both termini.

To probe the detailed molecular interactions between EV-A71 and
ER-DRI, 1H–

15N HSQC spectra were recorded and analyzed for
15N-labeled EV-A71 3A1–57 protein in the presence of serial unlabeled
ER-DRI, with the molar ratios between EV-A71 3A1–57 and ER-DRI set
to 1:0, 1:2, 1:4 and 1:8 (Fig. 1F and G). Notably, the α-helix motif of
3A1–57 protein exhibits line broadening in the 1H–

15N HSQC spectrum
upon ER-DRI titration, indicative of ER-DRI binding to the dimeric
interface with intermediate chemical exchange (near micromolar
binding affinity) (Teilum et al., 2017), which is comparable to the re-
sults of previous research reporting submicromolar KD and IC50 values
[KD: 0.059 μmol/L; IC50: 0.45 μmol/L in RD cells and 0.79 μmol/L in
Vero cells against EV-A71 strain H (VR-1432) infection] (Fang et al.,
2021). The dimerization surface of the 3A1–57 protein contains most of
the residues that are affected by the ER-DRI titration, such as I21, D23,
L24, D29, S30, C37, D39, and Q40 (named I27, D29, L30, D35, S36,
C43, D45, and Q46 in Fig. 1F due to indexed expression tag sequence
for NMR studies; Fig. 1H–J). Of note, these residues engage in hydro-
phobic clustering (I21, L24), hydrogen bonds (D23, S30, D39), and
electrostatic interactions (D29) within an amphipathic α-helix chain or
with the α-helix from the other monomer according to the holo-form
crystal structure (Fig. 1H), and putatively provide geometric comple-
mentarity across the dimerization interface (Fig. 1I). This suggests that
the ER-DRI peptides disrupt the formation of 3A1–57 protein dimers
required for its full functionality, partially explaining the peptide's
potent inhibition efficacy against the EV-A71. Furthermore, the high
sequential conservation of these binding active sites across related
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Fig. 1. Nuclear magnetic resonance (NMR) characterization of structural and inhibitor-binding properties of EV-A71 3A1–57 protein. A Backbone resonance assign-
ments of EV-A71 3A1–57 shown in 1H–15N HSQC spectrum. Assigned cross-peaks are labeled with their single-letter residue name and residue number. B Secondary
structure prediction of EV-A71 3A1–57 based on TALOS-N (Shen and Bax, 2013). The possibility (0–1) predicted based on chemical shift for each residue to be helical is
plotted. C–E NMR 15N relaxation analysis of EV-A71 3A1–57 protein. The relaxation parameters R1 (C), R2 (D), and hNOE (E) are indicated in column graphs. F Overlay
of 1H–15N HSQC spectra of 100 μmol/L 15N-labeled 3A1–57 in the absence (purple) and presence of increasing amounts of D-peptide ER-DRI in natural abundance
(molar ratio at 1:2, red; 1:4, orange; 1:8, yellow, respectively). G Separate 1H–15N HSQC spectra for (F). H Mapping the EV-A71 3A1–57 residues with line broadening
upon titration by small-molecule inhibitor ER-DRI (in red) to the crystal structure of EV-A71 3A (PDB: 6HLW). The two 3A monomers in the heterotetramer are colored
in cyan and yellow, respectively. I Same as the left panel of (H), with the yellow 3A monomer shown as surface. J The multiple sequence alignment among the EV-A71
3A protein (the third row) and its homologs, including 3A protein of coxsackievirus-A16 (the first row), hypothetical protein EHQ45_11580 of Leptospira bourretii (the
second row), and 3A protein of EV-A120 (the fourth row).
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species like CV-A16, Leptospira bourretii and EV-A120 (Fig. 1J) hints a
possible expansion of ER-DRI usage in a broad-spectrum way as an
anti-pathogen drug after further optimization and preclinical/clinical
trials. Sequence alignment between L. bourretii and Enterovirus
demonstrated that residues I21, D23, L24, D29, C37, D39, Q40 are
highly conserved across species, suggesting their critical role in
dimerization.

Using the residues with significant peak intensity loss as interaction
sites, we then conducted molecular docking between 3A1–57 and ER-DRI.
From the 10,000 docking models generated, the complex structure model
with the lowest energy was analyzed for ER-DRI-3A1–57 binding. Key
residues exhibiting the disappearance of signals were mapped onto the
docking model (Supplementary Fig. S4). As a result, the residues I21,
D23, L24, C37, D39, Q40, which were confirmed by our NMR data
(Fig. 1F), were involved in the surface that is influenced by the binding to
ER-DRI (Supplementary Fig. S4). This outcome is comparable to the 3A
homodimer crystal structure (Fig. 1H and I), indicating a mechanism of
competitive inhibition by ER-DRI. Interestingly, although the 3A helix-
mimicking part of ER-DRI (rcyqrvee, D-amino acids in a retro-reversed
sequence) was designated as active sites during molecular docking, the
helix motif of 3A1–57 was found to bind alternatively to the TAT peptide
segment (rrrqrrkkrgy) of ER-DRI. This promotes novel mechanistic in-
sights into the ER-DRI-3A1–57 interaction beyond the anticipated mimic-
and-compete inhibition process. Further experimental investigation on
the binding details of this interaction might be needed to elucidate the
target site of 3A1–57 on ER-DRI.

HFMD is a viral disease mainly caused by infection with enterovi-
ruses, especially EV-A71 and CV-A16. The susceptibility and severity of
HFMD have been shown to be age-related, with the majority of cases
being diagnosed in children younger than five years of age who tended
to cluster and caused herd infection in kindergartens (Zhu et al., 2023).
The highly contagious enteroviruses and asymptomatic recessive in-
fections also can facilitate large-scale, difficult-to-control epidemics in a
short period of time (Koh et al., 2018). HFMD can lead to
HFMD-associated neurological complications such as brainstem en-
cephalitis, aseptic meningitis, cardiopulmonary failure, and even death,
although in most cases it is usually mild and self-limiting (Jones et al.,
2018). EV-A71 is a neurotropic virus and there is a positive correlation
between the EV-A71 viral load and the severity of CNS (Wang et al.,
2023). Unfortunately, there is currently no specific medical treatment
for EV-A71. While certain inactivated vaccines are available against
EV-A71, their long-term efficacy remains unproven (Lim and Poh,
2019). Therefore, advancing research and development of clinically
available therapies against EV-A71 is crucial for the effective treatment
of HFMD and should be prioritized as a matter of urgency. The life cycle
of EV-A71 is similar to most viruses and includes attachment, entry,
decapitation, replication, translation, assembly, and viral release from
host cells (Baggen et al., 2018). The non-structural 3A protein takes part
in the formation of replication complexes, which are involved in the
early life cycle of EV-A71 (Horova et al., 2019). Apart from a few
agents, such as itraconazole and the enviroxime-like compounds (Gao
et al., 2015), there is still a lack of effective drugs targeting 3A for the
treatment of EV-A71 infection. Therefore, further attention and
research are warranted on the potential of EV-A71-targeting drugs for
this purpose.
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In this study, we successfully prepared the extracellular domain of the
3A protein of EV-A71 and characterized the folding of 3A1–57 with the
1H NMR analysis. Subsequently, we assigned 75% of non-proline residues
of 3A1-57 protein by collecting and analyzing the three-dimensional
spectra of the [13C,15N]-labeled 3A1–57 protein. Consequently, we per-
formed a dynamic analysis of the 15N-labeled 3A1–57 protein, and the
estimated Mw of 3A1–57 based on T1 and T2 data indicates that 3A1–57 is
presumably present in solution as a dimer. Finally, we performed a set of
titration experiments of 15N-labeled 3A1–57 protein with ER-DRI, which
was previously reported could directly bind to 3A protein and thereby
block EV-A71 replication (Fang et al., 2021), to investigate the details of
ER-DRI binding to 3A1–57 protein. ER-DRI was designed as the antagonist
against the dimer of 3A protein, specifically targeting the α-helix motif.
The titration results are consistent with previous speculations that
ER-DRI is able to bind to the α-helix motif, thus preventing the formation
of 3A protein dimerization. We also performed a docking of ER-DRI and
3A1–57 protein.

Here, we illustrated the protein-inhibitor binding pattern by which
the replication of EV-A71 can be effectively inhibited by the 3A-targeting
peptide ER-DRI. ER-DRI shows significant intermolecular interactions
with the homodimer interface of the 3A protein, which should compet-
itively block the dimerization by the 3A α-helix motif. In addition, since
the 3A protein is not only a highly conserved non-structural protein in the
Enterovirus genus, but also a common feature of several other pathogens,
including Leptospira and coxsackievirus (Fig. 1J). By elucidating the
structural basis of how the peptide binds and inhibits the 3A protein, we
have opened up new possibilities for designing and optimizing more
potent inhibitors against these diseases.
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