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Abstract

Infection with the Zika virus results in severe neurological disease in adults or congenital
Zika syndrome in newborns. We employed the domain search strategy to study the Zika virus
glycoprotein E in this work. The results revealed that immature E contains a NGF domain
(“MNKCYIQIMDLGHMCDATMSYECPMLDEGVEPDDVDCWCNTTSTWVVYGTCHH”) and is capable
of interacting with TrkA. The E/TrkA complex increased E's interaction with receptors such as Axl
and facilitated Zika virus endocytosis via clathrin. Rab5 retrograded transmission of Zika
virus-containing E/TrkA endosomal signals to neuronal soma. Rab7 helped dissociation of E/TrkA
in late acidic endosomes, and then E became mature after the NGF domain was cut. After
membrane fusion with the endosome, the Zika virus was released into the neuron cell body. It
showed only the immature E protein of Zika had NGF activity. The retrograde trafficking of
endosomal signals (E/TrkA) similar to NGF/TrkA enabled Zika virus to infect neuronal cells. E's
interference with the TrkA signal impaired neuronal cell growth and results in neuronal cell
apoptosis.
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1 Background

Infection with Zika virus (ZIKV) results in neuronal cell death(1). Infection with the Zika
virus (ZIKV) can result in significant neurological disorders in adults, including Guillain-Barré
syndrome(2). Zika virus infection during pregnancy can result in severe birth malformations and
congenital Zika syndrome(3), including microcephaly(4), brain abnormalities, and other major
birth problems(5). ZIKV infection in the brain has the potential to damage oligodendrocyte
development and myelination(6). ZIKV causes microcephaly and other neurological abnormalities
in developing fetuses when it infects human fetal astrocytes (HFA)(7). Mitochondrial rupture and
potential mitochondrial membrane damage have been seen following ZIKV infection in human
neural stem cells and SNB-19 glioblastoma cell lines. Abnormal mitochondrial rupture contributes
to the neuronal cell death caused by ZIKV(8). This condition may be explained by the
dysregulated expression of genes and signaling pathways involved in neurogenesis and neuron
formation(1). At the moment, no anti-ZIKV reagent has been approved for clinical use.
Investigating how the Zika virus infects brain cells will aid in the development of vaccinations and
medicines.

The Zika virus genome encodes three structural proteins (capsid, anterior membrane, and
envelope (E))(9) and seven non-structural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and
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NS5)(9). The envelope protein (E) of the Zika virus (ZIKV) is found on the mature virus's surface.
It is responsible for the virus's entrance into cells(10). Certain sequences of ZIKV glycoprotein
envelope (E) resemble the neurotoxic West Nile and Japanese encephalitis viruses. In contrast,
other sequences bear a strong resemblance to the dengue virus (DENV)(11). The flavivirus
envelope protein E is a class II virus fusion protein. The fusion process is exceedingly rapid and
efficient(12). As is the case with flaviviruses, the monomeric ZIKV E protein has three distinct
domains: the central barrel domain I (DI), the extended dimerization domain II (DII), and the
C-terminal immunoglobulin-like domain III (DIII)(13).Both E and M/prM undergo significant,
pH-induced conformational changes during the infection process(14). Mature virus particles are
formed after the host protease furin cleaves prM to remove the pr peptide and expose the fusion
loop(14). After removing the pr peptide in the low pH environment of the endosome, the mature
particles subsequently become fused and infected(14). Protein E's fusion loop (FL) is positioned at
the distal end of DII and is composed of hydrophobic residues. FL penetrates endosomal
membranes and initiates fusion in response to pH-dependent conformational changes(13). The E
protein is a homodimer that creates an antiparallel herringbone pattern(12). It has a particular
glycosylation loop(12) associated with receptor interaction. Each monomer in the mature
flavivirus E protein dimer is related to its neighbors via a two-fold symmetry(15). The three E
protein dimers are parallel to one another in a configuration known as a raft. The virion has a total
of 30 rafts(15). The structure of the ZIKV E protein is transferred from the dimer before fusion to
the trimer in the initial state of fusion(16). The trimer structure of ZIKV E's fusion beginning state
is generated utilizing three dimers on the virus's surface and three-fold symmetry(16). The surface
proteins have an icosahedral-like arrangement.

Zika virus is an encapsulated flavivirus that is transmitted by mosquitos. It infects cells by
clathrin-mediated endocytosis (CME) and fusion with acidic endosomes(17). Zika virus requires
clathrin-mediated endocytosis and the function of Rab5a(18). The activation of receptor proteins
initiates clathrin-mediated endocytosis. The AP2 linker complex is then recruited to promote
clathrin shell assembly and membrane niche formation(19). As the invagination progresses(20),
dynein (GTPase)(21) oligomerizes around the shoot neck, separating it from the cell surface and
generating intracellular vesicles. Vesicles are first transported through the actin's cortex and then
along microtubules(22). The vesicle grows as it goes through the cell. Uncoated vesicles fuse or
are transported to early endosomes once the clathrin coating is removed. Vesicle trafficking is
regulated by Rab family small membrane GTPases(23). Confocal microscopy revealed that ZIKV
particles were localized in endosomes positive for Rab5 and Rab7. Rab5 and Rab7 silencing
prevent ZIKV infection(24). ZIKV particles are first carried to early Rab5+ endosomes. In
contrast, late Rab7+ endosomes may provide a crucial endosomal environment for ZIKV RNA
release(24). All ZIKV strains studied are sensitive to pH values between 6.5 and 6.1 and require
endosome acidification to infect(18). The fusion of the Zika virus occurs in late endosomes and is
pH-dependent(25). NH4Cl, which inhibits endosomal acidification, can prevent Zika
virus-containing vesicles from reaching the late stage. Instead, it transports them swiftly to the
plasma membrane via a rapid circulation pathway following clathrin-mediated endocytosis(25).
The export of flavivirus particles was discovered to be Lyn-dependent, implying that LC3+
secretory organelles can release vast amounts of virus in a Rab11-dependent way(26).

The viral glycoprotein E may interact with a variety of receptors. The results in diverse cells
are susceptible to the virus infection(17). Zika virus infection of fibroblasts, keratinocytes, and
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immature dendritic cells in humans is mediated by particular receptors such as DC-SIGN, AXL,
TYRO3, and TIM-1(27). The TAM receptor AXL is the crucial receptor for Zika virus entry. It is
abundantly expressed in Sertoli cells and promotes ZIKV infection by boosting virus entry and
negatively regulating the antiviral state(28). The neural cell adhesion molecule (NCAM1) is a
possible ZIKV receptor(29). Tyro3, Axl, and Mertk (TAM) receptor tyrosine kinases support and
regulate cell growth intrinsically. They perform a range of functions in the steady-state regulation
of the immune response, including controlling the expression of critical target genes(30). TAM
receptors contribute to the survival, proliferation, and differentiation of neural stem cells (NSCs)
by regulating the production of neurotrophic factors, most notably NGF(30). TAM receptors
promote neural stem cell survival, proliferation, and neuron differentiation(30). Nerve growth
factor (NGF) regulates the expression of Axl and Tyro-3 receptors and has a role in the
differentiation of PC12 cells(31). Tyro3 of Axl expression in PC12 cells are induced by Nerve
growth factor (NGF)(32).NGF collaborates with TrkA to promote neuronal differentiation and
survival(32).

Nerve growth factor (NGF) is a protein that prevents viral reactivation in neurons(33). NGF
deficiency works as a stressor on neurons. It may share a similar second messenger with heat or
cold stress-induced reactivation of latent HSV-1(34). The analysis of the immunological
biomarker profile during acute Zika virus infection found that CXCL10, a chemokine linked with
brain injury, was overexpressed(35). Numerous viruses physically connect to and internalize cells
via growth factor receptors and convey receptor tyrosine kinase signals for replication(36). It has
been demonstrated that inhibiting the NGF receptor TrkA pharmacologically inhibits influenza
virus multiplication(37). Through TrKA signaling, NGF promotes HIV-1 replication in primary
macrophages(38). The improvement of HIV-1 reproduction by NGF occurs during the late stages
of the HIV-1 replication cycle and is accompanied by an increase in viral transcription and output
(38). Human rhinovirus (HRV) induces an increase in the NGF/TrkA pathway in airway epithelial
cells. It enhances viral replication by enhancing HRV entrance via ICAM-1 receptors and
inhibiting nasopharyngeal cell death(39). NGF is a critical component in the survival of bronchial
epithelial cells during infection with a respiratory syncytial virus(40). After nerve growth factor
deprivation, the primary sympathetic neuron culture includes latent HSV. It demonstrates the
critical role of the nerve growth factor in extending the incubation period of HSV(41).

The secreted NGF monomers mature to form tiny homodimers(42) with a high degree of
hydrophobic interaction. NGF is comprised of a neurotrophic factor produced from the brain and
neurotrophic factors 3 and 4/5(43). All of these peptides have a low affinity for the p75 receptor
(43). However, it has a high affinity for the tropomyosin-related kinase (Trk) receptor(44). NGF
interacts with TrkA's extracellular immunoglobulin-like domain (Ig-C2)(45). NGF may aid with
survival. Under acidic circumstances, the signal forms a stable compound with TrkA(46). TrkA is
a plasma membrane protein that interacts with dimeric NGF in the extracellular environment.
Without p75, TrkA can entirely mediate NGF endocytosis(47). NGF stimulates and increases TrkA
internalization, while NGF that has been internalized degrades slowly and inefficiently. NGF is
reversely endocytosed upon internalization. It supports retrograde TrkA trafficking and
sympathetic neuron survival retrogradely.

NGF promotes TrkA receptor endocytosis(48). The NGF/TrkA complex is
endocytosed(49) mediated by clathrin(50) or macropinocytosis(51) by pincher(52) to be
internalization(53). Endosomes containing NGF/TrkA signals can undergo dynamic fusion
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processes and combine with other internalized products. NGF causes the development of
complexes containing activated TrkA, clathrin heavy chains (CHC), and plasma membranes(49) .
Clathrin-coated vesicles (CCV) contain NGF, which binds to activated TrkA (p-TrkA) and other
Ras-MAPK pathway activation components(49) . NGF communicates via the incorporation of
NGF, TrkA, and activation signal proteins. Retrograde transmission of occurs via axon transport in
the early endosomes(54).

NGF/TrkA signals can also be detected in axons and dendrites via Rab7 (late endosome) and
Rab11 (circulating endosome)(55). In comparison, newly produced NGF/TrkA endosomes is
Rab5-positive during the early phases of retrograde transport. They develope and change into
Rab7-positive late endosomes nearby(56). Retrograde transport is directed toward the soma of
neuron. However, it is delayed in neurons due to the great distance traveled by axons. Endosomes
positive for Rab5 and Rab7 represent a parallel transport mechanism for NGF/TrkA. Continuous
signal transduction is carried out by Rab5-positive endosomes, whereas degradation and
down-regulation are carried out by Rab7-positive endosomes(57). The acidic environment of
Rab7-positive late endosomes may result in the dissociation of NGF and TrkA. The activity
renders them unsuitable for signaling endosome(58).

We employed the domain search method to determine that the Zika virus glycoprotein E has
an NGF domain in this present study. E's NGF domain interacts with the TrkA endosome,
promoting the fusion of the E and Axl receptors. The E/TrkA complex enhances Zika virus
endocytosis via clathrin. Zika virus is delivered retrogradely to neuronal cell bodies via
Rab5-mediated NGF/TrkA-like endosomal signals. E and TrkA separate during Rab7-mediated
degradation of positive late NGF/TrkA-like endosomes. Through membrane fusion, the Zika virus
is delivered into neuronal cell bodies.

2 Method

2.1 Data set

1. The sequences of Zika virus protein E. Protein sequences of Zika virus downloaded
from UniProt data set. Glycoprotein envelope E is valid and selected. A0A7U3RTL8_Polyprotein
and A0A1V0E2F5_Envelope_protein_E encoded the same Glycoprotein envelope. But
A0A1V0E2F5 had too many "X" letters, which was not suitable for MEME domain search results.
Therefore, we chose A0A7U3RTL8_Polyprotein as the E protein.

2. Nerve Related sequences. The nerve related sequence was downloaded from UniProt data
set. Keywords is “nerve”.

2.2 The localized MEME tool of scanning for conserved domains

The analysis steps are listed as follows:
1. Downloaded MEME from the official website and subsequently install it in the virtual

machine ubuntu operating system. The virtual machine was VM 15.2.
2. Downloaded the E protein sequence of Zika virus from NCBI official website.
3. Downloaded the fasta format sequence such as nerve-related ones from Uniprot official

website, respectively. The search keyword was “nerve”.
4. For each sequence in all nerve-related protein, paired with each E protein sequence to

generate fasta format files for MEME analysis.
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5. For the files generated in Step 4, a batch of 50000 was used to create several batches, and
it was considered as the limited space of the virtual ubuntu system.

6. In ubuntu, searched the conserved domains (E-value<=0.05) of E protein and nerve-related
with MEME tools in batches.

7. Collected the result files of conserved domains. Then, found the domain name
corresponding to the motif from the uniprot database.

8. The domains’ activity of each E protein was analyzed according to the characteristics of
the nerve-related protein domains.

3 Results

3.1 Zika E contains a functional NGF domain.

The NGF domain (IPR002072, PFAM: PF00243) is a protein present in vertebrates and
various snake venoms. It has been shown to induce sympathetic nerves and embryonic sensory
neurons to divide and differentiate. Although these proteins have little in common in terms of
sequence, they all have a unique arrangement of six cysteines. These cysteines are linked to form a
conformation known as the "cystine knot." These proteins are active in dimer form, whether
homodimer or heterodimer. The EGF-like structure (IPR000742) first binds with high affinity to
specific cell surface receptors. It then induces itself dimerization, which is required for activating
tyrosine kinases in the receptors' cytoplasmic domains. Thereby it initiates DNA synthesis and
signal transduction of cell proliferation. TGF_BETA 2 (IPR001839) is a growth factor that
transforms. TGF- (Transforming Growth Factor) is a multifunctional peptide that regulates the
proliferation, differentiation, and other functions of a wide variety of cell types. The TGF-family
proteins are only active in homodimers or heterodimers. TGF- signaling pathway dysregulation
can result in tumor growth. Cys_knot_C (IPR006207), the functional of the CTCK domain. It is a
dimer, whether homodimer or heterodimer. They share essentially minimal sequence homology
with an six-cysteine structure. These cysteines are linked to form a conformation known as the
"cystine knot." It is the most recently determined crystal structure of four growth factors: nerve
growth factor, transforming growth factor, platelet-derived growth factor, and human chorionic
gonadotropin.

From the Uniprot database, we retrieved Zika E and nerve-related sequences. Then, using the
local MEME version, we searched for E's conserved growth factor-related domains. As illustrated
in Table 1, the E protein contains CTCK, NGF, EGF-like, and TGF BETA 2 domains. CTCK A
and B each have four and two Cys, while NGF A, B, and E each include six, two, and two Cys.
CTCK A shares sequence homology with NGF A and TGF_BETA_2 A. There is an overlap
between CTCK B, NGF E, EGF-like A, and TGF_BETA_2 E. CTCK A and CTCK B are required
for NGF A-E activation. The receptor binding areas of TGF_BETA_2 A-C, NGF A-C, and CTCK
A are linked. NGF E, EGF-like A, and TGF_ BETA_2 are all involved in membrane fusion. This
data implies that the NGF structure of E has a role in the receptor binding and membrane
integration processes.

The results revealed that E contains NGF domains and is capable of interacting with TrkA.
The E/TrkA complex increased E's interaction with receptors such as Axl and facilitated Zika virus
endocytosis via clathrin. Rab5 retrograded transmission of Zika virus-containing E/TrkA
endosomal signals to neuronal soma. Rab7 helped dissociation of E/TrkA in late acidic
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endosomes.
Table 1. Growth factor related domains of Zika E

Domain Alias Motif Start End Cys

CTCK A HMCDATMSYECPMLDEGVEPDDVDCWCN 165 192 4

B WDNWEEVPFCSHHFNKLHLKDGRSIVVPCRHQDELI 3222 3257 2

NGF A MNKCYIQIMDLGHMCDATMSYECPMLDEGVEPDDVD

CWCNTTSTWVVYGTCHH

153 205 6

B NMAEVRSYCYEASISDMASDSRCP 342 365 2

C NNKHWLVHKEWFH 497 509 -

D WFFDENHPYRTWAYH 2813 2827 -

E WDNWEEVPFCSHHFNKLHLKDGRSIVVPCRHQD 3222 3254 2

EGF-like A QEWKPSTGWDNWEEVPFCSHHFNKLHLKDGRSIVVPC

RHQD

3214 3254 2

TGF_BETA_2 A MNKCYIQ 153 159 1

B MAEVRSYCYEASISDMASDSRCPTQGEAYLDKQSDTQ

YVCK

343 383 3

C YYLTMNNKHWLVHKEWFHDIPLPWHA 492 517 -

D IEEWCCRECTMP 1102 1113 3

E KVRKDTQEWKPSTGWDNWEEVPFCSHHFNK 3208 3237 1

3.2 Zika E possesses ion channel activity

We separated the above search results of Zika E-related ion channel domains (Table 2). Zika
E possesses B30.2/SPRY and Ion_trans domains, as shown in Table 2. B30.2/SPRY (IPR001870)
is a calcium channel subunit present in the ryanodine receptor. The ion_trans (IPR005821, PFAM:
PF00520) domain is present in sodium, potassium, and calcium ion channel proteins. This domain
is duplicated numerous times in some Na or K channel proteins. Both B30.2/SPRY A and
Ion_trans A are placed near the N-terminal to E. E's N-terminal is involved in receptor binding.
Ion_trans B-C could have a role in membrane fusion. It implies that Ca2+ is involved in the
receptor binding and membrane fusion of the Zika E.

Table 2. Domains of Zika E associated with ion channels
Domain Alias Motif Start End

B30.2/SPRY A MNNKHWLVHKEWFH 496 509

Ion_trans A MNKCYIQIMD 153 162

B CPLKHRAWNSFLVEDHGFGVFHTSVW 937 962

C PNYNLYIMDEAHF 1779 1791

3.3 The mature E protein from Zika is devoid of NGF action.

We downloaded the crystal structures of immature E (PDB id: 6lnu) and mature E (PDB id:
5ire) from the PDB database. The position of NGF on the two crystal structures of E is manually
compared (Figure 1). As illustrated in Figure 1, Zika E (in the endosome) is already a trimer and
has taken on the structural characteristice. Figure 1.A demonstrates that immature E possesses the
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NGF A-B domain. As illustrated in Figure 1.B, mature E possesses only the NGF B domain. It
indicates that NGF A has been depleted during the immature-to-mature transition of E. The
protease furin may be used to achieve this operation of cutting.

Figure 1. Zika E's NGF domains. A.The immature E's NGF domain (PDB id: 6lnu). The
magenta mark represents NGF A, whereas the yellow mark represents the NGF domain of NGF B.
B.The mature E's NGF domain (PDB id: 5ire). NGF B is denoted in yellow.

Zika E contains only six cysteines in the NGF A domain, which possess NGF activity. The
NGF/TrkA endosomal signal can originate from the dendrites or soma of neurons. If Zika Virus
lacks a regulatory mechanism, the E/TrkA-derived NGF/TrkA-like endosome signal may cause
the virus-carrying endosome to travel back and forth between the soma and dendrites. It is not
effective to Zika infection. Zika E matures in the low pH environment of the endosome after the
host protease furin cleaves prM to reveal the fusion loop(14). It means that when the endosome
containing Zika reaches the soma, the NGF domain of E loses its function owing to the
endosome's acidic environment and is cut off by the protease furin. As a result, the mature E
protein of Zika lacks NGF action, but the immature E protein does.

4 Discussion

4.1 The Zika virus infected neuronal cells after breaching the blood-brain
barrier.

The earliest growth factors found were the nerve growth factor (NGF) and epidermal growth
factor (EGF)(59). The neurotrophic factor nerve growth factor (NGF) is active in its precursor
form (proNGF) outside space. It is here that maturation and degradation occur(60). NGF and
other neurotrophic factors generate and release energy in target tissues(61). They activate
receptors on presynaptic components innervating neurons, transmitting signals regulating survival
and differentiation(62). NGF precursor translocates into the ER lumen, transporting via the
exocytotic route. Then it undergoes proteolytic cleavage to change into a physiologically active
mature form. Nerve growth factor (NGF) is a protein that governs the development and
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responsiveness of sensory nerves and the inflammatory, immunological response(63). NGF can
pass the blood-brain barrier when it binds to transferrin receptor antibodies(64).

The transfer of endosomes carrying TrkA anterogradely and retrogradely in neurons(65).
TrkA is transported anterograde from somatic cells to axon growth cones via the exocytosis or
transcytosis pathway(65). NGF/TrkA is endocytosed and incorporated into endocytic vesicles.
Endocytosis might take place within the cell body or at the axon tip. It is transported to somatic
cells for recovery or retrograde transport(65). After binding and activation by target-derived NGF,
TrkA is retrogradely trafficked from the axon growth cone to the cell body(65). TrkA endosomes
associate with actin regulatory proteins and mature into signaling endosomes with transport
capacities. After that, the signal begins to pass the plasma membrane and enter the intracellular
cytoplasm. Retrograde transport is the method by which signaling endosomes carry NGF/TrkA.
The signaling molecules are carried down long axons to reach the cell bodies and dendrites(66).

Zika E was shown to have NGF activity in this present study. It suggests that Zika E may use
a similar mechanism to traverse the blood-brain barrier. Then, at the synaptic or axonal terminal,
Zika E/TrkA attaches and is endocytosed, forming an endosomal signal that is retrogradely
delivered to the cell body. The release of the Zika virus from the endosomal body can result in
infection of neural cells.

4.2 Zika E impaired neuron growth and maintenance of phenotypic

NGF is required for the growth and maintenance of neurons in the peripheral nervous system
(PNS) and cholinergic neurons in the central nervous system (CNS)(67). The mature and active
form of NGF is formed from the former Proteolysis of the body form (ProNGF). It is required for
normal development and adulthood and possesses pro-apoptotic and neurotrophic effects (68).
NGF affects the survival, differentiation, and phenotypic characteristics of hematopoietic stem
cells(69)). NGF receptors are expressed in immunological organs and cell populations(69), mast
cells, granulocytes, lymphocytes, and monocytes(69). In animals, NGF has been shown to
ameliorate neurological abnormalities following brain injury. Protection of nerve growth factor
The infant's brain is safeguarded from hypoxic-ischemic damage(70). By interacting with TrkA,
NGF increases neuron survival and differentiation. TrkA initiates receptor phosphorylation and
triggers signaling cascades downstream. NGF stimulates TrkA panning. The proteasome
deubiquitinating enzyme trims the K63-ubiquitin chain before the TrkA receptor being transported
to the lysosome for destruction following digestion and subsequent uptake into endocytic vesicles
(71). The Trk receptor activates multiple small G proteins, including Ras, Rap-1, and the
Cdc-42-Rac-Rho family, as well as MAP kinase(72), and phosphatidylinositol 3-kinase
(PI3K)/Akt (73) . Additionally, pathways mediated by phospholipase-C (PLC-) (74). Sorting
neuronal cells following TrkA endocytosis has a substantial effect on their survival and
differentiation(75). NGF stimulates TrkA receptors, resulting in a brief high-amplitude burst of
PI3K-Akt signaling, followed by a steady-state with a decreased amplitude(76). NGF-induced
PI3K-Akt signaling is preferentially activated along axons at mitochondrial-containing locations.
The route is determined by oxidative phosphorylation(76). Mitochondrial oxidative
phosphorylation and glycolysis contribute to the onset and maintenance of NGF-TrkA signaling
along embryonic sensory axons in distinct temporal and geographical patterns.

This study discovered that Zika E/TrkA endosomes are carried retrogradely into the cell body.
In other words, ZIKA infection results in the transmission of a significant number of TrkA signals
to the neuron's cell body. Thus, retrograde transport of Zika E/TrkA may result in aberrant
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activation of Trk receptor signals, including those of the Ras, Rap-1, and Cdc-42-Rac-Rho
families, as well as those of the MAP kinase(72), phosphatidylinositol 3-kinase (PI3K)/Akt, and
phospholipase-C- (PLC-) regulated pathways. As a result, ZIKA infection can impair neuronal
growth and maintenance of phenotypes.

4.3 Zika E causes apoptosis in neuronal cells

Neuron survival is associated with nerve growth factor (NGF) and its interaction with
high-affinity (TrkA) and low-affinity (p75NTR) receptors. NGF induces the formation of a
persistent endosomal signaling complex containing TrkA, MAPK, and Rap-1 (Ras GTPase that
activates MEK/MAPK indefinitely). TrkA stimulated by NGF transiently activates Ras on the
plasma membrane(77). The activation of the JNK signaling pathway and the suppression of the
PI3K, Akt, and ERK signaling pathways may contribute to ZIKV-induced neuronal cell death(1).
Clathrin-mediated trafficking appears to be critical for transferring information from TrkA
receptor activation to Ras-MAPK pathway participation(49). Glucose variations trigger apoptosis
by modulating the TrkA/p75NTR and PI3K/AKT pathways(78). The expression of the
dominant-negative form of PI 3-kinase or Akt promotes apoptosis in the presence of NGF(79). By
boosting proNGF and lowering mNGF, Akt, TrkA, p75 NTR, and p17, NGF and PI3K inhibition
results in enhanced neuronal cell death(80). This study discovered that endosomal signals from
Zika E/TrkA can be transferred to the neuron cell body. Zika infection can result in aberrant PI3K
signaling, which can result in neuronal cell death.

5 Conclusion

Infection with the Zika virus (ZIKV) results in severe neurological disease in adults or
congenital Zika syndrome in newborns. There is currently no authorized anti-ZIKV reagent. We
employed the domain search strategy to study the Zika virus glycoprotein E in this work. The
results revealed that E contains a NGF domain and is capable of interacting with TrkA. The
E/TrkA complex increased E's interaction with receptors such as Axl and facilitated Zika virus
endocytosis via clathrin. Rab5 retrograded transmission of Zika virus-containing E/TrkA
endosomal signals to neuronal soma. Rab7 helped dissociation of E/TrkA in late acidic endosomes.
The mature E protein of Zika lacks NGF action, but the immature E protein does. After membrane
fusion with the endosome, the Zika virus was released into the neuron cell body. The retrograde
trafficking of endosomal signals (E/TrkA) similar to NGF/TrkA enabled Zika virus to infect
neuronal cells. E's interference with the TrkA signal impaired neuronal cell growth and results in
neuronal cell apoptosis.

Declarations

Ethics approval and consent to participation

Not applicable.

Consent for publication

Not applicable.

Availability of data and material



10

The datasets and results supporting the conclusions of this article are available at:
https://pan.baidu.com/s/1LNGICUIlwJ0YoldfTv4gQA ; code：2f6m
Or: https://mega.nz/folder/p64klDDQ#vc-mXz7w9OTKGNvIA7raEg

Competing interests

The authors declare that they have no competing interests.

Funding

This work was funded by a grant from the Talent Introduction Project of Sichuan University of
Science and Engineering (award number: 2018RCL20, grant recipient: LWZ). This work was partly
funded by a grant from the Zigong City Key Science and Technology Plan Project (award number:
2021YLSF27, grant recipient: LWZ).

Author’s contribution

Funding was obtained by LWZ. Besides, design, analysis and writing are finished by LWZ, while
data curation and manuscript checking are undertaken by LHL. Both authors have read and agreed to
the published version of the manuscript.

Acknowledgements

Not applicable.

Author details
1 School of Computer Science and Engineering, Sichuan University of Science & Engineering, Zigong, 643002,
China.
2 School of Life Science and Food Engineering, Yibin University, Yibin, 644000, China.

References

1. Chang, Y., Y. Jiang, C. Li, Q. Wang, F. Zhang, C.-F. Qin, Q.-F. Wu, J. Li, and Z. Xu. 2020. Different Gene

Networks Are Disturbed by Zika Virus Infection in A Mouse Microcephaly Model. Genomics, proteomics &

bioinformatics 18: 737-748.

2. Bautista, L. E., and A. K. Sethi. 2016. Association between Guillain-Barré syndrome and Zika virus infection.

The Lancet 387: 2599-2600.

3. Lucey, D., H. Cummins, and S. Sholts. 2017. Congenital Zika syndrome in 2017. Jama 317: 1368-1369.

4. de Oliveira, W. K., G. V. A. de França, E. H. Carmo, B. B. Duncan, R. de Souza Kuchenbecker, and M. I.

Schmidt. 2017. Infection-related microcephaly after the 2015 and 2016 Zika virus outbreaks in Brazil: a

surveillance-based analysis. The Lancet 390: 861-870.

5. Meneses, J. d. A., A. C. Ishigami, L. M. de Mello, L. L. de Albuquerque, C. A. A. de Brito, M. T. Cordeiro,

and L. J. Pena. 2017. Lessons learned at the epicenter of Brazil’s congenital Zika epidemic: evidence from 87

confirmed cases. Clinical Infectious Diseases 64: 1302-1308.

6. Zhang, F., H.-J. Wang, Q. Wang, Z.-Y. Liu, L. Yuan, X.-Y. Huang, G. Li, Q. Ye, H. Yang, L. Shi, Y.-Q. Deng,

C.-F. Qin, and Z. Xu. 2017. American Strain of Zika Virus Causes More Severe Microcephaly Than an Old

Asian Strain in Neonatal Mice. EBioMedicine 25: 95-105.

7. Limonta, D., J. Jovel, A. Kumar, J. Lu, S. Hou, A. M. Airo, J. Lopez-Orozco, C. P. Wong, L. Saito, W.

Branton, G. K. Wong, A. Mason, C. Power, and T. C. Hobman. 2019. Fibroblast Growth Factor 2 Enhances

Zika Virus Infection in Human Fetal Brain. J Infect Dis 220: 1377-1387.



11

8. Yang, S., K. Gorshkov, E. M. Lee, M. Xu, Y.-S. Cheng, N. Sun, F. Soheilian, N. de Val, G. Ming, H. Song, H.

Tang, and W. Zheng. 2020. Zika Virus-Induced Neuronal Apoptosis via Increased Mitochondrial

Fragmentation. Frontiers in Microbiology 11.

9. Yang, C., F. Zeng, X. Gao, S. Zhao, X. Li, S. Liu, N. Li, C. Deng, B. Zhang, and R. Gong. 2019.

Characterization of two engineered dimeric Zika virus envelope proteins as immunogens for neutralizing

antibody selection and vaccine design. Journal of Biological Chemistry 294: 10638-10648.

10. Sirohi, D., Z. Chen, L. Sun, T. Klose, T. C. Pierson, M. G. Rossmann, and R. J. Kuhn. 2016. The 3.8 Å

resolution cryo-EM structure of Zika virus. Science 352: 467-470.

11. Kostyuchenko, V. A., E. X. Lim, S. Zhang, G. Fibriansah, T.-S. Ng, J. S. Ooi, J. Shi, and S.-M. Lok. 2016.

Structure of the thermally stable Zika virus. Nature 533: 425-428.

12. Sevvana, M., F. Long, A. S. Miller, T. Klose, G. Buda, L. Sun, R. J. Kuhn, and M. G. Rossmann. 2018.

Refinement and analysis of the mature Zika virus cryo-EM structure at 3.1 Å resolution. Structure 26:

1169-1177. e1163.

13. Pierson, T. C., and M. Kielian. 2013. Flaviviruses: braking the entering. Current opinion in virology 3: 3-12.

14. Sevvana, M., F. Long, A. S. Miller, T. Klose, G. Buda, L. Sun, R. J. Kuhn, and M. G. Rossmann. 2018.

Refinement and Analysis of the Mature Zika Virus Cryo-EM Structure at 3.1&#xa0;&#xc5; Resolution.

Structure 26: 1169-1177.e1163.

15. Sirohi, D., and R. J. Kuhn. 2017. Zika Virus Structure, Maturation, and Receptors. The Journal of Infectious

Diseases 216: S935-S944.

16. Lappala, A., W. Nishima, J. Miner, P. Fenimore, W. Fischer, P. Hraber, M. Zhang, B. McMahon, and C.-S.

Tung. 2018. Structural Transition and Antibody Binding of EBOV GP and ZIKV E Proteins from Pre-Fusion

to Fusion-Initiation State. Biomolecules 8: 25.

17. Agrelli, A., R. R. de Moura, S. Crovella, and L. A. C. Brandão. 2019. ZIKA virus entry mechanisms in

human cells. Infection, genetics and evolution : journal of molecular epidemiology and evolutionary genetics

in infectious diseases 69: 22-29.

18. Rinkenberger, N., and J. W. Schoggins. 2019. Comparative analysis of viral entry for Asian and African

lineages of Zika virus. Virology 533: 59-67.

19. Traub, L. M. 2011. Regarding the amazing choreography of clathrin coats. PLoS biology 9: e1001037.

20. Cocucci, E., R. Gaudin, and T. Kirchhausen. 2014. Dynamin recruitment and membrane scission at the neck

of a clathrin-coated pit.Molecular biology of the cell 25: 3595-3609.

21. Boulant, S., C. Kural, J.-C. Zeeh, F. Ubelmann, and T. Kirchhausen. 2011. Actin dynamics counteract

membrane tension during clathrin-mediated endocytosis. Nat Cell Biol 13: 1124-1131.

22. Aschenbrenner, L., T. Lee, and T. Hasson. 2003. Myo6 facilitates the translocation of endocytic vesicles from

cell peripheries. Molecular biology of the cell 14: 2728-2743.

23. Novick, P., and P. Brennwald. 1993. Friends and family: the role of the Rab GTPases in vesicular traffic. Cell

75: 597-601.

24. Li, M., D. Zhang, C. Li, Z. Zheng, M. Fu, F. Ni, Y. Liu, T. Du, H. Wang, G. E. Griffin, M. Zhang, and Q. Hu.

2020. Characterization of Zika Virus Endocytic Pathways in Human Glioblastoma Cells. Frontiers in

Microbiology 11.

25. Owczarek, K., Y. Chykunova, C. Jassoy, B. Maksym, Z. Rajfur, and K. Pyrc. 2019. Zika virus: mapping and

reprogramming the entry. Cell Communication and Signaling 17: 41.

26. Li, M. Y., T. S. Naik, L. Y. L. Siu, O. Acuto, E. Spooner, P. Wang, X. Yang, Y. Lin, R. Bruzzone, and J.

Ashour. 2020. Lyn kinase regulates egress of flaviviruses in autophagosome-derived organelles. Nature

communications 11: 1-16.



12

27. Souza, M. A., T. B. Rezende, A. R. Barcelos, L. L. Gomes, and G. E. Vieira. 2020. Zika virus and

microcephaly: A review of the molecular interactions. Integr.Mol. Med 7.

28. Strange, D. P., B. Jiyarom, N. P. Zarandi, X. Xie, C. Baker, H. Sadri-Ardekani, P.-Y. Shi, S. Verma, and W. I.

Lipkin. 2019. Axl Promotes Zika Virus Entry and Modulates the Antiviral State of Human Sertoli Cells.

mBio 10: e01372-01319.

29. Srivastava, M., Y. Zhang, J. Chen, D. Sirohi, A. Miller, Y. Zhang, Z. Chen, H. Lu, J. Xu, R. J. Kuhn, and W.

Andy Tao. 2020. Chemical proteomics tracks virus entry and uncovers NCAM1 as Zika virus receptor.

Nature Communications 11: 3896.

30. Ji, R., L. Meng, X. Jiang, N. K. Cvm, J. Ding, Q. Li, and Q. Lu. 2014. TAM Receptors Support Neural Stem

Cell Survival, Proliferation and Neuronal Differentiation. PLoS One 9: e115140.

31. Wang, Q., Q.-J. Lu, B. Xiao, Y. Zheng, and X.-M. Wang. 2011. Expressions of Axl and Tyro-3 receptors are

under regulation of nerve growth factor and are involved in differentiation of PC12 cells. Neuroscience

Bulletin 27: 15-22.

32. Zheng, Y., L. Zhang, Q. Lu, X. Wang, F. Yu, X. Wang, and Q. Lu. 2009. NGF-induced Tyro3 and Axl

function as survival factors for differentiating PC12 cells. Biochem Biophys Res Commun 378: 371-375.

33. Wilcox, C. L., R. L. Smith, C. R. Freed, and E. M. Johnson, Jr. 1990. Nerve growth factor-dependence of

herpes simplex virus latency in peripheral sympathetic and sensory neurons in vitro. The Journal of

neuroscience : the official journal of the Society for Neuroscience 10: 1268-1275.

34. Hill, J. M., H. H. Garza, Jr., M. F. Helmy, S. D. Cook, P. A. Osborne, E. M. Johnson, Jr., H. W. Thompson, L.

C. Green, R. J. O'Callaghan, and B. M. Gebhardt. 1997. Nerve growth factor antibody stimulates reactivation

of ocular herpes simplex virus type 1 in latently infected rabbits. Journal of neurovirology 3: 206-211.

35. Naveca, F. G., G. S. Pontes, A. Y.-h. Chang, G. A. V. d. Silva, V. A. d. Nascimento, D. C. d. S. Monteiro, M.

S. d. Silva, L. F. Abdalla, J. H. A. Santos, and T. A. P. d. Almeida. 2018. Analysis of the immunological

biomarker profile during acute Zika virus infection reveals the overexpression of CXCL10, a chemokine

linked to neuronal damage. Memórias do Instituto Oswaldo Cruz 113.

36. Hondermarck, H., N. W. Bartlett, and V. Nurcombe. 2020. The role of growth factor receptors in viral

infections: An opportunity for drug repurposing against emerging viral diseases such as COVID-19? FASEB

BioAdvances 2: 296-303.

37. Kumar, N., Y. Liang, T. G. Parslow, and Y. Liang. 2011. Receptor tyrosine kinase inhibitors block multiple

steps of influenza a virus replication. Journal of virology 85: 2818-2827.

38. Souza, T. M. L., D. Q. Rodrigues, C. P. Passaes, V. Barreto-de-Souza, R. S. Aguiar, J. R. Temerozo, M. G.

Morgado, C. F. L. Fontes, E. G. Araujo, and D. C. Bou-Habib. 2011. The nerve growth factor reduces

APOBEC3G synthesis and enhances HIV-1 transcription and replication in human primary macrophages.

Blood, The Journal of the American Society of Hematology 117: 2944-2952.

39. Othumpangat, S., M. Regier, and G. Piedimonte. 2012. Nerve growth factor modulates human rhinovirus

infection in airway epithelial cells by controlling ICAM-1 expression. American Journal of Physiology-Lung

Cellular and Molecular Physiology 302: L1057-L1066.

40. Othumpangat, S., L. F. Gibson, L. Samsell, and G. Piedimonte. 2009. NGF is an essential survival factor for

bronchial epithelial cells during respiratory syncytial virus infection. PLoS One 4: e6444.

41. Wilcox, C. L., and E. M. Johnson. 1987. Nerve growth factor deprivation results in the reactivation of latent

herpes simplex virus in vitro. Journal of Virology 61: 2311-2315.

42. McDonald, N. Q., R. Lapatto, J. Murray-Rust, J. Gunning, A. Wlodawer, and T. L. Blundell. 1991. New

protein fold revealed by a 2.3-A resolution crystal structure of nerve growth factor. Nature 354: 411-414.



13

43. Kernie, S. G., and L. F. Parada. 2000. The molecular basis for understanding neurotrophins and their

relevance to neurologic disease. Archives of neurology 57: 654-657.

44. Segal, R. A. 2003. Selectivity in neurotrophin signaling: theme and variations. Annual review of

neuroscience 26: 299-330.

45. Pérez, P., P. M. Coll, B. L. Hempstead, D. Martín-Zanca, and M. V. Chao. 1995. NGF binding to the trk

tyrosine kinase receptor requires the extracellular immunoglobulin-like domains. Molecular and cellular

neurosciences 6: 97-105.

46. Wong, W. 2011. Acid Test. Science Signaling 4: ec224-ec224.

47. Zapf-Colby, A., and J. M. Olefsky. 1998. Nerve Growth Factor Processing and Trafficking Events Following

TrkA-Mediated Endocytosis*. Endocrinology 139: 3232-3240.

48. Grimes, M. L., J. Zhou, E. C. Beattie, E. C. Yuen, D. E. Hall, J. S. Valletta, K. S. Topp, J. H. LaVail, N. W.

Bunnett, and W. C. Mobley. 1996. Endocytosis of activated TrkA: evidence that nerve growth factor induces

formation of signaling endosomes. Journal of Neuroscience 16: 7950-7964.

49. Howe, C. L., J. S. Valletta, A. S. Rusnak, and W. C. Mobley. 2001. NGF signaling from clathrin-coated

vesicles: evidence that signaling endosomes serve as a platform for the Ras-MAPK pathway. Neuron 32:

801-814.

50. Beattie, E. C., C. L. Howe, A. Wilde, F. M. Brodsky, and W. C. Mobley. 2000. NGF signals through TrkA to

increase clathrin at the plasma membrane and enhance clathrin-mediated membrane trafficking. Journal of

Neuroscience 20: 7325-7333.

51. Shao, Y., W. Akmentin, J. J. Toledo-Aral, J. Rosenbaum, G. Valdez, J. B. Cabot, B. S. Hilbush, and S.

Halegoua. 2002. Pincher, a pinocytic chaperone for nerve growth factor/TrkA signaling endosomes. The

Journal of cell biology 157: 679-691.

52. Philippidou, P., G. Valdez, W. Akmentin, W. J. Bowers, H. J. Federoff, and S. Halegoua. 2011. Trk retrograde

signaling requires persistent, Pincher-directed endosomes. Proceedings of the National Academy of Sciences

108: 852-857.

53. Valdez, G., W. Akmentin, P. Philippidou, R. Kuruvilla, D. D. Ginty, and S. Halegoua. 2005.

Pincher-mediated macroendocytosis underlies retrograde signaling by neurotrophin receptors. Journal of

Neuroscience 25: 5236-5247.

54. Delcroix, J.-D., J. S. Valletta, C. Wu, S. J. Hunt, A. S. Kowal, and W. C. Mobley. 2003. NGF Signaling in

Sensory Neurons: Evidence that Early Endosomes Carry NGF Retrograde Signals. Neuron 39: 69-84.

55. Barford, K., A. Keeler, L. McMahon, K. McDaniel, C. C. Yap, C. D. Deppmann, and B. Winckler. 2018.

Transcytosis of TrkA leads to diversification of dendritic signaling endosomes. Scientific Reports 8: 4715.

56. Harrington, A. W., and D. D. Ginty. 2013. Long-distance retrograde neurotrophic factor signalling in neurons.

Nature reviews. Neuroscience 14: 177-187.

57. Philippidou, P., G. Valdez, W. Akmentin, W. J. Bowers, H. J. Federoff, and S. Halegoua. 2011. Trk retrograde

signaling requires persistent, Pincher-directed endosomes. Proceedings of the National Academy of Sciences

of the United States of America 108: 852-857.

58. Zhang, K., R. Fishel Ben Kenan, Y. Osakada, W. Xu, R. S. Sinit, L. Chen, X. Zhao, J. Y. Chen, B. Cui, and C.

Wu. 2013. Defective axonal transport of Rab7 GTPase results in dysregulated trophic signaling. The Journal

of neuroscience : the official journal of the Society for Neuroscience 33: 7451-7462.

59. Cohen, S. 2008. Origins of growth factors: NGF and EGF. Journal of Biological Chemistry 283:

33793-33797.



14

60. Bruno, M. A., and A. C. Cuello. 2006. Activity-dependent release of precursor nerve growth factor,

conversion to mature nerve growth factor, and its degradation by a protease cascade. Proceedings of the

National Academy of Sciences 103: 6735-6740.

61. Sofroniew, M. V., C. L. Howe, and W. C. Mobley. 2001. Nerve growth factor signaling, neuroprotection, and

neural repair. Annual review of neuroscience 24.

62. Casaccia-Bonnefil, P., C. Gu, and M. V. Chao. 1999. Neurotrophins in cell survival/death decisions.

Advances in experimental medicine and biology 468: 275-282.

63. Hu, C., K. Wedde-Beer, A. Auais, M. M. Rodriguez, and G. Piedimonte. 2002. Nerve growth factor and

nerve growth factor receptors in respiratory syncytial virus-infected lungs. American Journal of

Physiology-Lung Cellular and Molecular Physiology 283: L494-L502.

64. Friden, P. M., L. R. Walus, P. Watson, J. Kozarich, C. Backman, H. Bergman, B. Hoffer, F. Bloom, and A.

Granholm. 1993. Blood-brain barrier penetration and in vivo activity of an NGF conjugate. Science 259:

373-377.

65. Marlin, M. C., and G. Li. 2015. Biogenesis and function of the NGF/TrkA signaling endosome. Int Rev Cell

Mol Biol 314: 239-257.

66. Heerssen, H. M., M. F. Pazyra, and R. A. Segal. 2004. Dynein motors transport activated Trks to promote

survival of target-dependent neurons. Nature neuroscience 7: 596-604.

67. Aloe, L., L. Bracci-Laudiero, S. Bonini, and L. Manni. 1997. The expanding role of nerve growth factor:

from neurotrophic activity to immunologic diseases. Allergy 52: 883-894.

68. Fahnestock, M., G. Yu, B. Michalski, S. Mathew, A. Colquhoun, G. M. Ross, and M. D. Coughlin. 2004. The

nerve growth factor precursor proNGF exhibits neurotrophic activity but is less active than mature nerve

growth factor. J Neurochem 89: 581-592.

69. Aloe, L., M. L. Rocco, P. Bianchi, and L. Manni. 2012. Nerve growth factor: from the early discoveries to

the potential clinical use. Journal of Translational Medicine 10: 239.

70. Holtzman, D. M., R. A. Sheldon, W. Jaffe, Y. Cheng, and D. M. Ferriero. 1996. Nerve growth factor protects

the neonatal brain against hypoxic-ischemic injury. Annals of neurology 39: 114-122.

71. Geetha, T., and M. W. Wooten. 2008. TrkA receptor endolysosomal degradation is both ubiquitin and

proteasome dependent. Traffic 9: 1146-1156.

72. Klesse, L. J., K. A. Meyers, C. J. Marshall, and L. F. Parada. 1999. Nerve growth factor induces survival and

differentiation through two distinct signaling cascades in PC12 cells. Oncogene 18: 2055-2068.

73. Pierchala, B. A., R. C. Ahrens, A. J. Paden, and E. M. Johnson, Jr. 2004. Nerve growth factor promotes the

survival of sympathetic neurons through the cooperative function of the protein kinase C and

phosphatidylinositol 3-kinase pathways. The Journal of biological chemistry 279: 27986-27993.

74. Huang, E. J., and L. F. Reichardt. 2003. Trk receptors: roles in neuronal signal transduction. Annu Rev

Biochem 72: 609-642.

75. Li, X., P. Lavigne, and C. Lavoie. 2015. GGA3 mediates TrkA endocytic recycling to promote sustained Akt

phosphorylation and cell survival. Molecular Biology of the Cell 26: 4412-4426.

76. Sainath, R., and G. Gallo. 2021. Bioenergetic Requirements and Spatiotemporal Profile of Nerve Growth

Factor Induced PI3K-Akt Signaling Along Sensory Axons. Frontiers in Molecular Neuroscience 14.

77. Wu, C., C.-F. Lai, and W. C. Mobley. 2001. Nerve growth factor activates persistent Rap1 signaling in

endosomes. Journal of neuroscience 21: 5406-5416.

78. Yan, T., Z. Zhang, and D. Li. 2020. NGF receptors and PI3K/AKT pathway involved in glucose

fluctuation-induced damage to neurons and α-lipoic acid treatment. BMC Neuroscience 21: 38.



15

79. Crowder, R. J., and R. S. Freeman. 1998. Phosphatidylinositol 3-Kinase and Akt Protein Kinase Are

Necessary and Sufficient for the Survival of Nerve Growth Factor-Dependent Sympathetic Neurons. The

Journal of Neuroscience 18: 2933-2943.

80. Sang, Q., D. Sun, Z. Chen, and W. Zhao. 2018. NGF and PI3K/Akt signaling participate in the ventral motor

neuronal protection of curcumin in sciatic nerve injury rat models. Biomedicine & Pharmacotherapy 103:

1146-1153.


	Abstract
	1 Background
	2 Method
	2.1 Data set
	2.2 The localized MEME tool of scanning for conser

	3 Results
	3.1 Zika E contains a functional NGF domain.
	3.2 Zika E possesses ion channel activity
	3.3 The mature E protein from Zika is devoid of NG

	4 Discussion
	4.1 The Zika virus infected neuronal cells after b
	4.2 Zika E impaired neuron growth and maintenance 
	4.3 Zika E causes apoptosis in neuronal cells

	5 Conclusion
	Declarations
	Ethics approval and consent to participation
	Consent for publication 
	Availability of data and material
	Competing interests 
	Funding 
	Author’s contribution 
	Acknowledgements 
	Author details

	References

