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Abstract: Septin forms a conserved family of cytoskeletal guanosine triphosphate (GTP) binding
proteins that have diverse roles in protein scaffolding, vesicle trafficking, and cytokinesis.
The involvement of septins in infectious viral disease pathogenesis has been demonstrated by
the upregulation of SEPT5 protein and its mRNA in brain tissues of H5N1-infected chickens, thus,
providing evidence for the potential importance of this protein in the pathogenesis of neurovirulence
caused by the avian influenza virus. In this study, cloning, expression, and purification of Gallus gallus
SEPT5 protein was performed in Escherichia coli. The SEPT5 gene was inserted into the pRSETB
expression vector, transformed in the E. coli BL21 (DE3) strain and the expression of SEPT5
protein was induced by IPTG. The SEPT5 protein was shown to be authentic as it was able to
be pulled down by a commercial anti-SEPT5 antibody in a co-immunoprecipitation assay. In vivo
aggregation of the recombinant protein was limited by cultivation at a reduced temperature of 16 ◦ C.
Using co-immunoprecipitation techniques, the purified recombinant SEPT5 protein was used to pull
down host’s interacting or binding proteins, i.e., proteins of brains of chickens infected with the
H5N1 influenza virus. Interacting proteins, such as CRMP2, tubulin proteins, heat-shock proteins
and other classes of septins were identified using LCMS/MS. Results from this study suggest that the
codon-optimized SEPT5 gene can be efficiently expressed in the E. coli bacterial system producing
authentic SEPT5 protein, thus, enabling multiple host’s proteins to interact with the SEPT5 protein.
Keywords: septins; septin5; H5N1 avian influenza virus; co-immunoprecipitation; chicken brain

1. Introduction
Septins are a family of GTPases which are found in the cytosol. Septins are broadly expressed
throughout the animal kingdom; however, these 40–50 kDa proteins are well conserved between
different species. The human septin family is composed of 14 loci, SEPT1–SEPT14 which encodes
the different septin proteins [1]. The primary structure of septins is characterized by variable N- and
C-termini and a conserved central domain. In the central domain, a P-loop signature allocates septins in
the P-loop GTPase family. Directly adjacent to the variable N-terminal tail is a short polybasic sequence
that has been found to be responsible for binding of septins to hosts’ membrane phospholipids [2].
This is followed by the GTP-binding domain that spans most of the septin sequence. All septins, with
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the exception of the SEPT3 group, also contain a coiled-coil region right before the variable C-terminal
tail [3]. The N- and C-termini surrounding the core domain of the septins are divergent and some of
the mammalian septins have a predicted C-terminal coiled-coil domain which could be involved in
protein-protein interactions [4–6]. There also exist two conserved regions in septins that are involved in
the formation of septin–septin interactions and also complex assembly; the guanine nucleotide-binding
domain (G interface), and the N- and C-terminal extensions (NC interface) [7]. Based on sequence
similarities, septins can be grouped into four subgroups. SEPT5, together with SEPT1, SEPT2, and
SEPT4, belongs to the SEPT2 group or group III. Septins have been associated in multiple cellular
functions, including membrane transport, apoptosis, cell polarity, cell cycle regulation, cytokinesis,
and oncogenesis [8–10].
Apart from formation of hetero-oligomeric complexes, septins from different groups also interact
and associate with cellular membranes, actin filaments, and microtubules [11]. They are also dispersed
throughout the cytoplasm without forming a continuous polymer network and served as basins
or links that sequester key signalling molecules with remote functions [12]. One example is the
SEPT2/6/7 complex, which acts as scaffold for microtubules-associated-protein 4 (MAP4). MAP4 is
one of the ubiquitous MAPs that stabilize microtubules by bundling. By binding to the septin complex,
MAP4 cannot interact with microtubules, whereby the septin complex sequesters the MAP4 activity
away from microtubules, essentially acting as a basin. By depleting one of the subunits, it resulted
in hyper-stabilization of the microtubules by releasing MAP4 from the septin depository. Thus, the
septin scaffolds dispersed in the cytoplasm could indirectly control the stability and dynamicity of
the microtubules.
Expression and localization of different septins in the human brain have been studied by Kim et al.
in 2004, which showed variable levels and expression patterns of the different septins in brain tissue,
brain tumour specimens, and human brain tumour cell lines [13]. In human brains, the possible
roles for septins in neurologic disorders have emerged based on the discovery of the brain-specific
expression of some septins in different parts of the brains and its interaction with key components
that are related to the disease. In a study of yeast two hybrids, it was demonstrated that SEPT6
interacts with transmembrane myelin protein, other than being associated with multiple septin
complexes, SEPT2 and SEPT7, to form the cytoskeleton in myelinating glia [14]. This suggests the
critical dependence of septins’ arrangements into complexes for proper structure formation and
functions. SEPT2 (NEDD5), SEPT1 (DIFF6), and SEPT4 (H5) have been found to be associated
with Alzheimer-specific neuro fibrillar tangles by use of immunocytochemistry and immunoelectron
microscopy [15], while co-immunoprecipitation assay revealed SEPT5 (CDCRel-1) interact with Parkin,
a pathogenic protein in Parkinson’s Disease [16]. SEPT11 plays a functional role in the cytoarchitecture
of neurons and GABAergic synaptic connectivity and is present in GABAergic synapses. The regulation
of cytoarchitecture of neurons also involved another family of septin which is SEPT6 [17]. SEPT3,
on the other hand, is a developmentally-regulated phosphoprotein enriched in presynaptic nerve
terminals [18]. Mammalian SEPT5 was discovered to be localized to plasma membranes and highly
concentrated at the tips of the neurites where it associates with SNARE complex, which regulates vesicle
targeting and fusion, thus inhibiting exocytosis [19]. It also co-purified with other proteins related with
exocytosis, such as syntaxins, synaptosomal-associated protein 25 (SNAP-25), and synaptophysin [20].
In addition, rat brain septin CDC10 also co-immunoprecipitated with sec6/8 complexes which are
involved in vesicle delivery [21]. All septins also interacted with other non-septin proteins.
Recently, it was shown that some pathogens use septins linked to several viral-encoded proteins
to their advantage. The replication of hepatitis C virus (HCV) which is a positive-strand RNA virus
that causes chronic hepatitis [22], for example, requires the host-encoded hnRNPA1, an RNA-binding
protein, that, together forms a quaternary complex with viral RNA, NS5b, and host-encoded SEPT6.
The loss of any of these host components resulted in a reduction in viral reproduction. Another virus,
KSHV, or Kaposi’s sarcoma-associated herpesvirus, was reported to bind to SEPT4 proteins [23].
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SEPT4 play a role in promoting apoptosis of the infected cells and the Kaposin A-SEPT4 interaction
apparently blocks this pro-apoptotic effect, enhancing tumourigenesis of KSHV in KSHV-infected cells.
In the present study, we expressed the purified and co-immunoprecipitated authentic recombinant
SEPT5 protein of chicken for interaction studies with brain lysates from chickens infected with
H5N1 avian influenza virus and non-infected chickens. In the infected brains, proteins, such as
dihydropyrimidinase-related protein 2, heat shock proteins and other septins were identified as
interacting partners of the SEPT5 recombinant protein which might affect virus pathogenesis. These data
will be indispensable for future studies to understand the role of SEPT5 in H5N1 virus infection.
2. Materials and Methods
2.1. H5N1-Infected and Non-Infected Brain Tissues and Paraffin Blocks
Highly-pathogenic avian influenza (HPAI) H5N1-infected and non-infected formalin fixed
paraffin embedded brain tissues and wet brain tissues (stored at −80 ◦ C in a BSL-3 facility
of the Institute of Bioscience) were archived samples and provided by Prof Abdul Rahman
Omar, UPM. Briefly, four-week old SPF chickens were infected with HPAI H5N1 virus
(A/Chicken/Malaysia/5858/04: NCBI Taxon ID: 365120) as a virus control group in a vaccine trial and
the brains of the virus-infected and control birds were harvested. The A/Chicken/Malaysia/5858/04
virus was previously been tested to be highly pathogenic, as over 75% mortality was observed in fourto eight-week-old chickens following an intravenous pathogenicity test. The brains were also tested to
be free of Newcastle Disease virus. All work involving the use of wet brain tissues infected with this
live H5N1 virus was conducted in the BSL-3 laboratory facility of the Institute of Bioscience, UPM.
2.2. Immunohistochemistry Staining for the Detection of H5N1 Virus and SEPT5 in Brain of Infected Chickens
The formalin-fixed paraffin embedded blocks of infected and non-infected chicken brains were
sectioned for immunoperoxidase assay (IPA) and hematoxylin and eosin (H and E) staining with
manual microtome (Histology Labs., Faculty of Veterinary Science, UPM). The paraffin blocks were
processed for immunohistochemistry staining as previously described by Brown et al. [24] with
modifications. For the IPA method, the tissue sections from H5N1-infected and control chickens were
deparaffinized in xylene and hydrated with graded alcohol. Hydrated samples were then subjected
to antigen retrieval with EDTA (in buffer: 1.0 M, 0.05% Tween-20) at 95 ◦ C–100 ◦ C in steaming water
bath. The slides were then treated with 3% hydrogen peroxide in methanol at room temperature
and blocked with normal horse serum at 37 ◦ C in a humidified chamber. Slides were incubated with
mouse polyclonal anti-SEPT5 (1:200) (Abcam, Cambridge, MA, USA) or rabbit monoclonal anti-NP
H5N1 (Santa Cruz Biotechnology, Inc., Dallas, TX, USA), overnight in 4 ◦ C. The slides were then
incubated with biotin-conjugated UNIVERSAL anti-mouse/anti-rabbit IgG secondary antibody for
1 h at 37 ◦ C. Avidin/biotin blocking was done using VECTASTAIN® Universal Quick Kit, R.T.U
(Vector Laboratories, Burlingame, CA, USA) as per the manufacturer’s protocol. Slides were flooded
with the avidin-biotin complex solution for 30 min at room temperature and stained with DAB
(3,30 -Diaminobenzidine) solution. The immunoperoxidase and H and E-stained slides were observed
under compound light microscope for visualization of histopathological changes of the tissues.
2.3. Recombinant SEPT5 Protein Production in an E. coli Expression System
2.3.1. Design of SEPT5 Gallus gallus Gene Primers and Restriction Enzyme Sites
Nucleotide and amino acid sequences of SEPT5 Gallus gallus were obtained from the NCBI
database. The start and end of SEPT5 was chosen based on conserved regions mapped by Pfam
database [25] and other alignments produced with the amino acid sequence of Gallus gallus SEPT5
(ncbi ID: 001025825.2). Oligonucleotides were synthesized for the amplification of SEPT5 based on
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the SEPT5 sequence ID. Using both the cDNA sequence, specific PCR primers were designed by
Primer3Plus 2.0 software [26] to amplify the corresponding gene as shown in Table 1.
Table 1. Sequence of the SEPT5 gene.
Accession No.

NP_001025825.2

Gene

SEPT5 (Gallus gallus)

Protein

Septin 5

Forward Primer

GCC TCG AGG EcoRI
ATG AGC ACC GGC ACG CGC TAC AAG AGC AAG
CCG CTC AAC CCA GAG GAG AAG CAG GAC

Reverse Primer

AGA AGC TTC HindIII
TAG TCA CTG ATC CTG CAT CTG CTG CTG CAT CTT

Amplicon Length

1110 bp

Protein Size

45 kDa

Restriction enzyme sites EcoRI and HindIII were added to the sense and antisense primers to
facilitate subsequent cloning into pTZ57R/T (Thermo Scientific, Life Technology, Waltham, MA, USA)
vector and pRSETB (Invitrogen, Carlsbad, CA, USA) expression vectors. Expression was induced by
the promoter T7 RNA polymerase in BL21 (DE3) E. coli cells.
2.3.2. RNA Extractions from Brain Tissues
RNA of H5N1-infected brain tissues (provided by Prof. Abdul Rahman Omar) was prepared
using standard RNA extraction techniques. Total RNA was prepared from tissues using a combination
of Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s instructions
and TRIZOL extraction protocol. Purified RNA was eluted in RNAse-free water and stored in −80 ◦ C
until further use. Primary experimental procedure involved whole RNA extraction and amplification
of the gene with the first strand cDNA as the template.
2.3.3. First Strand cDNA Synthesis
Total RNA from the brain lysates were used as a template for Random Primers (Promega, San Luis
Obispo, CA, USA) first-strand cDNA synthesis using reverse transcriptase (Promega). The reverse
transcription reaction mixtures contained total RNA (5 µg), dNTP, primers, and RNase-free water.
Reaction mixture was incubated at 70 ◦ C for 10 min; the reverse transcription was carried out in the
presence of AMV reverse transcriptase and RNase inhibitor at 42 ◦ C for 50 min. The cDNAs were kept
at 20 ◦ C for further use. PCR was carried out to amplify SEPT5 with its specific sense and antisense
primers along with annealing temperatures of 58 ◦ C and an extension time at 35 cycles.
2.3.4. Cloning of SEPT5 Gallus gallus into the pTZ57R/T Vector
PCR products were detected by ethidium bromide (EtBr) staining after TAE-1% agarose gel
electrophoresis, purified with a Wizard SV Gel/PCR Clean-Up kit (Promega, San Luis Obispo, CA,
USA), cloned into the pTZ57R/T (Thermo Scientific, Life Technology, Waltham, MA, USA) vector
according to manufacturer’s instructions, and transformed into DH5α E. coli strains. Transformation
was done with heat shock treatment of bacterial cells at 42 ◦ C and cells were left to grow overnight
at 37 ◦ C. Plasmid DNA was extracted from bacterial culture and purified with Zyppy™ Plasmid
Miniprep Kit (ZYMO Research Corp, Orange, CA, USA) as per the manufacturer’s protocol.
2.3.5. SEPT5 Protein Expression in E. coli
To express the SEPT5 protein of Gallus gallus, both the purified DNA of SEPT5 from the cloning
vector and expression vector, pRSETB were double digested with EcoRI and HindIII enzymes and
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ligated with T4 DNA ligase overnight at 4 ◦ C. Recombinant pRSETB-SEPT5 plasmids were transformed
into E. coli BL21 (DE3) cells with His-tag. The bacterial plasmid was induced with 0.2 mM IPTG for
18 h at 16 ◦ C to express the SEPT5 recombinant proteins. Cells were collected and sonicated in cold
lysis buffer (10 mM Tris–HCl, 0.3 M NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonylfluoride (PMSF),
pH 7.5). After centrifugation at 12,000× g for 20 min, the supernatant was recovered.
2.3.6. SEPT5 Protein Purification with His-Tag Column
Crude septin proteins obtained from supernatant of lysed BL21 (DE3) cells were applied to
a
His-tag column (Novagen, Birmingham, UK) and the column was washed with wash
buffer containing 50 mM phosphate, 0.3 M NaCl, and 20 mM imidazole (pH 8.0). Proteins were
then eluted with elution buffer containing 50 mM phosphate, 0.5 M NaCl, and 0.5 M imidazole
(pH 8.0). Protein fractions from the supernatants, flow-through, washes and, finally, purified SEPT5
were detected by 12% SDS–PAGE followed by Coomassie Blue staining. Western blotting of
purified recombinant SEPT5 (rSEPT5) was detected using alkaline-phosphatase system (Promega,
San Luis Obispo, CA, USA) with commercially-available anti-SEPT5 polyclonal antibodies (Abcam,
Cambridge, MA, USA). Briefly, the SDS-PAGE gel was transferred to a PVDF membrane (Millipore,
Billerica, MA, USA) by semi-dry electroblotting (Biorad, Hercules, CA, USA). The membrane
was blocked with blocking buffer for 90 min at room temperature and washed with washing
buffer for 10 min at room temperature. The membrane was probed with an anti-SEPT mouse
polyclonal antibody (Abcam) overnight at 4 ◦ C followed by incubation with goat anti-mouse antibody
(Santa Cruz, CA, USA) at room temperature. Visualization of proteins was achieved using BCIP
(5-bromo-4-chloro-3-indolyl-phosphate) in conjunction with NBT (nitro blue tetrazolium) for the
colorimetric detection of alkaline phosphatase activity at 1–4 min exposure time.
Ni+ -NTA

2.4. Co-Immunoprecipitation Assay of rSEPT5 with Polyclonal Anti-SEPT5 Antibodies
An immunoprecipitation assay was conducted to determine that the eluted purified rSEPT5
protein is in its conformational state. In this assay, 25 µg of anti-SEPT5 polyclonal antibodies (Abcam,
Cambridge, MA, USA) were added to 50 µL of Protein A/G agarose beads for 4 h at room temperature.
The purified recombinant SEPT5 proteins in the elution buffer were added to the bound antibodies-bead
complex followed by overnight incubation at 4 ◦ C. The immunocomplexes were washed with wash
buffer (150 mM NaCl, protease inhibitor cocktail) and the antigen antibody-complex was eluted from
the beads by heating in SDS PAGE sample buffer. The eluted protein was analysed by SDS PAGE gel
and MS/MS.
2.5. Pull-Down of Interacting Proteins of SEPT5 in Brain Lysates by Co-Immunoprecipitation
2.5.1. Preparation of Chicken Brain Tissue Homogenates
Chicken brain homogenates were prepared for the purpose of interaction studies in a
co-immunoprecipitation (co-IP) assay. Cytosolic soluble fractions and insoluble membrane fractions
were extracted according to the procedure previously described with some modifications [27].
Upon thawing, the H5N1-infected and non-infected brains were weighed and recorded. The brains
were then ground and homogenized with Dounce homogenizer at 4 ◦ C in lysis/wash buffer (0.5 M
Tris-HCl, 150 mM NaCl, 0.1 mM EDTA, 1% NP-40, 5% glycerol; pH 7.4) with a cocktail of PMSF
protease inhibitors. These tissue homogenates were centrifuged at 12,000 rpm for 20 min at 4 ◦ C.
Cell lysates were aspirated and re-centrifuged for another 20 min. After a few rounds of centrifugation
to obtain clear lysates, they are stored in −80 ◦ C for long-term storage. Concentrations of lysates were
determined by A280 UV absorbance value.
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2.5.2. Pull-Down of Interacting Proteins by co-IP
Co-IP study was performed as detailed by Corti et al. [28]. Briefly, antibodies immobilization
complex was prepared by binding 25 µL protein A/G agarose resin (Pierce® ) to anti-SEPT5 polyclonal
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4. Discussion
Highly-pathogenic H5N1 influenza A viruses can cause fatal systemic infection in poultry. The
HPAI virus replicates primarily in endothelial cells of the vascular systems and spreads to other
body systems and penetrates the blood brain barrier to infect the neurons and glial cells of the brain
[59]. However, their neurotropism and effects on the central nervous system (CNS) are not fully
understood. We assessed H5N1 viral invasion of the CNS in an infected chicken brain model which
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Table 2. List of identified interacting proteins from H5N1-infected brain lysates.
Proteins

Functions

Accessiona

References

Actin filaments, cytoplasmic 2

Major constituent of cytoskeleton, actin
filaments are also involved in cytokinesis
and cell movement

NP_001295542.1

[29,30]

Dihydropyrimidinase-related
protein 2 (DPYSL-2/CRMP2)

Involved in neuronal development, axonal
and neuronal growth. May also be involved
in viral pathogenesis

NP_001184222.1

[31–34]

Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)

Involves in glycolysis; the enzyme has been
found to bind to actin and tropomyosin,
and may thus have a role in
cytoskeleton assembly

AAA48774.1

[35,36]

Regulates stress response and induced
inflammatory response, including
TNF secretion

NP_990334.1

[37,38]

SEPT2

Required for normal organization of actin
microfilament. May also play a role in the
internalization of Listeria monocytogenes and
Shigella flexneri and anti-viral response to
Vaccinia virus

NP_001006182.1

[39–41]

SEPT5

Filament forming cytoskeleton GTPase,
involved in Parkinson’s pathogenesis and
may regulate exocytosis and cell division

NP_001025825.2

[19,42–44]

SEPT6

Required for actin assembly

NP_001026296.1

[17,45,46]

SEPT7

Required for normal actin organization

NP_00102577.1

[47–50]

May play a role in cytoarchitecture of
neurons including dendritic arborization
and the formation of phagosome. May also
be involved in anti-viral response to
Vaccinia virus

XP_004941218

[51–53]

NP_001074329.2

[54]

NP_990646.1

[55]

Heat shock cognate 71 kDa
protein (Hsc71)

PREDICTED: SEPT11 isoform

Tubulin β-3

Proper axon guidance and maintenance

Tubulin β-7

GTPase binding major constituent
of microtubule
a

Data gathered from NCBI protein database.

Table 3. List of identified interacting proteins from non-infected brain lysates.
Proteins

Functions

Actin filaments,
cytoplasmic 2

Major constituent of cytoskeleton, actin filaments are
also involved in cytokinesis and cell movement
Filament forming cytoskeleton GTPase, involved in
Parkinson’s pathogenesis and may regulate
exocytosis and cell division
Required for normal actin organization
Structural constituent of cytoskeleton
A major constituent of microtubule
GTPase binding major constituent of microtubule

SEPT5
SEPT7
Tubulin α
Tubulin α-5
Tubulin β-7

a

Accession a

References

NP_001295542.1

[29,30]

NP_001025825.2

[19,42,43]

NP_00102577.1
CAA30852.1
P09644.1
NP_990646.1

[47–50]
[56,57]
[58]
[55]

Data gathered from NCBI protein database.

4. Discussion
Highly-pathogenic H5N1 influenza A viruses can cause fatal systemic infection in poultry.
The HPAI virus replicates primarily in endothelial cells of the vascular systems and spreads to
other body systems and penetrates the blood brain barrier to infect the neurons and glial cells of the
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brain [59]. However, their neurotropism and effects on the central nervous system (CNS) are not fully
understood. We assessed H5N1 viral invasion of the CNS in an infected chicken brain model which
are highly susceptible to infection with influenza viruses. The H5N1 virus caused spongiosis in brain
tissues and oedema. Similar signs and symptoms have also been shown to develop in humans infected
with virulent H5N1 avian influenza viruses [60–62]. These data suggest that this H5N1 virus could
cause neurological effects on the CNS in chickens.
SEPT5, a known parkin substrate, is a vesicle and membrane associated protein that plays a
significant role in inhibiting exocytosis in the neurons [16]. In a recent study by Balasubramaniam et al.,
SEPT5 was recently shown to be upregulated in chicken brain infected with H5N1 Avian Influenza
virus, indicating the possible role played by this protein in the pathogenesis of influenza [24].
Our current study has also shown the localization and possible interactions of the influenza virus
with SEPT5 in chicken brain tissues with abundant SEPT5 proteins observed in infected tissues and
localized in the substantia nigra. In a study in the mouse brain, SEPTf5 is expressed in presynaptic
axon terminals where it is densely distributed near synaptic vesicles [63]. As SEPT5 is abundantly
expressed in the brain, this suggests an association in the pathogenesis of the virus in the host’s CNS.
Our understanding of septin function depends on knowledge of the biochemistry of these proteins.
However, their study has been hampered by difficulties associated with their expression as recombinant
proteins in bacteria and the complexity of their interactions with one another. Limited studies have
reported the production of septin proteins in any expression system. In this report, we present a
protocol of cloning, expression, and purification of Gallus gallus SEPT5 protein in E. coli. The ORF
coding sequence of chicken SEPT5 was cloned into the pRSETB expression vector and transformed
in E. coli BL21 (DE3) cells. This protocol yields a considerable amount of protein under optimized
conditions and was proven to be authentic.
To improve the soluble fraction of pRSETB/SEPT5, low-temperature cultivation of bacteria
was utilized, which is a well-known technique to limit the in vivo aggregation of recombinant
proteins. This strategy has been proven effective in improving the solubility of a number of difficult
proteins, including interferon α-2, subtilisin, ricin A chain, β-lactamase, and rabbit muscle glycogen
phosphorylase [64]. Studies by Maimaitiyiming et al. [65] have established a method to express and
purify various septin proteins using the E. coli expression system at low temperature. Their study
captured the shape of the septins to be of single or parallel thin filaments, as has been reported by their
predecessors [66–68]. It was then concluded that the low temperature was beneficial to folding and
the system was suggested as a tool for expression and correct folding of recombinant SEPT5 in the
cytoplasm of E. coli. This is the first study of chicken SEPT5 protein that was successfully expressed in
its conformational form in E. coli.
In the influenza virus replication cycle, the focus was mainly on host factor interactions, especially
with viral ribonucleoproteins (vRNPs) or of the polymerase by using affinity purification or yeast
two-hybrid techniques [69,70]. A proteome-wide screen of virus-host protein-protein interactions
has also provided an important resource of 135 interactions. This study, however, highlighted major
cellular functions that are essential for virus replication. Both cytoplasmic and membrane-bound
proteins were identified as interacting partners with SEPT5 through pull-down co-IP assay in infected
lysates. Many proteins are related or can be grouped together in functional categories, such as
cellular cytoskeletal components and enzymes. It has been reported that cytoskeleton proteins and
cytoskeleton-associated proteins provide numerous support functions for viral gene expression to
allow an infectious cycle [71]. For influenza, an intact actin cytoskeleton is required for viral entry [72]
and both actin and tubulin were identified as proteins that interact with influenza virus RNPs [73].
Beta-actin was also present in the interior of the influenza virions, which most likely reflects their
active participation in moving the viral components to the assembly site, as well as re-organization of
cytoskeleton [74].
The CRMP2/DPYSL2 protein is a CNS protein involved in neuronal development, axonal
and neuronal growth, cell migration, and protein trafficking. CRMP2 is known to function as a
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microtubule-binding protein with structural and regulatory roles in cytoskeletal dynamics, vesicle
trafficking, and synaptic transmission in the developing brain and in cell cultures [75,76]. One of the
best-characterized roles of CRMP2 in the developing brain is the regulation of synaptic dynamics.
Martins and colleagues have identified one of the interacting proteins of coiled-coil CRMP2 containing
protein kinase 2 (ROCK2) [77]. ROCK2 and other septins, such as SEPT3, SEPT6, and SEPT9, have
been implicated as components of the rho signaling pathway, which is comprised of a variety of rho
GTPases. This family of proteins was one of the most represented in the pathway analyses of the
CRMP2 interactome. CRMP2 was also upregulated in the CNS of Gallus gallus upon infection with
HPAIV, but was not upregulated in uninfected brain tissues [33].
GAPDH was the first glycolytic enzyme found associated with tubulin [78,79]. In Japanese
encephalitis virus infection, GAPDH subcellular localization was changed by interacting with viral
RNAs and co-localized to the NS5 protein, suggesting a role during virus life cycle [35].
Hsps are a diverse group of highly conserved and ubiquitous cytoprotective proteins that are
divided, by convention, into different classes according to molecular size, e.g., Hsp100 (100 kDa
molecular mass), Hsp90 (90 kDa), Hsp70 (70 kDa), Hsp60 (60 kDa), Hsp40 (40 kDa), and the small
Hsps (9–43 kDa). During influenza virus infection, Hsp90 interacts with the viral RNA-dependent
RNA polymerase, playing a role in the assembly and nuclear transport of viral RNA polymerase
subunits en route to the formation of a mature polymerase complex [80,81]. Hsp90 is also a binding
partner of NS1 of H5N1 influenza virus which mediates cell apoptotic response by activating a caspase
cascade [82]. Association of heat shock cognate protein 71 (Hsc71) in infected lysates may be due to the
fact it is required for optimal polymerase function in infected cells and the protein function in cellular
stresses [83]. Hsc71, which is a constitutive form of the Hsp70 family of proteins was previously
reported to bind to influenza virus matrix 1 protein in infected cells and resulted in an inhibition of
vRNPs export from the nucleus, thus causing a reduction of virus production. Hsc71 is, therefore,
required for the late stage of virus infections [84]. However, for the majority of identified host factors
from brain lysates, the mode of action remains to be determined.
5. Conclusions
This is the first study to have successfully cloned the Gallus gallus SEPT5 construct and expressed
the recombinant protein in a soluble fraction using E. coli cells. The recombinant protein constituted by
the GTPase domain and C-termini of Gallus gallus SEPT5 was expressed and purified in large scale
quantities and confirmed by mass spectrometry. The recombinant protein is folded in its proper form
and stable, as shown by detection and pull-down of the rSEPT5 protein using a commercial polyclonal
SEPT5 in a co-IP, by Western blot and SDS-PAGE assays. To date, knowledge of the details of the
expression array of septin transcripts and isoforms in human cells and tissues, and the regulatory
events, are few and variable. Previously, a low-resolution analysis by expression microarray has been
reported and published along with surveys of other septins [85–87]. With regard to some septins,
those data have been validated by RT–PCR and limited antibody-based methods [88,89]. In other
cases, septin involvement in the expression and perturbation in infectious diseases are not entirely
known. As with the full definition of the details of septin genomics and transcriptomics, there is
an urgent need for a comprehensive analysis of septin expression profiles. Nevertheless, it is clear
that there are profound differences in the expression of septins across human tissues and in disease
states. We would contend that defining the details of septin transcript expression, the subcellular
distribution and stoichiometries of the various isoforms will be an essential step towards developing a
full understanding of septin biology.
Acknowledgments: This work was supported by MOSTI Grant, Malaysia no. ERGS/1/2012/STG08/MUSM/02/1
and a seed grant of the Tropical Medicine and Biology Platform, Monash University, Malaysia. Jasmine Khairat was
supported by the Monash University Scholarship Programme. We thank Latifah at Histopathology Labs, Veterinary
Medicine, UPM for her assistance in IHC slides sectioning and we thank Miss Tee and Miss Adilah of the LCMS
department, Jeffrey Cheah School of Medicine and Health Sciences for their interpretation of the LCMS/MS data.

Proteomes 2017, 5, 23

13 of 17

Author Contributions: S.S.H. conceived and designed the experiments; J.E.K. performed the experiments and
analyzed the data; I.O., A.R.O., and V.B. contributed reagents/materials/analysis tools; and J.E.K. wrote the paper.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

4.
5.
6.
7.

8.

9.
10.
11.
12.
13.
14.
15.

16.

17.

18.

19.
20.

Russell, S.E.; Hall, P.A. Septin genomics: A road less travelled. Biol. Chem. 2011, 392, 763–767. [CrossRef]
[PubMed]
Zhang, J.; Kong, C.; Xie, H.; McPherson, P.S.; Grinstein, S.; Trimble, W.S. Phosphatidylinositol polyphosphate
binding to the mammalian septin H5 is modulated by GTP. Curr. Biol. 1999, 9, 1458–1467. [CrossRef]
Nakahira, M.; Macedo, J.N.A.; Seraphim, T.V.; Cavalcante, N.; Souza, T.A.C.B.; Damalio, J.C.P.; Reyes, L.F.;
Assmann, E.M.; Alborghetti, M.R.; Garratt, R.C.; et al. A Draft of the Human Septin Interactome. PLoS ONE
2010, 5, e13799. [CrossRef] [PubMed]
Kinoshita, M.; Noda, M. Roles of septins in the mammalian cytokinesis machinery. Cell Struct. Funct. 2001,
26, 667–670. [CrossRef] [PubMed]
Longtine, M.S.; DeMarini, D.J.; Valencik, M.L.; Al-Awar, O.S.; Fares, H.; De Virgilio, C.; Pringle, J.R.
The septins: Roles in cytokinesis and other processes. Curr. Opin. Cell Biol. 1996, 8, 106–119. [CrossRef]
Longtine, M.S.; Bi, E. Regulation of septin organization and function in yeast. Trends Cell Biol. 2003, 13,
403–409. [CrossRef]
Sirajuddin, M.; Farkasovsky, M.; Hauer, F.; Kuhlmann, D.; Macara, I.G.; Weyand, M.; Stark, H.;
Wittinghofer, A. Structural insight into filament formation by mammalian septins. Nature 2007, 449, 311–315.
[CrossRef] [PubMed]
Capurso, G.; Crnogorac-Jurcevic, T.; Milione, M.; Panzuto, F.; Campanini, N.; Dowen, S.E.; Di Florio, A.;
Sette, C.; Bordi, C.; Lemoine, N.R.; et al. Peanut-like 1 (septin 5) gene expression in normal and neoplastic
human endocrine pancreas. Neuroendocrinology 2005, 81, 311–321. [CrossRef] [PubMed]
Connolly, D.; Abdesselam, I.; Verdier-Pinard, P.; Montagna, C. Septin roles in tumorigenesis. Biol. Chem.
2011, 392, 725–738. [CrossRef] [PubMed]
Peterson, E.; Kalikin, L.; Steels, J.; Estey, M.; Trimble, W.; Petty, E. Characterization of a SEPT9 interacting
protein, SEPT14, a novel testis-specific septin. Mamm. Genome 2007, 18, 796–807. [CrossRef] [PubMed]
Spiliotis, E.T.; Nelson, W.J. Here come the septins: Novel polymers that coordinate intracellular functions
and organization. J. Cell Sci. 2006, 119, 4–10. [CrossRef] [PubMed]
Kinoshita, M. Diversity of septin scaffolds. Curr. Opin. Cell Biol. 2006, 18, 54–60. [CrossRef] [PubMed]
Kim, D.S.; Hubbard, S.L.; Peraud, A.; Salhia, B.; Sakai, K.; Rutka, J.T. Analysis of mammalian septin
expression in human malignant brain tumors. Neoplasia 2004, 6, 168–178. [CrossRef] [PubMed]
Buser, A.M.; Erne, B.; Werner, H.B.; Nave, K.A.; Schaeren-Wiemers, N. The septin cytoskeleton in myelinating
glia. Mol. Cell. Neurosci. 2009, 40, 156–166. [CrossRef] [PubMed]
Kinoshita, A.; Kinoshita, M.; Akiyama, H.; Tomimoto, H.; Akiguchi, I.; Kumar, S.; Noda, M.; Kimura, J.
Identification of septins in neurofibrillary tangles in Alzheimer’s disease. Am. J. Pathol. 1998, 153, 1551–1560.
[CrossRef]
Son, J.H.; Kawamata, H.; Yoo, M.S.; Kim, D.J.; Lee, Y.K.; Kim, S.; Dawson, T.M.; Zhang, H.; Sulzer, D.;
Yang, L.; et al. Neurotoxicity and behavioral deficits associated with Septin 5 accumulation in dopaminergic
neurons. J. Neurochem. 2005, 94, 1040–1053. [CrossRef] [PubMed]
Cho, S.J.; Lee, H.; Dutta, S.; Song, J.; Walikonis, R.; Moon, I.S. Septin 6 regulates the cytoarchitecture of
neurons through localization at dendritic branch points and bases of protrusions. Mol. Cell. 2011, 32, 89–98.
[CrossRef] [PubMed]
Xue, J.; Tsang, C.W.; Gai, W.-P.; Malladi, C.S.; Trimble, W.S.; Rostas, J.A.P.; Robinson, P.J. Septin 3 (G-septin)
is a developmentally regulated phosphoprotein enriched in presynaptic nerve terminals. J. Neurochem. 2004,
91, 579–590. [CrossRef] [PubMed]
Beites, C.L.; Campbell, K.A.; Trimble, W.S. The septin Sept5/CDCrel-1 competes with alpha-SNAP for
binding to the SNARE complex. Biochem. J. 2005, 385, 347–353. [CrossRef] [PubMed]
Caltagarone, J. Localization of a novel septin protein, hCDCrel-1, in neurons of human brain. Neuroreport
1998, 9, 2907. [CrossRef] [PubMed]

Proteomes 2017, 5, 23

21.

22.
23.

24.
25.

26.
27.
28.

29.

30.
31.
32.

33.

34.
35.

36.
37.

38.
39.
40.
41.

14 of 17

Hsu, S.C.; Hazuka, C.D.; Roth, R.; Foletti, D.L.; Heuser, J.; Scheller, R.H. Subunit composition, protein
interactions, and structures of the mammalian brain sec6/8 complex and septin filaments. Neuron 1998, 20,
1111–1122. [CrossRef]
Kim, C.S.; Seol, S.K.; Song, O.-K.; Park, J.H.; Jang, S.K. An RNA-Binding Protein, hnRNP A1, and a Scaffold
Protein, Septin 6, Facilitate Hepatitis C Virus Replication. J. Virol. 2007, 81, 3852–3865. [CrossRef] [PubMed]
Lin, C.W.; Tu, P.F.; Hsiao, N.W.; Chang, C.Y.; Wan, L.; Lin, Y.T.; Chang, H.W. Identification of a novel
septin 4 protein binding to human herpesvirus 8 kaposin A protein using a phage display cDNA library.
J. Virol. Methods 2007, 143, 65–72. [CrossRef] [PubMed]
Brown, C.C.; Olander, H.J.; Senne, D.A. A pathogenesis study of highly pathogenic avian influenza virus
H5N2 in chickens, using immunohistochemistry. J. Comp. Pathol. 1992, 107, 341–348. [CrossRef]
Finn, R.D.; Tate, J.; Mistry, J.; Coggill, P.C.; Sammut, S.J.; Hotz, H.R.; Ceric, G.; Forslund, K.; Eddy, S.R.;
Sonnhammer, E.L.; et al. The Pfam protein families database. Nucleic Acids Res. 2008, 36, D281–D288.
[CrossRef] [PubMed]
Steve, R.; Helen, J.S. Primer3 on the WWW for general users and for biologist programmers. In Bioinformatics
Methods and Protocols: Methods in Molecular Biology; Humana Press: Totowa, NJ, USA, 2000; pp. 365–386.
Sakai, K.; Kurimoto, M.; Tsugu, A.; Hubbard, S.L.; Trimble, W.S.; Rutka, J.T. Expression of Nedd5, a
mammalian septin, in human brain tumors. J. Neurooncol. 2002, 57, 169–177. [CrossRef] [PubMed]
Corti, O.; Hampe, C.; Koutnikova, H.; Darios, F.; Jacquier, S.; Prigent, A.; Robinson, J.-C.; Pradier, L.;
Ruberg, M.; Mirande, M.; et al. The p38 subunit of the aminoacyl-tRNA synthetase complex is a Parkin
substrate: Linking protein biosynthesis and neurodegeneration. Hum. Mol. Genet. 2003, 12, 1427–1437.
[CrossRef] [PubMed]
Caldwell, R.B.; Kierzek, A.M.; Arakawa, H.; Bezzubov, Y.; Zaim, J.; Fiedler, P.; Kutter, S.; Blagodatski, A.;
Kostovska, D.; Koter, M.; et al. Full-length cDNAs from chicken bursal lymphocytes to facilitate gene
function analysis. Genome Biol. 2005, 6, R6. [CrossRef] [PubMed]
Sokolowski, B.; Orchard, S.; Harvey, M.; Sridhar, S.; Sakai, Y. Conserved BK channel-protein interactions
reveal signals relevant to cell death and survival. PLoS ONE 2011, 6, e28532. [CrossRef] [PubMed]
Yoshimura, T.; Kawano, Y.; Arimura, N.; Kawabata, S.; Kikuchi, A.; Kaibuchi, K. GSK-3β Regulates
Phosphorylation of CRMP-2 and Neuronal Polarity. Cell 2005, 120, 137–149. [CrossRef] [PubMed]
Fukata, Y.; Itoh, T.J.; Kimura, T.; Menager, C.; Nishimura, T.; Shiromizu, T.; Watanabe, H.; Inagaki, N.;
Iwamatsu, A.; Hotani, H.; et al. CRMP-2 binds to tubulin heterodimers to promote microtubule assembly.
Nat. Cell Biol. 2002, 4, 583–591. [CrossRef] [PubMed]
Zou, W.; Ke, J.; Zhang, A.; Zhou, M.; Liao, Y.; Zhu, J.; Zhou, H.; Tu, J.; Chen, H.; Jin, M. Proteomics Analysis
of Differential Expression of Chicken Brain Tissue Proteins in Response to the Neurovirulent H5N1 Avian
Influenza Virus Infection. J. Proteome Res. 2010, 9, 3789–3798. [CrossRef] [PubMed]
Balasubramaniam, V.R.; Wai, T.H.; Omar, A.R.; Othman, I.; Hassan, S.S. Cellular transcripts of chicken brain
tissues in response to H5N1 and Newcastle disease virus infection. Virol. J. 2012, 9, 53. [CrossRef] [PubMed]
Tisdale, E.J. Glyceraldehyde-3-phosphate dehydrogenase is phosphorylated by protein kinase Ciota /lambda
and plays a role in microtubule dynamics in the early secretory pathway. J. Biol. Chem. 2002, 277, 3334–3341.
[CrossRef] [PubMed]
Durrieu, C.; Bernier-Valentin, F.; Rousset, B. Binding of glyceraldehyde 3-phosphate dehydrogenase to
microtubules. Mol. Cell. Biochem. 1987, 74, 55–65. [CrossRef] [PubMed]
De la Rosa, E.J.; Vega-Nunez, E.; Morales, A.V.; Serna, J.; Rubio, E.; de Pablo, F. Modulation of the chaperone
heat shock cognate 70 by embryonic (pro)insulin correlates with prevention of apoptosis. Proc. Natl. Acad.
Sci. USA 1998, 95, 9950–9955. [CrossRef] [PubMed]
Sainis, L.; Angelidis, C.; Pagoulatos, G.N.; Lazaridis, L. HSC70 interactions with SV40 viral proteins differ
between permissive and nonpermissive mammalian cells. Cell Stress Chaperones 2000, 5, 132–138. [CrossRef]
Spiliotis, E.T.; Kinoshita, M.; Nelson, W.J. A Mitotic Septin Scaffold Required for Mammalian Chromosome
Congression and Segregation. Science 2005, 307, 1781–1785. [CrossRef] [PubMed]
Mostowy, S.; Tham, T.; Danckaert, A.; Guadagnini, S.; Boisson-Dupuis, S.; Pizarro-Cerdá, J.; Cossart, P.
Septins Regulate Bacterial Entry into Host Cells. PLoS ONE 2009, 4. [CrossRef] [PubMed]
Beard, P.M.; Griffiths, S.J.; Gonzalez, O.; Haga, I.R.; Jowers, T.P.; Reynolds, D.K.; Wildenhain, J.; Tekotte, H.;
Auer, M.; Tyers, M.; et al. A Loss of Function Analysis of Host Factors Influencing Vaccinia virus Replication
by RNA Interference. PLoS ONE 2014, 9, e98431. [CrossRef] [PubMed]

Proteomes 2017, 5, 23

42.
43.
44.
45.

46.

47.
48.
49.
50.

51.

52.

53.
54.
55.
56.

57.
58.
59.

60.

61.

62.
63.

15 of 17

Beites, C.L.; Xie, H.; Bowser, R.; Trimble, W.S. The septin CDCrel-1 binds syntaxin and inhibits exocytosis.
Nat. Neurosci. 1999, 2, 434–439. [CrossRef] [PubMed]
Choi, P.; Snyder, H.; Petrucelli, L.; Theisler, C.; Chong, M.; Zhang, Y.; Lim, K.; Chung, K.K.K.; Kehoe, K.;
D’Adamio, L.; et al. SEPT5_v2 is a parkin-binding protein. Mol. Brain Res. 2003, 117, 179–189. [CrossRef]
Beites, C.L.; Peng, X.R.; Trimble, W.S. Expression and analysis of properties of septin CDCrel-1 in exocytosis.
Methods Enzymol. 2001, 329, 499–510. [PubMed]
Hillier, L.W.; Miller, W.; Birney, E.; Warrne, W.; Hardison, R.; Ponting, C.P.; Bork, P.; Burt, D.W.;
Groene, M.A.M.; Delaney, M.E.; et al. Sequence and comparative analysis of the chicken genome provide
unique perspectives on vertebrate evolution. Nature 2004, 432, 695–716. [CrossRef] [PubMed]
Ding, X.; Yu, W.; Liu, M.; Shen, S.; Chen, F.; Wan, B.; Yu, L. SEPT12 interacts with SEPT6 and this interaction
alters the filament structure of SEPT6 in Hela cells. J. Biochem. Mol. Biol. 2007, 40, 973–978. [CrossRef]
[PubMed]
Nakatsuru, S.; Sudo, K.; Nakamura, Y. Molecular cloning of a novel human cDNA homologous to CDC10 in
Saccharomyces cerevisiae. Biochem. Biophys. Res. Commun. 1994, 202, 82–87. [CrossRef] [PubMed]
Nagata, K.; Asano, T.; Nozawa, Y.; Inagaki, M. Biochemical and cell biological analyses of a mammalian
septin complex, Sept7/9b/11. J. Biol. Chem. 2004, 279, 55895–55904. [CrossRef] [PubMed]
Vetter, I.; Wittinghofer, A.; Zent, E. Structural and biochemical properties of Sept7, a unique septin required
for filament formation. Biol. Chem. 2011, 392, 791–797.
Xie, Y.; Vessey, J.P.; Konecna, A.; Dahm, R.; Macchi, P.; Kiebler, M.A. The GTP-binding protein Septin 7 is
critical for dendrite branching and dendritic-spine morphology. Curr. Biol. 2007, 17, 1746–1751. [CrossRef]
[PubMed]
Sivan, G.; Martin, S.E.; Myers, T.G.; Buehler, E.; Szymczyk, K.H.; Ormanoglu, P.; Moss, B. Human
genome-wide RNAi screen reveals a role for nuclear pore proteins in poxvirus morphogenesis. Proc. Natl.
Acad. Sci. USA 2013, 110, 3519–3524. [CrossRef] [PubMed]
Hanai, N.; Nagata, K.; Kawajiri, A.; Shiromizu, T.; Saitoh, N.; Hasegawa, Y.; Murakami, S.; Inagaki, M.
Biochemical and cell biological characterization of a mammalian septin, Sept11. FEBS Lett. 2004, 568, 83–88.
[CrossRef] [PubMed]
Huang, Y.W.; Yan, M.; Collins, R.F.; Diciccio, J.E.; Grinstein, S.; Trimble, W.S. Mammalian septins are required
for phagosome formation. Mol. Biol. Cell 2008, 19, 1717–1726. [CrossRef] [PubMed]
Sullivan, K.F.; Machlin, P.S.; Ratrie, H., 3rd; Cleveland, D.W. Sequence and expression of the chicken beta 3
tubulin gene. A vertebrate testis beta-tubulin isotype. J. Biol. Chem. 1986, 261, 13317–13322. [PubMed]
Monteiro, M.J.; Cleveland, D.W. Sequence of chicken c beta 7 tubulin. Analysis of a complete set of vertebrate
beta-tubulin isotypes. J. Mol. Biol. 1988, 199, 439–446. [CrossRef]
Valenzuela, P.; Quiroga, M.; Zaldivar, J.; Rutter, W.J.; Kirschner, M.W.; Cleveland, D.W. Nucleotide and
corresponding amino acid sequences encoded by alpha and beta tubulin mRNAs. Nature 1981, 289, 650–655.
[CrossRef] [PubMed]
Lemischka, I.R.; Farmer, S.; Racaniello, V.R.; Sharp, P.A. Nucleotide sequence and evolution of a mammalian
alpha-tubulin messenger RNA. J. Mol. Biol. 1981, 151, 101–120. [CrossRef]
Pratt, L.F.; Cleveland, D.W. A survey of the alpha-tubulin gene family in chicken: Unexpected sequence
heterogeneity in the polypeptides encoded by five expressed genes. EMBO J. 1988, 7, 931–940. [PubMed]
Silvano, F.D.; Yoshikawa, M.; Shimada, A.; Otsuki, K.; Umemura, T. Enhanced neuropathogenicity of avian
influenza A virus by passages through air sac and brain of chicks. J. Vet. Med. Sci. 1997, 59, 143–148.
[CrossRef] [PubMed]
Zielecki, F.; Semmler, I.; Kalthoff, D.; Voss, D.; Mauel, S.; Gruber, A.D.; Beer, M.; Wolff, T. Virulence
Determinants of Avian H5N1 Influenza A Virus in Mammalian and Avian Hosts: Role of the C-Terminal
ESEV Motif in the Viral NS1 Protein. J. Virol. 2010, 84, 10708–10718. [CrossRef] [PubMed]
Shinya, K.; Makino, A.; Hatta, M.; Watanabe, S.; Kim, J.H.; Hatta, Y.; Gao, P.; Ozawa, M.; Le, Q.M.; Kawaoka, Y.
Subclinical Brain Injury Caused by H5N1 Influenza Virus Infection. J. Virol. 2011, 85, 5202–5207. [CrossRef]
[PubMed]
Jang, H.; Boltz, D.A.; Webster, R.G.; Smeyne, R.J. Viral parkinsonism. Biochim. Biophys. Acta Mol. Basis Dis.
2009, 1792, 714–721. [CrossRef] [PubMed]
Peng, X.R.; Jia, Z.; Zhang, Y.; Ware, J.; Trimble, W.S. The septin CDCrel-1 is dispensable for normal
development and neurotransmitter release. Mol. Cell. Biol. 2002, 22, 378–387. [CrossRef] [PubMed]

Proteomes 2017, 5, 23

64.

65.
66.
67.

68.

69.

70.

71.

72.
73.

74.
75.

76.

77.

78.

79.

80.
81.

82.

16 of 17

Vasina, J.A.; Baneyx, F. Expression of aggregation-prone recombinant proteins at low temperatures: A
comparative study of the Escherichia coli cspA and tac promoter systems. Protein Expr. Purif. 1997, 9,
211–218. [CrossRef] [PubMed]
Maimaitiyiming, M.; Kumanogoh, H.; Nakamura, S.; Morita, M.; Maekawa, S. Structures of septin filaments
prepared from rat brain and expressed in bacteria. Protein Expr. Purif. 2013, 87, 67–71. [CrossRef] [PubMed]
Mendoza, M.; Hyman, A.A.; Glotzer, M. GTP binding induces filament assembly of a recombinant septin.
Curr. Biol. 2002, 12, 1858–1863. [CrossRef]
Sheffield, P.J.; Oliver, C.J.; Kremer, B.E.; Sheng, S.; Shao, Z.; Macara, I.G. Borg/septin interactions and the
assembly of mammalian septin heterodimers, trimers, and filaments. J. Biol. Chem. 2003, 278, 3483–3488.
[CrossRef] [PubMed]
John, C.M.; Hite, R.K.; Weirich, C.S.; Fitzgerald, D.J.; Jawhari, H.; Faty, M.; Schlapfer, D.; Kroschewski, R.;
Winkler, F.K.; Walz, T.; et al. The Caenorhabditis elegans septin complex is nonpolar. EMBO J. 2007, 26,
3296–3307. [CrossRef] [PubMed]
Tafforeau, L.; Chantier, T.; Pradezynski, F.; Pellet, J.; Mangeot, P.E.; Vidalain, P.-O.; Andre, P.;
Rabourdin-Combe, C.; Lotteau, V. Generation and Comprehensive Analysis of an Influenza Virus Polymerase
Cellular Interaction Network. J. Virol. 2011, 85, 13010–13018. [CrossRef] [PubMed]
Mayer, D.; Molawi, K.; Martínez-Sobrido, L.; Ghanem, A.; Thomas, S.; Baginsky, S.; Grossmann, J.;
García-Sastre, A.; Schwemmle, M. Identification of Cellular Interaction Partners of the Influenza Virus
Ribonucleoprotein Complex and Polymerase Complex Using Proteomic-Based Approaches. J. Proteome Res.
2007, 6, 672–682. [CrossRef] [PubMed]
Liu, C.; Zhang, A.; Guo, J.; Yang, J.; Zhou, H.; Chen, H.; Jin, M. Identification of Human Host Proteins
Contributing to H5N1 Influenza Virus Propagation by Membrane Proteomics. J. Proteome Res. 2012, 11,
5396–5405. [CrossRef] [PubMed]
Sun, X.; Whittaker, G.R. Role of the actin cytoskeleton during influenza virus internalization into polarized
epithelial cells. Cell. Microbiol. 2007, 9, 1672–1682. [CrossRef] [PubMed]
Simpson-Holley, M.; Ellis, D.; Fisher, D.; Elton, D.; McCauley, J.; Digard, P. A functional link between the actin
cytoskeleton and lipid rafts during budding of filamentous influenza virions. Virology 2002, 301, 212–225.
[CrossRef] [PubMed]
Shaw, M.L.; Stone, K.L.; Colangelo, C.M.; Gulcicek, E.E.; Palese, P. Cellular proteins in influenza virus
particles. PLoS Pathog. 2008, 4, e1000085. [CrossRef] [PubMed]
Inagaki, N.; Chihara, K.; Arimura, N.; Menager, C.; Kawano, Y.; Matsuo, N.; Nishimura, T.; Amano, M.;
Kaibuchi, K. CRMP-2 induces axons in cultured hippocampal neurons. Nat. Neurosci. 2001, 4, 781–782.
[CrossRef] [PubMed]
Charrier, E.; Reibel, S.; Rogemond, V.; Aguera, M.; Thomasset, N.; Honnorat, J. Collapsin response mediator
proteins (CRMPs): Involvement in nervous system development and adult neurodegenerative disorders.
Mol. Neurobiol. 2003, 28, 51–64. [CrossRef]
Martins-de-Souza, D.; Cassoli, J.S.; Nascimento, J.M.; Hensley, K.; Guest, P.C.; Pinzon-Velasco, A.M.;
Turck, C.W. The protein interactome of collapsin response mediator protein-2 (CRMP2/DPYSL2) reveals
novel partner proteins in brain tissue. Proteom. Clin. Appl. 2015, 9, 817–831. [CrossRef] [PubMed]
Kumagai, H.; Sakai, H. A porcine brain protein (35 K protein) which bundles microtubules and its
identification as glyceraldehyde 3-phosphate dehydrogenase. J. Biochem. 1983, 93, 1259–1269. [CrossRef]
[PubMed]
Durrieu, C.; Bernier-Valentin, F.; Rousset, B. Microtubules bind glyceraldehyde 3-phosphate dehydrogenase
and modulate its enzyme activity and quaternary structure. Arch. Biochem. Biophys. 1987, 252, 32–40.
[CrossRef]
Naito, T.; Momose, F.; Kawaguchi, A.; Nagata, K. Involvement of Hsp90 in assembly and nuclear import of
influenza virus RNA polymerase subunits. J. Virol. 2007, 81, 1339–1349. [CrossRef] [PubMed]
Momose, F.; Naito, T.; Yano, K.; Sugimoto, S.; Morikawa, Y.; Nagata, K. Identification of Hsp90 as a
stimulatory host factor involved in influenza virus RNA synthesis. J. Biol. Chem. 2002, 277, 45306–45314.
[CrossRef] [PubMed]
Zhang, C.; Yang, Y.; Zhou, X.; Yang, Z.; Liu, X.; Cao, Z.; Song, H.; He, Y.; Huang, P. The NS1 protein of
influenza A virus interacts with heat shock protein Hsp90 in human alveolar basal epithelial cells: Implication
for virus-induced apoptosis. Virol. J. 2011, 8, 181. [CrossRef] [PubMed]

Proteomes 2017, 5, 23

83.

84.

85.
86.

87.

88.
89.

17 of 17

Bortz, E.; Westera, L.; Maamary, J.; Steel, J.; Albrecht, R.A.; Manicassamy, B.; Chase, G.; Martinez-Sobrido, L.;
Schwemmle, M.; Garcia-Sastre, A. Host- and strain-specific regulation of influenza virus polymerase activity
by interacting cellular proteins. MBio 2011, 2. [CrossRef] [PubMed]
Watanabe, K.; Fuse, T.; Asano, I.; Tsukahara, F.; Maru, Y.; Nagata, K.; Kitazato, K.; Kobayashi, N. Identification
of Hsc70 as an influenza virus matrix protein (M1) binding factor involved in the virus life cycle. FEBS Lett.
2006, 580, 5785–5790. [CrossRef] [PubMed]
Yagi, M.; Zieger, B.; Roth, G.J.; Ware, J. Structure and expression of the human septin gene HCDCREL-1.
Gene 1998, 212, 229–236. [CrossRef]
Kinoshita, M.; Kumar, S.; Mizoguchi, A.; Ide, C.; Kinoshita, A.; Haraguchi, T.; Hiraoka, Y.; Noda, M. Nedd5,
a mammalian septin, is a novel cytoskeletal component interacting with actin-based structures. Genes Dev.
1997, 11, 1535–1547. [CrossRef] [PubMed]
Scott, M.; Hyland, P.L.; McGregor, G.; Hillan, K.J.; Russell, S.E.; Hall, P.A. Multimodality expression profiling
shows SEPT9 to be overexpressed in a wide range of human tumours. Oncogene 2005, 24, 4688–4700.
[CrossRef] [PubMed]
Scott, M.; McCluggage, W.G.; Hillan, K.J.; Hall, P.A.; Russell, S.E. Altered patterns of transcription of the
septin gene, SEPT9, in ovarian tumorigenesis. Int. J. Cancer 2006, 118, 1325–1329. [CrossRef] [PubMed]
Kim, S.K.; Shindo, A.; Park, T.J.; Oh, E.C.; Ghosh, S.; Gray, R.S.; Lewis, R.A.; Johnson, C.A.; Attie-Bittach, T.;
Katsanis, N.; et al. Planar cell polarity acts through septins to control collective cell movement and
ciliogenesis. Science 2010, 329, 1337–1340. [CrossRef] [PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

