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Abstract

Periaxin is expressed in mammalian Schwann cells and lens fiber cells, and has been identified in a

screen for cytoskeleton-associated proteins. Charcot–Marie–Tooth 4F is caused by losses or muta-

tions of the periaxin gene. The periaxin gene encodes two protein isoforms, namely, L-periaxin

and S-periaxin. S-periaxin contains 147 amino acid residues and has an N-terminal PDZ domain.

In this paper, S-periaxin was reported to be homodimerized through the formation of intermolecular

disulfide bonds with its Cys88 and Cys139 residues under mild oxidation conditions. The covalent

dimer of S-periaxin was also observed by western blot analysis and bimolecular fluorescence com-

plementation analyses. S-periaxin dimerization formation could be regulated by cellular redox fluc-

tuations. These results offer a possible mechanism to the formation of periaxin complexes,

improvement of complex stability, and establishment of a link between the extracellular matrix

and the cytoskeleton.
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Introduction

Periaxin was initially identified from myelinating Schwann cells in
the mammal peripheral nervous system (PNS), and it plays an es-
sential role in stabilizing the Schwann cell–axon unit through mem-
brane–protein interactions [1,2]. Periaxin protein constitutes 16%
of the protein content of the PNS [3]. Periaxin gene deletions or
mutations cause demyelinating peripheral neuropathies, such as
Charcot–Marie–Tooth disease 4F, peroneal muscular atrophy, her-
editary motor and sensory neuropathy [1,4], and recessive Dejerine–
Sottas neuropathy [5]. In lens fiber cells, periaxin interacts with
ezrin, periplakin, and desmoyokin, which constitutes a macromol-
ecular cytoskeletal complex of ezrin–periplakin–periaxin–desmoyokin
(EPPD) [6]. The effect of assembling is found to be involved in
the maturation, packing, and membrane organization of lens fiber
cells [6].

Periaxin has two isoforms: L-periaxin (147 kD and 1461 amino
acid residues) and S-periaxin (16 kD and 147 amino acid residues),
which is a truncated isoform [7]. Both proteins have an N-terminal

PDZ (PSD-95/Discs Large/ZO-1) protein-binding domain (Fig. 1A)
[7,8]. Aside from the PDZ domain, L-periaxin can be further divided
into a basic nuclear localization signal region, a long-repeat domain,
and a C-terminal acidic domain [9,10]. It has been found that periaxin
can dimerize with its PDZ domain [11]. In the absence of the PDZ do-
main, ΔPDZ-Prx mice are barely functional [12]. This phenomenon
may be attributed to the distinctive clustering of the periaxin complex
in the Schwann cell plasma membrane [7,11,13].

The PDZ domain consists of an ∼90-amino acid protein-binding
motif that interacts with the cytoplasmic tail of plasmamembrane pro-
teins or with the cortical cytoskeleton, which is involved in the assem-
bly of macromolecular signaling complexes [8,14]. The PDZ domain
of periaxin is poorly conserved, and the highest sequence identity is
found in the N-terminal PDZ-like domain of giant AHNAK nucleo-
protein 2 (Fig. 1A) [14]. The PDZ domain of periaxin or AHNAK in-
cludes a unique subfamily that may link the extracellular matrix to the
cytoskeleton network [15]. The dimerization structures of periaxin–
PDZ domain have been presented (PDB: 4CMV), showing that an
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intertwined, domain-swapped dimer exhibits a head-to-tail antiparal-
lel orientation (Fig. 1B) [14].

The function of the PDZ domain includes the recognition of internal
peptide motifs, hetero- and/or homodimerization, as well as the interac-
tions with membrane phospholipids [16,17]. The PDZ domain of peri-
axin also guides its translocation from the nucleus to the cytoplasm [7].
A nuclear export signal (NES) is identified specifically from amino acid
73–86 of the L-periaxin–PDZ domain, and the nuclear export activity
of L-periaxin is found to be inhibited byNESmutation or by LMB treat-
ment [18]. L-periaxin and S-periaxin have the same PDZ domain
(Fig. 1A), but S-periaxin is restricted only to the cytoplasm or nucleus
of Schwann cells. This restriction can be attributed to protein domain
simplification and functional uniqueness [15], and the function of
S-periaxin is likely to regulate an mRNA splicing [15].

To date, most functions of S-periaxin are unknown. However,
S-periaxin is likely to participate in largemolecular complexes through
the interactions of its PDZ domain, which is directly involved in bio-
logical functions [18]. In the present study, we found that S-periaxin

can form dimers or oligomers under non-reducing conditions, and
cysteine residues 88 and 139 may be involved in the intermolecular di-
sulfide bond formation in vivo and in vitro.

Materials and Methods

Plasmid construction

The DNA sequence encoding S-periaxin was amplified by PCR by
using the following primers: forward primer (5′GAGGAATTCA
TGGAGGCCAGGAGCCGGAGTGCCGAGGAGCTGAGGCGGG
CGGAG3′) and reverse primer (5′ CGAGTCGACTCACGGCGCAG
AGACCGGATCGCTGGGGCAGTCCAGGGC3′). The template is a
cDNA library from rat RSC96 Schwann cells (Type Culture Collection
of the Chinese Academy of Sciences, Shanghai, China). The resultant
PCR product digested with EcoRI and SalI (Thermo Scientific,
Waltham, USA) was inserted into vector pET-M-3C, in which throm-
bin protease cleavage sites replaced by human rhinovirus 3c protease
cleavage sites,generated from pET15b (Novagen, Madison, USA) to

Figure 1. Protein conservation and homodimerization of full-length S-periaxin (A) Amino acid sequence alignment of S-periaxin (NP_066007.1) and AHNAK

isoform 2 (NP_076965.2) with AA number corresponding to the tops of written numerically, and secondary structure prediction of S-periaxin based on the PHD

program. (B) The periaxin–PDZ dimer (PDB: 4CMV) is shown in a cartoon model representation by Pymol, with each fragment of secondary structure colored

individually. The dimeric 2-fold axis is indicated in deep color (Chain A) and light color (Chain B), and the Cys88 and Cys97 residues are easily identifiable. (C)

Verification of the S-periaxin dimerization by co-immunoprecipitation (Co-IP) assay. HeLa cells were transfected with the indicated plasmids for 48 h. Lysates

were subjected to Co-IP with IgG or anti-Myc antibody, and then analyzed by western blot analysis with anti-EGFP and anti-Myc antibodies.
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obtain the recombinant plasmid pET-M-3C-S-periaxin. The 441 bp
open reading frame was verified by DNA sequence analysis (HuaDa,
Beijing, China). The mutants (C88/G, C97/G, C139/G, C88,97/G,
C88,139/G, C97,139/G, and C88,97,139/G) were generated by
Easy Mutagenesis System (TransGen Biotech, Beijing, China). Fur-
thermore, S-periaxin or its mutants were also cloned into mammalian
pCMV-Tag-3B (Myc tag) and pEGFP (EGFP tag) vector (Invitrogen).

Protein expression and purification

The production of recombinant S-periaxin or its mutants was ex-
pressed in Escherichia coli BL21 with 0.3 mM IPTG. The cells were
harvested and resuspended in lysis buffer (20 mMTris–HCl, 500 mM
NaCl, 5 mM imidazole, pH 7.9). The constructs were lysed by sonic-
ation, and the debris was removed by centrifugation at 17,000 g at
4°C for 30 min. The supernatant was applied to a nickel-nitrilotriacetic
acid (Ni-NTA) affinity column (GE Healthcare, Bethesda, USA).
Recombinant protein was eluted with elution buffer (20 mM Tris–
HCl, 500 mM NaCl, 500 mM imidazole, pH 7.9). After concentra-
tion by ultrafiltration, the protein was loaded onto Sephacryl S-200
gel filtration chromatography with a buffer containing 20 mM Tris–
HCl (pH 8.0), 100 mM NaCl, 1 mM ethylenediaminetetraacetic
acid (EDTA), 2 mM DTT, and 15 mM β-mercaptoethanol. The puri-
fied protein was collected, concentrated, and then stored at 4°C.

Cell culture, transfection and western blot analysis

HeLa cells were maintained at 37°Cwith 5%CO2 in RPMI-1640 con-
taining 10% fetal bovine serum. Cells were seeded onto six-well plates
and cultured overnight prior to transfections. At 60%–70% conflu-
ence, the cells were transfected individually with Myc-tagged wild-
type (WT) S-periaxin or its mutants by using TurboFect transfection
reagent (Thermo Scientific) according to the manufacturer’s instruc-
tions. Approximately 48 h post-transfection, HeLa cells were har-
vested, and the free sulfhydryl groups of proteins were blocked by
incubation with 30 mM N-ethylmaleimide (NEM) on ice for 30 min
[19]. Then cells were lysed in 400 μl of lysis buffer (20 mM Tris–
HCl, 150 mM NaCl, 1% Triton X-100, 1 mM PMSF, sodium
pyrophosphate, β-glycerophosphate, EDTA, and leupeptin). The
supernatant of cell lysates was separated by 12% sodium dodecyl

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) without a
reducing agent. S-periaxin was transferred onto a PVDF membrane
(Millipore, Billerica, USA). The membrane was incubated with rabbit
anti-Myc antibody (TransGen Biotech) as the primary antibody, fol-
lowed by incubation with horseradish peroxidase (HRP)-labeled sec-
ondary antibody (TransGen Biotech). Finally, the immunoblots were
visualized using an enhanced chemiluminescence reaction kit (En-
green Biosystem, Beijing, China).

Co-IP

HeLa cells were transiently transfected with pCMV-tag3B-S-periaxin/
pEGFP- S-periaxin or pCMV-tag3B-S-periaxin/pEGFP. At 48 h post-
transfection, whole cell lysates were harvested in 400 μl of lysis buffer,
kept on ice for 15 min and centrifuged at 4°C. The supernatant was
collected and incubated with 2 μl of anti-Myc antibodies or 2 μl of
mouse IgG as the control and allowed to rotate overnight at 4°C. Protein
A+G agarose (Beyotime, Shanghai, China) was added and incubated for
4 h, followed by washing with lysis buffer. The samples were separated
by 12% SDS-PAGE and analyzed by western blot analysis with the cor-
responding antibodies. The antibodies used were rabbit anti-Myc anti-
body and mouse anti-EGFP antibody (TransGen Biotech).

BiFC plasmid construction and imaging of mCherry

fluorescence in E. coli
Bimolecular fluorescence complementation (BiFC) plasmids are
shown in Fig. 2. The mCherry proteins were split at positions between
amino acids 159 and 160 [20]. The N- and C-terminal coding regions
of mCherry were amplified by PCR from plasmid pmCherry-C1
(Invitrogen). The gene fragment of mCherry1-159 was cut by SalI
and HindIII (Thermo Scientific) and then inserted into the same
pQE-30 sites to generate pCherry1-159. The gene fragment of
mCherry160-237 was digested by BamHI and EcoRI (Thermo Scien-
tific), and then inserted into the corresponding sites of pET-28a to gen-
erate pCherry160-237. The DNA sequence of S-periaxin (WT and its
mutants) was inserted into pCherry1-159 or pCherry160-237 to
construct pCherry1-159-S-periaxin (WT and its mutants) and
pCherry160-237-S-periaxin (WT and its mutants). All sequences
were verified by DNA sequencing.

Figure 2. Schematic presentation of BiFC fusion proteins used in this study mCherry fragment (aa 1–159) was fused to the C terminus of S-periaxin (WT or its

mutants) proteins. mcherry fragment (aa 160–237) was fused to the N terminus of S-periaxin (WT or its mutants) proteins.
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Escherichia coli cultures that express various fusion proteins of
pCherry1-159 or pCherry160-237 (Fig. 2) were maintained on Luria-
Bertani medium at 37°C, induced with 0.3 mM IPTG, and grown for
an additional 3 h. The bacterial cells were collected and resuspended
in 100 µl of phosphate saline buffer [21]. The fluorescence of the
E. coli cells was visualized using the Delta VisionMicroscopy Imaging
Systems (GE Healthcare) with the TRITC channel.

Results

Homodimerization of full-length S-periaxin in

transfected HeLa cells

Periaxin isoform 1 and 2 (NP_066007.1 and NP_870998.2) were iden-
tified from Homo sapiens through an NCBI database search. The hom-
ology of periaxin to other proteins is very low, and the only conserved
domain is the PDZ domain of N-terminal [14]. Sequence alignment re-
vealed an overall sequence identity of 30% between S-periaxin
(NP_066007.1) and AHNAK isoform 2 (NP_076965.2) at the amino
acid level (Fig. 1A). Furthermore, the crystal structures of the PDZ hom-
ology domain of periaxin (PDB: 4CMV; 14–104 aa) were verified [14].
We paid special attention to the structuremodel. As shown in Fig. 1B, the

core of the PDZ dimer is formed by a 6-stranded antiparallel β sheet by
chain A and B, and the cores of α2 helices (Phe75–Tyr90) from the two
chains of PDZ dimer structure are placed side by side [14]. An extended
conformation in the N-terminal (Met1–Arg13) and C-terminal (Gly105–
Pro147) of S-periaxin is modeled based on SAXS data [14], thereby
suggesting that S-periaxin is elongated and the moiety points of carboxyl
terminus remain exposure the most.

L-periaxin dimerization had been shown by yeast two-hybrid experi-
ments, pull-downs from nerve lysates, and CO-IP from mammalian cells
that are over-expressing L-periaxin constructs [11]. To confirm the dimer-
ization form of S-periaxin, HeLa cells were transiently transfected with
pCMV-tag3B-S-periaxin/pEGFP-S-periaxin. Myc-tagged S-periaxin was
shown to co-precipitate with EGFP-tagged S-periaxin. No specific bind-
ing was observed with the EGFP control or the irrelevant mouse IgG.
These results indicate that S-periaxin forms homodimers in vivo (Fig. 1C).

Oligomerization of S-periaxin without reducing

reagents in vitro
The recombinant His-S-periaxin was expressed in BL21 cells and its
molecular weight was estimated to be ∼15 kD (Fig. 3A). Without
any reducing reagent in the loading buffer, different oligomers of

Figure 3. S-periaxin forms dimers through disulfide bond (A) His-S-periaxin was boiled for 0 or 5 minwithout (lanes 2–5) or with 10 mMDTT (lanes 6–9) or 2%SDS

(lanes 4–5 and 8–9) in loading buffer. Proteins were visualized by Coomassie staining analysis. (B) SDS-PAGE analysis of the oxidation of S-periaxin with H2O2. (C)

SDS-PAGE analysis of the redox of S-periaxin with DTT. Quantitative assay of the dimeric S-periaxin with H2O2 or with DTT were shown.
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S-periaxin were detected, which suggests that S-periaxin may oligo-
merize under oxidation (Fig. 3A, lanes 2–5). Approximately 10 mM
DTTwas added to Laemmli loading sample buffer to reduce the tetra-
meric and trimeric protein bands. A few S-periaxin dimers were de-
tected after incubation for at least 5 min (Fig. 3A, lanes 6–9).

The recombinant S-periaxin in 20 mM Tris–HCl (pH 8.0),
100 mM NaCl, 2 mM DTT, and 15 mM β-mercaptoethanol was de-
salted by using a P10 column and quickly transferred to a buffer that
contains 20 mM Tris–HCl (pH 8.0) and 100 mM NaCl. Then it was
treated with different concentrations of H2O2 (0–1 mM) for 30 min at
room temperature and analyzed by non-reducing SDS-PAGE. H2O2

treatment induced the formation of an S-periaxin dimer in a dose-
dependent manner (Fig. 3B). The S-periaxin dimer in 20 mM Tris–
HCl (pH 8.0) and 100 mM NaCl can be fully converted back to the
monomer with the addition of 5 mM DTT (Fig. 3C). These findings
indicate that the intermolecular disulfide bond formed by oxidation
is involved in the oligomerization of S-periaxin.

Mediation of S-periaxin dimerization via intermolecular

disulfide bonds

To investigate the role of the three Cys (C88, C97, and C139) in
the formation of intermolecular disulfide bond, S-periaxin and
its mutants (C88/G, C97/G, C139/G C88,97/G, C88,139/G,
C97,139/G, and C88,97,139/G) were subject to oxidation with
H2O2 in vitro. In single mutations, only Cys88 and Cys139 showed
an obvious weak tendency to form an H2O2-induced dimer,
unlike WT (S-periaxin-Cherry1-159/Cherry160-237-S-periaxin) and
C97/G (Fig. 4A–C). Mutation of C88,139/G in S-periaxin also had
a greater tendency to reduce dimer formation than C88,97/G, and
C97,139/G (Fig. 4D–F). When all Cys were mutated to Gly,
C88,97,139/G only showed a monomer band (Fig. 4G). These results
indicate that Cys of S-periaxin are involved in dimerization through
the formation of intermolecular disulfide bonds. Cys88 and Cys139
undergo oxidation in S-periaxin, while Cys97 was relatively inert to
oxidation.

Figure 4. Cys 88 and Cys 139 of S-periaxin are more susceptible to oxidation SDS-PAGE analysis of the oxidation of the S-periaxin mutants with H2O2. (A)

S-periaxin-C88/G, (B) C97/G, (C) C139/G, (D) C88,97/G, (E) C88,139/G, (F) C97,139/G and (G) C88,97,139/G were incubated with indicated concentrations of H2O2

for 30 min at room temperature before SDS-PAGE.
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Dimer formation of S-periaxin through intermolecular

disulfide formation in vivo
To determine whether S-periaxin can form a dimer in vivo, Myc-
tagged S-periaxin (WT, C88,97/G, C88,139/G, C97,139/G, or
C88,97,139/G) was transfected into HeLa cells. Before lysis, these
cells were collected and incubated with 30 mMNEM to block reactive
sulfhydryl groups [19]. The cell lysates were loaded onto non-reducing
SDS-PAGE. The dimer of S-periaxin and its mutants was detected by
western blot analysis using anti-Myc antibody. Interestingly, on non-
reducing SDS-PAGE, both monomer and dimer were detected in WT
Myc-S-periaxin and in three mutants (C88,97/G, C88,139/G, and
C97,139/G), while only monomer was detected in the C88,97,139/
G mutant (Fig. 5), suggesting that Cys residues are involved in the as-
sembling of S-periaxin. However, the intermolecular disulfide bond is
not the only important factor involved in the oligomerization of the
molecule.

Subsequently, BiFC analysis was performed to obtain the intermo-
lecular disulfide bond information of S-periaxin in E. coli BL21 cells.
S-periaxin and its mutant fusion with mCherry fragments were trans-
formed into BL21, and all the fusion proteins were expressed in super-
natant fluid (Fig. 6C). The emission of mCherry-RFP fluorescence by
the various strains was monitored [22,23]. Co-inoculation of
pCherry-1-159-S-periaxin/pCherry-160-237-S-periaxin constructs re-
sulted in strong red fluorescent signals located in small aggregations all
over the cytoplasm, thereby indicating the self-interaction of
S-periaxin. S-periaxin can form dimers in living cells (Fig. 6A). Red
fluorescence was found in little aggregates from Cys mutation C97/
G, C88,97/G and C97,139/G. However, the oligomerization of
C88/G, C139/G, and C88,97,139/G was relatively lower than that
of S-periaxin (Fig. 6B). In contrast, the mutations of S-periaxin did
not completely abolish BiFC fluorescence, which means that other fac-
tors may also contribute to S-periaxin dimerization, among which the
spatial structure of the PDZ domain is one such factor [16].

Discussion

L-periaxin and S-periaxin have the same N-terminal PDZ domain.
However, L-periaxin predominantly localizes in the nucleus (adaxo-
nal membrane) during axon ensheathment and early myelination,

and then localizes to the abaxonal Schwann cell membrane (opposite
the basal lamina) that is undergoing myelination [1]. This process is
unlikely for S-periaxin, which distributes in the cytoplasm (occasion-
ally in the nucleus) [15].

The PDZ domain is a protein–protein interacting module that
plays an important role in the organization of signaling complexes
[15]. For example, PICK1 (protein interacting with C-kinase 1) PDZ
was reported to be redox-regulated by the formation of a reversible
intermolecular disulfide bond that engages Cys44 in the β2–β3 loop
undermild oxidative conditions [24]. Themost common target for cel-
lular oxidants is Cys residues in proteins. Upon exposure to oxidants
such as H2O2, free sulfhydryl groups in the Cys residues can be oxi-
dized into sulfenic, sulfinic, or sulfonic acids. H2O2 treatment induced
the formation of intermolecular disulfide bonds between S-periaxin in
vitro. In this report, we demonstrated that Cys88 and Cys139 in
S-periaxin play a role in oxidation-induced disulfide bond formation,
while Cys97 is relatively inert to oxidation.

Furthermore, from the PDZ crystal structure of periaxin
(Fig. 1B), we found that the α2 helices (Phe75–Tyr90) from the
two chains of the periaxin dimer structure are side by side, and the
distance between Cys88A and Cys88B is ∼5.03 Å, which meets the
standard of a disulfide bond. In comparison, the distance between
Cys97A and Cys97B or Cys88A–Cys97B is more than 10 Å, suggest-
ing that disulfide bonds cannot be formed between these sites. The
conformation of the C-terminal (including that of Cys139) exhibits
extended structures. Although the homology of S-periaxin to other
proteins is low, the C-terminal extensions gradually increase the pos-
sibility of oligomer formation through the Cys139–Cys139 intermo-
lecular disulfide bond.

Various techniques, including yeast two-hybrid screening, Co-IP,
glutathione S-transferase pull-down, and the recently developed tan-
dem affinity purification assays, have been used to detect and study
protein–protein interactions [11,25,26]. BiFC, which was developed
by Hu et al. [27], detects weak or otherwise transient protein–protein
interactions in vivo. BiFC is based on the principle that the N- and
C-terminal fragments of fluorescent proteins and its derivatives
alone do not fluoresce. However, if they are fused to interacting pro-
teins, the two non-functional halves can be brought into close proxim-
ity and form a functional fluorophore as a result of specific protein
interactions [28,29]. In this study, we performed BiFC analysis to ob-
tain the intermolecular disulfide bond information of S-periaxin in
bacterial cells. Results showed that S-periaxin (WT and its mutants)
could form inter-subunit disulfide bonds in vivo. However, inter-
disulfide bond formation was not the main reason for the dimerization
or oligomerization of S-periaxin.

Other factors may also be involved in the oligomerization of
S-periaxin in the cytoplasm. The mutation of the GLGF motif of the
L-periaxin–PDZ domain into GLAA attenuated homodimerization
(Fig. 1A), suggesting that the canonical peptide binding groove of
the periaxin–PDZ domain may participate in homodimerization
[11]. To date, the function of S-periaxin has not yet been revealed.
The dimerization of S-periaxin may provide a clue to the hypothesis
that S-periaxin may interact with L-periaxin by PDZ dimerization to
regulate the function of L-periaxin in Schwann cells [15]. These ques-
tions are critical to future studies.

S-periaxin was found to be homodimerized through the formation
of intermolecular disulfide bonds between its Cys88 and Cys139 resi-
dues under mild oxidative conditions. Cys97 residue is relatively inert
to oxidation. We propose that the molecular conformation of
S-periaxin could be regulated by cellular redox fluctuations under
physiological and pathophysiological conditions.

Figure 5. Dimer conformation of S-periaxin requires Cys88 and Cys139 HeLa

cells were transfected with Myc-S-periaxin (WT, C88,97/G, C88,139/G, C97,139/

G, and C88,97,139/G). Whole cell extracts were separated under non-reducing

conditions and detected by western blot analysis using anti-Myc antibody.
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