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Background: The interaction of L-periaxin with DRP2 provides signal transduction and 1 

nutritional factor transportation in PNS. 2 

Results: NLS1 domain involved in nucleo-cytoplasmic shuttling, NLS2-3 participated in 3 

interaction with spectrin-like domain2 of DRP2. 4 

Conclusion: NLS domain of L-periaxin ensures nuclear targeting and links extracellular 5 

matrix proteins to cytoskeleton. 6 

Significance: Binding model of DRP2 and L-periaxin is crucial for understanding the role of 7 

L-periaxin in PNS. 8 

  9 

FOOTNOTES 10 

 11 

* This work was supported by the Natural Science Foundation of China (Grant No. 12 

31170748). 13 
1 
To whom correspondence should be addressed: Institute of Biotechnology,Shanxi University, 14 

Wucheng Road 92, Taiyuan, 030006, P.R. China. Tel.: 0086-0351-7018208; Fox: 15 

0086-0351-7018208; E-mail: yaweishi@sxu.edu.cn 16 
2 
The abbreviations used are: DRP2, dystroglycan-dystrophin-related proteins; NLS, nuclear- 17 

localization-signal; CMT, Charcot-Marie-Tooth; EPPD, ezrin-periplakin-periaxin-desmoyokin; 18 

PDZ, PSD-95/Discs Large/ZO-1; NES, nuclear export signal; LMB, LeptomycinB; PNS, 19 

peripheral nervous system; PDG, L-periaxin-DRP2-dystroglycan; EGFP, enhanced green 20 

fluorescent protein; YFP, yellow fluorescent protein; RFP, red fluorescent protein; GST, 21 

glutathione S-transferase; BiFC, Bimolecular fluorescence complementation; Co-IP, 22 

Co-Immunoprecipitation; DAPI, 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride; 23 

FITC, fluorescein isothiocyanate.  24 
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L-periaxin is an important scaffolding protein that is expressed in Schwann cells 27 

and lens fiber cells. In Schwann cells, loss or mutation of the PRX gene disrupts compact 28 

peripheral myelin and causes severe demyelination neuropathy. DRP2 is the only 29 

reported protein to interact with periaxin to form the L-periaxin-DRP2-dystroglycan 30 

(PDG) complex, which can provide structural and signaling functions by linking the 31 

extracellular matrix to the Schwann cell cytoskeleton. In this report, the interaction 32 

between L-periaxin and DRP2 was further investigated by bimolecular fluorescence 33 

complementation (BiFC), GST pull-down, CO-IP, and Fluorescence spectroscopy. 34 

Results demonstrated that spectrin-like domain 2 of DPR2 played a critical role in the 35 

complex of DRP2 and L-periaxin. Furthermore, the DRP2 spectrin-like domain 2 only 36 

interacted with the NLS2 and NLS3 sub-domains in L-periaxin. These data revealed a 37 

previously unknown binding model between DRP2 and L-periaxin. 38 

 39 

Periaxin is a cytoskeletal-associated protein that was initially identified in myelinating 40 

Schwann cells (1). Based on its localization and the demyelination neuropathy phenotype 41 

associated with the gene knockout mouse model, periaxin has been confirmed to play an 42 

essential role in peripheral nerve myelination, and the mutations of the periaxin (PRX) gene 43 

cause Charcot-Marie-Tooth (CMT) 4F, an autosomal recessive demyelinating disease (2-5). 44 

Periaxin has been also reported in cytoskeletal complexes of lens fibers. On the lens 45 

intracellular face, L-periaxin interacts with ezrin, periplakin, and desmoyokin, which 46 

comprise a macromolecular complex of EPPD; moreover, L-periaxin plays a key role in cell 47 

adhesive interactions (6). 48 

PRX, which encodes two periaxin isoforms, namely, L-periaxin and the truncated 49 

S-periaxin, has been mapped to chromosome 19q13.13-q13.2 (3, 4, 5, 7). Both proteins are 50 

identical in the N-terminal PDZ (PSD-95/Discs Large/ZO-1) protein-binding domain; 51 

besides the PDZ domain, L-periaxin can be further divided into the basic nuclear localization 52 

signal (NLS) region, a long-repeat domain, and C-terminal acidic domain (4, 7). L-periaxin is 53 

a 147 kDa protein with 1461 amino acid residues, whereas S-periaxin is a 16 kDa protein with 54 

147 amino acid residues (7). 55 

The PDZ domain is an important protein-protein interaction motif that is implicated in 56 

the assembly of macromolecular signaling complexes (8). The PDZ domain of L-periaxin 57 

contains a nuclear export signal (NES) between residues 73 and 86 that allows it to shuttle 58 

from the nucleus to the cytoplasm, and the nuclear export activity of L-periaxin can be 59 

inhibited by NES mutation (L83/Q, L85/Q) or by LMB (LeptomycinB) treatment (9). The 60 

mutation that knocks out the PDZ domain causes barely functional, and the homodimerization 61 

of periaxin have vanished from ∆PDZ-Prx mice. (10). Meanwhile, in the absence of the PDZ 62 

domain, peripheral nerves show that dystroglycan-dystrophin-related protein 2 (DRP2)- 63 

periaxin-dystroglycan protein complexes (PDG) decrease in the plasma membrane of 64 

Schwann cells (10). The NLS domain of L-periaxin, and not the PDZ domain, is integrated 65 

with the PDG complex through direct interactions with DRP2 (11). 66 

The interaction between DRP2 and L-periaxin also requires DRP2 phosphorylation (12). 67 

Unlike L-periaxin, DRP2 is not a component of Schmidt-Lanterman incisures in the 68 

peripheral nervous system (PNS) (13). At six-month-old Prx null mice, myelin-specific 69 

profiles, such as myelin-associated glycoprotein, peripheral myelin protein zero (P0), and 70 

myelin basic protein, exhibit normal levels, but nerve conduction velocity reduces and causes 71 

focal hypermyelination and demyelination (14). In contrast to Prx null mice, Drp2 null mice 72 

show slow and periodic demyelination or abnormal myelin regeneration (12). At nine months, 73 

the low percentage of onion bulbs in Drp2 null mice is comparable with that in Prx null mice, 74 

which also demonstrate disrupted Cajal bands (10). The interaction of L-periaxin with DRP2 75 

likely plays a role in cell signal transduction and nutritional factor transportation (11) 76 

Nevertheless, the coupling model of DRP2 and L-periaxin remains unclear, and the only 77 

evidence is the N-terminal of DRP2 linked to the NLS domain of L-periaxin (11).  78 

L-periaxin has an unusual tripartite -type NLS that is composed of NLS1 (118-139 aa), 79 

NLS2 (162-175 aa), and NLS3 (183-194 aa), which localize L-periaxin to the Schwann cell 80 
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nucleus (15). DRP2 protein comprises two spectrin-like repeats (1 and 2) and WW domain in 81 

the N-terminal region and EF domain, as well as ZZ and coiled-coil domain in the C-terminal 82 

region. To explain the interactions between L-periaxin and DRP2, a series of experiments was 83 

conducted. Results indicated that L-periaxin was linked to spectrin-like domain 2 of DRP2 84 

protein. Moreover, NLS1 of the NLS domain in L-periaxin was found to be involved in 85 

nucleo-cytoplasmic shuttling of L-periaxin protein, but both NLS2 and NLS3 participated in 86 

interaction with spectrin-like domain 2 of DRP2. 87 

 88 

EXPERIMENTAL PROCEDURES 89 

Plasmid construction-The L-periaxin (AB046840.1) was cloned into pCMV-Tag3B (Myc 90 

tagged) and named pCMV-Tag3B-L-periaxin. The fragments of L-periaxin-N-1-103 (PDZ 91 

domain, 1-103 aa), L-periaxin-N104-196 (NLS domain, 104-196 aa), L-periaxin-M197-1059 92 

(repeat domain, 197-1059 aa), L-periaxin-C1060-1461 (acidic domain, 1060-1461 aa) were 93 

generated by PCR with appropriate primer sets to generate pEGFP-L-periaxin-N1-102, 94 

pEGFP-L-periaxin-N104-196,pEGFP-L-periaxin-M198-1059,pEGFP-L-periaxin-C1060-14695 

1. The pEGFP vector encodes an enhanced green fluorescent protein (EGFP) which has been 96 

optimized for fluorescence localization of the fusion protein or the higher expression in 97 

mammalian cells. (Fig.1A). A similar strategy was adopted to generate His-tag expression 98 

vector, including pET-MG-NLS, pET-MG-NLS1, pET-MG-NLS2, and pET-MG-NLS3. 99 

The full-length DRP2 (BC111695.1), DRP2-N1-384 (1-384 aa), and DRP2-C385-954 100 

(385-954 aa), as well as the different truncated fragments, such as DRP2-N1-179 101 

(spectrin-like domain 1, 1-179 aa) and DRP2-N180-349 (spectrin- like domain 2, 180-349 aa), 102 

were cloned into pEGFP, pmCherry-C1 (red fluorescent protein, RFP tagged), or pGEX-6P-1 103 

(glutathione S-transferase, GST tagged), respectively (Fig. 1A). 104 

The construction of BiFC vectors contains the fragments N1-155 and fragments 105 

C156-239 from Yellow Fluorescent Protein (YFP) (16, 17). The DNA encoding N1-155 106 

fragment was digested with BamHI/NotI, inserted into pEGFP-N1, and named pYN vector, in 107 

which the EGFP tag was replaced with YFP fragmented N1-155. A similar strategy was used 108 

to generate the pYC vector, in which the EGFP tag was replaced with YFP fragmented 109 

C156-239 with both NheI and XhoI digestion. A list of BiFC plasmids is summarized in Fig. 110 

3A. In pYN-NLS, the sequences encoding NLS were fused to the N-terminal of pYN. A series 111 

of N-terminal of DRP2 BiFC plasmids, namely, N1-384, N1-179, and N180-349, was fused to 112 

the C-terminal of pYC and named pYC-DRP2-N1-384, pYC-DRP2-N1-179, and pYC- 113 

DRP2-N180-349, respectively. All the sequences were verified by DNA sequencing. 114 

Cell culture and transfection-Rat RSC96 Schwann cells (Type Culture Collection of the 115 

Chinese Academy of Sciences, Shanghai, China) were maintained in Dulbecco’s modified 116 

Eagle’s medium supplemented with 10% fetal bovine serum (FBS) at 37 °C in a humidified 117 

atmosphere containing 5% CO2. For BiFC assays, confluent HeLa cells were maintained at 118 

37 °C with 5% CO2 in RPMI-1640 containing 10% FBS. 119 

The cells were seeded on sterile glass cover slips in six-well trays and cultured overnight 120 

prior to transfections. At 60%-70% confluence, the cells were transiently transfected with 121 

TurboFect transfection reagent (Thermo Scientific, United States) according to the 122 

manufacturer’s instructions. 123 

Microscopic analysis for fluorescence colocalization and BiFC-At 24 h after transfection, 124 

cells were fixed with 1 mL of Immunological Staining Fix Solution (Beyotime Institute of 125 

Biotechnology, Shanghai, China). Subsequently, cells were washed briefly in PBS (140 mM 126 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3). Cells transfected with 127 

pCMV-tag3B-L-periaxin/pEGFP-DRP2-N1-384 were blocked in a solution of 5% (v/v) fetal 128 

bovine serum and 0.3% (v/v) Triton X-100 in PBS at room temperature for 1 h. and the 129 

blocked cells were incubated overnight with rabbit anti-Myc (Beyotime, Shanghai, China) 130 

and mouse anti-EGFP (Beyotime, Shanghai, China). Next, slides were washed with PBS 131 

buffer and incubated with the secondary antibodies fluorescein isothiocyanate (FITC)-labeled 132 

goat anti-mouse (Transgene, Beijing, China) and tetramethyl rhodamine isothiocyanate 133 

(TRITC)-labeled goat anti-rabbit (Transgene, Beijing, China) at room temperature. After 134 

washing, cells were stained with 1 µg/mL 4',6-diamidino-2-phenylindole (DAPI) reagent 135 
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(Solarbio, Beijing, China) for 10 min at 37 °C. Cells were subsequently examined with Delta 136 

Vision (API, USA) at 60×magnification. To the EGFP or RFP fusion proteins in the cells, 137 

such as EGFP-L-periaxin or RFP-DRP2, or the cells of BiFC, were just fixed, PBS washed 138 

and then DAPI stained. The fluorescent imaging of fixed cells were visualized using Delta 139 

Vision and the related fluorescent are measured with EGFP to FITC channel, RFP to TRITC 140 

channel. The Pearson Coefficient of Correlation were calculated, the values of Pearson 141 

Coefficient of Correlation indicates how closely the green and red fluorescence are 142 

colocalized, and the full colocalization is 1.0. BiFC fluorescent imaging response to FITC 143 

channel. All the digital images were processed with Adobe Photoshop CS2 9.0.  144 

Flow cytometry analysis - At 24 h post-transfection, HeLa cells were maintained at 4 °C for 4 145 

h. Cell monolayers were trypsinized and resuspended in 500 µL of PBS, followed by analysis 146 

with a FACSCalibur. Cells transfected with pYN/pYC constructs were used to set the 147 

baseline for fluorescence detection, and approximately 10,000 events were recorded from 148 

each sample. 149 

Co-immunoprecipitation (Co-IP) and Western blot-RSC96 cells were transiently transfected 150 

with pCMV-tag3B-L-periaxin/pEGFP-DRP2,pCMV-tag3B-L-periaxin/pEGFP-DRP2-N1-384, 151 

pCMV-tag3B-L-periaxin/pEGFP-DRP2-C385-954,pCMV-tag3B-NLS/pEGFP-DRP2-N1-179, 152 

and pCMV-tag3B-NLS/pEGFP-DRP2-N180-349. After 48 h of transfection, whole cell 153 

lysates were harvested in 400 µL of lysis buffer (20 mM HEPES, pH 7.6, 150 mM NaCl, 2 154 

mM MgCl2, 10% glycerol, 0.5% Triton X-100, and 1 mM DTT plus 0.1% protease/ 155 

phosphate inhibiters). The cells were then kept on ice for 15 min and centrifuged at 4 °C. The 156 

supernatant was incubated with 2 µL of EGFP antibodies or 2 µL of mouse IgG as control and 157 

allowed to rotate overnight at 4 °C. Protein A+G Agarose (Beyotime, Shanghai, China) was 158 

added and incubated for 4 h at 4 °C, followed by washing with lysis buffer. The samples were 159 

separated by 10% SDS-PAGE gel, transferred onto a PVDF membrane (Millipore, USA), and 160 

analyzed by Western blot with corresponding antibodies. 161 

Protein expression and purification-All the fusion proteins were expressed in Escherichia 162 

coli BL21. When transformed bacteria were grown to mid-log phase (OD600 = 0.6-0.8) in 163 

Luria-Bertani medium at 37 °C,0.3 mM isopropyl-β-D-thiogalacto-pyranoside was added 164 

overnight at 16 °C to induce expression of these fusion proteins. The cells were harvested and 165 

then lysed by sonication on ice. The supernatant was incubated with glutathione sepharose 166 

beads (GE Healthcare Life Sciences for GST fusion proteins) or nickel- nitrilotriacetic acid 167 

column (GE Healthcare Life Sciences for His fusion proteins). Furthermore, the elution 168 

product was analyzed by Sephacryl S-200 gel filtration chromatography using the same buffer 169 

(50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM DTT, and 5 mM β-mercaptoethanol). 170 

GST pull-down-GST-DRP2-N1-384, GST-DRP2-N1-179, GST-DRP2-N180-349, and an 171 

approximately equimolar amount of GST protein were each incubated with 25 µL of 172 

glutathione-sepharose 4B beads in PBS buffer (140 mM NaCl, 2.7 mM KCl, 10 mM 173 

Na2HPO4, 1.8 mM KH2PO4, pH 7.3) for 2 h at 4 °C. Beads were washed extensively with 174 

PBS buffer. The supernatant of cell lysate or purified His-tag fusion proteins was added to the 175 

pre-equilibrated beads and incubated for 2-4 h at 4 °C. Beads were washed extensively, and 176 

bound proteins were eluted with 10 mM glutathione (25 µL). The eluted proteins were 177 

analyzed by SDS-PAGE and Western blot with corresponding antibodies. 178 

FITC-labeling NLS proteins and fluorescence spectroscopy-FITC was conjugated to 179 

recombinant NLS protein and different sub-domains of NLS1, NLS2, and NLS3 according to 180 

the manufacturer’s instructions (FluoReport-FITC protein labeling, Molecular Probes). In 181 

brief, FITC was dissolved in dimethylsulfoxide, diluted with the conjugation buffer of 0.1 M 182 

NaHCO3-NaOH (pH 9.0), and immediately added to protein production overnight at 4 °C in 183 

the dark (FITC/protein = 100/1). The conjugated protein was exchanged with HEPES buffer 184 

(20 mM HEPES, 100 mM NaCl, pH 7.4). The concentration of FITC-labeling peptide was 185 

calculated by Equation (1). Where protein concentration is a protein concentration of the 186 

Fluorescein-Protein conjugate; A280 is the actual absorbance at 280 nm of a FITC-protein; 187 

(A494×0.3) is the correction factor due to the absorbance of FITC at 280 nm; α is the final 188 

dilution ratio of the labeled protein; and ε is the molar extinction coefficient of the protein at 189 

280 nm. 190 
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The fluorescence spectra were recorded on a Perkin-Elmer LS-55 fluorescence 192 

spectrophotometer at room temperature. All measurements were performed in a total sample 193 

volume of 1 mL of HEPES buffer (20 mM HEPES, 100 mM NaCl, pH 7.4), and a 5 mm path 194 

length cuvette was used at an excitation wavelength of 494 nm, and monitoring emissions at 195 

518nm. The titration experiment was repeated 3 times, and the titration curves were prepared 196 

by plotting (F-F0) with gradually increasing recombination protein concentration. Curves 197 

were fitted with Origin 8.0. 198 

 199 

RESULTS 200 

Interaction and colocalization of N1-384 of DRP2 with L-periaxin- To substantiate the 201 

interaction of periaxin with DRP2, Co-IP experiments were performed. RSC96 cells 202 

transiently transfected with pCMV-tag3B-L-periaxin and pEGFP-DRP2, and the supernatants 203 

of cell lysate were subjected to immunoprecipitation with a polyclonal EGFP antibody. For 204 

control studies, the immunoprecipitations were performed with irrelevant mouse IgG. The 205 

results revealed that EGFP-tagged DRP2 could co-precipitate Myc-tagged L-periaxin, which 206 

had an adequate size of 147 kDa (Fig. 1B). Next EGFP-tagged fragments of DRP2-N1-384 or 207 

DRP2-C385-954 were analyzed by immunoprecipitation with polyclonal anti-Myc. Fig. 1C 208 

demonstrates that the 65 kDa EGFP-DRP2-N1-384 (lane 4) interacts with Myc-L-periaxin, no 209 

specific binding were observed with the 90 kDa DRP2-C385-954 fragments (lane 6) or the 210 

negative control (lane 3,5). This finding was consistent with the results of a previous study 211 

(11). 212 

The colocalization results of pCMV-tag3B-L-periaxin/pEGFP-DRP2-N1-384 also 213 

showed that DRP2-N1-384 colocalized to the cytoplasma with full length L-periaxin (Fig. 214 

1D). These data suggested an obvious interaction between the N-terminal of DRP2 and 215 

L-periaxin. 216 

Interaction between NLS domain of L-periaxin and spectrin-like domain 2 (N180-349) of 217 

DRP2-The N1-384 of DRP2 protein is composed of spectrin-like repeats (spectrin-like 218 

domain 1, N1-179; spectrin-like domain 2, N180-349) and the WW domain (N350-384) (Fig. 219 

2A). To identify the contribution of various domains of L-periaxin, purified 220 

GST-DRP2-N1-384 (Fig. 2B) was used to pull down EGFP-L-periaxin-N1-103, 221 

EGFP-L-periaxin-N104-196, EGFP-L-periaxin-M197-1059, and 222 

EGFP-L-periaxin-C1060-1461. As expected, DRP2-N1-384 could pull down 223 

L-periaxin-N1-196, especially the fragment of L-periaxin-N104-196 (Fig. 2C (lane 2) and D 224 

(lane 2)). The results revealed that the NLS domain was involved in the interaction between 225 

L-periaxin and DRP2. A few difference was found in GST-DRP2-N1-384 pull down of 226 

L-periaxin-N1-196 (PDZ+NLS) compared with that of L-periaxin-NLS (Fig. 2C and 2D). 227 

L-periaxin-PDZ may help the NLS domain to bind with DRP2-N1-384. 228 

An obvious interaction between NLS and DRP2-N180-349 was only detected by 229 

pull-down assay (Fig. 2E (lane 2)). No binding was detected for equivalent amounts of 230 

GST-DRP2-N1-179 or the control GST protein alone. The peptide binding data in the 231 

fluorescence spectrum also implied a significant increase in NLS domain binding of 232 

DRP2-N1-384 and DRP2-N180-349 (Fig. 2F). These experiments suggested that spectrin-like 233 

domain 2 of DRP2 (N180-349) was a critical region for NLS. 234 

BiFC techniques were also used to test whether the interaction of DRP2-N180-349 and 235 

L-periaxin-NLS can induce fluorescence complementation in HeLa cells. 236 

HeLa cells grown on glass coverslips were co-transfected with pYN/pYC, 237 

pYN-NLS/pYC-DRP2-N1-384, pYN-NLS/pYC-DRP2-N1-179, or pYN-NLS/pYC-DRP2- 238 

N180-349. The results showed that pYN-NLS/pYC-DRP2-N1-384 induced strong BiFC 239 

fluorescence compared with pYN/pYC (Fig. 3B). Besides, pYN-NLS/pYC-DRP2-N180-349 240 

exhibited a fairly higher BiFC fluorescence than pYN-NLS/pYC-DRP2-N1-179 (Fig. 3B). 241 

Flow cytometry was used to analyze the percentage of fluorescent cells expressed in 242 

pYN/pYC, pYN-NLS/pYC-DRP-N1-384, pYN-NLS/pYC-DRP2-N1-179, and 243 

pYN-NLS/pYC-DRP2-N180-349, . The proportion of fluorescent cell from 244 
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pYN-NLS/pYC-DRP2-N1-384 positive control was defined as 100%. As expected, the 245 

pYN-NLS/ pYC-DRP2-N1-179 group expressed only 4% of fluorescence cells, whereas 246 

pYN-NLS/pYC-DRP2-N180-349 showed an improvement and expressed approximately 80% 247 

of fluorescence cells (Fig.3C and 3D). These results further confirmed that spectrin-like 248 

domain 2 (N180-349) of DRP2 was required for the NLS domain of L-periaxin binding. 249 

Interaction of NLS2 and NLS3 of L-periaxin with spectrin-like domain 2 (N180-349) of 250 

DRP2-The L-periaxin-NLS domain is composed of three sub-domains, namely, NLS1 251 

(K118-K139), NLS2 (K162-K175) and NLS3 (R183-R194) (Fig. 4A). A series of pull-down 252 

experiments was performed to assess the NLS sub-domains capable of binding to 253 

spectrin-like domain 2 of DRP2. The results indicated that the EGFP-tagged NLS2 and NLS3 254 

were bound to GST-DRP2-N180-349, whereas no interaction was detected between 255 

EGFP-NLS1 and GST-DRP2-N180-349 (Fig. 4B(lane 2 and 3)). 256 

The L-periaxin-NLS domain was required for nuclear localization and distribution in the 257 

contact point of the RSC96 cell membrane, which was consistent with the findings on the 258 

EGFP-tagged NLS1 sub-domain (Fig. 5A and 5B). By contrast, the sub-domains of 259 

EGFP-tagged NLS2 and NLS3 localized in the cell cytoplasm (Fig. 5A and 5 B). 260 

Intracellular destination of the NLS sub-domains were evaluated using RFP-tagged 261 

DRP2-N1-384 in RSC96 cells. The results of fluorescence analysis suggested that 262 

RFP-DRP2-N1-384/EGFP-L-periaxin, and RFP-DRP2-N1-384/EGFP-NLS were colocalized 263 

to the cytoplasm and cytomembrane (Fig. 1D and Fig. 6B). Moreover, the co-transfected 264 

results showed extensive colocalization for RFP-DRP2-N1-384 with EGFP-NLS2 and 265 

EGFP-NLS3 in the cytoplasm (Fig. 6D and 6E). In contrast, no obvious colocalization was 266 

observed for EGFP-tagged NLS1 and RFP-tagged DRP2-N1-384 (Fig. 6C). As shown by 267 

pearson correlation coefficient between the FITC and TRITC channels, the strong overlaps 268 

for EGFP-NLS, EGFP-NLS2, EGFP-NLS3 with RFP-DRP2-N1-384 had been calculated (Fig. 269 

6B, 6D and 6E), and there is little correlation between EGFP-NLS1 and RFP-DRP2-N1-384 270 

(Fig. 6C and 6F). These data were consistent with the interactions of DRP2 with the NLS2 271 

and NLS3 sub-domains of L-periaxin, but the NLS1 sub-domain may be involved in 272 

nucleocytoplasmic shuttling. 273 

 274 

DISCUSSION 275 

L-periaxin is necessary for the stabilization and regeneration of the Schwann cell-axon 276 

unit and connection of the myelin sheath to the surrounding extracellular matrix (10, 18). 277 

Several lines of evidence indicated that the periaxin protein’s function is directly related to 278 

CMT4F disease (18). According to statistical data of 18 cases of CMT4F, periaxin is 279 

predicted to generate a truncated non-function protein that is devoid of the acidic terminal 280 

domain, which is thought to be important in maintaining normal myelin formation (15, 18, 281 

19). 282 

An embryonic age (E) of 13.5 is the earliest time at which L-periaxin is detectable by 283 

immunocytochemistry in the nucleus (adaxonal membrane) of Schwann cells of the mouse 284 

PNS. L-periaxin has been shown to be associated with the plasma membrane of Schwann 285 

cells, and it predominately localizes at the abaxonal Schwann cell membrane (opposing the 286 

basal lamina) where it is believed to function in a signaling complex (2). The deletion of the 287 

NLS domain abrogates the nuclear uptake of L-periaxin and it is energy dependent (15). A 288 

previous study showed that the PDZ domain of L-periaxin guides its translocation from the 289 

nucleus to the cytoplasm (9). The PDZ and NLS domains may be directly correlated with the 290 

localization and functionality of L-periaxin. Although the details remain unclear, the 291 

translocation of L-periaxin to the abaxonal Schwann cell plasma membrane is assumed to be 292 

a relatively late event during myelination (11). In mature myelin, the ability of the PDZ 293 

domain of L-periaxin to homodimerize may account for the clustering of DRP2(11). The 294 

interaction of DRP2 and L-periaxin appears to be a feature of the maturation of the sheath, 295 

and the PDG complex may serve as a channel for the delivery of nutritional factors or cell 296 

signal transduction (11, 12). 297 

In this study, spectrin-like domain 2 of DRP2 could bind to NLS2 and NLS3 of 298 

L-periaxin, but not to NLS1, which is essential for nuclear localization (Fig. 7). NLSs in 299 
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L-periaxin exhibited similar sequences, which comprised a number of basic residues, and the 300 

content of positive charge Lys and Arg was above 36% of total amino acid residues. The 301 

reason for the different binding abilities of the three NLS sub-domains in L-periaxin to DRP2 302 

may be from the amount of positive charge. In particular, the positive charge of NLS2 and 303 

NLS3 reached 40% and 50% of total amino acid residues, respectively. By binding to the 304 

importin/karyopherin complex, NLS1 may have a direct role in regulating nuclear uptake (20). 305 

In terms of NLS2 and NLS3, interacting with DRP2 and anchoring to the Schwann cell 306 

plasma may have important significance (Fig. 7). Upon combining with different ligands, 307 

such as DRP2 (11) and ezrin (21), the protein expression, cellular localization, and biological 308 

function of L-periaxin should be affected. 309 

DRP2, dystrophin, and utrophin constitute the vertebrate members of the dystrophin 310 

branch of the superfamily; this family has a large N-terminal extension of actin-binding CH 311 

domains and up to 24 spectrin repeats, DRP2 retains only two of the spectrin repeats(22). The 312 

spectrin-like repeats are three-helix bundle structures, which are important interaction sites 313 

for multiple structural and signaling proteins. Most aromatic residues in the hydrophobic core 314 

of spectrin-like repeats are typically conservative, and the acidic residues are predominantly 315 

distributed throughout the surface (23). In recent advances, spectrin-like repeats act as an 316 

interface for signal transduction mediation and an interactive part of membrane channels, 317 

adhesion molecules, receptors, and transporters (23). DRP2 may participate in the dynamic 318 

interaction between the spindle microtubules and kinetochore during mitotic chromosome 319 

segregation (24). 320 

Although both spectrin-like domains 1 and 2 in DRP2 have similar sequences, only 321 

spectrin-like domain 2 plays a critical role in in interaction between L-periaxin and DRP2. 322 

This role may contribute to its slight difference in spatial structure. Future work should focus 323 

on the structure of the NLS complex in L-periaxin and spectrin-like domain 2 of DRP2. 324 

 325 

 326 

 327 

 328 

 329 
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 FIGURE LEGENDS 74 

 75 

FIGURE 1. Interaction of L-periaxin and DRP2 in RSC96 cells. A. Schematic of L-periaxin 76 

and DRP2. Amino acid residues in each domain are numbered on top of the diagram. B. 77 

Verification of the interaction between L-periaxin and DRP2 by Co-IP assay. RSC96 cells were 78 

transfected with the indicated plasmids for 48 h. Lysates were subjected to Co-IP with mouse 79 

IgG or anti-EGFP and then analyzed by Western blot with anti-EGFP and anti-Myc. C. 80 

Verification of the interaction between L-periaxin and DRP2-N1-384 by Co-IP assay. The 81 

groups of DRP2-N1-384 (lane 1) and C385-954 (lane 2) were used as input; lanes 3 and 5 were 82 

the negative control of mouse IgG; lanes 4 and 5 were immunoprecipitated with Myc antibody. 83 

D. Subcellular localization of L-periaxin (pCMV-tag3B-L-periaxin) and DRP2-N1-384 84 

(pEGFP-DRP2-N1-384). At 24 h post-transfection, cells were fixed, stained with DAPI, probed 85 

with rabbit anti-Myc and mouse anti-EGFP, incubated with the secondary antibodies of FITC 86 

goat anti-mouse and TRITC goat anti-rabbit. The image with Delta Vision at 60× magnification , 87 

and analyzed with POL, DAPI, FITC and TRITC channel, scale bar = 10 µm. 88 

 89 

FIGURE 2. Interaction between NLS domain of L-periaxin and spectrin-like domain 2 of 90 

DRP2. A. Schematic of L-periaxin and DRP2. Amino acid residues of each domain are 91 

numbered on top of the diagram. B. Purification of GST-tagged truncated DRP2 and His-tagged 92 

NLS of L-periaxin. C. Verification of the interaction between the different domains of 93 

L-periaxin and DRP2-N1-384 by GST pull-down assay. EGFP-tagged N1-196, M197-1059, and 94 

C1060-1461 protein lysates are shown in the input lane. GST control (lane C) or 95 

GST-DRP2-N1-384 (lane 1-4) was incubated with RSC96 cell lysate and detected by Western 96 

blot with EGFP antibody. D. EGFP-tagged N1-103 and 104-196 were incubated with GST 97 

control (lane C) or GST-DRP2-N1-384 (lane 1-2), and the interaction between the NLS and 98 

DRP2-N1-384 was analyzed by GST pull down. E. Verification of the interaction between 99 

His-L-periaxin-NLS and GST-DRP2-N180-349 by GST pull down. F. Fluorescence quenching 100 

analysis of the interaction between L-periaxin-NLS and DRP2-N1-384, N1-179, N180-349. 101 

NLS protein is conjugated to FITC. The curves shows the fluorescence intensity by plotting 102 

(F-F0) with gradually increasing DRP2-N1-384 protein concentration in HEPES buffer (20 mM 103 

HEPES, 100 mM NaCl, pH 7.4). Results represent the means of 3 independent experiments. 104 

 105 

FIGURE 3. DRP2-N180-349 interaction with L-periaxin-NLS assayed by BiFC. A. 106 

Schematic of BiFC fusion proteins used in this study. B. BiFC assay to evaluate interactions 107 

between L-periaxin and DRP2. HeLa cells grown on glass coverslips were co-transfected with 108 

pYN-NLS/pYC-DRP2-N1-384, pYN-NLS/pYC-DRP2-N1-179, and pYN-NLS/pYC-DRP2-N 109 

180-349, and pYN/pYC was used as the control. At 24 h post-transfection, cells were fixed, 110 

analyzed with FITC fluorescence, and imaged with Delta Vision at 60× magnification. Scale 111 

bar=10µm. C. Flow cytometry analysis of the fluorescent percentage of BiFC. D. Quantitative 112 

analysis of the fluorescent percentage of BiFC (3 independent experiments, * p ≤ 0.05). 113 

  114 

FIGURE 4. Interaction of DRP2 and L-periaxin-NLS2 and NLS3. A. Schematic of the NLS 115 

sub-domains used in GST pull-down assay. B. EGFP-tagged NLS1, NLS2, and NLS3 expressed 116 

in RSC96 cells were pulled down with GST control (C) and GST-DRP2-N180-349(lane 1-3). 117 

Bound proteins were probed with anti-EGFP or anti-GST antibodies as indicated. One-tenth of 118 

the lysates were run as input.  119 

  120 

FIGURE 5. Localization of L-periaxin, L-periaxin-NLS, and different sub-domains of 121 

NLS in RSC96 cells. A. RSC96 cells were transfected with the plasmid pEGFP-L-periaxin, 122 

pEGFP-NLS, NLS1, NLS2, and NLS3. Cells were then analyzed with FITC channel (for EGFP) 123 

and DAPI channel (for nucleus), imaged with Delta Vision at 60× magnification. Scale bar=10 124 

µm. B. Histogram of positions of 100 cells. The gray “N” indicates the nucleus, and the black 125 

“C” shows the location of the cytoplasm. 126 

  127 

FIGURE 6. Colocalization of DRP2-N1-384 with L-periaxin-NLS or sub-domains of NLS 128 
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in RSC96 cells. A-E. RSC96 cells were co-transfected with EGFP/RFP, 129 

EGFP-NLS/RFP-DRP2-N1-384, EGFP-NLS1/RFP-DRP2-N1-384, 130 

EGFP-NLS2/RFP-DRP2-N1-384, and EGFP-NLS3/RFP-DRP2-N1-384. Images were observed 131 

with Delta Vision at 60× magnification, and analyzed with DAPI, FITC and TRITC channel, 132 

scale bar=10 µm. The scatter plot of the colocalization analysis for the selected region displayed 133 

on the right. F. Quantitative colocalization analysis as a histogram.  134 

 135 

FIGURE 7. NLS domain of L-periaxin plays a central role in Schwann cells 136 

 137 

 138 

139 
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Figure 1  140 
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Figure 2 144 
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Figure 3 148 
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Figure 4  151 
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Figure 5 155 
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Figure 6 159 
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Figure 7 163 

 164 

 165 

Page 18 of 18RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


