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Abstract: Objective    Formation of the endophilin II-Ca2+ channel complex is Ca2+-dependent in clathrin-mediated 
endocytosis. However, little is known about whether the other two endophilin isoforms have the same features. The 
present study aimed to investigate the characteristics of the interactions of all three isoforms with Ca2+ channels and 
dynamin I. Methods    N-type Ca2+ channel C-terminal fragments (NCFs) synthesized with a 3H-leucine-labeled kit, were 
incubated with endophilin-GST fusion proteins, followed by pull-down assay. Results were counted on a scintillation 
counter. In addition, the different endophilin isoforms were each co-transfected with dynamin I into 293T cells, followed 
by flow cytometry and co-immunoprecipitation assay. Immunostaining was performed and an image analysis program 
was used to evaluate the overlap coefficient of cells expressing endophilin and dynamin I. Results    All three isoforms 
interacted with NCF. Endophilins I and II demonstrated clear Ca2+-dependent interactions with NCF, whereas endophilin 
III did not. Co-immunoprecipitation showed that, compared to endophilin I/II, the interaction between endophilin III and 
dynamin I was significantly increased. Similar results were obtained from flow cytometry. Furthermore, endophilin III had 
a higher overlap coefficient with dynamin I in co-transfected 293T cells. Conclusion    Endophilin isoforms have distinct 
characteristics in interactions with NCF and dynamin I. Endophilin III binding to NCF is Ca2+-independent, implying that 
it plays a different role in clathrin-mediated endocytosis. 
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1    Introduction

Endophilin is one of the major endocytic proteins that 
contains an Src homology 3 (SH3) domain. Studies have 
shown that three types of endophilin exist in rats: endophi-
lin I is expressed only in brain, endophilin II in multiple 
tissues, and endophilin III mainly in brain, testis and thy-
mus[1-3]. Endophilins I and II also form dimers through a 

coiled-coil domain[4-7]. All three isoforms are concentrated 
in presynaptic nerve terminals[8-10], and play important 
roles in synaptic vesicle recycling in neurons[11,12].

Endophilin is a conserved protein containing two 
functional domains: an N-terminal Bin-amphiphysin-Rvs 
(BAR) domain and a C-terminal SH3 domain[13]. The N-
terminus mainly participates at the base of the membrane 
invagination in clathrin-coated endocytosis[14-16]. In brain, 
the SH3 domain interacts selectively with proteins containing 
a proline-rich domain (PRD), such as synaptojanin, am-
phiphysin and GTPase dynamin[17-22]. Our previous studies 
found an atypical PRD embedded within endophilin II, 
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and Ca2+ binds to endophilin II directly and regulates en-
dophilin-Ca2+ channel complexes[23]. Endophilin II has two 
different modes at different Ca2+ concentrations. At low 
Ca2+ concentration (100–300 nmol/L), endophilin II forms 
an open mode, the SH3 domain is exposed, and the inter-
actions between endophilin II and its target proteins are 
increased. When the Ca2+ level increases (>1 μmol/L), the 
endophilin II SH3 domain may have an intramolecular in-
teraction with its embedded PRD domain. In this situation, 
endophilin II changes to a closed mode and is no longer 
available for either Ca2+ channels or dynamin, which leads 
to its Ca2+-dependence[23]. However, whether the other two 
isoforms of endophilin have similar characteristics in Ca2+-
dependent binding with Ca2+ channel proteins and whether 
these three isoforms have distinct interactions with dy-
namin I in clathrin-mediated endocytosis remain unknown. 
This study aimed to resolve these issues. 

2    Materials and methods

2.1  Construction of plasmids  Total RNA was extracted 
from the adult Sprague-Dawley rat brain using an RNeasy 
Mini Kit (Qiagen, Valencia, CA) and first-strand cDNA 
was generated by Superscript II reverse transcriptase (Life 
Technologies, Grand Island, NY). Target DNA fragments 
were amplified by RT-PCR using primers designed and 
synthetized according to the GenBank Database (Table 

1). The full-length endophilin cDNA was inserted into the 
pGEX-4-T1 (Amersham Pharmacia Biotech, Piscataway, 
NJ) and pEGFP-C2 vectors (Clontech, Mountain View, CA). 
Dynamin I cDNA was cloned into the pCMV-Tag5 vector 
(Stratagene, Santa Clara, CA). The full-length N-type Ca2+ 

channel C-terminal fragment (NCF) cDNA was ligated into 
a pSP72 vector (Promega, Madison, WI). All constructs were 
verified by sequencing. The GST-endophilins were used for 
GST fusion protein pull-down assays. pEGFP-endophilin 
and dynamin I were used for detecting their co-expression 
in 293T cells. NCF was used for 3H-leucine-labeled syn-
thesized proteins by an in vitro translation kit (Promega).
2.2  Expression and purification of recombinant GST-
fusion proteins  To purify GST-fused proteins, GST-
endo philin isoform constructs were transformed into the 
BL21 (DE3) strain of Escherichia coli (Invitrogen, Grand 
Island, NY). Production of fusion proteins was induced by 
incubation with 0.2 mmol/L isopropyl-1-thio-b-d-galac-
topyranoside for 3 h at 30°C. Cells were spun down and 
resuspended in a buffer containing (in mmol/L) 30 NaCl, 
30 Tris, 0.2 EDTA, 1 DTT, pH 8.0, along with a cocktail of 
protease inhibitors (Merck, Whitehouse Station, NJ). The 
cell suspension was treated with 0.1% lysozyme followed 
by 0.5% deoxycholic acid on ice for 20 min. After sonica-
tion, the cell debris was removed by centrifugation (15 000 g 
for 30 min). The supernatant, with 1% Triton X-100, was 

Table 1.  Primers used in RT-PCR

Genes Sequences of primers Restriction enzyme sites
(GenBank accession No.)   

Dynamin I Forward  TATGTCGACATGGGCAACCGCGGC Hind III

(NM080689) Reverse  TAAGCGGCCGCTCAGGGGTCACTGAT Xhol I

Endophilin I Forward  ATAGAATTCATGTCGGTGGCGGGG EcoR I

(AF009603) Reverse  TAAGTCGACCTAATGGGGCAGAGC Sal I

Endophilin II Forward  ATAGAATTCATGTCGGTGGCGGGG EcoR I

(AF009602) Reverse  TAAGTCGACTCACTGAGGCAGAGG Sal I

Endophilin III Forward  ATAGAATTCATGTCGGTGGCGGGG EcoR I

(AF009604) Reverse  ACTGTCGACTTACCGAGGTAAAGG Sal I

NCF Forward  TGGTACCGAAGCTACTTCCGGT Kpn I

(M94172) Reverse  TGATATCCAGCAGACATGGGGC EcoR V
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used for the purification of the GST fusion proteins using 
glutathione-Sepharose beads.
2.3  GST-fusion protein pulldown assays  Pulldown as-
says were carried out as previously described[23]. Briefly, 
3H-labeled NCF proteins were synthesized in vitro using 
the TNT Coupled Reticulocyte Lysate System (Promega). 
The assay buffer contained 100 mmol/L NaCl, 20 mmol/
L Tris-HCl, and 5% glycerol (pH 7.0) along with 1% Tri-
ton X-100 and a cocktail of protease inhibitors (Merck). 
Approximately 5 g GST-fused protein was incubated with 
2 μL 3H-labeled protein with gentle rocking at 4°C over-
night. The results were analyzed by a scintillation counter 
(Beckman, Brea, CA). To minimize the variability of ra-
dioactivity between experiments, counts per minute values 
were normalized to that in the presence of 300 nmol/L Ca2+ 
for each endophilin isoform analysis. A computer program 
(http://www.stanford.edu/cpatton/maxc.html) was used to 
prepare Ca2+ solutions at low concentrations. 
2.4  Cell culture and transfection  293T cells were grown 
in Dulbecco’s modified Eagle’s medium supplemented 
with 10% fetal bovine serum and 100 units/mL penicillin 
and streptomycin (Invitrogen) in a 5% CO2, 37°C incubator 
(Thermo Scientific, Asheville, NC). For immunostaining as-
says, 293T cells were grown on 12-mm circular coverslips 
and transfected using the calcium-phosphate transfection 
method (Myc-dynamin I and EGFP-endophilin I/II/III at the 
ratio of 1:2). For immunoprecipitation, 2 μg Myc-dynamin 
I and 4 μg EGFP-endophilin I/II/III (1:2) were cotrans-
fected into 50%–70% confluent 293T cells on 100-mm 
culture dishes by the calcium-phosphate transfection 
method. For flow cytometric analysis of the localization 
of endophilin and dynamin I, 4 μg EGFP-endophilin I/II/
III and Myc-dynamin I (1:1) were cotransfected into 80%–
90% confluent cells using LipofectamineTM2000. EGFP-
tag, Myc-tag, EGFP-endophilin, Myc-dynamin I and blank 
293T were used as negative controls for flow cytometry.
2.5  Immunostaining assay  The transfected 293T cells 
described above were washed in PBS, fixed with 4% (w/v) 
paraformaldehyde (Sigma, St. Louis, MO) for 5 min at 
room temperature, and permeabilized with 0.1% Triton 
X-100 in PBS for 20 min. Cells were blocked in 3% nor-

mal donkey serum in TBS + 0.1% TritonX-100 for 1 h at 
room temperature, incubated with mouse anti-dynamin 
antibody (Clontech, Mountain View, CA; 1:600) at 4°C 
overnight, washed 3 times for 10 min with PBS + 0.1% 
Tween20, and then incubated with monoclonal donkey 
anti-mouse IgG Dylight 549 (Jackson, West Grove, PA; 
1:500) for 2 h at room temperature. After three washes, 
cells were mounted onto glass slides with Fluoro Gel II, 
containing DAPI (EMS, Hatfield, PA). Microscopy and 
image analysis were carried out at the same optical slice 
thickness in every channel (488-nm laser 1 AU = 0.7 µm, 
543-nm laser 0.71 AU = 0.7 µm) using a confocal micro-
scope (LSM 710; Carl Zeiss, Germany). Mander’s coef-
ficient was used to measure colocalization[24,25]. One-way 
ANOVA was used for statistical comparisons.
2.6  Co-immunoprecipitation (co-IP) and immuno-
blotting  Proteins were extracted from transfected 293T 
cells using 1 mL lysis buffer containing (in mmol/L) 137 
NaCl, 2.7 KCl, 4.3 Na2HPO4, 1.4 KH2PO4, 5.0 EDTA, 5.0 
EGTA, 1.0 PMSF, 1% Triton X-100, and protease inhibitor 
cocktail (Merck) on ice for 30 min. The lysate underwent 
12 passes through a 25-gauge needle, then was centrifuged 
at 17 000 g for 30 min at 4°C. The supernatant was in-
cubated for 8 h at 4°C with 50 μL protein G Plus/Protein 
A-Agarose (Merck) that had been pre-incubated with 
5 μg mouse anti-dynamin for 1 h at 4°C. The immunopre-
cipitates were washed three times at 4°C with 1 mL PBS 
containing 0.5% Triton X-100. Protein G beads carrying 
the immune complexes were collected after each wash by 
centrifugation at 17 000 g for 3 min. 

For immunoblotting, all supernatants were loaded 
onto a 10% SDS-PAGE gel. The separated proteins were 
transferred onto polyvinylidene difluoride membranes 
(Pierce, Rockford, IL). The membranes were blocked with 
5% non-fat milk in TBS and 0.1% Tween-20, and then 
incubated with anti-endophilin I-III (Santa Cruz Biotech-
nology, Santa Cruz, CA) (1:1 000), anti-dynamin (1:1 000) 
or anti-GAPDH (1:2 000) antibody overnight at 4°C. After 
3–4 washes with TBS and 0.1% Tween 20 (10 min/wash 
at room temperature), membranes were incubated with 
horseradish peroxidase-conjugated secondary antibody. 



Neurosci Bull      October 1, 2012, 28(5): 483–492486

Protein bands were detected by developing blots using an 
ECL kit (Pierce). The band densities were quantified with 
Image J (NIH, USA). Density ratios of dynamin I/GAPDH 
and Endo/GAPDH were used for each endophilin isoform 
analysis, to minimize variability.
2.7  Flow cytometry  Transfected 293T cells were harvested 
and digested with 0.05% trypsin, fixed in 4% paraform-
aldehyde for 40 min, and permeabilized by 0.1% Triton 
X-100 for 30 min on ice. After 600 g centrifugation for 5 min 
at 4°C, cells were blocked in 3%–5% bovine serum albumin, 
and stained with sequential anti-dynamin antibody and phy-
coerythrin (PE)-conjugated rat anti-mouse IgG1 antibody 
(BD Transduction Laboratories, San Jose, CA) at room 
temperature for 30 min. After washing and resuspending in 
300 μL PBS, cells were evaluated by flow cytometry.
2.8  Statistical analysis  Data are presented as mean ± SEM. 
Statistical comparisons were assessed with one-way 
ANOVA followed by Bonferroni or Tamhane post hoc test 
(shown below). P <0.05 was considered as statistically 
significant.

3    Results

3.1  Diverse effects of Ca2+ in regulating endophilin iso-
form interaction with N-type Ca2+ channel C-terminal  
Our previous studies showed that the endophilin II-Ca2+ 

channel interaction is Ca2+-dependent, and formation of the 
complex is readily reversible at high [Ca2+][23]. To estimate 
whether Ca2+ affects formation of the endophilin isoform-
Ca2+ channel complexes, we constructed the recombinants 
of endophilin-GST and NCF-pSP72 (Fig. 1A). The GST-
fusion endophilin isoforms were purified well (Fig. 1B); 
although slight bands below the predicted size were also 
detected, they were still identified to be endophilins and 
did not affect the results (detected by Western blot using 
endophilin antibodies, data not shown). Besides, the au-
toradiography results showed a specific production of 3H-
labeled NCF, although there were mixed bands when 4-μL 
samples were used (Fig. 1C). We thus used 2-μL products 
for the subsequent experiments to reduce interference. GST 
pulldown assay was performed under the indicated [Ca2+] 
as previously described[23]. All three endophilin isoforms 

interacted with NCF (Fig. 1D). For endophilin II, binding 
to Ca2+ channels was enhanced when [Ca2+] was increased 
from 0 to 300 nmol/L. The optimal concentration for for-
mation of the endophilin II-Ca2+ channel complex was 
100–300 nmol/L. When [Ca2+] was increased to 1 μmol/L, 
the binding was significantly reduced to 69.00 ± 1.50% of 
that in the presence of 300 nmol/L Ca2+ (n = 4, P = 0.009). 
This Ca2+-dependent binding pattern was similar to our 
previous report[23], and was also obtained for endophilin I, 
but it was slightly degraded at 0 nmol/L. Both endophilins 
I and II had the optimal [Ca2+] at 100–300 nmol/L (signifi-
cant differences at indicated [Ca2+]; n = 4, P <0.01, Fig. 
1D). Interestingly, in comparison to endophilin II, endo-
philin III showed a Ca2+-independent pattern of interaction 
with NCF. The normalized count ratio without Ca2+ was 
81.00 ± 31.00%, with Ca2+ at 100 nmol/L was 111.00 ± 
24.00%, and at 1 μmol/L was 109.00 ± 24.00% that at 300 
nmol/L (no statistically significant difference, n = 4).
3.2  Colocalization of endophilin isoforms and dynamin 
I in 293T cells  As dynamin interacts with endophilin[18,20] 
and plays important roles in clathrin-mediated endocyto-
sis[26-29], we used immunostaining to investigate whether 
the interactions between dynamin and the three endophilin 
isoforms have the same characteristics. All three endo-
philins colocalized with dynamin I (Fig. 2A). To reveal 
potentially different degrees of colocalization among the 
endophilins, we further analyzed the overlap coefficient in 
every cell that expressed both endophilin and dynamin I. 
Images of immunostaining were collected and colocaliza-
tion was determined by the overlap coefficients[24,25]. Endo-
philin III was more highly colocalized with dynamin I (0.95 
± 0.03, n = 30) than endophilin I/II (I, 0.91 ± 0.05; II, 0.92 
± 0.05; n = 30, P <0.01 for both, Fig. 2B). These results 
show that endophilin III interacts more with dynamin I 
than endophilin I/II.
3.3  Interactions of dynamin I with endophilin I/II/
III  To further confirm the immunostaining data, another 
two approaches were used. The co-IP results showed that, 
compared with endophilin I/II, endophilin III immunopre-
cipitated more dynamin I (Fig. 3B). The density ratios of 
endophilin I-II/GAPDH bands were significantly lower 
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Fig. 1. Structures for endophilin and endophilin-GST pulldown assays. A: Schematic representations of GST-tagged endophilin I/II/III and pSP72-tagged 
N-type Ca2+ channel C-terminal fragment (NCF). Domain cartoons of the N-type Ca2+ channel C-terminal, endophilin PRD, E264 and SH3 do-
mains are presented in proportion; numbers refer to the amino acids. B: Coomassie brilliant blue G-250-stained result of purified GST and GST-
fused proteins of endophilin I/II/III. C: 3H-leucine-labeled NCF detected by autoradiography. D: Pulldown assays of GST fusion proteins of endo-
philins and 3H-labeled NCF were carried out at the indicated Ca2+ concentrations ([Ca2+]). n = 4, **P <0.01, analyzed by one-way ANOVA followed 
by Bonferroni post hoc test. 
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Fig. 2. Immunostaining of endophilin (Endo) isoforms and dynamin I (Dyn I) in 293T cells. A: Example images showing the colocalization of dy-
namin I (red) and endophilin I/II/III (green) in 293T cells. Scale bar, 20 μm. B: Summary data of the overlap coefficients of endophilin with dy-
namin I (n = 30). **P <0.01, analyzed by one-way ANOVA followed by Bonferroni post hoc test.
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than that of endophilin III/GAPDH (I, 0.71 ± 0.03; II, 0.72 
± 0.08 versus III, 1.16 ± 0.07, P <0.01, n = 3, Fig. 3C). To 
avoid transfection efficiency affecting the results of protein 
expression, we used flow cytometry to investigate the co-
localization of fixed 293T cells after double-staining. The 
data showed that colocalization of endophilin III with dy-

namin I was higher than endophilin I or endophilin II (Fig. 
4A). Compared to endophilin II, the rate of colocalization 
increased from 55.23 ± 7.69% to 67.68 ± 1.01% (P <0.05, 
n = 3) in endophilin III (Fig. 4B). These results indicate 
that endophilin III had an enhanced interaction with dy-
namin I.

Fig. 3. Co-immunoprecipitation assays. A: Structural representations of GFP-tagged endophilin (Endo) I/II/III and Myc-tagged dynamin I. B: Forty-
eight hours after transfection, 293T cell lysates were immunoprecipitated with dynamin antibody (Dyn Ab) and analyzed by immunoblotting. The 
blots were divided into three parts and each was probed with anti-dynamin, anti-endophilin or anti-GAPDH antibody. The first two lanes show 
endo philin/dynamin input. C: Density ratio of dynamin I or endophilin to GAPDH. Bars and error bars represent mean ± SE. All experiments 
were repeated at least three times (n = 3). **P <0.01, analyzed by one-way ANOVA followed by Tamhane post hoc test.
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Fig. 4. Flow cytometric analysis of colocalization of endophilin I/II/III and dynamin I. Thirty-six hours after transfection, cells were stained with anti-
PE antibody to evaluate the localization by flow cytometry. A: Different EGFP-endophilin isoforms interact with PE-dynamin (Dyn I). D1–D4 
represent different groups of stained cells. Each number represents the binding percentage of endophilin with dynamin I (mean ± SE). B: One-way 
ANOVA test was used for statistical comparisons. The experiments were repeated three times (n = 3).  *P <0.05, analyzed by one-way ANOVA fol-
lowed by Tamhane post hoc test. Endo, endophilin.

4    Discussion
Our previous studies have shown that the formation of 

the endophilin II-channel complex is Ca2+-dependent. The op-
timal [Ca2+] for the binding of endophilin II to the Ca2+ chan-
nel is 100–300 nmol/L. When the concentration exceeds 1 
μmol/L, the complex dissociates[23]. In this study, the bind-
ing of endophilin to NCF increased from 29.00 ± 4.25% 
to 100% as the [Ca2+] was raised from 0 to 300 nmol/L, 
and decreased to 69.2 ± 1.55% when the [Ca2+] was >1 
μmol/L. These data are consistent with our previous study. 
The mechanism of Ca2+ regulation of endophilin II-NCF 
complex formation is based on the alternation of two endo-

philin II modes[23]. When [Ca2+] is low (100–300 nmol/L), 
the endophilin II is in open mode and the SH3 domain 
can interact with dynamin and other proteins containing 
a PRD. As the [Ca2+] increases, endophilin II switches to 
closed mode and blocks access to dynamin I or Ca2+ chan-
nels. It is reported that the resting [Ca2+] in 293T cells is 
50–100 nmol/L[30]. The co-IP results in 293T cells showed 
that endophilin II interacted with dynamin I and the colo-
calization ratio revealed by flow cytometric analysis was 
55.23 ± 7.69%. In this situation, endophilin II is in open 
mode and can bind to dynamin I via its SH3 domain. It is 
unclear that whether Ca2+ regulates the interaction between 
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endophilin II and dynamin I. Our results indicate that Ca2+ 
might affect the binding of these two proteins by altering 
the endophilin II mode.

A similar phenomenon was found in the interaction of 
endophilin I with NCF. The Ca2+-dependence of endophi-
lin I-Ca2+ channel complex formation indicated that Ca2+- 
binding sites exist within endophilin I. Glutamate 264 is 
one of the critical Ca2+ binding sites in endophilin II. Se-
quence analysis showed that glutamate 264 is conserved in 
endophilin I (P****E in endophilin I versus P**P*E in en-
dophilin II). We suggest that this E264 might mediate the 
Ca2+-dependent formation of the endophilin I-Ca2+ channel 
complex. The immunostaining and co-IP assays showed 
that endophilin I also interacted with dynamin, similar to 
endophilin II, in living cells. The flow cytometric analysis 
showed that the colocalization of endophilin I and dynamin 
was 56.15 ± 4.14%, close to that of endophilin II. As there 
is no PRD in endophilin I, the E264 might not be the only 
Ca2+-binding site within endophilin I. There may be other 
Ca2+-binding sites that are not involved in the PRD. Our 
data imply that the mechanisms of Ca2+ regulation of the 
formation of the endophilin-NCF complex differ between 
endophilin I and endophilin II. 

Endophilin III interacted with NCF, but independently 
of Ca2+. Its colocalization with dynamin I was stronger 
than endophilin I/II as revealed by immunostaining and 
overlay coefficient assays; both co-IP and flow cytometry 
showed that endophilin III had a greater ability to interact 
with dynamin I, the interaction ratio in living cells reaching 
67.68 ± 1.01%. Due to the absence of the corresponding 
260–272aa sites compared to endophilin I/II, endophilin 
III has neither a PRD nor an E264 Ca2+-binding site. 
According to previous studies, the binding of Ca2+ to en-
dophilin II E264 increases the affinity of the atypical PRD 
for the SH3 domain in endophilin II. The lack of PRD 
and E264 in endophilin III allows its SH3 domain to com-
pletely bind to dynamin. Besides, endophilin I/II are found 
as dimers through a coiled-coil domain in their conserved 
N-BAR moiety[30]. Not as much is known about the dimers 
of endophilin III. The structural information indicates that 
endophilin III might have more conformational space to 

bind to other proteins such as dynamin[4-7]. 
Formation of the endophilin II-channel complex is 

critical for clathrin-medicated synaptic vesicle endocyto-
sis in neurons. Endophilin I had similar characteristics in 
interacting with the N-type Ca2+ channel and dynamin I. 
Compared with endophilin I/II, endophilin III had no Ca2+-
dependence in binding to NCF and demonstrated a greater 
ability to bind with dynamin I. Endophilins I and II are 
mostly concentrated at presynaptic terminals. Chowdhury 
et al. reported that endophilin III is concentrated equally at 
presynaptic terminals and postsynaptic spines, and endo-
philin III and dynamin interact with Arc/Arg3.1 to regulate 
AMPA receptor trafficking[32]. Accordingly, we suggest 
that endophilin III plays more important roles in the post-
synaptic membrane than in presynaptic terminals. Taken 
together, the present study indicates that the three endo-
philin isoforms have different characteristics of interacting 
with associated proteins, indicating their distinct roles in 
clathrin-mediated endocytosis.
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