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Abstract

Intersectin-1s (ITSN-1s), a five SH3 domain-containing protein, is critically required for caveolae
and clathrin-mediated endocytosis (CME), due to its interactions with dynamin (dyn). Of the five
SH3A-E domains, SH3A is unique because of its high affinity for dyn and potent inhibition of
CME. However, the molecular mechanism by which SH3A integrates in the overall function of
ITSN-1s to regulate the endocytic process is not understood. Using biochemical and functional
approaches as well as high-resolution electron microscopy, we show that SH3A exogenously
expressed in human lung endothelial cells caused abnormal endocytic structures, distorted
caveolae clusters, frequent staining-dense rings around the caveolar necks, and 60% inhibition of
caveolae internalization. In vitro studies further revealed that SH3A, similar to full-length ITSN-1s
stimulates dyn2 oligomerization and GTPase activity, effects not detected when other SH3
domains of ITSN-1s were used as controls. Strikingly, in the presence of SH3A, dyn2-dyn2
interactions are stabilized and despite continuous GTP hydrolysis, dyn2 oligomers cannot
disassemble. SH3A may hold up caveolae release from the plasma membrane (PM) and formation
of free-transport vesicles, by prolonging the lifetime of assembled dyn2. Altogether, our results
indicate that ITSN-1s, via its SH3A has the unique ability to regulate dyn2 assembly-disassembly
and function during endocytosis.
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INTRODUCTION

Caveolael are vesicular carriers that function in endocytosis and transcytosis in different
cell types such as endothelial cells (ECs), [1,2], epithelial cells [3], osteoclasts [4] and
neurons [5]. Endothelial transcytosis via caveolae is the most studied and best documented
system of transcellular transport [6]. During transcytosis, caveolae shuttle between the two
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fronts of the cell, undergoing fusion-fission events at each round of transport [7]. Caveolae
are equipped with a full set of fusion and fission proteins organized in supramolecular
protein lipid-complexes, containing SNAPs and SNAREs, dyn2, regulatory proteins and
lipids [8]. The presence of dyn2 in the endothelial fusion-fission complexes is a requirement
for a process that couples rapidly and efficiently endocytosis to exocytosis on opposite sides
of the PM. Studies on caveolae internalization have demonstrated that caveolae release from
the PM and formation of free transport vesicles is dyn2 and ITSN-1s dependent [9,10]. EM
immunogold labeling indicated that both, dyn2 and ITSN-1 are concentrated on caveolae
and associate preferentially with the neck region of caveolae [10]. ITSN-1s, a widely
expressed and highly conserved protein, comprises several protein-protein interaction
modules, including two NH»-terminus Eps15 homology domains, a central coiled-coil
domain and five consecutive Src Homology 3 (SH3A-E) domains [11,12]. Studies have
shown that ITSN-1s plays important roles in endocytosis [10,13,14], MAPK signaling [15],
cell survival and apoptosis [16,17]. The involvement of ITSN-1s in endocytosis was first
revealed when a Xenopus Laevis oocyte cDNA expression library screened with a Src
homology 3 class 11 peptide ligand revealed a protein that binds two endocytic proteins,
dynl and synaptojanin [11]. Later on, ITSN-1 was implicated in endocytosis based on
interactions with other endocytic proteins, including epsins [18], SCAMP-1 [12,19], mSos
[20], and N-WASP [21,22]. Overexpression of full-length ITSN-1s or SH3A-E domains
alone specifically inhibits caveolae and CME [10,11,23]. Specific silencing of ITSN-1 gene
in ECs caused significant decrease in caveolae number and triggered the mitochondrial cell
death, suggesting a complex role of this protein in ECs survival [16]. Furthermore, stable
silencing of ITSN expression increased apoptosis in both neuroblastoma and primary
cortical neurons, by interfering with PI3K-C2beta-AKT survival pathway [17]. Substantial
interest has been focused on the interaction of ITSN-1, via the SH3 domains, with the
proline-rich domain (PRD) of dyn. Among ITSN’s SH3 domains, the SH3A displays the
highest affinity for dyn [11], and is one of the most potent inhibitor of clathrin-mediated
endocytosis, [23]. Overexpression of a truncated ITSN-1s lacking the SH3A causes
significant inhibition of caveolae trafficking [10], most likely by non-productive dyn2
recruitment to the caveolae endocytic site. Recently, the role of ITSN-1 as a general
endocytic protein has been confirmed by studies of ITSN-1 null mice which display
alteration of endocytic and vesicle trafficking events, in both neuronal and non-neuronal
cells [24]. However, despite an increasing body of evidence suggesting that the SH3 domain
containing proteins interfere with endocytosis in the dyn-controlled scission step, at present
the molecular mechanisms of this blockage is not well understood. Dyn2, the ubiquitously
expressed isoform of the dyn subfamily of GTP-binding proteins comprises a highly
conserved NH,-terminal GTPase domain, a plekstrin homology domain, a GTPase effector
domain and a COOH-terminal PRD and displays relatively high homology with dyn1, [25].
Both, dynl and dyn2 are thought to function by GTP-triggered self-assembly into a helical
collar around the neck of invaginated pits or caveolae followed by coordinated GTP
hydrolysis and release of vesicles from PM [9,26,27].

In the current study we sought to define the role of the SH3A domain in ITSN-1s during
caveolae endocytosis, with a focus on dyn2 oligomerization and enzymatic activity. Protein
overexpression studies and specific assays for caveolae internalization applied on cultured
human lung microvascular ECs, complemented by in vitro evaluation of dyn2
oligomerization and GTPase activity indicate that the SH3A domain of ITSN-1 has the

Isince in endothelial cells the true caveolae (vesicular carriers caveolin-1 positive) represent ~ 95% of the whole vesicular population
and since, the non-caveolin-1 and non-clathrin vesicles identified in the caveolin-1 null mouse are poorly represented and not yet well-
defined as a caveolin-1- and clathrin-independent vesicular transport system [6], we will use the term caveolae as being synonymous
with all non-clathrin vesicular carriers.
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unique ability to directly regulate dyn2 assembly-disassembly properties and GTPase
activity at the endocytic site.

MATERIALS AND METHODS

Materials

ECs culture

Lung Human Microvascular ECs were from Cambrex (Walkersville, MD); X-OMAT Blue
XB-1 film from NEN Life Science Products (Boston, MA); Full-length rat dyn2 was kindly
provided by Dr. Mark McNiven, Mayo Clinic, Rochester MN). cDNA FUGENE 6
Transfection Reagent from Roche Molecular Biochemicals (Indianapolis, IN); Prolong
Antifade kit, EnzCheck Phosphate Assay kit, NeutrAvidin-Texas Red and Alexa 488-
conjugated anti-mouse 1gG from Molecular Probes (Eugene, OR), MicroBCA
(bicinchoninic acid) Protein Assay Reagent Kit, and SuperSignal Chemiluminescent
Substrate (ECL) from Pierce, (Rockford, IL); EZ-Link Sulfo NHS-SS-Biotin and EZ-Link
Sulfo NHS-Biotin from Fischer Scientific (Hanover Park, IL); Blasticidin S HCI from
Invitrogen (Carlsbad, CA). Glutathione Sepharose 4 Fast Flow from Amersham Biosciences,
(Pittsburgh, PA).

All EM grade reagents were from EM Science (Forth Washington, PA). All other reagents
were from Sigma (St. Louis, MO) if not otherwise specified. Relevant Abs were obtained
from the following sources: anti-dyn mAb from Transduction Laboratories (Lexington, KY),
anti-dyn pAb from Cell Signaling Technology (Beverly, MA), anti-DNP Ab from Bethyl
Labs, (Montgomery, TX). Horseradish Peroxidase (HRP)-conjugated anti-mouse 1gG and
HRP-conjugated anti-rabbit 1gG from Cappel, Organon Teknika (Durham, NC), anti-myc
mAb was prepared as described [8].

Control and transfected Lung Human Microvascular ECs were grown in medium 199-
supplemented with 20% fetal calf serum as previously described [10].

Protein extraction

Cell lysates were prepared at 4°C in 20 mM HEPES/KOH, pH 7.4, 2% Triton X-100, 100
mM KCI, 2 mM DTT, 2 mM EDTA, and protease inhibitor cocktail (Sigma). The ensuing
lysates were clarified by centrifugation in a Beckman Optima Max-XP ultracentrifuge with a
TLA-55 rotor, for 60 min at 40,000 rpm. Protein concentration was determined by the
microBCA method with bovine serum albumin (BSA) standard.

ITSN-1s-SH3A, ITSN-1s-SH3E constructs and transfection procedure

Full-length human ITSN-1 cDNA [Gift from Suzana de la Luna, [Center for Genomic
Regulation, UPF, and Centro de Investigacion Biomedica en Red de Enfermedades Raras
(CIBERER-ISCIII), Barcelona, Spain], was used as a template to generate C-terminal myc-
his tagged SH3A (residues 740 - 806) and SH3E domains (residues 1155 — 1214, based on
cDNA sequence from GenBank Accession # AF114488). Primer pair ITSN1L-SH3A-F-
EcoRI: 5-AGTAGAATTCGCCACCATGGCA GTAAAAGTGGTGTATTACCG-3';
ITSN1L-SH3A-R-Xbal: 5'-ACTTATCTAGATTCTGG
GATTTTCTCTGCATAGTTTGC-3" was used to generate the ITSN-1s SH3A domain that
lacks the stop codon. The PCR cycling conditions were as follows: initial denaturation
94°C-3min, 25 cycles of denaturation, annealing, and extension: 94°C-30 sec, 58°C-30sec,
72°C-1min, followed by final extension 72°C-7min, and hold at 4°C. The resulting PCR
fragment was digested with restriction enzymes EcoR | and Xba | (Invitrogen, Carlsbad, CA,
underlined in primers) and subcloned into the EcoR I -Xba | restriction sites of vector
pcDNAG6/myc-His A (Invitrogen, Carlsbad, CA), resulting in construct pcDNABA-ITSN1L-
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SH3A. A similar approach was used for myc-his-SH3E, using the following primer pair
ITSN1L-SH3E-F-EcoRlI: 5 '-
AGTAGAATTCGCCACCATGGCAGCGGCAGTGTGCCAGGTGA-3'; ITSN1L-SH3E-
R-Xbal: 5'-ACTTATCTAGAGTCTGTGGTCAGCTTCACAT-3". The sequence of the
pcDNAGA-ITSN-1-SH3A and SH3E was verified by DNA sequencing. All transfections
were performed using FUGENE 6 transfection reagent, according to the manufacturer’s
instructions.

Expression of GST-SH3 domains in E. coli and purification from bacterial lysates

ITSN-1s SH3 GST-tagged domains were generated by subcloning into the pGEX-4T-1
vector (GE Healthcare Bio-Sciences Corp, Piscataway, NJ) the PCR-amplified fragment
corresponding to the ITSN-1L SH3A (residues 740 - 806), SH3D (residues 1074 - 1138),
SH3E (residues 1155 -1214), and SH3A-E (residues 740 - 1214) domains. The selection of
the SH3 domains of ITSN-1s to be used in this study was based on the following criteria: the
SH3A domain binds dyn2 with the highest affinity; the SH3E binds dyn2 and it was selected
with the intent to demonstrate the specificity of the SH3A effects; SH3D is an SH3 domain
of ITSN-1s that does not bind dyn2, while the entire SH3A-E complement was used to
address if there is a cumulative effect between the SH3 domains of ITSN-1s in regulation of
dyn2 oligomerization and GTPase activity. The primer pairs used to generate the domain
fragments were as follows: for SH3A, [SH3A-F-EcoRl: 5'-
AGAATTCGTCGACGTAAAAGTGGTGTATTAC-3’; SH3A-R-Notl: 5'-
AAGCGGCCGCTTATTATTCTGGGATTTTCC -3']. For SH3D: [SH3D-F-EcoRl: 5'-
GAATTCAAAAA ACCTGAAATTGCC-3'; SH3D-R-Xhol: 5'-
ATACCGCTCGAGTTATTAAGGGCTTAGAAG CTTTACATA]. For SH3E: [SH3E-F-
EcoRI: 5-GAATTCCGCGGCAGTGTGCCAGGTG ATTGG-3'; SH3E-R-Notl: 5'-
AAGCGGCCGCTTATTAGTCTGTGGTCAGCTTCAC-3']. For SH3A-E: SH3-F-EcoRl
5-AGAATTCGTCGACGTAAAAGTGGTGTATTAC-3'; SH3E-R-Notl: 5'-
AAGCGGCCGCTTATTAGTCTGTGGTCAGCTTCAC-37. The resulting PCR fragment
was digested with EcoR | and Not I (Invitrogen, Carlsbad, CA) (as underlined in the
primers) and subcloned into the EcoR | - Not | sites of PGEX-4T-1 vector. After the
resulting cDNA vectors were verified by DNA sequencing to ensure sequence integrity, they
were transformed into E. coli BL-21(DE3) pLysS (Invitrogen Inc., Carlsbad, CA). The GST-
fusion proteins were then purified by standard protocols from 1mM isopropyl-p-D-
thiogalactoside (IPTG)-induced bacteria. Maximum expression level was achieved 3h after
induction. Collected bacteria were resuspended in breaking buffer [100 mM HEPES/KOH,
pH 7.0, 5 mM MgCl,, 2 mM B-mercaptoethanol, 500 mM KCI, and protease inhibitor
cocktail for bacterial cells], incubated for 30 min on ice with 1mg/ml lysozyme, sonicated (3
x 30 sec, ¥2" disruptor, flat tip, horn, 70% amplitude). After addition of 1 % Triton X-100
and incubation for 10 min at 4°C, the bacterial lysates were clarified by centrifugation, (45
min, 30,000 x g, 4°C), the supernatant was filtered through .45 um Millex Syringe driven
filters and subjected to affinity chromatography on Glutathione Sepharose 4B column,
according to the manufacturer’s instructions. The concentration of GST-fusion proteins was
determined with Pierce 660 nm protein assay reagent, and a BSA standard curve, as per
manufacturer’s instructions.

GST-ITSN1s plasmids, protein expression and purification

The full-length human ITSN-1s cDNA fragment (3,663 bp) was generated by PCR
amplification from ITSN-I cDNA with high-fidelity PCR enzyme (New England Biolabs),
using the following primer pair: ITSN1_F269-EcoRI: 5’
AGTAGAATTCATGGCTCAGTTTCCAACACCTT-3"and ITSN1_R3930-Notl: 5
CGTAGCGGCCGCTCTCATTGCTGGCTTGGGTCCATG-3'. The PCR products of the
full-length ITSN-1s were digested with restriction enzymes EcoRI and Not I, purified
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(Qiagen purification kit), then cloned into pGEX-4T-1 vector at EcoRI — Not | sites and
transformed into E. coli strain Top10 (Invitrogen). The plasmid DNA was extracted from
several selected growing clones and the sequence of the full-length cDNA of ITSN-1s in
frame inside the vector was confirmed. The plasmids DNA of selected clones were
subsequently transformed into E. coli strain BL21(DE3)pLysS for protein expression. The
expression of the GST-ITSN-1s fusion protein was induced with 0.1 mM IPTG and bacteria
grown at 24°C for 14 hours with shaking. The bacteria pellet was resuspended in breaking
buffer, incubated for 30 minutes on ice with 1 mg/ml of lysozyme, sonicated as above and
clarified by centrifugation. The supernatant was then filtered through .45 pm Milex Syringe
driven filters and the GST-ITSN-1s was purified as above; the purity was analyzed by 10%
SDS-PAGE gel electrophoresis followed by Coomassie Blue staining. The expression level
of GST-ITSN-1s protein was high in several clones; the highly expressing clones were
further selected depending on the ability of GST-ITSN-1s of binding dyn2. These specific
clones were chosen for evaluation of full-length GST- ITSN-1s effects on dyn2
oligomerization and GTPase activity.

Biotin internalization and fluorescence microscopy

ECs, grown on plastic coverslips were subjected to internalization assay using biotin
reagents, EZ-Link Sulfo NHS-SS-Biotin and EZ-Link Sulfo NHS-Biotin (Fischer Scientific)
as in [10]. Cell monolayers were fixed and permeabilized with methanol, for 6 min, at
-20°C, blocked with 1% BSA in PBS, pH 7.4, for 1 hour, RT. Internalized biotin was
detected via neutrAvidin-Texas Red labeling for 1h, at RT. Transfected cells were selected
via their blasticidin resistance as per manufacturer’s instructions. Anti-myc mAb labeling in
conjunction with anti-mouse 1gG Alexa Fluor488 conjugated was used for detection of myc-
SH3A expression. Images were obtained using identical acquisition parameters with a Zeiss
Axio Imager M1 microscope equipped with ICc1 R3 color camera.

Electron microscopy and morphometric analysis

Control and transfected cells grown on plastic petri dishes were washed with PBS, fixed for
30 min, at RT with 1.5% glutaraldehyde in 0.1 M sodium cacodylate-hydrochloride buffer,
pH 7.4 containing 5% sucrose, post-fixed in 1% OsOy in the same buffer, dehydrated in
ethanol, and finally embedded in Epon812 by standard procedures. Thin sections cut from
Epon812 blocks were mounted on nickel grids, stained with uranyl acetate and lead citrate,
and finally examined and micrographed in a Joel 1220 transmission EM. Morphometric
analysis of abnormal caveolae profiles was performed as described previously [10]. Briefly,
15 —20 sections per grid and 3 -5 grids per block, from 8 Epon812 blocks, chosen at random
from control and transfected ECs, were used. The morphological appearance was recorded
on 50 micrographs (x 30000 standard magnification) for each experimental condition. The
measurement of the length PM on the electron micrograph used was performed as in [28].
The data were normalized per 100 um length PM and are averages + SD of three
independent experiments.

Negative staining EM

Dyn2 structures were cross-linked with 0.5% final concentration of glutaraldehyde for 30
min, on ice, and then adsorbed onto formvar-coated nichel grids, recently exposed to glow
discharge, fixed again with 1.5% glutaraldehyde in 0.2 mM sodium cacodylate buffer, pH
7.4, washed briefly through six drops of ddH,O, negatively stained with 2% uranyl acetate,
pH 4.5, and air dried.

J Cell Mol Med. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Knezevic et al. Page 6

SH3A-GST overlay

Immediately after electro-transfer, strips of nitrocellulose membranes, containing ECs
lysates resolved on SDS-PAGE, were quenched for 1h, at RT, with 5% milk in 50 mM PBS,
pH 7.5 and subsequently overlaid with 5 ug SH3A-GST in 20mM Tris-HCI, 7.5, 3% BSA,
0.1% Tween-20 and 1 mM DTT, as in [29]. SH3A-GST interactions with endothelial
proteins were detected via anti-GST pAb, followed by the appropriate reporter Ab and ECL
detection.

Dyn2 sedimentation assay

Dyn2 assembly in oligomeric structures was performed in 200 ul buffer (40 mM — 150 mM
NaCl, 20 mM HEPES pH 7.5, 1 mM EDTA, 4 mM DTT) with 0.5 uM dyn2, in the presence
or absence of 100 ug/ml GST-SH3 domains or 250 ug/ml full-length GST-ITSN-1s, at RT
for 10 min, as in [30]. Assembled and soluble dyn2 were separated by centrifugation at
60,0009 for 15 min in a TLA 100 rotor (Beckman Instruments, Fullerton CA), and analyzed
by SDS PAGE and Coomassie Blue staining.

GTPase assay

The GTPase activity of dyn2 was measured by a continuous enzyme-coupled method for
monitoring phosphate release, using the EnzChek® Phosphate Assay Kit (Molecular Probes)
that provides an accurate measurement of the GTPase activity for several samples during the
time course used in this study. Briefly, purified GST-dyn2 (0.5 uM) was incubated with or
without GST-fusion proteins (1 uM) in the GTPase assay buffer (1 ml final volume reaction
mixture). The reaction was initiated, after 10 min of preincubation at 22°C, by addition of
500uM GTP. The absorbance at 350 nm was recorded as a function of time for 30 min.
Standard curves of low (0 — 10 nmol KH,POy) and higher range (up to 50 nmol KH,PO,)
were generated and used to determine the amounts of Pi released by dyn2-mediated GTP
hydrolysis.

RESULTS

Expression of the SH3A of ITSN-1 impairs caveolae internalization

Previous studies indicated that overexpression of full-length ITSN-1s or a construct lacking
the SH3A domain inhibits caveolae endocytosis [10], and that the SH3A is a potent inhibitor
of endocytosis [23]. Based on these observations, we sought to further study the function of
the SH3A domain of ITSN-1 on dyn2 activity and caveolae trafficking. We used transient
transfection of cultured ECs with myc-SH3A as in [10] and then we assessed the effects of
this experimental manipulation on caveolae morphology and dynamics. First, control and
myc-SH3A transfected cells were subjected to a biotin assay for caveolae internalization as
in [10], followed by morphological and biochemical assessment of biotin uptake. Previous
work demonstrated that this assay is a specific and reliable approach for addressing caveolae
internalization in cultured ECs, [10]. Studies using cholera toxin, a widely accepted marker
for caveolae uptake [31,32] or K+ depletion to inhibit clathrin-mediated endocytosis in
cultured ECs subjected to biotin assay [10,33] indicated the major contribution of caveolae
to the internalization of biotinylated cell surface proteins. Caveolae-mediated uptake of
biotinylated cell surface proteins is the dominant mechanism of internalization in ECs; the
number of clathrin-coated vesicles in ECs is relatively small and their contribution to the
internalization process is minor [1,10,34]. In control ECs subjected to biotin internalization,
neutrAvidin-Texas Red staining revealed biotin association with vesicular structures spread
throughout the cytoplasm, with perinuclear accumulation (Fig. 1A, a1, al.1). In myc-SH3A
transfected cells, the fluorescent staining and the accumulation of intracellular biotin were
significantly reduced (Fig. 1A, a2). No staining or low-density of puncta were observed

J Cell Mol Med. Author manuscript; available in PMC 2012 November 1.
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within intracellular space. The transfected cells were detected with anti-myc mAb [8],
followed by anti-mouse 1gG Alexa Fluor488-conjugated, (Fig. 1A, a3). The fluorescent
staining and accumulation of biotin in the perinuclear area were also reduced by reference to
controls, when myc-SH3E, another SH3 domain of ITSN-1s that binds dyn2 was expressed
in cultured ECs (not shown). Experiments using non-reducible biotin demonstrated the
presence of biotin sequestered on the cell surface, with limited internalization (Fig. 1A, a4,
a4.1). Biotin staining was occasionally detected in large puncta under the PM (Fig. 1A, a4.2,
arrows). These findings suggested impairment in the ability of caveolae to internalize biotin.
Quantitative evaluation of biotin uptake by enzyme-linked immunosorbent assay (ELISA)
applied on ECs selected based on their blasticidin-resistance, demonstrated that the number
of biotin molecules in all lysates prepared from transfected cells was markedly reduced (Fig.
1B). Biotin internalization was inhibited by 58.6% by reference to controls in SH3A
transfected cells and by less than 30% in myc-SH3E transfected ECs, as calculated on 3
different points on the linear part of ELISA curve. The significantly lower inhibition caused
by the SH3E on biotin internalization by comparison to the SH3A, suggests that despite
binding dyn2 and presumably participating to its recruitment to the endocytic site, SH3E is
not a major player in caveolae endocytosis (Fig. 1B).

Next, the ECs expressing the myc-SH3A were analyzed at the ultrastructural level. Under
control conditions caveolae exist as omega-shaped structures open to the extracellular
environment through a short neck (Fig. 2A, al arrows, a2) or directly (Fig. 2A, inset al.1),
and as apparently detached spherical structures in the cytosol (Fig. 2A, al arrowheads) with
an average diameter of ~ 70 nm [6]. Frequently, clusters of interconnected caveolae, in
which the morphology of individual caveolae is evident, are observed (Fig. 2A, a3, a4). By
contrast, in ECs transfected with myc-SH3A, we found significant alteration of caveolae
morphology suggestive of an impaired membrane fission process (Fig. 2B). Frequently we
observed caveolae with elongated necks, (Fig. 2B, b1, and higher magnification b4 — b6),
and caveolae with their narrow necks surrounded by staining-dense collars (Fig. 2B, b7 —
b11). Large and uncharacteristic caveolae clusters (Fig. 2B, b1, arrow, b12 — b14), anchored
to the PM and open to the extracellular milieu or apparently without connection with the PM
were observed in the intracellular space. Occasionally, some abnormal caveolae profiles are
also detected under control conditions, but their frequency was significantly lower (Table
1.). Morphometric analysis of these abnormal caveolae structures, in control and SH3A
transfected cells, performed as in [10,28], is summarized in Table 1. The diameter of the
caveolar cavity, either as discrete vesicles or single caveolae attached to the PM was not
detectably affected by myc-SH3A expression. Occasionally however, at the level of
abnormal caveolae clusters we have recorded vesicular structures with bigger diameter (Fig.
2B, b12) or aberrant shape (Fig 2B, b13, b14). Quantification of caveolae profiles, single or
clustered, attached to and open to the apical PM indicated a 23.16% increase in SH3A-
transfected cells by reference to controls, suggesting that the expression of the myc-SH3A
may interfere with caveolae release from the PM and formation of discrete vesicular
carriers. The presence of staining dense structures around invaginated vesicles and the
narrowness of their necks strongly suggest that dyn2 recruitment occurred. Consistent with
this idea, our previous studies using EM immunogold labeling of ECs overexpressing
ITSN-1s, and thus, its SH3A domain, indicated increased association of dyn2 with elongated
caveolae necks, many of them surrounded by staining dense collars, [10].

Interestingly, similar findings involved clathrin-coated pits and vesicles. Clathrin-coated pits
with elongated and constricted necks, Fig. 2B, b1 (arrowhead), b2, b3, or clathrin-coated
vesicles connected through narrow constriction, such as in Fig. 2B, b3, were often recorded.
Fig. 2A, a5 shows for comparison, a segment from a control EC with two clathrin-coated
pits open on opposite sides of PM. Based on these findings we concluded that expression of
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the SH3A may interfere with efficient recruitment and function of dyn2 at the endocytic site,
resulting in impaired caveolae function during the transendothelial transport.

SH3A domain of ITSN-1s binds dyn2

Since to date biochemical studies of ITSN-1s/dyn interactions mediated by the SH3 domains
have focused on dynl expressed predominantly in brain tissue, and since SH3 domains of
ITSN-1s show differential binding activity to dynl and dyn2, [12,35], here we sought to
assess these interactions of ITSN-1s with dyn2, the ubiquitously expressed dyn isoform, in
lung ECs. To this intent, GST pull-down experiments were performed using a subset of
GST-tagged human ITSN-1 SH3 domains (SH3A, SH3D and SH3E), the GST-SH3A-E
complement, as well as the full-length GST-tagged ITSN-1s. GST-SH3A is the most
efficient in pulling down dyn2 from mouse lung lysates (Fig. 3A). GST-SH3E binds dyn2,
but the interaction is less efficient, while GST-SH3D does not bind dyn2. When the GST-
SH3A-E or full-length GST-tagged ITSN-1s were used, dyn2 binding is efficient, but not
augmented, suggesting that there are no cooperative effects among the SH3 modules in
binding dyn2; alternatively, the possibility for improper folding, reported occasionally for
other SH3 domains cannot be ruled out [36].

Gel electrophoresis analysis of GST-SH3 fusion proteins (Fig. 3B) by 5 — 20% SDS PAGE
shows the purity of GST-fusion proteins used in the study. Previous work using a range of
GST-SH3 domains has shown that the GST tag does not interfere with binding affinity and
characteristics of the SH3 domains toward dyn [30,37]. Since the focus of this paper is on
SH3A/dyn2 partnership, the GST-SH3A pull down studies were next complemented by a
GST-SH3A overlay to address the specificity of the interaction and whether additional
molecules are required for ITSN-1s interaction with dyn2, via the SH3A domain. To this
intent, EC lysates subjected to SDS PAGE and electrotransfer to nitrocellulose membrane
were overlaid with the GST-SH3A fusion protein. The bound GST-SH3A, detected via GST
pAb, revealed several interacting proteins (Fig. 3, lane + SH3A). We have identified by
Western blot the identity of several proteins known to bind ITSN-1s via the SH3A domain.
The 100 kDa protein band bound by the GST-SH3A was immunoreactive to dyn2 Ab,
(Transduction Laboratories), (Fig. 3C, lane dyn2), while two other bands were identified as
mSos (M, 180 kDa), and N-WASP (M, 55 kDa), (data not shown). Altogether, our findings
indicate that in lung ECs, similar to neurons, ITSN-1s binds dyn2 via a subset of its SH3
domains. Moreover, since the GST-SH3A pulls down dyn2 from ECs lysates and interacts
with a 100 kDa protein immunoreactive to dyn2 Ab, we conclude that ITSN-1s directly
interacts with dyn2, via the SH3A.

ITSN-SH3A stimulates dyn2 oligomerization

Transfection of cultured ECs with the SH3A caused abnormal caveolae morphology,
stabilized caveolae necks and dyn2 collars, facilitating thus their detection by EM. These
findings suggested a bona fide role of ITSN-SH3A in regulation dyn2 function at the
endocytic site. We sought to test this hypothesis in vitro by analyzing whether the
multimerization state of dyn2 is affected upon SH3A binding. It has been previously
reported that dyn forms sedimentable rings and spirals under low-salt conditions, while
under physiological ionic strength dyn forms just very few rings [38]. To assess possible
stimulatory effects of SH3A on dyn2 oligomerization, GST-dyn2, affinity purified on
glutathione-coupled Sepharose 4B beads from IPTG-induced E. coli lysates, as described in
[39] was pre-assembled into multimers, in the absence or in the presence of GST-SH3A,
under conditions of physiological ionic strength [30,40,41]. Since GST alone does not affect
dyn2 oligomerization [42] and since our pilot studies indicated that GST-SH3A and SH3A
have same effects on dyn2 oligomerization we used the GST-SH3 fusion proteins without
cleaving off the GST. Negative staining EM shows that purified dyn2 alone (Fig. 3D, d1)
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forms a high number of rod-like structures, few characteristic rings (d1, arrow) or
incomplete rings, while in the presence of the GST-SH3A, 1:2 molar ratio, (Fig. 3D, d2), the
number of dyn2 rings (d2, black arrows and boxed area) and spirals (white arrows) is
significantly increased. Inset in d2 shows higher magnification of dyn2 spirals (d1, upper
gallery) and rings (d1, lower gallery). Detailed examination of dyn2 structures assembled in
the presence of the GST-SH3A shows high protein content and well-defined structures, most
likely due to a better packed in configuration. Also, the diameter of rings with GST-SH3A
(52.1£2.3 nm) was slightly smaller than that of the rings formed by dyn2 alone (58.8 £3.4
nm). Additional highly magnified, negatively stained dyn2 oligomeric structures, assembled
in the absence (Fig. 3E, el, e3, e5) or presence of the GST-SH3A (Fig. 3E, e2, e4, e6) are
shown. Individual dyn2 rings (el, e2) are similar to dynl rings. Like its neuronal isoform,
dyn2 forms stacks of helical, interconnected rings (Fig. 3E, e3 — e6). Frequently, dyn2 stacks
formed in the presence of the SH3A displayed more rings (6).

To quantify the effects of the SH3A on dyn2 oligomerization, purified GST-dyn2 was pre-
assembled into oligomers, in 50 mM NaCl containing buffer, and a sedimentation assay was
used to separate the assembled dyn2 from soluble dyn2, by centrifugation at 60,000 x g. The
pellet (P) and supernatant (S) were analyzed by 5-20% SDS PAGE, and Coomassie Blue
staining. Under control conditions, GST-dyn2 is present in both P and S fractions (Fig. 3F),
as previously reported for dynl [30]. When GST-SH3A was present, the amount of dyn2 in
the soluble fraction diminishes, most of it being pelletable, consistent with a stimulatory
effect of ITSN-SH3A on dyn2 oligomers formation. Densitometric analysis indicates that
under these conditions the amount of dyn2 found in the P fraction is increased by more than
70%, compared to controls (Fig. 3F, histogram). SH3E, another SH3 domain of ITSN-1 that
binds dyn2, does not affect dyn2 oligomerization. However, when the whole GST-SH3A-E
complement or full-length GST-ITSN-1s were used, dyn2 oligomerization pattern is similar
to the one obtained when the GST-SH3A is present, with more than 60% increase in the
total dyn2 found in pellet (P), by reference to control conditions (Fig. 3F, histogram).
Together these results suggest that the SH3A stimulates dyn2 assembly. It appears that
SH3A may be the only SH3 domain of ITSN-1 able to modulate dyn2 oligomerization.
When 2 uM dyn2 was incubated with GST-SH3A, under physiological buffer conditions, at
different molar ratios (Fig. 3G) and then dyn2 oligomerization was analyzed as above, we
noticed increased GST-dyn2 oligomerization with increasing dyn2:SH3A ratio. A maximum
stimulation of dyn2 oligomerization was detected when a molar ratio 1:1 for dyn2:SH3A
reaction mixture was used.

ITSN-SH3A stimulates the GTPase activity of dyn2

To better understand the mechanisms through which ITSN-1s stabilizes dyn2 collars around
the caveolae necks, we next examined the effects of the SH3A on dyn2 enzymatic activity.
Evidence indicates that the GTPase activity of dyn and the efficient GTP hydrolysis in
concert with a dyn conformational change are essential for endocytic vesicle fission from the
PM [43]. Thus, we first measured the basal GTPase activity of dyn2 in the presence or
absence of GST-SH3A, using a continuous enzyme coupled method for monitoring
phosphate release. As shown in Fig. 4A, The GST-SH3A stimulated the GTPase activity of
dyn2 by reference to controls. To address the specificity of SH3A effects on dyn2 catalytic
activity, next we used two other SH3 domains of ITSN-1. Neither GST-SH3E that binds
dyn2, nor GST-SH3D that does not bind dyn2 stimulated the GTPase activity of dyn2.
Similar observation was made when the full GST-SH3A-E was evaluated. This is somehow
intriguing based on previous studies showing that the GTPase activity of dyn2 can be
stimulated by dyn2 assembly in oligomeric structures [44] and our observation regarding the
stimulatory effects of the GST-SH3A-E on dyn2 assembly (Fig. 3F). An inhibitory effect of
the GST-SH3D on dyn2 GTPase activity (Fig. 4A) or particular folding properties when
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GST-SH3A-E is not part of the full ITSN-1s molecule, may explain this result. When the
effect of full-length ITSN-1s GST-tagged was evaluated, the GTPase activity of dyn2
showed close values to those observed with SH3A (Fig. 4A), consistent with a stimulatory
role of ITSN-1s, via the SH3A domain on dyn2 GTPase activity. However, the slightly
lower efficiency in stimulation of dyn2 GTPase activity relative to SH3A alone, suggests a
role for other elements of the ITSN-1s molecule in controlling the SH3A. The specificity of
the stimulatory effects of the SH3A on dyn2 oligomerization and GTPase activity are also
supported by several experiments in which the affinity purified GST-dyn2 preparations used
contained a degradation product of about 85 — 90 kDa, documented to be a truncated dyn
lacking the PRD [42,45]. Under these experimental conditions, the extent of increase in
dyn2 oligomerization or GTPase activity in the presence of the SH3A were lower by
comparison with the results obtained with non-proteolyzed dyn2, indicating that in the
absence of the PRD and thus, without SH3A binding, the extent of dyn2 oligomerization and
GTPase activity are lower. To assay the effects of the SH3A on assembly-stimulated
GTPase activity of dyn2, affinity purified dyn2 was diluted in a low-ionic strength buffer,
conditions known to favor the formation of sedimentable dyn structures (Fig. 4B). The
GTPase assays, for dyn2 alone and in the presence of GST-SH3A were started by addition
of 500 uM GTP. The kinetics of GTP hydrolysis were analyzed as above, for 30 min time
course. While the plots obtained for the GTPase activity of dyn2 alone show a sharp
increase, a plateau and decrease after 18 min, the plot of the GTPase activity of dyn2 in the
presence of the GST-SH3A follows a similar pattern only for the first 15 min of GTP
hydrolysis; after 15 min the enzymatic activity is still high. This observation suggests that
after 30 min of GTP hydrolysis, dyn2-dyn2 interactions persist and these still-assembled
dyn2 structures account for the high GTPase activity. To confirm this assumption, parallel
experiments were performed and the soluble (S) and sedimentable dyn2 fractions (P) were
analyzed by SDS-PAGE, electrotransfer and immunoblotting with anti-dyn2 Ab (Fig. 4B,
b1, b2). Under control conditions (no GST-SH3A), after 30 min of continuous GTP
hydrolysis, dyn2 oligomeric structures disassembled as the GTPase activity of dyn2
decreases, while in the presence of the GST-SH3A the content of oligomeric structures is
still high and the GTPase activity of dyn2 remains elevated (Fig. 4, b1 vs. b2). EM negative
staining (Fig. 4C) confirmed that when SH3A is present, dyn2 self-assembly is preserved;
numerous dyn2 rings and stacks are detected. The high magnification of these structures
shows open dyn2 rings (a) and frequently 3 to 5 dyn2 rings, as part of helical stacks. We
believe these observations are consistent with the idea that despite high GTPase activity,
dyn2/dyn2 interactions are preserved and dyn2 oligomeric structures are stabilized.

DISCUSSION

In this study we have attempted to explain the functional significance of SH3A-mediated
ITSN-1s/dyn2 interaction and to elucidate the means by which this interaction affects the
overall function of dyn2 during endocytosis. Several SH3 domains have been shown to
interact with the basic PRD of dyn1 or dyn2 and act as effectors of the GTPase activity
[36,37]. While most studies on this interaction relate to the neuronal dynl, recent studies
demonstrated that the interaction of the PRD of the ubiquitously expressed dyn2 with SH3
domain containing proteins is required for dyn2-dependent caveolae and CME in non-
neuronal cells [9,46,47]. Dyn2, similar to dyn1, forms rings when diluted in low-salt
conditions, tubulates liposomes, it has a greater propensity for self-assembly than neuronal
dynl and higher basal rates of GTP-hydrolysis [48,49]. These characteristics may reflect
dyn2 fine-tuning for constitutive endocytic and transcytotic processes that occur in ECs and
other non-neuronal cells [50]. Evidence indicates that the SH3 domains inhibit endocytosis
by interfering with dyn targeting to the endocytic site, [47,51], regulation of receptor
function [54], stimulation of GTPase activity of dyn [37,44], controlling dyn ring assembly
or modulation of its disassembly [30,52]. Limited evidence suggested that the SH3A domain
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of ITSN-1 may be unique in its ability to inhibit the endocytic process [23]. However, the
specific way by which SH3A domain of ITSN-1s integrates in the overall function of dyn to
cause inhibition of the endocytic activity and the molecular basis of SH3A uniqueness are
not yet understood.

The studies described here reveal new and interesting characteristics of the SH3A domain of
ITSN-1. First, the SH3A stimulates the oligomerization properties of dyn2. Second, in the
presence of the SH3A the enzymatic activity of dyn2 increases, leading to increased GTP
hydrolysis. Third, SH3A stabilizes dyn2 oligomeric structures, and as a result dyn2 rings are
unable to change conformation, event thought to be required for dyn2 disassembly,
recycling and vesicle release from the PM [43,53]. The SH3A-stabilized dyn2-dyn2
interactions cause a prolonged lifetime for dyn2 collars and thus, impairment in free-
transport vesicles formation and endocytosis. Significantly, the in vitro studies demonstrate
that the SH3A effects on dyn2 oligomerization and GTPase activity are similar to those
caused by full-length ITSN-1s, consistent with a fundamental contribution of the SH3A
domain to the endocytic function of ITSN-1s. Altogether, the results add new functions for
ITSN-1s during endocytosis: besides scaffolding the endocytic machinery, ITSN-1s
modulates in a distinctive manner dyn2 self-assembly, disassembly and GTPase activity at
the endocytic site.

Previous work and this study indicate that ITSN-1 is a major dyn2 binding partner [10,54].
Immunogold labeling EM demonstrated that ITSN-1 preferentially associate with the necks
of caveolae in all stages of the caveolar cycle, from fully to very narrow openings [6,10].
Thus, ITSN-1s has the ability to recruit and bring together dyn2 molecules to the caveolae
endocytic sites to generate the high dyn concentration needed for dyn self-assembly,
increased enzymatic activity and subsequent, GTP hydrolysis. Disruption of SH3A mediated
ITSN-1s/dyn2 interaction by transient transfection of cells with myc-SH3A caused abnormal
caveolae morphology, distorted caveolae clusters and accumulation of caveolae with
staining-dense collars around their necks, and as result, deficient caveolae internalization.
The most likely explanation of these findings is the non-productive recruitment of dyn2 to
the neck region of caveolae and impaired dyn2 function during caveolae release from the
PM. In the context of in vivo studies, myc-SH3A expression, by disturbing the interaction
between endogenous ITSN-1s and dyn2, interfered with the recruitment of dyn2 to the
caveolae neck region. Yet, since ITSN-1s has two additional SH3 domains (SH3C and
SH3E) capable of binding dyn2, and since there are up to five putative SH3 domain-binding
sites within the PRD of dyn [34] the recruitment of dyn to the endocytic site is still possible.
Not only dyn2, but also dyn2 bound to myc-SH3A can reach the endocytic site via SH3C
and SH3E interactions. As our results indicate, dyn2 in the presence of the SH3A has higher
ability to form oligomeric structures and increased GTPase activity. SH3A stimulates both
basal and assembly-stimulated GTPase activity of dyn2. In the presence of SH3A at the
endocytic site, dyn2-dyn2 interactions are stabilized and despite continuous GTP hydrolysis,
dyn2 oligomers cannot disassemble. It appears that, SH3A holds up caveolae release from
the PM and formation of free-transport vesicles, by prolonging the lifetime of assembled
dyn2. The prolonged lifetime of assembled dyn2 led to impaired membrane fission and
inhibition of caveolae endocytic function. The caveolar neck, the structure involved in
establishing the short-lived connections of caveolae with the PM, shows here several
structural modulations, many of them significant for caveolae fission from the PM. The
caveolar cavity, however, maintains its shape and dimensions due to the stabilizing scaffold
of caveolin-1 [6]. Interestingly, the abnormal caveolae clusters detected in the SH3A-
transfected ECs, show caveolae connected by abnormal necks and occasionally vesicular
structures with abnormal shape and size. Due to their caveolin-1 coat it is believed that
caveolae maintain their dimensions and shape during their interactions with PM and
trafficking [6,8]. Detection in caveolin-1 null mouse of plasmalemmal vesicles, devoid of
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caveolin-1 raises the possibility that these caveolin-1 and clathrin-free structures may
account for the vesicles with abnormal morphology detected within clusters. In addition, the
recently reported interaction of ITSN with arfaptin2 [55], as well as studies of protein-
protein interactions using the Ingenuity Pathways Analysis software [56], suggest that
ITSN-1 may play a central role in influencing the function of BAR proteins. Arfaptin2 is a
BAR domain containing protein with an elongated, crescent-shaped dimer of three-helix
coiled-coils [57,58] which can interact with membranes to induce membrane curvature or
deformation [59]. Therefore, it is tempting to speculate that the interactions of ITSN-1 with
dyn2 and arfaptin2 may possibly regulate membrane bending and caveolae formation, and
thus, it may add new dimensions to ITSN endocytic function.

Previous studies indicated that other endocytic proteins and dynl partners, amphiphysin
[30,40] and sorting nexin 9 (SNX9), [61] display similar properties. However, the SH3A of
ITSN-1s seems to display an additional and rather distinct property in this regard. Dyn2
assembled into oligomeric structures in the presence of the SH3A is unable to change its
conformation, disassemble and recycle for another round of membrane fission.
Overexpressed SH3A could additionally sequester critical binding partners, still to be
identified, in non-functional protein complexes and thus, their possible contribution to the
impaired membrane fission, cannot be ruled out. Failure of either dyn2, assembled into
collars around the caveolae necks, or other component of caveolae fission machinery to
recruit downstream effectors should be considered, as well. Altogether, our results suggest
that ITSN-1s is not only required for dyn2 recruitment to the endocytic site, but also,
through its SH3A domain, ITSN-1s is a key regulator of dyn2 assembly-disassembly and
GTPase activity during caveolae and clathrin-mediated endocytosis.
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Figure 1. Expression of the SH3A of ITSN-1 in cultured ECs impairs caveolae internalization
(A) In control cells subjected to biotinylation of cell surface proteins and internalization
assay (37°C, 30 min), neutrAvidin-Texas Red staining indicates a strong punctate pattern
throughout the cytosol (al, al.1), with accumulation in the perinuclear area. ECs transiently
transfected with myc-SH3A, selected based on their resistance to blasticidin, and then
subjected to the internalization assay using cleavable biotin show limited neutrAvidin-Texas
Red staining and some accumulation in the perinuclear area (a2). Anti-myc mAb followed
by anti-mouse 1gG Alexa Fluor488-conjugated was used to visualize transfected cells (a3).
Use of non-cleavable biotin demonstrates sequestration of biotinylated proteins at the cell
surface (a4, a4.1 arrows) and limited internalization. Within cells, biotin was often detected
in large puncta under the PM (a4.2, arrows). Bars: 10 ym al-a4; 5 um —al.1, a4.1; 3 pm -
a4.2. (B) The number of biotin molecules present in ECs lysates prepared from controls,
mock myc-SH3A and myc-SH3E transfected ECs was determined by ELISA in 3 -4
different experiments. Ordinate: number of biotin molecules normalized per mg total protein
(TP). Bars £ SD.

J Cell Mol Med. Author manuscript; available in PMC 2012 November 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Knezevic et al.

Page 17

Figure 2. Expression of the SH3A of ITSN-1 in cultured ECs causes abnormal caveolae
morphology

(A) The electron micrographs show a segment of a control ECs with omega-shaped caveolae
open to the extracellular environment through short necks (al arrows, a2) or directly (inset
al.l1), and caveolae as apparently detached spherical structures in the cytosol (Fig. 2A, al,
arrowheads). Clusters of interconnected caveolae are shown in a3, a4. Two clathrin-coated
pits open on opposite sides of the PM are shown in a5. Bars: 50 nm. (B) Electron
micrographs showing highly magnified caveolar profiles with unusual morphology.
Caveolae (b1, b4-b6) and clathrin-coated pits and vesicles (b1, arrowhead, b2) with
elongated necks were frequently observed. The micrographs in panels (b7 — b11) show
staining-dense collars encircling the caveolae necks. Myc-SH3A expression causes unusual
caveolae clustering (b1, arrow, b12 — b14). Bars: 100 nm (b1); 70 nm (b2 — b6); 50 nm (b7,
b8, b12 - 14); 25 nm (b9-b11).
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Figure 3. SH3A stimulates dyn2 oligomerization

(A) SH3 pull-down assays were performed using mouse lung lysates (250 ug total protein)
and GST-fusion proteins (~30 pg) encoding the SH3A, E and D, the SH3A-E complement
as well as full-length ITSN-1s, coupled to glutathione-Sepharose beads. The proteins bound
to the beads were eluted with SDS-PAGE sample buffer, subjected to electrophoresis and
electrotransfer to NC membranes. The membranes were probed with anti dyn pAb. (B)
Coomassie staining of a 5 — 20% SDS PAGE shows the purity of the GST-SH3 fusion
proteins obtained by affinity chromatography on Glutathione Sepharose 4B columns from
1mM IPTG-induced E. coli lysates. Mr — molecular weight markers. (C) GST-SH3A overlay
using nitrocellulose membranes containing the ECs proteins (100 pg), resolved by SDS
PAGE were incubated with the 5 ug GST-SH3A (lane SH3A +); nitrocellulose membranes
containing ECs proteins from the same experiment were reacted with anti-dyn Ab (lane
Dyn2). A direct interaction between dyn2 and ITSN-1s via the SH3A domain is detected.
(D) EM negative staining showing that purified dyn2 alone (d1), forms high number of rod-
like structures and few characteristic rings (d1, white arrow), under physiological conditions
(150 mM NaCl). Representative images show increase in the number of dyn2 rings (d2 and
boxed area), and a significant increase in the number of dyn2 spirals (d2, arrows) when
GST-SH3A is added. Galleries in the inset show high magnification of dyn2 spirals (upper
gallery) and dyn2 rings (lower gallery). Bars: 100 nm (d1, d2); 50 nm (gallery insets in d2).
(E) Highly magnified, negatively stained dyn2 structures assembled in the absence (el, e3,
e5) and in the presence (e2, e4, e6) of the GST-SH3A. All images are shown at the same
magnification. (F) Affinity purified GST-dyn2 (0.1 mg/ml) was assembled into multimers,
in the absence or in the presence of GST-SH3 fusion proteins using a low-ionic strength
buffer. Oligomeric structures were separated from soluble dyn2 by centrifugation; the pellet
(P) and supernatant (S) were analyzed by SDS-PAGE followed by Coomassie Blue staining
and densitometry. Under control conditions, dyn2 was found in both P and S fractions,
slightly more in the S fraction. When GST-SH3A or GST-tagged full-length ITSN-1s are
present, the equilibrium is shifted toward the oligomeric state (P fraction). The histogram
represents the average amounts of dyn2 in the P and S factions in four different experiments.
Densitometric analysis was performed using ImageJ 1.42l, Image Processing Software. (G)
2 UM GST-dyn2 was incubated for 10 min at RT with increasing amounts of GST-SH3A at
physiological salt (150 mM NaCl) concentrations. Samples were subjected to
ultracentrifugation and the pellet (P) and supernatant (S) fractions were analyzed by SDS-
PAGE and Coomassie Blue staining.
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Figure 4. GST-SH3A stimulates the GTPase activity of dyn2 and stabilizes dyn2 oligomeric
structures

(A) The basal GTPase activity of dyn2 measured in the presence of different GST-SH3
domains of ITSN-1s as well as full length GST-tagged ITSN-1s. (B) Oligomeric dyn2
structures (b1, P fractions) were subjected to GTPase assay in the absence or presence of the
GST-SH3A of ITSN-1. The GTPase activity of assembled dyn2 in the presence of GST-
SH3A is higher by comparison to dyn2 alone. The GTPase activity of dyn2 decreases as
GTP is hydrolyzed and the dyn2 rings disassemble. In the presence of GST-SH3A, despite
GTP hydrolysis, the GTPase activity of dyn2 remains high and apparently dyn2
conformation does not change. As shown, after 30 min of GTP hydrolysis, the amount of
pelletable dyn2 is significantly high (b2). (C) EM negative staining of stabilized dyn2
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oligomeric structures, 30 min after GTP hydrolysis. Dyn2 oligomeric structures — open rings

(c1), stacks of rings (c2 — c5), are stabilized, apparently unable to change their
conformation. Bar: 50 nm.
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Table 1
Quantification of morphological changes caused by myc-SH3A expression in cultured
ECs

Fifty electron micrographs (30,000 x magnification) per experimental condition, containing ECs profiles of
control and myc-SH3A transfected ECs were used to count the number of i) abnormal caveolae clusters open
to the apical side of the endothelial PM, ii) apparently normal caveolae, omega-shaped, connected to the PM
either directly or through short necks, iii) caveolae with their neck surrounded by staining dense collars and iv)
caveolae with elongated necks (less than % of caveolar diameter). Quantification of these morphological
characteristics and the measurement of the length PM on the electron micrograph used were performed as
described previously [10,28]. The data were normalized per 100 um length PM and are averages + SD of three
independent experiments.

abnormal caveolae clusters single caveolae with
open to the apical side of apparently normal - staining dense rings caveolae with
experimental condition EC omega shaped caveolae around the neck elongated necks
control ECs 3+04 82+8 2+0.3 8+0.9
myc-SH3A transfected ECs 30+5.3 15+6.1 38+4.2 34+ 25
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