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ABSTRACT
Dynamin is a GTPase enzyme involved in membrane constriction
and fission during endocytosis. Phospholipid binding via its pleck-
strin homology domain maximally stimulates dynamin activity. We
developed a series of surface-active small-molecule inhibitors,
such as myristyl trimethyl ammonium bromide (MiTMAB) and
octadecyltrimethyl ammonium bromide (OcTMAB), and we now
show MiTMAB targets the dynamin-phospholipid interaction. MiT-
MAB inhibited dynamin GTPase activity, with a Ki of 940 � 25 nM.
It potently inhibited receptor-mediated endocytosis (RME) of
transferrin or epidermal growth factor (EGF) in a range of cells
without blocking EGF binding, receptor number, or autophos-

phorylation. RME inhibition was rapidly reversed after washout.
The rank order of potency for a variety of MiTMAB analogs on
RME matched the rank order for dynamin inhibition, suggesting
dynamin recruitment to the membrane is a primary cellular target.
MiTMAB also inhibited synaptic vesicle endocytosis in rat brain
nerve terminals (synaptosomes) without inducing depolarization
or morphological defects. Therefore, the drug rapidly and revers-
ibly blocks multiple forms of endocytosis with no acute cellular
damage. The unique mechanism of action of MiTMAB provides an
important tool to better understand dynamin-mediated membrane
trafficking events in a variety of cells.

Endocytosis in eukaryotic cells services the uptake of ex-
tracellular material and the recycling of membrane compo-
nents. Multiple forms of endocytosis exist that regulate a
variety of different cellular processes, such as regulation of

cell surface receptor expression and signaling, cell fate de-
termination, cell migration, antigen presentation, and syn-
aptic transmission (Liu and Robinson, 1995; Kaksonen et al.,
2006). Two of the best characterized pathways are receptor-
mediated endocytosis (RME) and synaptic vesicle endocytosis
(SVE). Both use many proteins and lipid-cofactors (Cousin
and Robinson, 2001; Le Roy and Wrana, 2005). RME is acti-
vated by binding of hormones or growth factor ligands to
specific cell surface receptors, for example, transferrin (Tf)
and epidermal growth factor (EGF). RME usually occurs via
clathrin-coated pits, and it requires the ubiquitously ex-
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pressed GTPase dynamin II (Trowbridge et al., 1993; Le Roy
and Wrana, 2005). SVE occurs when nerve terminals retrieve
empty synaptic vesicles after stimulated exocytosis to enable
refilling of these vesicles with neurotransmitters for a new
round of exocytosis. It is mediated by dynamin I. SVE and
RME use distinct isoforms of the same proteins, and they
have other mechanistic distinctions, for example SVE is stim-
ulated by calcium-dependent activation of the phosphatase
calcineurin (Liu and Robinson, 1995; Hinshaw, 2000). Dy-
namin I, II, and III are all found in neurons, but dynamin I
is neuron-specific, and it is expressed at much higher levels
than either of the other dynamins (Ferguson et al., 2007).

Dynamin is a 96-kDa GTPase enzyme involved in mem-
brane constriction and fission during RME and SVE. At a
late stage of the process, dynamin assembles into rings to
form a collar or helix around the neck of the invaginating
vesicles. Upon GTP hydrolysis the vesicle is pinched from the
plasma membrane (McNiven, 1998) by a conformational
twist in the dynamin helix (Roux et al., 2006). Dynamin is
also needed for many, but not all, forms of clathrin-indepen-
dent endocytosis, such as phagocytosis, caveolae internaliza-
tion, and endocytosis of cytokine receptors in non-neuronal
cells, and for fast/rapid endocytosis in neurons and neuroen-
docrine cells (Artalejo et al., 1997; Hinshaw, 2000; Jockusch
et al., 2005). Knockout of the dynamin I gene in mice reveals
its central role in SVE, but it also reveals the occurrence of
dynamin I-independent SVE at the synapse, presumably me-
diated by dynamin II or III (Ferguson et al., 2007). Dynamin
contains four functional domains: an N-terminal GTPase do-
main, a pleckstrin homology (PH) domain, a proline-rich
domain, and an assembly domain also known as GTPase
effector domain (Cousin and Robinson, 2001). Overexpres-
sion of GTPase-defective dynamin mutants inhibits both
RME and SVE in a variety of cells (Marks et al., 2001). The
PH domain of dynamin is relatively nonselective, but it has a
small preference for binding phosphatidylinositol-4,5-
bisphosphate [PtdIns(4,5)P2] (Salim et al., 1996), which en-
hances its GTPase activity (Lin et al., 1997; Barylko et al.,
1998; Vallis et al., 1999) and induces cooperative dynamin
helix assembly (Stowell et al., 1999). Deletion of the PH
domain elevates the level of dynamin’s nonstimulated GTP-
ase activity (Scaife et al., 1998). Therefore, each of dynamins’
functional domains is an attractive target for development of
dynamin inhibitors, as potential endocytosis inhibitors.

Our aim was to develop dynamin inhibitors as new tools for
cell biology and also as potentially clinically useful endocy-
tosis inhibitors. Multiple low-potency and low-specificity en-
docytosis inhibitors exist: chlorpromazine (Wang et al., 1993;
Atwood, 2001), concanavalin A, phenylarsine oxide (Gray et
al., 2001), dansylcadaverine (Davies et al., 1984), intracellu-
lar potassium depletion (Larkin et al., 1983), intracellular
acidification (Lindgren et al., 1997), and decreasing the tem-
perature to 4°C (Wang et al., 1993). Each has poor specificity
and low utility, but each nonetheless has contributed signif-
icantly to our understanding of endocytosis. We reported
previously on the development of long-chain ammonium salts
(Hill et al., 2004) and dimeric tyrphostins (Hill et al., 2005) as
the first two series of small-molecule inhibitors of the GT-
Pase activity of dynamin.

Two of the most potent inhibitors from the long-chain
ammonium salt series of compounds were myristyl trimethyl
ammonium bromide (MiTMAB, also known as tetradecyl tri-

methylammonium bromide; CAS no. 1119-97-7) and octade-
cyltrimethyl ammonium bromide (OcTMAB; CAS no. 1120-
02-1). Many pharmacologically active compounds are
amphiphilic or hydrophobic molecules whose site of action in
an organism is frequently the plasma membrane (Schreier et
al., 2000). They tend to self-associate and to interact with
biological membranes. Amphiphilic compounds have a long
hydrophobic portion and either an ionic (anionic, cationic, or
zwitterionic) or a nonionic polar head group. Classes of am-
phiphilic drugs include phenothiazines, benzodiazepine tran-
quilizers, analgesics, tricyclic antidepressants, and local an-
esthetics (Schreier et al., 2000). Trimethyl alkylammonium
compounds such as the MiTMAB series have pharmaceutical
properties, because they produce long-lasting anesthetic ac-
tivity that increases with increasing alkyl chain length
(Scurlock and Curtis, 1981). In the present study, we report
that the mechanism of dynamin inhibition by the MiTMAB
series involves a surface activity of the compounds on mem-
branes, and we show that the compounds reversibly inhibit
different forms of endocytosis in multiple cell systems.

Materials and Methods
Materials. Phosphatidylserine (PS), phenylmethylsulfonyl fluo-

ride (PMSF), and Tween 80 were from Sigma-Aldrich (St. Louis,
MO). GTP was from either Sigma-Aldrich or Roche Applied Science
(Mannheim, Germany), and leupeptin was from Bachem (Bubendorf,
Switzerland). Gel electrophoresis reagents, equipment, and protein
molecular weight markers were from Bio-Rad (Hercules, CA). Colla-
genase was from Roche. Paraformaldehyde (PFA) was from Merck
Pty Ltd. (Kilsyth, Australia). Coverslips were from Lomb Scientific
(Sydney, Australia). Penicillin/streptomycin, phosphate-buffered
salts, fetal calf serum (FCS), and Dulbecco’s modified Eagle’s me-
dium (DMEM) were from Invitrogen (Mount Waverley, Victoria,
Australia). Texas Red-conjugated transferrin (Tf-TxR), Texas Red-
conjugated EGF (EGF-TxR) Alexa-488-conjugated EGF (EGF-A488),
Alexa-594-conjugated Tf (Tf-A594), biotinylated-Tf, DAPI, FM2-10,
and Fluo-3-AM were from Invitrogen. Unconjugated EGF was from
Sigma-Aldrich. All other reagents were of analytical reagent grade or
better.

Drugs. Drugs were from Sigma-Aldrich. The drugs were made up
as stock solutions in 10 to 100% DMSO and diluted in 10% (v/v)
DMSO/20 mM Tris-HCl, pH 7.4, before use in the assay. The final
DMSO concentration in the GTPase or endocytosis assays was at
most 1%. The GTPase assay for dynamin I was unaffected by DMSO
up to 1%. MiTMAB was dissolved as 30 mM stocks in 100% DMSO,
and it was colorless. Stocks were stored at �20°C for several months.
It was diluted into solutions of 10% DMSO (range, 1–10%) made up
in 20 mM Tris-HCl, pH 7.4, and then it was diluted again into the
final assay.

Protein Production. Dynamin I was purified from sheep brain
by extraction from the peripheral membrane fraction of whole brain
(Robinson et al., 1993) and by affinity purification on GST-Amph2-
SH3-Sepharose as described previously (Marks and McMahon, 1998;
Quan and Robinson, 2005), yielding 8 to 10 mg of protein from 250 g
of sheep brain. Recombinant dynamin I lacking the PH domain
(dynamin I-�PH; provided by Robin Scaife, Western Australia Insti-
tute for Medical Research, Perth, Australia) was expressed in insect
cells using baculoviral infection, and it was also affinity-purified on
GST-Amph2-SH3-Sepharose beads (Salim et al., 1996).

Malachite Green GTPase Assay. The malachite green method
was used for the sensitive colorimetric detection of orthophosphate
(Pi). It is based on formation of a phosphomolybdate complex at low
pH with basic dyes, causing a color change (Hohenwallner and Wim-
mer, 1973; Van Veldhoven and Mannaerts, 1987; Geladopoulos et al.,
1991). The assay procedure has been described in detail previously,
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and it is based on stimulation of native sheep brain-purified dynamin
I by sonicated PS liposomes (Quan and Robinson, 2005). However, in
our earlier studies, we used 200 nM dynamin I (Hill et al., 2004,
2005; Quan and Robinson, 2005), whereas in the present study we
used 20 nM. This slightly reduced the IC50 values for MiTMAB
analogs we reported previously (Hill et al., 2004). In brief, purified
dynamin I (20 nM) (diluted in dynamin diluting buffer: 6 mM Tris-
HCl, 20 mM NaCl, and 0.02% Tween 80, pH 7.5) was incubated in
GTPase buffer (10 mM Tris-HCl, 10 mM NaCl, 2 mM Mg2�, 0.05%
Tween 80, pH 7.5, 1 �g/ml leupeptin, and 0.1 mM PMSF) and 0.3 mM
GTP in the presence of test compound for 30 min at 37°C. The final
assay volume was 150 �l. The assay was conducted in round-bot-
tomed 96-well plates. The incubations of the plate were performed in
a dry heating block with shaking at 300 rpm (Eppendorf Thermo-
mixer; Eppendorf South Pacific, North Ryde, Sydney, Australia).
Dynamin activity was measured as phospholipid stimulated with
addition of different concentrations of phosphatidylserine liposomes.
The reaction was terminated with 10 �l of 0.5 M EDTA, pH 8.0, and
the samples were stable for several hours at room temperature. To
each well, we added 40 �l of malachite green solution [2% (w/v)
ammonium molybdate tetrahydrate, 0.15% (w/v) malachite green,
and 4 M HCl]; the solution was passed through 0.45-�m filters, and
it was stored in the dark for up to 2 months at room temperature.
Color was allowed to develop for 5 min (and it was stable up to 2 h),
and the absorbance of samples in each plate was determined on a
microplate spectrophotometer at 650 nm [VERSAmax microplate
reader (Molecular Devices, Sunnyvale, CA)]. Phosphate release was
quantified by comparison with a standard curve of sodium dihydro-
gen orthophosphate monohydrate (baked dry at 110°C overnight),
which was run in each experiment. GraphPad Prism 4 (GraphPad
Software Inc., San Diego, CA) was used for plotting data points and
analysis of enzyme kinetics using nonlinear regression. The curves
were generated using the Michaelis-Menten equation v � Vmax[S]/
(Km � [S]), where S is PS activator or GTP substrate. After the Vmax

and Km values were determined, the data were transformed using
the Lineweaver-Burke equation 1/v � 1/Vmax � (Km/Vmax) � (1/[S]).

Phospholipid Binding. Dynamin I (520 nM) purified from whole
sheep brain was incubated with PS liposomes (100 �M; sonicated
into 30 mM Tris-HCl, pH 7.4) in 100 �l of assembly buffer [1 mM
EGTA, 30 mM Tris, 100 mM NaCl, 1 mM dithiothreitol, 1 mM PMSF,
and a Complete protease inhibitor cocktail tablet per 50 ml (Roche
Applied Science)] for 30 min at room temperature (22°C). The sam-
ples were centrifuged at 14,000g for 15 min to separate lipid-bound
and free dynamin, and the fractions were analyzed by gel electro-
phoresis on a 12% SDS polyacrylamide gel followed by staining with
Coomassie Brilliant Blue.

Texas Red-Tf and Alexa 488-EGF Uptake. COS-7, HeLa, and
A431 cells were cultured in DMEM supplemented with 10% FCS at
37°C in 5% CO2 in a humidified incubator. Tf and EGF uptake were
analyzed based on methods described previously (van der Bliek et al.,
1993). In brief, cells were plated on glass coverslips (coated with
superfibronectin for A431 cells or poly-D-lysine for COS-7 and HeLa
cells) to 60% confluence. The cells were serum-starved overnight (16
h) in DMEM minus FCS. Cells were then incubated with MiTMAB
(usually 30 �M) or vehicle for 10 or 15 min before addition of 5 �g/ml
Tf-TxR or 1 �g/ml EGF-A488 for 10 or 15 min at 37°C. For washout
experiments, this involved one complete change of media (�FCS)
after drug treatment and incubation at 37°C for 30 min, after which
600 ng/ml EGF-TxR and 5 �g/ml Tf-A594 were added to each well
and incubated for 10 or 15 min at 37°C. Cell surface-bound Tf or EGF
was removed by incubating the cells in an ice-cold acid wash solution
(0.2 M acetic acid and 0.5 M NaCl, pH 2.8) for 15 min. Cells were
immediately fixed with 4% PFA for 10 min, and then they were
washed three times with PBS. Nuclei were stained using DAPI.
Coverslips were mounted using mounting medium containing 1,4-
diazabicyclo[2.2.2]octane, and the fluorescence was monitored using
a DMLB bright field microscope (Leica Microsystems, Heidelberg,

Germany) and SPOT digital camera (Scitech Pty Ltd, Preston Vic-
toria, Australia).

Quantitative analysis of the inhibition of EGF endocytosis in
COS-7 cells was performed on large numbers of cells by an auto-
mated process. COS-7 cells were grown in poly-D-lysine-coated 96-
well plates, and they were preincubated with varying concentrations
of drugs for 15 min before addition of 1 �g/ml EGF-A488 for 10 min
at 37°C. All conditions were carried out in triplicate. Cells were
washed twice with ice-cold PBS, and then they were subjected to an
acid wash (0.2 M acetic acid and 0.5 M NaCl, pH 2.8) at 4°C for 10
min to remove surface-bound EGF. Cells were washed again with
PBS before fixation in 4% PFA, pH 7.4. Nuclei were stained with
DAPI. Green (EGF-A488) and blue (DAPI) images were collected
automatically using an Olympus IX81 epifluorescence microscope
(Olympus, Sydney, Australia). Nine images were collected from each
well, averaging 40 to 50 cells per image. The average integrated
intensity of EGF-A488 signal per cell was calculated for each well
using MetaMorph (Molecular Devices, Sunnyvale, CA), and the data
are expressed as a percentage of control cells (vehicle-treated). The
average number of cells for each data point was �1200. IC50 values
were calculated using Prism 4 (GraphPad Software Inc.), and data
are expressed as mean � 95% confidence interval (CI) for three wells
and �1200 cells.

Tf and EGF Binding Assays. For the Tf binding assay, 1.5 � 105

COS-7 cells were cultured in six-well culture plates for 2 days, and
then the cells were serum-starved for 2 h in DMEM minus FCS. Cells
were then incubated with 30 �M MiTMAB or DMSO (vehicle control)
for 10 min at 37°C, and then they were placed on ice. Biotinylated-Tf
(10 �g/ml) was then added to cells for the indicated times, and the
cells were washed four times with ice-cold PBS. Cells were lysed for
10 min with lysis buffer [20 mM Tris-HCl, pH 7.4, 2 mM EDTA, 2
mM EGTA, 1% Triton X-100, 10 �g/ml leupeptin, 1 mM PMSF,
Complete protease inhibitor tablet (Roche Applied Science), 2 mM
imidazole, 1 mM sodium fluoride, 2 mM sodium orthovanadate, 1
mM sodium molybdate, and 4 mM sodium tartrate dihydrate], cen-
trifuged at 14,000g for 10 min, and the supernatant was harvested as
the total cell lysate. Lysates for each condition were resolved on a
10% SDS-polyacrylamide gel and transferred onto Protran immobi-
lized nitrocellulose membrane (PerkinElmer Life and Analytical Sci-
ences, Waltham, MA). The membranes were probed with avidin-
conjugated HRP (Invitrogen), and the signal was developed with
SuperSignal West Pico chemiluminescence (Pierce Chemical, Rock-
ford, IL). Intensity of the biotinylated-Tf was normalized against an
endogenous biotinylated COS-7 cell protein on the same blots, and
the range of values (n � 2) was plotted.

For the EGF binding assay and microscopy image analysis, A431
cells were grown overnight on 22-mm coverslips coated with 1 ml of
5 �g/ml superfibronectin (Sigma-Aldrich). Cells were serum-starved
for 2 h, and then they were treated with either DMSO (vehicle
control) or 30 �M MiTMAB for 10 min at 37°C. Cells were then
placed on ice and incubated with 600 ng/ml EGF-A488 for 30 min,
fixed in 4% paraformaldehyde, pH 7.5, at RT, and counterstained
with DAPI. Images were collected using MetaMorph acquisition
software (Molecular Devices), an Olympus IX81 motorized inverted
microscope, a Hamamatsu ORCA-ERG (Hamamatsu Photonics, To-
kyo, Japan) 12 bit FireWire cooled charge-coupled device camera,
and a UPLAPO100�OI3 objective (Olympus). Z-stacks were col-
lected at 0.2-�m intervals (�70 images/stack), and three-dimension-
ally deconvoluted using AutoDeblur (AutoQuant Imaging, Inc., Troy,
NY). A maximum projection image was then generated. Images are
representative of two independent experiments.

EGFR Activation and Western Blot Analysis. A431 cells were
cultured in 100-mm dishes to 80% confluence, and then the cells
were serum-starved overnight (16 h) in DMEM minus FCS. Cells
were then incubated with 30 �M MiTMAB, DMSO (vehicle control)
or 30 �M genistein (negative control; Sigma-Aldrich) for 10 min
before addition of unconjugated 100 ng/ml EGF for 10 min at 37°C.
All conditions were carried out in duplicate. After 10-min incubation,
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cells were placed on ice, and then they were washed four times with
ice-cold PBS. Total cell lysates were prepared by incubating cells for
10 min with lysis buffer. The mixture was then centrifuged at
14,000g for 10 min, and supernatant was harvested as the total cell
lysate. Fifty micrograms of total cell lysate for each condition was
resolved on a 12% SDS-polyacrylamide gel, and then it was trans-
ferred onto Protran immobilized nitrocellulose membrane
(PerkinElmer Life and Analytical Sciences). The membranes were
probed with PY20 phosphotyrosine mouse monoclonal antibody (BD
Biosciences, San Jose, CA). The secondary antibody was goat anti-
mouse polyclonal antibody conjugated to HRP (Dako Denmark A/S,
Glostrup, Denmark), and the signal was developed with SuperSignal
West Pico chemiluminescence (Pierce Chemical). The membranes
were then stripped with 0.2 M NaOH and reprobed for endogenous
EGFR using EGFR 1F4 mouse monoclonal antibody (Cell Signaling
Technology Inc., Danvers, MA) and developed as described above.
Western blots were scanned using a GS800 densitometer (Bio-Rad
Laboratories, Hercules, CA), and densitometry analysis was per-
formed by Quantity One software (Bio-Rad Laboratories). EGFR
phosphotyrosine (pEGFR) signal was normalized against total EGFR
signal, and it was expressed as relative intensity (percentage) of the
stimulated control (DMSO) condition and the average of range of
values (n � 2) was plotted.

PH Domain Localization in Cells. The cDNA of the PH domain
of dynamin I (rat sequence, amino acids Thr-511 to Lys-635) was
cloned by PCR and recombination into the Gateway entry vector
pDONR201 (Invitrogen). The cDNA was subcloned by recombination
into pcDNA-DEST53 (mammalian N-terminal GFP-tag) expression
vector (Invitrogen). HeLa or COS-7 cells were plated on glass cover-
slips, and then they were transfected with 0.2 �g of GFP-dyn I-PH or
GFP-PLC�-PH DNA per well (24 wells/550 �l final volume/well)
using FuGENE (Roche Diagnostics) according to the manufacturer’s
instructions and analyzed 48 h after transfection. Cells were serum-
starved for 2 h at 37°C after which they were treated with 30 �M
MiTMAB or 30 �M myristic acid for 10 min, and then they were
incubated a further 20 min in the presence of Tf-A594 or EGF-TxR as
an internal positive controls that the drugs worked and that the
DNA construct was not inhibitory (Supplemental Figure S1). Cells
were then fixed with 3% PFA in PBS. The distribution of GFP-dyn
I-PH, GFP-PLC�-PH, and Tf-A594 or EGF-TxR was determined by
fluorescence microscopy in the green and red channels, respectively.
Optical sections were analyzed by confocal laser scanning microscopy
using a TCS SP2 system (Leica Microsystems).

Chromaffin Cells, Carbon Fiber Amperometry, and Ca2�

Imaging. Adult male Wistar rats were killed by carbon dioxide
inhalation as approved by the Monash Medical Centre Animal Care
Committee. Adrenal glands (four–six) were dissected in ice-cold
Ca2�-free Locke’s buffer consisting of 154 mM NaCl, 5.6 mM KCl, 3.6
mM NaHCO3, 5.6 mM glucose, and 5.0 mM HEPES, pH 7.4, and then
they were incubated with 3 mg/ml collagenase type A in Locke’s
buffer in a shaking bath at 37°C for 15, 10, and 5 min with tritura-
tion between incubations. After centrifugation at 400g for 5 min,
cells were resuspended in DMEM supplemented with 1% penicillin/
streptomycin and 10% FCS, filtered through a nylon mesh, centri-
fuged at 400g for 5 min, plated on 35-mm culture dishes, and incu-
bated at 37°C with 10% CO2. Cells were maintained in primary
culture for 5 to 7 days before experiments to maximize their secre-
tory capacity. Catecholamine release from single chromaffin cells
was measured using carbon fiber amperometry as described previ-
ously (Chow et al., 1992). A voltage of �800 mV was applied under
voltage-clamp conditions to a carbon fiber electrode (ProCFE; Dagan,
Minneapolis, MN) on an individual chromaffin cell. The current due
to catecholamine oxidation was recorded with an EPC-9 amplifier
and Pulse software (HEKA Electronic, Lambrecht/Pfalz, Germany),
sampled at 10 kHz, and low-pass filtered at 1 kHz. Secretory events
were analyzed (Mini Analysis version 6.0.1; Synaptosoft, Decatur,
GA) for a period of 1 min from the start of exposure to the high-KCl-
containing (70 mM KCl replaced an equimolar amount of NaCl) bath

solution. When MiTMAB- or DMSO-containing solution was applied,
secretory events were analyzed for 10 min. Standard bath solution
contained 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5
mM D-glucose, and 10 mM HEPES, pH 7.4. Both control and high-
KCl solutions were applied to cells using a gravity perfusion system,
the outlet of which was within 500 �m of the recorded cell. All
experiments were carried out at room temperature (22–24°C). After
the first stimulation, cells were continuously washed in control bath
solution for 5 min to allow them to recover, and then a solution
containing either 30 �M MiTMAB (from a stock of 10 mM in DMSO)
or an equivalent volume of DMSO alone (control) was continuously
applied to cells for 10 min at room temperature. Cells were stimu-
lated a second time with high-KCl solution. For single cell Ca2�

imaging, cells were loaded with the Ca2� indicator Fluo-3-AM at 5
�M in serum-free DMEM at 37°C for 45 min. Before the recording,
the cells were rinsed with and kept for at least 10 min in bath
solution to allow for full de-esterification of the dye. The cells were
perfused at 2 ml/min. Confocal microscopy was applied using an
argon ion laser (Olympus) scanning at a peak of 488 nm, and emitted
light was detected at wavelengths 	515 nm. Images were captured
and analyzed using supplied software (Fluoview-300; Olympus). La-
ser intensity was reduced to 5% of maximum by use of neutral
density filters, and the scan rates were kept at 1 scan per 5 s to avoid
photobleaching. Changes in intracellular Ca2� levels were taken as
the ratio of the maximum mean pixel value of the whole cell during
stimulation compared with that in the control period to rule out the
influence of cell batch or Fluo-3 loading efficiencies (Keating et al.,
2001). This ratio is calculated according to the equation R � (F �
Fmin)/Fmin, where R is the ratio of fluorescence change, Fmin is mean
fluorescence intensity during control period, and F is maximum
fluorescence intensity during stimulation. All results were normal-
ized to the response to high KCl under control conditions, which was
assigned a value of 1. All data are displayed as mean � S.E.M., and
data were tested for significant differences using one-way analysis of
variance for comparisons between groups and Student’s paired t test
for comparisons within groups. p 
 0.05 was set as the limit for
statistical significance.

Endocytosis and Exocytosis in Synaptosomes. Both assays
were performed in rat brain Percoll-purified synaptosomes (Dunkley
et al., 1986) as described previously using FM2-10 uptake to measure
endocytosis (Cousin and Robinson, 1998; Cousin and Robinson, 2000)
or enzyme-linked fluorescent detection of released glutamate (Ni-
cholls and Sihra, 1986; Cousin and Robinson, 2000). Synaptosomes
were incubated with either plus (118.5 mM NaCl, 4.7 mM KCl, 1.18
mM MgCl2, 1.3 mM CaCl2, 0.1 mM K2HPO4, 20 mM HEPES, and 10
mM glucose, pH 7.4) or minus (1 mM EGTA, no CaCl2) Krebs-like
medium supplemented with 30 �M MiTMAB for 10 min before
stimulation with 30 mM KCl where indicated.

Electron Microscope. Purified synaptosomes were incubated for
5 min in Krebs-like medium containing 1.2 mM Ca2�, then stimu-
lated with 41 mM KCl for 2 min at 37°C. Synaptosomes were either
untreated or preincubated with 30 �M MiTMAB 5 min before KCl
addition. After stimulation, synaptosomes were pelleted in a mi-
crofuge at 14,000g for 2 min at room temperature, then fixed by
gentle resuspension in Krebs-like medium supplemented with 5%
glutaraldehyde for 1 h at 4°C. Synaptosome pellets were gently
washed three times with Krebs buffer with low spins (2350g) for 7
min, then gently resuspended in a 10% bovine serum albumin in H2O
for 20 min at room temperature. The synaptosomes were then recen-
trifuged at low speed, overlaid with fixative (1% glutaraldehyde in
Krebs-like medium), and incubated at 4°C overnight. The pellets
were rinsed, stained in a buffered solution of osmium tetroxide for
3 h, rinsed, and incubated for 1 h in 2% aqueous uranyl acetate.
Samples were dried by a series of sequential 10-min washes: 50%
ethanol and 0.1% NaCl, 70% ethanol and 0.1% NaCl, 95% ethanol
and 0.1% NaCl, 100% ethanol and 0.1% NaCl twice, and 100%
acetone twice. The synaptosomes were infiltrated with an acetone/
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resin mixture (1:1) for 1 h, washed three times for 10 min in Spur’s
epoxy resin at 70°C, and then embedded within conical shaped molds
filled with Spur’s epoxy resin for 10 h at 70°C. An ultramicrotome
Ultracut-E (Reichert-Jung, Heidelberg, Germany) was used to obtain
0.08-�m epoxy sections from the resin blocks. The sections were cut
with a diamond knife (Diatome, Biel, Switzerland), floated on water
drops, placed on electron microscopy grids, and double stained, first
using 2% uranyl acetate in ethanol for 15 min, and then in Reynold’s
lead citrate for 4 min. The grids were washed in water, touch-dried
using absorbent filter paper, and stored until analysis with an elec-
tron microscope. Analysis was performed on a 1L-BioTwin electron
microscope (Philips, Eindhoven, The Netherlands), and pictures
were printed on electron microscope plate film (4489; 8.3 � 10.2 cm;
Eastman Kodak, Rochester, NY).

Results
MiTMAB Inhibited the GTPase Activity of Dynamin

I. MiTMAB is a 14-carbon alkyl chain with a trimethylated
ammonium head group and a bromide counter ion (Table 1,
entry 5) reported previously to inhibit dynamin I GTPase
activity (IC50 of 5.79 � 2.06 �M) (Hill et al., 2004). In the
present study, the GTPase assay was redesigned to use lower
dynamin concentrations (20 nM instead of 200 nM), and the
activity of a number of other long-chain amines and ammo-
nium salts (MiTMAB analogs) was reassessed (Table 1). The
new IC50 for MiTMAB was little changed (3.1 � 0.2 �M;
Table 1). The full concentration-response curve is shown in
Fig. 1A. When the alkyl chain length was increased to 18
carbons (OcTMAB), the potency increased to 1.9 � 0.2 �M,
and when the chain length was decreased to the dodecyl
form, potency dropped to 9.0 � 1.4 �M (Table 1). The simpler
fatty amine salt analogs of these cationic amphiphiles were
also examined. Replacing the trimethyl bromide head with
an amine or dimethyl amino group produced IC50 values of
6.5 � 1.0 and 9.2 � 0.96 �M, respectively (Table 1). The acid
form of MiTMAB, myristic acid, was inactive. Therefore, a
diverse range of cationic amphiphiles exhibits a tight struc-
ture-activity relationship toward dynamin I.

MiTMAB Targeted the Dynamin I-Phospholipid In-
teraction. PS or PtdIns(4,5)P2 binds the PH domain of dy-
namin, enhances its GTPase activity (Zheng et al., 1996; Lin
et al., 1997), and induces cooperative helix assembly (Stowell
et al., 1999). The dynamin I GTPase assay used PS lipo-
somes to maximally activate dynamin I. The MiTMAB series
of compounds are surface-active, and they are predicted to
alter protein-lipid interactions (Scurlock and Curtis, 1981;
Schreier et al., 2000). At high concentrations [at, or exceed-
ing, the critical micellar concentration (cmc); see Discus-
sion)], these compounds are cationic surfactants, as observed
for other pharmacologically active cationic amphiphilic com-
pounds such as chlorpromazine or imipramine (Ahyayauch et
al., 2002). Therefore, several approaches were used to deter-
mine whether MiTMAB targets the dynamin-phospholipid
interaction. First, the effect of MiTMAB on the GTPase ac-
tivity of full-length wild-type (WT) dynamin I purified from
sheep brain was compared with that of a recombinant dy-
namin I lacking the PH domain, dynamin I-�PH (Scaife et
al., 1998). WT dynamin I GTPase activity was stimulated by
PS liposomes (1.2 �M), and it was inhibited by MiTMAB (10
and 30 �M) (Fig. 1B). In contrast, dynamin I-�PH was con-
stitutively active, and its activity was unaffected by further
PS addition (Fig. 1C), as reported previously (Scaife et al.,
1998; Vallis et al., 1999). The GTPase activity of dynamin
I-�PH was insensitive to MiTMAB (10 or 30 �M; Fig. 1C).
This reveals that MiTMAB inhibits the liposome-stimulated
dynamin I GTPase activity by targeting the dynamin-
phospholipid interaction.

The second approach examined dynamin I binding to lipo-
somes using a sedimentation assay. In this assay, dynamin
and liposomes are coincubated and the extent of their inter-
action is revealed by sedimentation of dynamin by centrifu-
gation. This is a dynamin-phospholipid interaction effect,
because mutations in the PH domain that block phospholipid
interaction are known to arrest dynamin sedimentation (Val-
lis et al., 1999). Dynamin alone (520 nM) did not sediment in

TABLE 1
Inhibition of dynamin I GTPase activity by long-chain acids, amines, and ammonium salts

Compound Structure Mol. Wt. IC50

�M

1 Myristic acid O

OH

228.4 	300

2 2-(Dimethyl amino) ethyl myristate

O

O

N

299.5 9.2 � 0.96

3 Tetradecylamine NH2
213.4 6.5 � 1.0

4 DoTMAB
N Br

308.4 9.0 � 1.4

5 MiTMAB
N Br

336.4 3.1 � 0.2

6 OcTMAB
N Br

392.5 1.9 � 0.24
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this assay; it remained largely in the supernatant (Fig. 1D,
lanes 1 and 2), but in the presence of liposomes (100 �M), it
was found in the pellet (lanes 3 and 4). Phospholipid binding
was unaffected by the vehicle control DMSO (lanes 5 and 6);
however, MiTMAB reduced lipid binding in a concentration-
dependent manner (lanes 7–16). There was a 50% block in
dynamin sedimentation at 100 �M MiTMAB. The apparent
decrease in potency compared with the IC50 in the GTPase
assay is probably due to the much higher dynamin and lipo-
some concentrations used in this assay. In addition, MiT-
MAB does not affect dynamin self-assembly in a sedimenta-
tion assay (data not shown). The result suggests MiTMAB
prevents dynamin association with phospholipids but not
dynamin oligomerization.

The third approach was to investigate the kinetics of dy-
namin’s GTPase activity in the presence of different concen-
trations of liposomes or GTP. Kinetic analysis using increas-
ing concentrations of GTP revealed the maximal velocity of

dynamin I GTPase activity, Vmax, was 430 � 57 nmol/mg/
min, and the Michaelis-Menten constant, Km, was 20.9 � 10
�M. In the presence of MiTMAB, the Vmax decreased and Km

increased with increasing concentrations of the drug (data
not shown). The Lineweaver-Burke plot shows noncompeti-
tive inhibition with respect to GTP (Fig. 2, A and B). There-
fore, MiTMAB does not compete with GTP for binding to the
GTPase domain of dynamin. Using increasing concentrations
of PS, the Vmax was 427 � 40 nmol/mg/min, and the Km was
3.1 � 0.9 �M (Fig. 2, C–E). Lineweaver-Burke double recip-
rocal plots indicated competitive inhibition with PS (Fig. 2D).
In the presence of MiTMAB, there was no effect on Vmax, but
there was an increased Km (data not shown). This indicates
MiTMAB is a competitive inhibitor with respect to PS with
an inhibition constant, Ki, of 940 � 25 nM (Fig. 2E). All
together, these data show that MiTMAB is a surface-active
compound that competes for PS binding to the dynamin I PH
domain.

Fig. 1. MiTMAB inhibits the GTPase
activity of dynamin I and targets the
PH domain. A, GTPase activity of na-
tive sheep brain dynamin I (20 nM)
was determined in the presence of dif-
ferent concentrations of MiTMAB. PS
(1.2 �M)-stimulated activity (filled
symbols) was measured. The graph is
representative of three independent
experiments. Results are mean (tripli-
cates) with a 95% CI (dashed line) for
each experiment. B and C, effect of
MiTMAB on basal and PS (1.2 �M)-
stimulated dynamin I (WT; B) and dy-
namin I-�PH (C) GTPase activity was
compared in the absence or presence
of 10 and 30 �M MiTMAB. The values
are the means � S.E.M., n � 3. Al-
though WT and �PH dynamin were
both used at 20 nM in this assay, the
maximal activity of was �PH was ap-
proximately half that of WT, because
the recombinant �PH lacks the coop-
erative lipid-mediated assembly en-
hanced GTPase activity. D, in vitro
phospholipid binding; WT dynamin
was incubated with phospholipid in
the absence and presence of MiTMAB
at the concentrations indicated. The
Coomassie-stained polyacrylamide gel
is a representative image of three in-
dependent experiments with similar
results. S, supernatant; P, pellet.
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MiTMAB Blocked RME in Non-Neuronal Cells. Dy-
namin II is essential for RME, because dominant-negative
mutations in its GTPase domain that cause defects in GTP
binding or ablation of its GTPase activity result in arrest of
Tf uptake in non-neuronal cells (Koenig and Ikeda, 1989;
Damke et al., 2001). We next determined the effect of MiT-
MAB on this dynamin II-dependent process in different non-
neuronal cell lines. We examined the effect of MiTMAB on Tf
and EGF internalization in HeLa (Fig. 3), HER14, A431, and
COS-7 cells (data not shown). Tf and EGF are both internal-
ized by RME, although they traffic to different subcellular
compartments after internalization (Sheff et al., 2002; Gá-
borik and Hunyady, 2004). After 15 min of internalization
under control conditions (DMSO treatment), the cells showed
considerable staining of Tf-TxR (Fig. 3, A and C) in the
periphery and perinuclear region of the cell, which is typical

of Tf localization in early and recycling endosomes (Sheff et
al., 2002; Gáborik and Hunyady, 2004). The same cells
showed punctate intracellular staining of EGF-A488 (Fig. 3,
B and C) in the perinuclear region, typical of EGF internal-
ization to late endosomes and lysosomes. After 10-min pre-
incubation, 30 �M MiTMAB reduced RME of Tf (Fig. 3D) and
EGF (Fig. 3E), and internalization was completely blocked at
100 �M (Fig. 3, G and H). Note that cell morphology was
unaffected by the drug treatment (Fig. 3I), even after 30 min
of exposure (data not shown), indicating that there was no
membrane disruption. The results were confirmed in two
other cell lines (data not shown; also see below for COS-7
cells). Therefore, MiTMAB effectively blocks RME of Tf and
EGF into non-neuronal cells.

To determine whether the effects of MiTMAB are revers-
ible, we examined the recovery of RME in A431 cells after an

Fig. 2. MiTMAB is a competitive inhibitor with PS and noncompetitive with GTP. The effect of MiTMAB on Michaelis-Menten (A) and Lineweaver-
Burke (B) plots of the GTPase activity of WT dynamin I (20 nM) with increasing concentrations of GTP and a fixed concentration of PS (12.7 �M).
Michaelis-Menten (C) and Lineweaver-Burke (D) plots of the GTPase activity of WT dynamin I in the absence and presence of indicated concentrations
of MiTMAB at increasing concentrations of PS liposomes and a fixed concentration of GTP (300 �M). E, Michaelis-Menten constants Vmax, Km, and
Ki with a 95% CI were calculated from triplicate samples performed during a single experiment. All results are representative of at least two
independent experiments.
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endocytic block with MiTMAB followed by drug washout.
EGF endocytosis was greatly reduced in A431 cells incubated
with MiTMAB (30 �M for 10 min) (Fig. 3, J–K). When endo-
cytosis was measured 30 min after washout of MiTMAB, it
was found to have returned to control levels (Fig. 3L). The
same results were obtained in these cells for RME of Tf (data
not shown). Therefore, the effects of MiTMAB in cells are
reversible 30 min after treatment. The same results were
obtained after only a 5-min washout (data not shown), sug-
gesting MiTMAB is a rapidly reversible inhibitor.

To quantify the effect of MiTMAB in COS-7 cells, we es-
tablished an automated quantitative RME assay based on
endocytosis of EGF-A488. The IC50 for inhibition of RME by
MiTMAB in COS-7 cells was 20.9 � 3.2 �M (Fig. 3, M and N),
which compares favorably with the IC50 for dynamin inhibi-
tion in vitro. OcTMAB was slightly more potent, DoTMAB
was 8-fold less potent, and tetradecylamine was 2-fold less
potent (Fig. 3, M–P). 2-(Dimethylamino) ethyl myristate and
myristic acid were both without effect. This rank order of
potency for RME inhibition closely matches the rank order of

potency for inhibition of the GTPase activity of dynamin
(Table 1), suggesting that the mechanism of inhibition is via
dynamin. As expected, the ester derivative of myristic acid,
2-(dimethylamino) ethyl myristate, had almost no cellular
activity, despite good in vitro potency. This compound was
designed as a prodrug to be rapidly cleaved to myristic acid
(which is inactive) and dimethylamino ethanol by endoge-
nous intracellular esterases.

MiTMAB Did Not Block Tf or EGF Binding or EGFR
Activation. To determine that the effect of MiTMAB on
RME is intracellular and is not due to blocking initial ligand
binding to its receptor, we examined its effect on Tf and EGF
binding to their respective cell surface receptors. It is well
known that these ligands bind to their receptors on the cell
surface in ice-cold conditions but are not internalized. There-
fore, we examined the effect of MiTMAB on cell surface
binding of 10 �g/ml biotinylated-Tf to COS-7 cells in ice-cold
conditions, and we measured the amount of Tf binding using
Western blot analysis and densitometry. Tf binding was de-
tected at relatively high levels 1 min after addition of Tf in

Fig. 3. MiTMAB blocks internalization of Tf-TxR
and EGF-A488 in non-neuronal cells. HeLa cells
were preincubated with vehicle only (A–C) or MiT-
MAB (D–F; 30 or 100 �M) for 10 min. Cells were
then incubated with Tf-TxR (A, D, and G) and
EGF-A488 (B, E, and H) for 15 min at 37°C, acid-
washed, and fixed, and then internalized Tf-TxR
and EGF-A488 was detected by fluorescence mi-
croscopy. Nuclei were stained blue with DAPI to
show the position of the cells (C, F, and I). J to L,
MiTMAB is a reversible inhibitor. A431 cells were
preincubated with vehicle only (J) or 30 �M MiT-
MAB (K and L) for 10 min, and then they were
incubated with EGF-A488 for 10 min. Cells
treated as described in K were washed for 30 min
without MiTMAB, and then they were incubated
with EGF-A488 for 10 min. Images are represen-
tative of two independent experiments. M and O,
quantitative analysis of EGF-A488 endocytosis in
COS-7 cells in the presence of different concentra-
tions of the inhibitors. Data are mean fluorescence
as a percentage of fluorescence in control cells
(triplicate determinations on approximately 1200
cells each) � S.E.M. The results are representa-
tive of three independent experiments. Endocyto-
sis in control cells (no drug, DMSO-treated) is
expressed as 100%. N and P, IC50 values � 95% CI
for the data in M and O, respectively.
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both control (vehicle only) and 30 �M MiTMAB-treated cells
(Fig. 4A). Tf binding was maximal within 5 min, and maxi-
mal binding was not altered in MiTMAB-treated cells. There-
fore, MiTMAB does not interfere with Tf binding to cell
surface receptors.

To search for potential effects of MiTMAB on EGF binding
to the EGFR, we used deconvolution fluorescence microscopy
to detect total surface binding in Z-stack images. Because of
the low levels of EGFR in many cell types and difficulties to
isolate detectable levels of the EGFR in cell lysates, we used
A431 human carcinoma cells, because they overexpress the
endogenous EGFR due to genomic amplification. In vehicle-
treated control cells, EGF-A488 bound to the cell surface, and
it was not internalized at 4°C (Fig. 4, B and C; Supplemental
Movie S1). In cells treated with 30 �M MiTMAB for 10 min,
the total amount of binding of EGF-A488 to the cell surface
was unchanged. However, distribution of the cell surface
binding was altered by MiTMAB treatment, resulting in
increased localization of the EGFR at cell-cell contacts (Fig.
4, D and E; Supplemental Movie S2). MiTMAB was also
without effect on total cellular expression levels of the EGFR
(Fig. 4F). Together, this suggests that MiTMAB produces

moderate redistribution of the EGFR but that it does not
alter total receptor levels.

By measuring receptor autophosphorylation on tyrosine
residues, we next asked whether MiTMAB inhibits EGFR
activation. A431 cells stimulated with 100 ng/ml EGF for 10
min had increased EGFR autophosphorylation (Fig. 4, F and
G). Both MiTMAB and OcTMAB were without effect. In
contrast, genistein (a known protein tyrosine kinase inhibi-
tor that inhibits EGFR autophosphorylation) at 30 �M for 10
min abolished EGF-stimulated autophosphorylation. There-
fore, MiTMAB and OcTMAB do not seem to inhibit RME via
effects on signaling from the activated EGFR.

MiTMAB Blocked PH Domain Localization to the
Plasma Membrane. Dynamin associates with the plasma
membrane via its PH domain interaction with the membrane
phospholipids. Mutations in the dynamin PH domain block
RME (Achiriloaie et al., 1999). To correlate the in vitro ob-
servations that MiTMAB blocks the dynamin-phospholipid
interaction and to determine whether MiTMAB targets dy-
namin localization to the plasma membrane during RME,
HeLa cells were transfected with a GFP-dyn I-PH construct
to examine its membrane association in cells using confocal

Fig. 4. MiTMAB does not block Tf and EGF
binding and EGFR activation. A, Tf binding
assay. COS-7 cells were either preincubated
with DMSO (control) or MiTMAB (30 �M for
10 min) at 37°C, then incubated for different
times with biotinylated-Tf (10 �g/ml) on ice for
Tf cell surface binding. Cell lysates were ana-
lyzed by Western blot and probed with avidin-
HRP to detect the amount of biotinylated-Tf in
cell lysates. Blots were quantitated using den-
sitometry, and the intensity (arbitrary units)
of the biotinylated-Tf was normalized against
an endogenous biotinylated protein on the
blots. The average of the range of values is
plotted. Error bars indicate the range of values
(n � 2). B to E, surface EGF binding assay.
A431 cells were preincubated with DMSO
(control) (B and C) or 30 �M MiTMAB (D and
E) for 10 min at 37°C, then placed on ice and
incubated with 600 ng/ml EGF-A488 for 30
min, fixed in 4% PFA at room temperature
(22°C), and counterstained with DAPI. Images
are maximum projection images generated
from three-dimensional deconvolution of
Z-stack images and are representative of two
independent experiments. F, Western blots of
pEGFR and total endogenous EGFR levels in
A431 cell lysates preincubated without (con-
trol) or with MiTMAB, OcTMAB, or genistein
(negative control; each drug at 30 �M) for 10
min at 37°C, and then stimulated with 100
ng/ml EGF. G, densitometry analysis of the
blots. The intensity of the EGFR phosphoty-
rosine signals were normalized to their respec-
tive total EGFR signals, then expressed as a
relative intensity (percentage) of the EGF-
stimulated control sample. Error bars indicate
the range of values (n � 2).
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microscopy. Expression of GFP-dyn I-PH domain in control
cells revealed a predominantly cytosolic distribution as ex-
pected, but a significant pool was specifically associated with
the plasma membrane in all cells (Fig. 5, A and B). Higher
magnification of the boxed regions illustrates the membrane
association (Fig. 5, A� and B�). When cells were treated with
MiTMAB at 30 �M for 30 min, the staining of the plasma
membrane was abolished (Fig. 5, C and D, boxed region, and
zoomed regions in Fig. 5, C� and D�). The inactive analog
myristic acid at 30 �M had no effect (Fig. 5, E and F, boxed
region, and zoomed regions in Fig. 5, E� and F�). Therefore,
MiTMAB prevented GFP-dyn I-PH domain localization to
the plasma membrane of HeLa cells, suggesting that the
arrest of RME was due to blocking dynamin recruitment to
the membrane. To confirm that transfection alone of the
GFP-dyn I-PH domain construct did not block RME, endocy-
tosis of Tf-A594 and EGF-TxR was monitored simultaneously
in these experiments (Supplemental Figure S1). RME was
unaffected by transfection alone, but it was almost abolished
in the cells treated with MiTMAB. In contrast, cells treated
with myristic acid showed normal Tf internalization (data
not shown). Next, we examined the effect of MiTMAB on an
unrelated PH domain protein with high affinity for mem-
brane phospholipids, PLC�1-PH domain (Garcia et al., 1995).
MiTMAB also blocked its localization to the plasma mem-
brane in HeLa cells, and myristic acid was without effect
(Supplemental Figure S2). This suggests that MiTMAB in-
hibits the PH domain-phospholipid interactions of proteins in
addition to dynamin.

MiTMAB Blocked KCl-Induced Exocytosis in Rat Ad-
renal Chromaffin Cells. To determine whether MiTMAB
inhibits SVE, we used two models for neuronal exocytosis
and endocytosis. First, we investigated whether MiTMAB
inhibited endocytosis in adrenal chromaffin cells, a neuroen-

docrine cell that releases catecholamines on depolarization,
which can be monitored using carbon fiber amperometry
because of the charged nature of catecholamines. Because
exocytosis and endocytosis are coupled in such excitable cells,
it is first necessary to determine the effects on exocytosis of
any potential inhibitor, before determining its effect on en-
docytosis. A block in the former will nonspecifically inhibit
the latter, masking any specific endocytic effect. The chro-
maffin cells robustly secreted catecholamines in response to a
first 70 mM KCl (S1) stimulus (Fig. 6A). The same magnitude
of exocytosis was reproducibly observed after a second (S2)
(Fig. 6A) or third (S3) stimulation (data not shown). How-
ever, when 30 �M MiTMAB was applied for 10 min between
stimuli, surprisingly, exocytosis was abolished at S2 (Fig.
6B). Quantitative analysis of the number of events per
minute and total charge due to catecholamine release re-
vealed the strong exocytosis inhibition (Fig. 6, C and D). The
compound did not induce exocytosis on its own or depolarize
the cells, suggesting that the membrane potential was intact.
Because KCl-induced exocytosis is dependent on Ca2� entry,
we explored this as a potential mechanism for the effect.
Chromaffin cells were loaded with the Ca2�-sensitive fluo-
rescent dye Fluo-3. Fluorescence increases, indicative of in-
creased intracellular Ca2� concentrations, were observed
upon stimulation with 70 mM KCl for 1 min (Fig. 6E). How-
ever, high-KCl-induced Ca2� entry was abolished after 10-
min incubation with MiTMAB. This was not due to an im-
mediate extracellular ion channel pore block by MiTMAB,
because a significant amount of Ca2� entry still occurred (p 

0.01), albeit at 20% of the original value, in cells after just
1-min incubation with MiTMAB (n � 10; Fig. 6F). The results
reveal that MiTMAB blocks exocytosis in chromaffin cells by
reducing Ca2� entry via an intracellular site of action, pre-
sumably Ca2� channels. The data also indicate that the effect

Fig. 5. MiTMAB prevents PH domain localization on
plasma membranes. HeLa cells were transfected with GFP-
dyn I-PH domain (A and B), then incubated with 30 �M
MiTMAB (C and D) or 30 �M myristic acid (E and F) at
37°C for 30 min. The distribution of GFP-dyn I-PH domain
was detected by confocal fluorescence microscopy. Top and
middle rows, representative images of single cells from two
independent experiments. Although most of the expressed
protein was cytosolic, a significant membrane distribution
is evident in all control cells. Boxes indicate regions of the
plasma membrane that are shown at higher magnification
in the bottom panels. The same results were obtained in
three independent experiments. Scale bar, 10 �m (A–F).
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of MiTMAB on endocytosis cannot be assessed in these par-
ticular cells.

MiTMAB Blocked SVE but Not Exocytosis in Synap-
tosomes. The Ca2� channels and other voltage-regulated ion
channels in distinct cell types are different. Therefore, we
examined the effect of MiTMAB on SVE in a population of rat
brain nerve terminals (synaptosomes) using styryl dye ap-
proaches. We first examined endogenous glutamate release,
and we found that preincubation with 30 �M MiTMAB for 10
min had no effect on KCl-evoked Ca2�-dependent glutamate
release and thus SV exocytosis (Fig. 7A). SVE was monitored
using an established SV turnover assay that uses the activ-
ity-dependent dye FM2-10 (Cousin and Robinson, 2000).
MiTMAB significantly reduced KCl-evoked uptake of
FM2-10 compared with control (Fig. 7B). Because FM2-10
uptake reflects not only on SVE but also the prior round of
exocytosis, we appraised the specific effect of MiTMAB on
SVE by calculating retrieval efficiency, which is a ratio of the

amount of SVE divided by amount of exocytosis (Cousin and
Robinson, 2000), where a value less than 1 indicates a selec-
tive SVE inhibition. MiTMAB significantly reduced retrieval
efficiency to 0.76 � 0.08 (Fig. 7C), indicative of specific block
in SVE. Therefore, MiTMAB selectively blocks SVE but not
exocytosis in synaptosomes.

To confirm the block in SVE in synaptosomes by an inde-
pendent approach, we used an electron microscopy-based
method to reveal inhibition of SVE in synaptosomes (Tan et
al., 2003). Synaptosomes at rest or depolarized with KCl for
2 min exhibited normal morphology by electron microscopy
(Fig. 7, D and E). Normal nerve terminals were characterized
by 1) a smooth, sealed plasma membrane; 2) being mostly
filled with small SVs; 3) almost always containing one or
more normal mitochondrial profiles; and 4) occasionally con-
taining a synapse and associated postsynaptic density (if
sectioned at the appropriate angle). We found that pretreat-
ment with 30 �M MiTMAB had no effect on nerve terminal

Fig. 6. MiTMAB inhibits exocytosis and Ca2� entry in
chromaffin cells. A and B, carbon fiber amperometry was
used to measure catecholamine release (shown as spikes)
from single rat adrenal chromaffin cells induced by two
pulses of high-KCl (70 mM) bath solution for 1 min (S1
and S2). Double sloped lines at the bottom of the traces
indicate a break in recording. After the first stimulation,
cells were washed for 5 min, and then they were exposed
for 10 min to a solution containing either 30 �M MiTMAB
in 0.3% DMSO (B) or an equivalent volume of DMSO in
bath solution (A). The results are summarized for both
the number of secretory events (C) and the total amount
of charge released (D) in 1 min (n � 9 for both control and
MiTMAB-treated cells). The results for DMSO or MiT-
MAB alone are over a 10-min period and represent all
recorded cells. E, fluorescence of cells loaded with Fluo-3
increased significantly upon exposure to high-KCl (70
mM) solution (the period of stimulation is indicated by a
solid bar). The effect of preincubation with MiTMAB for 1
or 10 min is shown. F, quantitative analysis of the Ca2�

results such as in E. The absolute change in fluorescence
due to Ca2� influx (�F) is shown as mean � S.D. (n � 14,
10, and 14 cells for each column left to right). ��, p 

0.001, significantly less than S1 value.
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morphology in resting (unstimulated) synaptosomes (Fig.
7F). However, when the synaptosomes were depolarized with
30 mM KCl for 2 min after MiTMAB pretreatment, there was
a massive depletion of SVs, consistent with a specific SVE
block (Fig. 7, G–I). This confirms that MiTMAB inhibits
dynamin I-dependent SVE in synaptosomes.

Discussion
The large GTPases dynamin I and II are essential for many

forms of membrane internalization in eukaryotic cells (Hin-
shaw, 2000). Therefore, small-molecule inhibitors with dif-
ferent mechanisms of action on these key enzymes should
prove to be important tools for greater understanding of their
function during normal and abnormal processes. We previ-
ously reported on a series of long-chain ammonium salts,
such as MiTMAB and OcTMAB, as the first small-molecule
dynamin inhibitors (Hill et al., 2004). We have now extended
this observation to demonstrate that MiTMAB is a surface-
active compound that targets the dynamin-phospholipid as-
sociation and that it is a potent inhibitor of at least two forms

of endocytosis in cells: RME and SVE. The compounds act
rapidly to inhibit endocytosis in cells, and their effects are
rapidly reversed after short washout. The Ki for MiTMAB
was in the high nanomolar range, indicating that it has
relatively high intrinsic affinity for dynamin. The activity of
these compounds partly correlated with alkyl chain length,
and it was dependent on an amine or ammonium salt head
group rather than an acid. The results provide a range of
compounds with distinct potencies allowing a correlation be-
tween their in vitro and in vivo actions.

The interaction of dynamin with phospholipids is mediated
by its PH domain. PH domains of proteins are known to bind
acidic phospholipids, especially phosphatidylserine and spe-
cific phosphoinositides (Zheng et al., 1996; Lemmon, 2003),
and the PH domain of dynamin has highest affinity for
PtdIns(4,5)P2 (Salim et al., 1996; Barylko et al., 1998). Lipid
binding promotes dynamin oligomerization, which stimu-
lates its GTPase activity (Klein et al., 1998). Using three
independent approaches, we attribute the mechanism of ac-
tion of MiTMAB to inhibition of the dynamin-phospholipid

Fig. 7. MiTMAB inhibits SVE but not
exocytosis in synaptosomes. A, synapto-
somes were preincubated with 30 �M
MiTMAB for 10 min before stimulation
with 30 mM KCl. The effect on SV exo-
cytosis (calcium-dependent glutamate
release) is displayed in the absence
(control) or presence of MiTMAB. B,
synaptosomes were incubated with or
without 30 �M MiTMAB for 10 min,
and then they were loaded with FM2-10
using a 2-min KCl stimulus, and the
extent of loading (endocytosis) was esti-
mated with a subsequent unloading
stimulus to release the accumulated
dye (Cousin and Robinson, 2000). Endo-
cytosis (calcium-dependent uptake and
release of FM2-10) in the absence or
presence of MiTMAB is shown as the
decrease in fluorescence. The bar in A
and B denotes the presence of KCl. (C)
Retrieval efficiency (endocytosis di-
vided by exocytosis) was significantly
inhibited (�, p 
 0.05; n � 5 � S.E.M.),
indicating a specific block in SVE. D to
I, effect of MiTMAB on synaptosome
morphology. Synaptosomes were
treated with vehicle alone (D and E) or
30 �M MiTMAB for 5 min (F–I), and
then they were incubated in control
buffer (i.e., at “rest”) (D and F), or they
were depolarized with 30 mM KCl for 2
min (E and G–I). Synaptosomes were
pelleted and fixed for electron micros-
copy. Images are representative of two
independent experiments. Scale bars,
200 nm.
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interaction. First, MiTMAB was without effect on the ele-
vated nonstimulated GTPase activity of dynamin I-�PH. Sec-
ond, MiTMAB blocked dynamin binding to phospholipid in
vitro. Finally, enzyme kinetics showed that MiTMAB is a
competitive inhibitor with PS and noncompetitive with GTP.
The three observations establish that MiTMAB directly in-
terferes with PH domain binding to the phospholipid, as may
have been expected for surface active cationic amphiphilic
compounds. These in vitro observations were correlated in
cells by expression of the dynamin I-PH domain. The binding
of this domain to the cell membrane was abolished by MiT-
MAB but not by the inactive myristic acid.

In non-neuronal cells, we found that MiTMAB inhibits Tf
and EGF internalization in a variety of cell lines, suggesting
a wide utility for such inhibitors as broad-spectrum endocy-
tosis inhibitors. RME is known to be dependent on the inter-
action of the PH domain of dynamin II with membrane phos-
pholipids (Lee et al., 1999; Vallis et al., 1999), suggesting this
association is the target for MiTMAB. Two further lines of
evidence suggested the RME inhibition in cells occurred via
inhibition of the dynamin-phospholipid interaction. First, the
rank order of potency of five of the six analogs on RME
precisely correlated with the order of their IC50 values for
dynamin inhibition. Second, MiTMAB blocked membrane
binding by the dynamin I PH domain in HeLa cells, driving
it to the cytosol where it cannot support endocytosis. Thus,
we propose that the MiTMAB series of compounds arrest
RME by interfering with the dynamin-phospholipid interac-
tion. In contrast to the other compounds, 2-(dimethylamino)
ethyl myristate was effective in vitro, but it did not have any
in vivo activity. It was designed as a prodrug for intracellular
delivery of myristic acid. The compound is expected to be
fully membrane-permeable, but presumably it was rapidly
cleaved to myristic acid (which is inactive) and dimethyl
amino ethanol by endogenous intracellular esterases, in a
manner similar to other prodrug esters such as Fura2-AM or
BAPTA-AM. Therefore, this compound will be useful as a
negative control in future cellular studies.

Another well characterized endocytic route is SVE, in
which the role of dynamin I has been well established (Tan et
al., 2003; Anggono et al., 2006). In these systems, exocytosis
and endocytosis are highly regulated and coupled; thus,
blocking one route interferes with the other (Anggono et al.,
2006). We therefore examined exocytosis in two systems,
chromaffin cells and rat brain nerve terminals (synapto-
somes). We were surprised to find that MiTMAB blocked
exocytosis in chromaffin cells by preventing Ca2� influx;
hence, its effect on endocytosis could not be further evalu-
ated. Despite this, the results indicate that the compound
does not cause membrane damage to the cells, because basal
capacitance and low intracellular Ca2� concentrations were
maintained in the presence of the drug. These are both inde-
pendent indices of an intact plasma membrane. However,
exocytosis of glutamate from synaptosomes was unaffected.
This further indicates that the drug does not disrupt mem-
brane structure, because normal membrane potential was
maintained in the presence of the drug. MiTMAB inhibited
synaptosomal SVE by two independent criteria: styryl dye
uptake, and it produced morphological depletion of synaptic
vesicles. Overall, our data indicate that MiTMAB inhibits
two mechanistically distinct forms of endocytosis via inhibi-
tion of dynamin I or dynamin II GTPase activity. The further

potential for MiTMAB to block endocytosis in animals was
recently demonstrated (Hilliard et al., 2006). Perfusion of
exteriorized kidney with MiTMAB increased excretion of in-
tact albumin. This suggests that MiTMAB blocks albumin
endocytosis in an organ still attached to a living animal. This
illustrates the potential application of an RME inhibitor such
as MiTMAB to studies investigating a previously unknown
involvement of RME in cellular pathways.

The long-chain amines and ammonium salts reported here
are amphiphilic compounds with either a nonionic [2-(di-
methylamino) ethyl myristate, tetradecylamine] or a cationic
polar (DoTMAB, MiTMAB, and OcTMAB) head group and a
hydrophobic tail. Many drugs of clinical importance have
nonionic or cationic amphiphilic properties (Fischer et al.,
1998; Schreier et al., 2000; Ahyayauch et al., 2002). Studies
into the molecular mechanisms of pharmacological effects
exerted by drugs of such structure commonly reveal they
have surface-active properties, such as self-aggregation and
the ability to interact with membranes. These properties are
characterized by physicochemical parameters, such as the
cmc, aggregation number, and particle size (Schreier et al.,
2000). Self-aggregation in aqueous medium and surface ab-
sorption kinetics on an artificial silica-aqueous interface
have been previously studied for the MiTMAB series (Atkin
et al., 2003). The cmc values for DoTMAB, MiTMAB, and
OcTMAB are 6.3, 1, and 0.2 mM, respectively (in aqueous
medium containing 10 mM potassium bromide), indicating
that cmc decreases as the chain length of the hydrophobic tail
increases (Atkin et al., 2003). At high concentrations above
its cmc, MiTMAB forms mixed micelles and aggregates. The
correlation between the cmc of a compound and the formation
of micelle aggregates is significant to the understanding of
potential membrane lipid effects of the drug, because disrup-
tion of lipid bilayer membranes may be modulated by micelle-
like aggregates (Schreier et al., 2000). At high concentrations
above the cmc, other cationic amphiphilic compounds, such
as chlorpromazine and imipramine, exhibit membrane-solu-
bilizing effects that are distinct from their medicinal or bio-
logical effects by 1 to 3 orders of magnitude (Ahyayauch et
al., 2002). Many lines of evidence suggest that the in vitro
and in vivo inhibitory effects of MiTMAB are not a result of
the compound acting like a classic detergent, solubilizing
phospholipids, and disrupting cell membranes. First, the
IC50 for dynamin inhibition is 	300-fold below the cmc. Sec-
ond, the two sets of nonionic and cationic head groups pro-
vide these compounds with completely different surface-ac-
tive and binding properties; yet, both sets are effective
dynamin and endocytosis inhibitors within a narrow potency
range. Third, in the synaptosomal SVE assay, Ca2�-depen-
dent glutamate release was not blocked by MiTMAB, indi-
cating a preserved membrane potential, produced by Na�,
K�, and Ca2� gradients. Electron micrographs show that the
membranes of the synaptosomes remained intact and un-
damaged, indicating MiTMAB did not exhibit any mem-
brane-solubilizing properties at such low concentrations.
Fourth, MiTMAB induced no cell or membrane damage to
COS-7, HeLa, A431, or the excitable chromaffin cells, again
suggesting the cells were otherwise viable. Finally, the ef-
fects of the drugs on endocytosis were rapidly and fully re-
versible. Because RME is capable of starting again, this
indicates the presence of relatively healthy cells.

There are potential nonspecific actions of all drugs that
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must be considered in their application to living tissues.
MiTMAB blocked Ca2� influx into chromaffin cells but not
synaptosomes. The target was intramembrane and intracel-
lular. The block could be a voltage-gated ion channel, such as
the Ca2� channel, because KCl depolarizes membranes and
activates such channels directly. Most drugs have such sec-
ondary effects, and they need to be taken into consideration
in experimental design. First, for example, the potent Cdk5
inhibitor roscovitine (Tan et al., 2003) also inhibits P/Q-type
Ca2� channels (Yan et al., 2002); yet, this does not diminish
its broad utility in cell biology apart from its use in certain
cultured neurons (Tan et al., 2003). Second, a drug that
targets the dynamin-phospholipid interaction will probably
have effects on other intracellular phospholipid binding en-
zymes such as we found for the PH domain of PLC�1. Third,
although MiTMAB did not block EGF receptor signal trans-
duction or extracellular ligand binding to cell surface recep-
tors, it altered the cell surface clustering of EGF receptors.
Therefore, the surface-active properties of MiTMAB can pro-
duce nonspecific effects on plasma membranes with different
phospholipid compositions, possibly causing membrane reor-
ganization effects in some cells. For example, antidepres-
sants, such as clomipramine and imipramine, have micellar
properties, and membrane interaction effects that regulate
the side effects of the drug (Attwood et al., 1995; Ahyayauch
et al., 2002).

In summary, we have identified and characterized a series
of long-chain amine salts as inhibitors of dynamin GTPase
activity, which act by preventing dynamin association with
phospholipid membranes. Because treatment of neuronal
and non-neuronal cells with these small-molecule compounds
rapidly and reversibly blocks multiple forms of endocytosis
(RME and SVE), they will be useful tools to probe the func-
tion of dynamin I and II, not only in endocytosis, but for its
numerous intracellular functions, such as phagocytosis, post-
Golgi transport, podosomes, cell migration, and invasion. The
MiTMAB series will also be useful for understanding the
potential roles of dynamin in disease states such as cancer,
inflammation, and neuropsychiatric and neurodegenerative
disorders. Small molecule endocytosis inhibitors such as the
MiTMAB series provide significant new cell biological tools
for further molecular dissection of membrane trafficking and
endocytosis pathways in eukaryotic cells.
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