A new role for the dynamin GTPase in the
regulation of fusion pore expansion
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ABSTRACT Dynamin is a master regulator of membrane fission in endocytosis. However, a
function for dynamin immediately upon fusion has also been suspected from a variety of ex-
periments that measured release of granule contents. The role of dynamin guanosine triphos-
phate hydrolase (GTPase) activity in controlling fusion pore expansion and postfusion granule
membrane topology was investigated using polarization optics and total internal reflection
fluorescence microscopy (pTIRFM) and amperometry. A dynamin-1 (Dyn1) mutant with in-
creased GTPase activity resulted in transient deformations consistent with rapid fusion pore
widening after exocytosis; a Dyn1 mutant with decreased activity slowed fusion pore widen-
ing by stabilizing postfusion granule membrane deformations. The experiments indicate that,
in addition to its role in endocytosis, GTPase activity of dynamin regulates the rapidity of fu-
sion pore expansion from tens of milliseconds to seconds after fusion. These findings expand
the membrane-sculpting repertoire of dynamin to include the regulation of immediate post-
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fusion events in exocytosis that control the rate of release of soluble granule contents.

INTRODUCTION

A precisely orchestrated series of events underlie the proper execu-
tion of Ca?*-triggered exocytosis and subsequent endocytosis in the
chromaffin cell. These processes have classically been thought of as
discrete and opposite, with unique proteins required for each, such
as soluble N-ethylmaleimide-sensitive factor activating protein re-
ceptors (SNAREs) in exocytosis, and clathrin and adaptors in endo-

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E11-02-0101) on April 1, 2011.

Address correspondence to: Arun Anantharam (arunanan@umich.edu), Ronald
W. Holz (holz@umich.edu).

Abbreviations used: A.FU., arbitrary fluorescence units; dil, 1,1"-dioctadecyl-
3,3,3’,3-tetramethylindocarbocyanine perchlorate, Dyn1; dynamin-1; GTPase,
guanosine triphosphate hydrolase, HA, hemagglutinin; IgG, immunoglobulin G;
NA, numerical aperture; NPY-Cer, neuropeptide Y-Cerulean; pHL, pHluorin; p-
pol, p-polarized; PRD, proline-rich domain; P/S, (p-pol emission)/(s-pol emission);
P+ 2S, p-pol emission + 2(s-pol emission); PSF, prespike foot; PSS, physiological
salt solution; pTIRFM, polarization optics and total internal reflection fluorescence
microscopy; RO, region of interest; SNAP25, synaptosomal-associated protein
25; SNARE, soluble N-ethylmaleimide-sensitive factor activating protein recep-
tor; s-pol, s-polarization; VMAT2-pHL, vesicular monoamine transporter 2-pHL;
WT, wild-type.

© 2011 Anantharam et al. This article is distributed by The American Society for Cell
Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution-Noncommercial-Share Alike 3.0 Unported
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).

“ASCB®,"” "The American Society for Cell Biology®,” and “Molecular Biology of
the Cell®” are registered trademarks of The American Society of Cell Biology.

Volume 22 June 1, 2011

cytosis. It has been believed that upon fusion the granule mem-
brane rapidly collapses into the plasma membrane, where the
granule membrane constituents await recycling by compensatory,
clathrin-mediated endocytosis over many minutes. A growing body
of evidence suggests that there are alternative pathways for recy-
cling of the granule membrane (Artalejo et al., 2002). Indeed, ex-
periments have demonstrated that the fused granule is not obliged
to flatten, but rather can be retrieved largely intact via a rapid form
of endocytosis (Henkel and Almers, 1996) that does not require
clathrin (Artalejo et al., 1995). Rapid endocytosis can be distin-
guished kinetically from slower clathrin-mediated endocytosis by
using capacitance measurements (Artalejo et al., 2002) and with im-
aging techniques that assess the ability of a granule to release or
take up fluorescent lumenal probes (Taraska et al., 2003; Perrais
et al., 2004; Fulop et al., 2005).

A protein that has emerged as the nexus between the exocytotic
and endocytic arms of trafficking at the plasma membrane is the
dynamin GTPase. Dynamin has an established role as a master con-
troller of fission during endocytosis (Hinshaw and Schmid, 1995;
Takei et al., 1995). It forms rings or collars around the necks of bud-
ding endocytic vesicles (Hinshaw and Schmid, 1995), triggering co-
operative GTP hydrolysis (Warnock et al., 1996) and membrane re-
modeling, leading to fission (for recent reviews, see Doherty and
McMahon, 2009, and Pucadyil and Schmid, 2009). A number of
electrophysiological and amperometric studies suggest that
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dynamin can function not only in endocytosis but also immediately
upon fusion to regulate the kinetics of granule content release
(Graham et al., 2002; Holroyd et al., 2002; Tsuboi et al., 2004; Fulop
et al., 2008; Gonzalez-Jamett et al., 2010) and membrane protein
dispersal into the plasma membrane (Jaiswal et al., 2009). Since dy-
namin has a proclivity for highly curved membrane structures that
occur upon fusion, it could be playing a heretofore unsuspected
role in fusion pore expansion immediately upon, or soon after, fu-
sion. Indeed, in a recent study in which we combined polarization
optics and TIRFM (pTIRFM) to directly detect membrane topologi-
cal changes of the expanding fusion pore (Anantharam et al., 2010b),
we found that dynasore, a putative inhibitor of dynamin function in
situ (Macia et al., 2006), slowed the kinetics and altered the charac-
teristics of the membrane changes.

The GTPase activity of dynamin plays a critical role in catalyzing
membrane fission in endocytosis. Mutants that alter the GTPase ac-
tivity alter the rates of clathrin-mediated endocytosis. In the follow-
ing study, we ask a specific question: does dynamin GTPase activity
regulate fusion pore expansion? Rather than use pharmacological
agents, peptide blockers, or antibodies to modulate dynamin
function, adrenal chromaffin cells were transfected to transiently
express wild-type dynamin-1 (Dyn1WT), dynamin-1 mutant T65A
(Dyn1(T65A)) with reduced GTPase activity, or dynamin-1 mutant
T141A (Dyn1(T141A)) with elevated GTPase activity (Marks et al.,
2001; Song et al., 2004). Two methods were used to assess the out-
come of the fusion event: polarization optics and TIRFM (pTIRFM)
and amperometry. pTIRFM was used to directly image the granule
membrane/plasma membrane domain. We have recently refined
this technique to be able to measure membrane deformations with
submicron spatial and 100 ms temporal resolution. We used amper-
ometry to assess fusion pore expansion within milliseconds of fusion
by measuring the kinetics of catecholamine release from individual
fusion events.

We find that when dynamin GTPase activity is reduced, expan-
sion of the fusion pore is slowed with concomitant long-lasting
membrane deformations. When dynamin GTPase activity is ele-
vated, fusion pore expansion is accelerated, with more rapid curva-
ture transitions. The ability to identify specific effects of the GTPase
activity directly demonstrates a role for dynamin in secretion and
suggests a mechanism that may explain its function. The findings
expand the membrane-sculpting repertoire of dynamin to include
the regulation of immediate postfusion events in exocytosis.

RESULTS

Extent of rapid endocytosis is coupled to Dyn1

GTPase activity

Because the dynamin GTPase mutants used in the study have not
been investigated in primary secretory cells, we first explored their
effects on the frequency of individual endocytic events that immedi-
ately follow exocytosis at sites of fusion. A method that is based
upon the granule marker, VMAT2, labeled with the highly pH-sensi-
tive fluorophore, pHluorin (pHL; Anantharam et al., 2010b; Onoa
et al., 2010) was used. Bovine adrenal chromaffin cells expressing
VMAT2-pHL were exposed to a cycle of pH 5.5 and pH 7.4 for 10 s
after an initial 15-s stimulation with 56 mM K* in the presence of
bafilomycin. The low extracellular pH quenches surface pHL but not
pHL that has undergone endocytosis. Endocytic events (i.e., events
insensitive to low-pH quench) were tabulated and the results are
shown in Figure S1. In cells expressing VMAT2-pHL alone, 17% of
fusion events are followed by rapid endocytosis. When Dyn1WT is
coexpressed in the cells, there is little change in this frequency
(15%). Dyn1(T65A) with greatly reduced GTPase activity and re-
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duced GTP affinity decreased the frequency to 7%, whereas
Dyn1(T141A) with increased GTPase activity increased the frequency
to 22%. The effects of the GTPase mutants on rapid endocytosis are
similar to those for slow, clathrin-mediated endocytosis in Hela cells
in which Dyn1(T65A) slows and Dyn1(T141A) enhances transferrin
internalization (Song et al., 2004). Notably, the vast majority of ele-
vated K*-stimulated fusion events, with or without transfected dy-
namin mutants, was not associated with endocytosis within 15 s.

The use of polarized-TIRFM to monitor localized membrane
topological changes at the sites of fusion

We had previously demonstrated that membrane topological
changes at the site of granule fusion could be reliably detected in
bovine adrenal chromaffin cells by polarized excitation of
1,1"-dioctadecyl-3,3,3",3"-tetramethylindocarbocyanine perchlorate
(dil) in the plasma membrane using TIRFM (Anantharam et al.,
2010b). For the present experiments, cells were cotransfected with
neuropeptide Y-Cerulean (NPY-Cer, sorted to the granule lumen)
and various Dyn1 constructs to investigate the involvement of this
protein in regulating postfusion topological changes at the sites of
exocytosis. The plasma membrane was labeled with dil (Anantharam
et al., 2010b), and cells were stimulated to secrete with elevated K*
(56 mM) for 60 s. Images needed to report membrane deformation
were obtained by repeated sequences (10 Hz sequence frequency)
of three TIR excitations: 442 nm (to obtain the NPY-Cer image); s-
polarized (s-pol) 514 nm (perpendicular to the plane of incidence
and parallel to the coverslip, to obtain the dil “s” image), and p-
polarized (p-pol) 514 nm (in the plane of incidence and perpendicu-
lar to the coverslip, to obtain the dil “p” image). Figure S2 shows an
example of the images from a fusion event.

The image ratio P/S reports local membrane deviations from par-
allelism with the glass coverslip. Any membrane deformation that
changes the orientation of the plasma membrane from planar will
increase P/S. The amplitude of the increase of P/S can be predicted
by computer simulations (Anantharam et al., 2010b), which show it
is quite sensitive even to small deformations. Therefore, P/S is the
main parameter used here to detect and follow membrane defor-
mations.

In our previous studies (Anantharam et al, 2010a, 2010b),
changes in P/S occurred within 0.5 s of the release of lumenal gran-
ule protein (the time resolution of the experiments), decayed with
variable time courses from less than a second to many tens of sec-
onds, and were kinetically distinct from endocytosis. dil rapidly dif-
fused into the granule membrane from the plasma membrane upon
fusion, and topological changes were detected reflecting intermedi-
ate and late stages of fusion pore expansion. Significantly, topo-
logical changes were altered when dynasore (Newton et al., 2006;
Macia et al., 2006), a putative inhibitor of dynamin GTPase activity,
was applied to cells.

The linear combination P + 25 approximately reports total dil
emission from that location, which, in theory, is proportional to the
amount of dil at any x-y-z location convolved with the evanescent
field intensity, which decays exponentially with z distance from the
coverslip. (The approximation is valid if the collection efficiency of
the objective is fairly insensitive to emission polarization over the
whole range of z distances, as it is for high-aperture objectives such
as the numerical aperture [NA] 1.49 [Anantharam et al., 2010b].) The
interpretation of changes in P + 2S in terms of geometrical models
is more ambiguous than for P/S, with increases, decreases, or no
detectable change possible, depending upon various countervail-
ing tendencies arising from geometrical details. Computer simula-
tions (Anantharam et al., 2010b) indicate that P + 2S will increase if
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the geometry results in more dil-labeled membrane close to the
glass interface. P + 2S decreases if dil diffuses into a postfusion
membrane indentation (placing dil farther from the substrate, and
thereby in a dimmer evanescent field intensity), or if there is less dil
close to the substrate in the region of interest (e.g., if dil diffusion
into a fused granule membrane is slowed by diffusion barriers).

Effects of transfected Dyn1WT on plasma membrane
deformations associated with exocytosis

We first investigated the effects of transiently expressed DynTWT
on membrane topological changes following granule fusion in bo-
vine adrenal chromaffin cells. Membrane deformations (increases
in P/S) were observed within 100 ms of NPY-Cer release in 87% of
the fusion events in cells with and without transfected DynTWT.
Fusions without evident changes in P/S probably reflect transient
topological changes that occurred faster than the temporal resolu-
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tion of the technique. An example of the change in P/S upon NPY-
Cer release in a cell expressing DynTWT is shown in Figure 1A and
quantitated in Figure 1B (a control example is shown in Figure 1C).
The increase in P/S was maximal within 0.2 s of NPY-Cer release
and rapidly decayed.

The most significant effect of overexpressed DynTWT on mem-
brane topology was the speedier return of P/S back to baseline after
fusion. This effect is evident in cumulative histograms of P/S changes
for the population of events without (control) and with transfected
Dyn1WT at different times after fusion (Figure 1D). The cumulative
histograms were similar for the two groups at 0.2 s. However, by 5s,
the shift to lower values was greater for Dyn1WT, indicating a faster
decay to baseline (p < 0.05, Mann-Whitney test).

The spectrum of P + 25 changes was not significantly different
between the groups. P + 2S increases were detected in 7 out of 29
fusion events (8 cells) in the control group and in 9 out of 23 events
(5 cells) in the DynTWT group. P + 25 de-
creases were detected in 7 out of 29 events
in the control group and 3 out of 23 events in
the Dyn1WT group. This variability is consis-
tent with computer simulations (Anantharam
et al., 2010b), which indicate sensitivity of
P + 2S to the exact geometry of the mem-
brane deformation. Increases in P+ 2S might
reflect the presence of additional dil-labeled
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o Q A reflect decreased excitation of dil due to the
0.6 ® — Control exponentially decaying evanescent field in
g 0.2 — DyntWT  more distal parts of an invagination, such as

0.4 i - a3 0.0 . . . . fora partially collapsed granule.
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FIGURE 1: Membrane deformations at the sites of granule fusion are more transient in cells with
transfected Dyn1WT than without (control). (A) Images are shown of pTIRFM responses (P/S) to
exocytosis in a cell with transfected human Dyn1WT. Circles and arrows highlight the region of
the transient P/S increase. Scale bar: 1 um. (B) The P/S intensity from A is depicted in the graph.
The dotted line indicates the frame before fusion of the NPY-Cer-labeled granule. (C) An
example of the P/S response in a control (no transfected dynamin) cell is shown. (D) Cumulative
frequency histograms were generated to compare the dynamics of the P/S change observed at
0.2 and 5 s (P/S at these times is circled in graphs shown in B and C) in cells without and with
transfected Dyn1WT. Percent increases for individual events were calculated by taking the
difference between the P/S at indicated times after granule fusion (P/S); and the average P/S of
20 pre-fusion frames (Ave,), divided by the average; [(P/S); — Avepcl/ Aveyre. At 0.2 s, the same
proportion of fusion events (87%) were associated with a significant increase in P/S. By 5 s, the
P/S change had declined to baseline in a greater proportion of events from cells transfected
with Dyn1WT than control. Dyn1WT, n = 23 events from 5 cells. Control, n = 29 events from

8 cells. The two groups are significantly different at 5 s (p < 0.05, Mann-Whitney test).

Volume 22 June 1, 2011

and their possible geometries (as suggested
by changes in P + 25). Representative ex-
amples of P/S and P + 2S changes in cells
expressing the mutants are shown in Figure 2.
In a cell expressing Dyn1(T65A), the increase
in P/S was long-lived and associated with an
increase in P + 2S (Figure 2, A and B). In a
cell expressing Dyn(T141A), the increase in
P/S was short-lived and associated with a
decrease in P + 25 (Figure 2, D and E).
These tendencies were evident in the
population of responses. The membrane
deformations (P/S) upon fusion in cells ex-
pressing Dyn1(T65A) were long-lived, with
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FIGURE 2: Examples of membrane topological changes after fusion in cells expressing Dyn1 GTPase mutants.
Chromaffin cells were cotransfected with NPY-Cer and either Dyn1(T65A) or Dyn1(T141A). (A) Images are shown of
pTIRFM responses (P/S and P + 25) to exocytosis in a cell with transfected human Dyn1(T65A). (B) The P/S and P + 2S
increase is long-lived in a cell transfected with Dyn1(T65A) with low GTPase activity. (C) One interpretation of the event
is considered in the cartoon. The data are also consistent with a dil-labeled granule having undergone endocytosis at
the site of fusion and remaining close to the plasma membrane (not shown). dil transition dipole moment orientation is
indicated by direction of arrowheads. (D, E) Conversely, the P/S increase after fusion is transient in a cell transfected
with Dyn1(T141A) with elevated GTPase activity. P + 2S transiently decreases in region highlighted by white arrow (D).
(F) The changes observed are consistent with computer simulations of structures shown in the cartoon. Another
possibility not shown is rapid endocytosis with retreat of the dil-labeled granule into the cell.

little change in cumulative histograms at different times after NPY-
Cer release (Figure 3A). This is in contrast to the shift to the left (to
smaller P/S) for cells expressing DynTWT and Dyn1(T141A). Further-
more, in the presence of Dyn1(T141A), 45% of the fusion events
were not associated with a change in P/S compared with 13% in
control cells, 13% in cells expressing DynTWT, and 0% in cells ex-
pressing Dyn1(T65A). The increased incidence of fusion events with-
out evident changes in P/S in cells expressing Dyn1(T141A) proba-
bly reflects topological changes occurring faster than the temporal
resolution of the technique.

The distributions of P/S changes in the mutants were also directly
compared with DynTWT. Dyn1(T65A) with greatly reduced GTPase
activity prolonged the membrane deformations associated with fu-
sion (Figure 3B, right panel). Deformations are more transient in
cells with Dyn1(T141A) with increased GTPase activity (Figure 3B,
left panel; cumulative histograms shift to the left).

The different GTPase mutants not only changed the dynamics of
the membrane deformations (P/S), but also caused differences in
the total dil emission (P + 2S), suggestive of different geometries. In
cells expressing Dyn1(T65A), P + 2S increased in 16 of 23 fusion
events (Figure 2B, right panel and Figure 3C). There were no de-
creases. The increases tended to be larger and longer lasting than
in cells expressing DynTWT. In contrast, in cells expressing
Dyn1(T141A), P + 2S tended to decrease (Figure 2E, right panel) or
remain unchanged, with only one increase in P + 2S5 in 29 fusion
events (Figure 3C).

Computer simulations can guide us in the interpretation of P/S
and P + 2S changes. The long-lived deformation with additional dil-
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labeled membrane (i.e., increased P + 2S; Figure 3C) in cells ex-
pressing Dyn1(T65A) is consistent with a granule membrane con-
nected to a plasma membrane via a short neck. This would occur if
expansion of the pore is limited after fusion (Figure 2C). Long-lived
increases in P/S and P + 2S5 might also result from a dil-labeled gran-
ule undergoing endocytosis but remaining close to the plasma
membrane. However, this outcome is unlikely given the lower fre-
quency of endocytosis with Dyn1(T65A) [Figure S1 and Song et al.,
(2004)]. Conversely, in cells expressing Dyn1(T141A), deformations
(P/S) after fusion are transient and are usually accompanied by de-
creases, rather than increases, in P + 2S. These changes suggest
that expansion of the pore accelerates after fusion, resulting in sub-
stantial or complete collapse of the granule membrane into the
plasma membrane (Figure 2F). This interpretation is also consistent
with the amperometric data in the next section.

We also investigated whether expression of dynamin GTPase
mutants altered the speed of NPY-Cer release. In cells without over-
expressed dynamin or with overexpressed DynTWT, complete NPY-
Cer release required greater than 200 ms in only 13.5% (5/37) or
11% (2/27) of the events, respectively. In cells expressing Dyn1(T65A),
the fraction increased to 30% (8/29, p < 0.05 vs. Dyn1WT), whereas
in cells expressing Dyn1(T141A), the fraction was 6% (2/32, not sig-
nificantly different from Dyn1WT). We conclude from these data that
the longer-lived deformations in the presence of Dyn1(T65A) restrict
protein release, consistent with the occurrence of a narrow fusion
neck. These findings are similar to those of Tsuboi et al. (2004), who
used a different vesicle content protein and a different set of Dyn1
protein mutants in PC12 cells.
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FIGURE 3: Dyn1 GTPase activity regulates the dynamics of membrane deformations after fusion. (A) Cumulative

frequency histograms were generated to compare the dynamics of the P/S change observed at 0.2, 0.5, and 2 s in cells
transfected with Dyn1(T65A), Dyn1(T141A), and Dyn1WT. For DynTWT and Dyn1(T141A), the distribution of P/S
changes at 0.5 and 2 s are significantly different (p < 0.01, Wilcoxon matched-pairs test) from the distribution at 0.2 s.
The distribution of P/S changes at 0.5 and 2 s is not significantly different from the distribution at 0.2 s for Dyn1(T65A).
(B) The P/S increase remaining after 0.2 and 2 s postfusion is shown in the cumulative histogram. At 0.2's, Dyn1(T141A)

is significantly different from Dyn1WT (p < 0.05, Mann-Whitney test); Dyn1(T65A) is not significantly different from
Dyn1WT. At 2 s, Dyn1(T141A) is not significantly different from Dyn1WT; Dyn1(T65A) is significantly different from
Dyn1WT (p < 0.01, Mann-Whitney test). Dyn1(T65A), n = 23 events from 7 cells; Dyn1(T141A), n = 29 events from

6 cells. (C) The duration of P + 25 changes. Each data point represents an individual event. The number of decreases or
increases in P + 25 was tabulated for each group as indicated in the cumulative histogram (e.g., P + 2S decreased after
11 out of 29 total fusion events for Dyn1(T141A), and 3 out of 23 total fusion events for Dyn1WT).

Dyn1 GTPase activity regulates early fusion pore expansion

The membrane events detected by pTIRFM are associated with
intermediate and late fusion pore expansion. To address the pos-
sibility that the dynamin GTPase activity regulates fusion pore ex-
pansion within milliseconds of exocytosis, carbon-fiber amperom-
etry was performed to measure the dynamics of catecholamine
release from chromaffin granules. Most of the catecholamine re-
lease during an individual fusion event is accounted for by the
amperometric current spike, which reflects rapid transmitter re-
lease through a fusion pore that has already partially widened
(Wightman et al., 1991; Chow et al., 1992; Zhou et al., 1996). The
pre-spike foot (PSF) reflects catecholamine released through an
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initial narrow fusion pore (Albillos et al., 1997). Figure 4A shows an
example of an amperometric spike with a long PSF. Expression of
Dyn1WT in chromaffin cells had no effect on the percentage of
spikes detected with a PSF compared with the control group (Fig-
ure 4B). Expression of Dyn1(T141A) with increased GTPase activity
significantly reduced the percentage of spikes with a PSF from
46% for Dyn1WT to 34% (Figure 4B; p < 0.05, Student’s unpaired
t test). Transfection of DynTWT and Dyn1(T141A) also affected the
duration of the PSF. Following the methodology of Jackson and
colleagues (Wang et al., 2001), we calculated that the foot dura-
tion (1) in control cells was 11.93 £ 0.14 ms. In cells expressing
Dyn1WT, foot duration shortened significantly to 8.81 £ 0.12 ms.

The dynamin GTPase and exocytosis | 1911
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FIGURE 4: Amperometry of individual catecholamine release events indicates that Dyn1
GTPase activity regulates early fusion pore expansion. (A) An example of an amperometric spike
with a long PSF. (B) The average frequency of spike events preceded by a PSF in a cell. Spikes:
control, n = 601/37 cells; Dyn1WT, n = 594/43 cells; Dyn1(T141A), n = 720/45cells; Dyn1(T65A),
n = 588/33 cells. Control is not significantly different from Dyn1WT. Dyn1(T65A) is not
significantly different from Dyn1WT (*p < 0.05, Student’s t test). Dyn1(T141A) is significantly
different from Dyn1WT. (C) PSF durations (1) were calculated as described in Materials and
Methods (***p < 0.001, Student'’s t test). (D) Relative cumulative histogram of PSF durations
for DynTWT and mutants. (E) The fraction of PSFs with durations greater than 40 ms

(*p < 0.05,***p < 0.001, test of binomial probability). (F) Median charge released during PSF
(*p < 0.05, Student's t test). No significant differences found between control and Dyn1WT or

between Dyn1(T65A) and DynTWT.

Transfection of Dyn1(T141A) with elevated GTPase activity further
shortened the foot duration to 6.19 + 0.14 ms (Figure 4C). The
total amount of PSF charge (proportional to the amount of re-
leased catecholamine) was also reduced, from 0.074 £ 0.010 pC
for WT to 0.045 £ 0.006 pC (Figure 4F). Note that these changes
occurred without affecting quantal size (Figure S3A), indicating
that Dyn1(T141A) specifically hastened the initial fusion pore
expansion.

Dyn1(T65A), with low GTPase activity, prolonged the foot dura-
tion to 12.45 £ 0.22 ms compared with DynTWT (8.81 + 0.12 ms;
Figure 4C). Further analysis revealed that the mutant significantly
increased the fraction of PSFs with relatively long durations (Figure 4,
D and E). For example, 17% of the PSFs were longer than 40 ms in
cells expressing Dyn1(T65A) compared with 10% for cells overex-
pressing DynTWT, indicating that the mutant tended to slow fusion
pore expansion.
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1995). The antibody also recognizes Dyn2
(Warnock et al., 1997). In unstimulated cells,
endogenous dynamin was largely localized
to the plasma membrane as puncta (Figure
5A, left panel). In cells transfected with
Dyn1WT or Dyn1(T65A) (Figure 5, B and C),
the protein was still primarily localized to the
plasma membrane with a predominantly
punctate appearance. Dyn1(T141A)-express-
ing cells had a similar appearance (unpub-
lished data). The amount of dynamin on the
plasma membrane in dynamin-transfected
cells was increased 2.5 to 3.5 times com-
pared with endogenous dynamin in cells
transfected with NPY-Cherry alone (Figure
S4A). There was also increased expression in
the cell interior in dynamin-transfected cells
(Figure S4B).

Next the spatial relationship of periph-
eral secretory granules and dynamin was
evaluated. NPY granules were often in close
proximity to dynamin puncta on the plasma
membrane (center of intensities within
200 nm; Figure 5, white arrows). However,
overlap of granules with dynamin puncta
(center of intensities separated less than
70 nm) was rare, with the most frequently
occurring overlap in  cells expressing
Dyn1(T65A) (Figure 5C, yellow arrows). The frequency of overlap for
the various expression conditions is presented in Figure 6, and
ranged from 1.5% for overlap with endogenous dynamin to 10%
with Dyn1(T65A). Although it is possible that some of the overlap
is random, the decreasing frequency of overlap with increasing
GTPase activity suggests a rare but specific interaction that is regu-
lated by the GTPase activity. In sum, confocal, immunocytochemical
studies demonstrate that although exact colocalization with gran-
ules is rare, Dyn1 is primarily found on the plasma membrane, where
it is close to granules and to likely sites of exocytosis.

To determine whether Dyn1 puncta are favored sites of exocyto-
sis, and whether Dyn1 rapidly accumulates at sites of granule fusion,
TIRFM studies were performed in cells cotransfected with NPY-
Cherry (to visualize granules), and Dyn1WT- or Dyn1(T65A)-GFP (to
visualize transfected Dyn1). The dynamin construct used in these
studies has been previously reported to be functional in cells (Liu
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Confocal imaging of chromaffin cells shows Dyn1 expression to be punctate and primarily localized to the
plasma membrane. Chromaffin cells cultured on glass coverslips were transfected with a plasmid encoding NPY-Cherry
alone (A), with a plasmid encoding Dyn1WT (B), or with a plasmid encoding Dyn1(T65A) (C). Four or five days after
transfection, cells were fixed, permeabilized, and exposed to the Hudy 1 antibody, which recognizes an epitope within
the PRD of dynamin. Confocal sections were taken through the center of the cells of interest. Dyn1 is colored blue in the
combination. White arrows indicate examples of secretory granules that are in close apposition but not coinciding with
dynamin puncta (center of intensities separated by greater than 70 nm). Yellow arrows in (C) indicate granules that
overlap with dynamin puncta (center of intensities within 70 nm). Inset in combination in (C) shows higher magnification
of area above, with white arrows omitted. Areas of the cell membrane abutting other cells did not stain as well for Dyn1
as those exposed to the extracellular medium (B, C, dashed line indicating outline of neighboring nontransfected cell).

et al., 2008). Dyn1-GFP expression at the TIR-interface was mostly
punctate, with some diffuse fluorescence visible (Figure 7, A and B).
This is similar to the immunocytochemistry in Figure 5. Puncta only
rarely colocalized with granules (4.8% colocalization was detected
for Dyn1WT and 7% for Dyn1(T65A)). There was no tendency for
granules to fuse at sites of DynTWT puncta upon stimulation, and
there was no evidence for accumulation of Dyn1WT at sites of gran-
ule fusion. If Dyn1 accumulation precedes or accompanies granule
fusion, we reasoned that it may be more apparent when GTPase
activity is slowed. However, accumulation was not detected, even
when Dyn1(T65A)-GFP was used. We did observe that a local de-
crease in dynamin fluorescence frequently occurred immediately
following fusion (Figure 7, C and D). It is likely that Dyn1-GFP was
present locally before fusion, and subsequently either was excluded
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from the area by the fused granule/plasma membrane structure or
diffused into the fused granule membrane that retained curvature in
the decaying evanescent field. This phenomenon has been ob-
served with another membrane-targeted fluorescent protein, synap-
tosomal-associated protein 25 (SNAP25(1-100); Figure S5), which is
inactive in secretion (Wang et al., 2008).

Atomic force microscopy does not reveal a change in
surface elasticity due to expression of Dyn1(T65A)
Membrane tension is likely to be an important factor in fusion pore
expansion. Because there is evidence in vitro that dynamin can
induce membrane tension in the presence of GTP (Roux et al.,
2006), we investigated the possibility that changes in fusion pore
expansion were caused by a global change in membrane tension
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FIGURE 6: Colocalization of granules with Dyn1 puncta. The
percentage of granules showing overlapping expression with Dyn1
puncta (center of intensities within 70 nm, as shown in yellow arrows
in Figure 5) is indicated for endogenous (Dyn1 and Dyn2) and
transfected Dyn1. Numbers above columns indicate number of
overlapping granules and dynamin puncta/total number of granules
analyzed (8-12 cells/group; *p < 0.05,***p < 0.001, test of binomial
probability).

caused by overexpression of dynamin mutants. Atomic force mi-
croscopy was used to directly measure surface elasticity of chromaf-
fin cells with and without transfected Dyn1(T65A). The deflection of
a 20-nm diameter probe at the end of a cantilever with a low spring
constant was measured as it was lowered against the surface of non-
transfected cells or cells expressing Dyn1(T65A) (Figure 8, represen-
tative traces). There was little difference in the initial slopes of the
probe deflection upon approach to the cells. The initial slopes
for nontransfected and Dyn1(T65A)-expressing cells were 0.055 +
0.008 nm/pm (32 measurements from 4 cells) and 0.061 + 0.007 nm/
pm (37 measurements from 5 cells), respectively. Approach to a
plastic surface resulted in an initial slope ~20 times greater, repre-
senting almost zero elasticity. Thus, it is unlikely that the slower ex-
pansion of the fusion pore upon expression of Dyn1(T65A) was
caused by generalized change in the surface tension.

DISCUSSION

We have investigated whether dynamin, which can shape biological
membranes and plays a central role in membrane fission in endocy-
tosis, also plays a role in shaping the granule membrane/plasma
membrane domain that results from fusion in neuroendocrine cells.
Two independent techniques were used to investigate individual fu-
sion events in bovine adrenal chromaffin cells. Amperometry mea-
sured the dynamics of catecholamine release from milliseconds to
100 ms after fusion, and pTIRFM measured membrane deforma-
tions from 100 ms to many seconds after fusion. Thus, for the first
time, the full time course of changes was investigated, from the ini-
tial fusion pore to later outcomes.

A number of studies suggested that dynamin can function not
only in endocytosis, but also immediately upon fusion, to regulate
the kinetics of granule content release (Graham et al., 2002; Holroyd
et al., 2002; Tsuboi et al., 2004; Fulop et al., 2008; Anantharam
et al., 2010b; Gonzalez-Jamett et al., 2010) and membrane protein
dispersal into the plasma membrane (Jaiswal et al., 2009). In this
study, we limited ourselves to a specific question based upon the
importance of GTP hydrolysis in dynamin function in endocytosis:
what are the effects of dynamin mutants with different GTPase ac-
tivities on fusion pore expansion? We draw two major conclusions
from our study: 1) Dynamin exerts GTPase-dependent effects on
fusion pore expansion within milliseconds of granule fusion; 2) The
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GTPase activity of dynamin regulates the topological fate of the
granule membrane after fusion (i.e., collapse, maintained curvature,
or rapid endocytosis).

Dynamin GTPase activity regulates fusion pore expansion
Dyn1 mutants with differing GTPase activities were transiently ex-
pressed in chromaffin cells (Figures 2-4). The effects of these mu-
tants on exocytosis were remarkably self-consistent. A mutant with
greatly reduced GTPase activity, Dyn1(T65A), slowed expansion of
the fusion pore, and slowed protein release, with long-lasting mem-
brane deformations (longer PSF lifetimes and longer-lived P/S
changes). A mutant with elevated GTPase activity, Dyn1(T141A),
hastened fusion pore expansion, with more transient deformations.
In fact, for this mutant, membrane deformations were so rapid that
they were not detected following almost half of the fusion events.

Dynamin is able to exert rapid effects upon secretion
because it is already at or close to fusion sites
Immunocytochemical analysis shows that endogenous dynamin is
highly concentrated along the plasma membrane, labeling most of
the exposed membrane (Figure 5A). The overexpressed protein is
either associated with the plasma membrane (usually as puncta) or
is in the immediately adjacent cytoplasm (Figure 5B). TIRFM imag-
ing of chromaffin cells also revealed fluorescently tagged dynamin
to be on or near the plasma membrane, sometimes organized into
discrete puncta (Figure 7). We often observed decreases in fluo-
rescence (Figure 7, C and D), as the protein was either displaced
by the fused granule membrane, or diffused into a fused granule
membrane that retained curvature. Since similar decreases in fluo-
rescence were seen for another plasma membrane-targeted probe
with no known effect on secretion, this probably reflects a nonspe-
cific consequence of localization at fusion sites (Figure S5).

Local dynamin accumulation is readily observed in clathrin-medi-
ated endocytosis. Indeed, we detect Dyn2-GFP accumulation tens
of seconds after fusion as part of the sequence of clathrin-mediated
endocytosis (unpublished data). Our experiments are in agreement
with two other studies with Dyn-GFP, in which dynamin accumula-
tion was sometimes detected in the vicinity of fusion sites but only
many seconds after fusion (Tsuboi et al., 2002, 2004). We did not
observe local accumulation of GFP-labeled dynamins immediately
before or during NPY-Cherry release. It is possible that the experi-
ments did not have the sensitivity or the temporal resolution to de-
tect this type of change. Alternatively, dynamin action following fu-
sion may require many fewer molecules than required for
clathrin-mediated endocytosis.

Mechanistic implications

Dynamin could alter the dynamics of exocytosis through global
changes in the plasma membrane/cytoplasm interface. Indeed, dy-
namin can induce membrane tension on lipid tubules in vitro in the
presence of GTP (Roux et al., 2006). In vivo, dynamin could possibly
affect membrane tension through its direct and indirect interactions
with the cytoskeleton (Witke et al., 1998; Lee and De Camilli, 2002).
However, we think this does not explain our results, since atomic
force microscopy (Figure 8) did not reveal differences in surface de-
formability between untransfected and Dyn1(T65A)-expressing
chromaffin cells. Other nonspecific effects of dynamin overexpression
are also unlikely, given the opposite effects on fusion pore expan-
sion (and endocytosis) observed with dynamin mutants with ele-
vated and reduced GTPase activities (Dyn1(T141A) and Dyn1(T65A)).
Furthermore, the similar effects of an inhibitor of dynamin GTPase
activity (dynasore) and a dynamin mutant with reduced GTPase
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Simultaneous imaging of Dyn1-GFP and NPY-Cherry with TIRFM. (A) Chromaffin cells were cotransfected
with DynTWT-GFP (left panel) and NPY-Cherry (middle panel); the combination image is shown in the right panel. The
yellow arrow indicates an area of dynamin and granule overlap. (B) Chromaffin cells were cotransfected with
Dyn1(T65A)-GFP (left) and NPY-Cherry (middle); the combination image is shown in the right panel. Yellow arrows
indicate areas of dynamin and granule overlap. (C) A cell transfected with NPY-Cherry and Dyn1WT-GFP was
depolarized with high extracellular K*. A decrease in Dyn1-GFP intensity upon fusion is observed in region highlighted
with arrow. (D) Dyn1WT-GFP (left) and Dyn1(T65A)-GFP (right) intensity were measured in regions of the field
corresponding to granule fusion sites (ROl 292-nm radius). DynTWT-GFP (n = 31, 5 cells) and Dyn1(T65A)-GFP (n = 23, 7
cells) intensity values from individual fusion events were normalized to the average of 20 prefusion frames. Normalized
intensities were then aligned to the prefusion frame (dotted line) and averaged (data presented as mean + SEM).

activity (T65A), suggest that endogenous, as well as transfected, dy-

clathrin-mediated endocytosis (Song et al., 2004). Previous studies
namin influences fusion pore expansion.

postulating a role for dynamin in exocytosis have suggested that it

We are struck by the remarkable coherence between the current
and past studies of the effects of varying dynamin’s GTPase activity.
Increased GTPase activity increases the rates of fusion pore
expansion (Figures 2-4), rapid endocytosis (Figure S1), and slower,
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is an indirect consequence of dynamin’s endocytic activity, as fusion
pore expansion is restricted and eventually reversed along the path-
way to fission (Tsuboi et al., 2004; Jaiswal et al., 2009). However, it is
difficult to reconcile our data with this model, especially in light of
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FIGURE 8: Atomic force measurements of surface elasticity of
untransfected cells and cells transfected with Dyn1(T65A).
Representative probe deflections during approach to (A) a
nontransfected cell, (B) a cell transfected with Dyn1(T65A), and (C) the
bottom of a plastic petri dish. NPY-Cherry was cotransfected with
Dyn1(T65A) to detect the cell in B. Shown are the probe deflections
vs. probe approach (Z) to the cell surface. The initial slopes are
indicated in terms of nanometer probe deflection vs. probe approach.
The spring constant of the probe was ~ 0.01 nN/m.

the finding that fusion pore expansion is actually accelerated when
dynamin GTPase activity is enhanced. We favor another mechanism
based upon a property of dynamin that is also essential in endocy-
tosis: its self-limited assembly on lipids in the presence of GTP. GTP
hydrolysis is enhanced manyfold by accumulation, which, in turn,
reverses dynamin assembly (Warnock et al., 1996; Ramachandran
and Schmid, 2008) and sometimes leads to endocytosis. Membrane
fission may therefore be considered a stochastic result of GTP hy-
drolysis (Bashkirov et al., 2008; Pucadyil and Schmid, 2009). This
notion fits well with the results in this study. We speculate that dy-
namin assembly restricts fusion pore expansion until GTP hydrolysis-
stimulated disassembly. Higher GTPase (Dyn1(T141A)) activity
causes the decision between fission or fusion pore expansion to be
made earlier, with an elevated incidence of rapid endocytosis
(Figure S1). Lower GTPase (Dyn1(T65A)) activity delays the decision,
often stabilizing the narrow-neck fusion intermediate (Figure 2C).

Dynamin is a large multimodular protein with numerous binding
partners (for a review, see Hinshaw, 2000). Thus it may not be acting
alone to regulate the effects described in this study. In addition,
dynamin interacts, either directly or indirectly, with several proteins
that are known to be important in exocytosis, including actin (Witke
et al., 1998; Lee and De Camilli, 2002; Berberian et al., 2009; Gu
et al., 2010), the SNAREs (Okamoto et al., 1999; Galas et al., 2000),
and synaptotagmin (Robinson and Bonifacino, 2001). We suggest
that dynamin’s unique role in these interactions is to provide a direct
biochemical link between the fusion event and membrane fission in
endocytosis. Dynamin’s GTPase activity controls the dynamics of its
common function in these events: the shaping of local membrane
curvature.

MATERIALS AND METHODS

Chromaffin cell preparation and transfection

Chromaffin cell preparation from bovine adrenal medulla and tran-
sient transfection were performed as previously described (Wick
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et al., 1993). Cells were plated onto 25-mm coverslips (refractive in-
dex 1.51) that had been coated with poly-p-lysine and calf skin col-
lagen to promote cell adhesion. Cells were transfected with plasmid(s)
by Ca?* phosphate precipitation. NPY-Cer was transfected alone or
with hemagglutinin (HA)-tagged, human Dyn1 constructs (Song et al.,
2004) in dil experiments. The parent NPY plasmid was a gift from
Wolfhard Almers (Vollum Institute, Oregon Health and Science Uni-
versity, Portland, OR). NPY-Cer is a soluble lumenal marker of chro-
maffin granules that is released upon exocytosis. Human Dyn1 WT
and Dyn1 mutant coexpression with NPY-Cer was determined with
immunocytochemistry. HA-tagged Dyn1 constructs were visualized
with the HA-11 anti-HA antibody at a 1:200 dilution (Covance, Princ-
eton, NJ) and Alexa Fluor 568 goat anti-mouse immunoglobulin G
(IgG; Invitrogen, Carlsbad, CA) secondary antibody (1:200 dilution).
There was 90% coexpression of NPY and Dyn1 in transfected chro-
maffin cells. Experiments were performed 3-7 d after transfection.

Perfusion

Experiments were performed in a physiological salt solution (PSS)
containing 145 mM NaCl, 5.6 mM KCl, 2.2 mM CaCl,, 0.5 mM
MgCly, 5.6 mM glucose, 15 HEPES, pH 7.4 at ~ 28°C. Individual cells
were perfused through a pipette (100 pm inner diameter) using
positive pressure from a computer-controlled perfusion system
DAD-6VM (ALA Scientific Instruments, Westbury, NY). Generally,
cells were perfused with PSS for 5 s, and then stimulated to secrete
with elevated K*-containing solution (95 mM NaCl, 56 mM KCl,
5 mM CaCly, 0.5 mM MgCly, 5.6 mM glucose, 15 mM HEPES, pH
7.4) for 60 s. dil was added directly to cells bathed in PSS at a 1:50
dilution. The cells were then quickly washed several times in PSS
and used immediately. To detect endocytosis, cells transfected with
rat vesicular monoamine transporter 2—-pHL (VMAT2-pHL) were per-
fused for 15 s with pH 7.4 elevated K* PSS and then exposed to pH
5.5 PSS (with MES buffer substituted for HEPES) to quench the fluo-
rescence of extracellular-facing pHL. Bafilomycin (Amersham Biosci-
ences, Piscataway, NJ) was added to PSS to a final concentration of
1 uM to inhibit reacidification of granules that underwent endocyto-
sis (Fernandez-Alfonso and Ryan, 2004).

Polarized total internal reflection fluorescence microscopy
The specialized excitation system used to create the p-pol and
s-pol 514-nm beams, superimpose their paths, and to further
superimpose the 442-nm beam on that path is described in detail
elsewhere (Anantharam et al., 2010b). The system is programmed
to step through a sequence of three shutter openings (one at a
time for each beam), repeating the cycle without additional delay
using a TTL triggering system. Objective-based TIRFM illumina-
tion was produced by directing the common beam path through a
custom side port to a side-facing filter cube below the objective
turret of an Olympus IX70 (inverted) microscope (Melville, NY).
The filter cube contained these dichroic mirror/emission filter
combinations: z442/514rpc and z442/514m for NPY-Cer/dil; and
z442/561rdc and z442/561m for Dyn1-GFP/NPY-Cherry (Chroma
Technology, Brattleboro, VT). The beam was focused on the pe-
riphery of the back focal plane of a 60x 1.49 NA, oil-immersion
objective (Olympus) so that the laser beam was incident on the
coverslip at ~70 degrees from the normal, giving a decay constant
for the evanescent field of approximately 110 nm.

Concerning the emission path, a 1.5x internal magnifying lens
of the Olympus microscope was used. For simultaneous imaging
of GFP/Cherry, a DualView image splitter (Optical Insights, Tucson,
AZ) was installed before the camera, containing dichroic mirror
560 dexr and emission filters D510/80nm and BP620/60m (Chroma).
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Approximately 1% of the emission in the GFP (short wavelength)
channel resulted from direct excitation of the Cherry fluorophore.
Digital images were captured on a cooled EM CCD camera (Andor
iXon, Andor Technology, South Windsor, CT). The camera takes an
exposure synchronous with each shutter opening. Images were ac-
quired at ~30 Hz with 20 ms exposures and 100 gain (EM setting).
At 30 Hz, the full cycle of three exposures had a period of approxi-
mately 100 ms.

Image analysis for pTIRFM

Sequential NPY-Cer, dil s-, and p-pol emission images were captured
using 1Q software (Andor). Normalized P/S ratios (see next para-
graph) and P + 2S sums were calculated pixel by pixel for each
image, and the transformations were aligned to the NPY-Cer images
using custom software written in IDL (ITT, Boulder, CO). Exocytosis of
individual granules was evident from the sudden and complete loss
of NPY-Cer fluorescence. Changes in P/S and P + 2S were deter-
mined in a 292-nm region of interest (ROI) centered over localized
increases in the P/S ratio at sites of exocytosis. When fusion occurred
without an evident increase in P/S, the ROl was centered over the
region of the fusing granule.

P/S varies with the relative intensities of the p- and s-pol excita-
tions, biases in the optical system, and interference fringes. To re-
duce these effects and allow comparisons with theory, P/S data from
the dil emission were normalized to the ratio obtained with solution
containing 10 mM rhodamine 6G (Invitrogen), which is predicted to
be randomly oriented. The normalization was performed using the
spatial mean of rhodamine 6G emission excited by each of the p-
and s-pol 514-nm beams. For P + 25, the amplitudes of p relative to
s were also corrected for by the rhodamine 6G calibration.

For the purposes of estimating noise in P/S and P + 2S, and
to set a threshold above which changes are significant, the P/S and
P + 2S of nonfusing granules within 3 ROIs of fusing granules was
determined at the time of fusion of the neighboring granule.
Changes in the P/S and P + 2S for the nonfusing granules had a
standard deviation of 2% and 3%, respectively (28 granules).
Changes observed near fusing granules greater than 6% were con-
sidered significant.

Amperometry

Perfusion solutions and conditions were identical to those used for
imaging experiments. Chromaffin cells were transfected with NPY-
GFP (to visualize granules) alone or with human Dyn1 constructs.
Carbon-fiber electrodes (5 pm; ALA Scientific, Westbury, NY) were
held at + 650 mV and positioned so that they touched the mem-
brane of cells expressing fluorescent protein. Secretion was stimu-
lated via local application of 56 mM K* for 60 s. Currents were
collected using an Axopatch 200 A amplifier modified for ex-
tended voltage output (Axon Instruments, Foster City, CA), filtered
at 2 kHz, and sampled at 4 kHz (Lam et al., 2008; Anantharam et
al., 2010b). No digital filtering was applied. Currents were ana-
lyzed using an IGOR XOP (Wavemetrics, Portland, OR; Mosharov
and Sulzer, 2005). Only spikes with amplitudes greater than 10 pA
and rise times less than 5 ms were used in the spike analysis. PSF
analysis was limited only to those PSFs with amplitudes greater
than 1 pA and durations greater than 2.5 ms. To obtain a measure
for the fusion pore open time, we followed the analysis of Meyer
Jackson and colleagues (Wang et al., 2001). Because the transi-
tions of fusion pores are stochastic (like ion channels), lifetime dis-
tributions were used to characterize their kinetics. The distribu-
tions were fit well by single exponentials (> = 0.99), with time
constants equal to the mean open time.
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Confocal microscopy

Images of transfected cells displaying fluorescent signals were ac-
quired on an Olympus Fluoview 500 confocal microscope with a 60x
1.42 NA oil objective. For imaging, an argon 488-nm laser with a
505- to 525-nm bandpass filter, an HeNe green 543-nm laser with a
560- to 600-nm bandpass filter, and a HeNe red (633-nm) laser with
a longpass filter were used. Images were analyzed with ImageJ soft-
ware (http://rsb.info.nih.gov/ij/download.html), and statistics were
performed with Prism 5 software from Graphpad Prism Software (La
Jolla, CA).

Immunocytochemistry

Chromaffin cells were plated on Lab-Tek Il chambered coverslips
(Nalge Nunc International, distributed by Thermo Fisher Scientific,
Rochester, NY) that had been sequentially coated with poly-D-lysine
and calf skin collagen to promote cell adhesion. Cells were cotrans-
fected with NPY-Cherry and HA-tagged Dyn1 constructs. Four or
five days after transfection, cells were fixed in glutaraldehyde, fol-
lowed by permeabilization with methanol and exposure to antibod-
ies. NPY was visualized directly by the intrinsic fluorescence of the
Cherry fluorophore. For confocal imaging (Figures 6, 7, and S4), HA-
tagged Dyn1 constructs were visualized with a goat polyclonal anti-
HA antibody (GenScript A00168, 1:200 dilution) and Alexa Fluor
647 donkey anti—goat IgG (Invitrogen/Molecular Probes) secondary
antibody (1:300 dilution). Both endogenous dynamin 1 and the HA-
tagged constructs were detected with a monoclonal anti-dynamin 1
antibody (Hudy 1, 1:100 dilution; Millipore, Billerica, MA) followed
by Alexa Fluor 488 donkey anti-mouse IgG (1:300 dilution;
Invitrogen/Molecular Probes).

Atomic Force Microscopy

Atomic force microscopy was used to measure surface elasticity of
chromaffin cells with and without transfected Dyn1(T65A). Measure-
ments were performed on a BioScope Catalyst Life Science Atomic
Force Microscope (Veeco/Bruker Nano, Santa Barbara, CA)
equipped with fluorescence imaging. Transfected chromaffin cells
were detected by the presence of NPY-Cherry fluorescent secretory
granules. Chromaffin cells are approximately 15-um diameter, round
cells; measurements were readily performed away from the edges
of cells to minimize the influence of the glass substrate on surface
measurements. An MLCT probe was used with a 20-nm diameter
and a spring constant of ~0.01 N/m. Tip deflections versus Z-dis-
tance curves were taken at user-defined locations under bright-field
and fluorescence illumination. The maximum load on the cell sur-
face was less than 1 nN to prevent damage to the cells. Multiple
curves were taken at different locations on the same cell.
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