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Lumenal Protein within Secretory Granules Affects Fusion Pore Expansion
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ABSTRACT It is often assumed that upon fusion of the secretory granule membrane with the plasma membrane, lumenal
contents are rapidly discharged and dispersed into the extracellular medium. Although this is the case for low-molecular-weight
neurotransmitters and some proteins, there are numerous examples of the dispersal of a protein being delayed for many
seconds after fusion. We have investigated the role of fusion-pore expansion in determining the contrasting discharge rates
of fluorescent-tagged neuropeptide-Y (NPY) (within 200 ms) and tissue plasminogen activator (tPA) (over many seconds) in
adrenal chromaffin cells. The endogenous proteins are expressed in separate chromaffin cell subpopulations. Fusion pore
expansion was measured by two independent methods, orientation of a fluorescent probe within the plasma membrane using
polarized total internal reflection fluorescence microscopy and amperometry of released catecholamine. Together, they probe
the continuum of the fusion-pore duration, from milliseconds to many seconds after fusion. Polarized total internal reflection
fluorescence microscopy revealed that 71% of the fusion events of tPA-cer-containing granules maintained curvature for
>10 s, with approximately half of the structures likely connected to the plasma membrane by a short narrow neck. Such events
were not commonly observed upon fusion of NPY-cer-containing granules. Amperometry revealed that the expression of
tPA-green fluorescent protein (GFP) prolonged the duration of the prespike foot ~2.5-fold compared to NPY-GFP-expressing
cells and nontransfected cells, indicating that expansion of the initial fusion pore in tPA granules was delayed. The t1/2 of the
main catecholamine spike was also increased, consistent with a prolonged delay of fusion-pore expansion. tPA added extra-
cellularly bound to the lumenal surface of fused granules. We propose that tPA within the granule lumen controls its own
discharge. Its intrinsic biochemistry determines not only its extracellular action but also the characteristics of its presentation
to the extracellular milieu.
INTRODUCTION
It is often assumed that upon fusion of the secretory granule
membrane with the plasma membrane, lumenal contents are
rapidly discharged and dispersed into the extracellular me-
dium. Although this is the case for low-molecular-weight
neurotransmitters and some proteins, there are numerous ex-
amples of the dispersal of a protein being delayed for many
seconds after fusion (1–8). A major determinant of the post-
fusion dynamics is the protein itself and not the cell type.
For example, in pancreatic b-cells, fluorescence-tagged
C-peptide is discharged within several hundred millisec-
onds, whereas fluorescence-tagged amyloid polypeptide
remains on the cell surface for tens of seconds (4). The
discharge of insulin is variable. Insulin is often discharged
within several hundred milliseconds, but in ~30% of the
fusion events, it remains as a punctum on the cell surface
associated with zinc for >30 s (6).

Fluorescence-labeled neuropeptide-Y (NPY) and tissue
plasminogen activator (tPA) show contrasting behavior.
NPY usually disperses within several hundred milliseconds
and tPA after many seconds postfusion in primary chro-
maffin cells (3), PC12 cells (9) and insulin-secreting cells
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(5). tPA also disperses many seconds after fusion in an endo-
thelial cell line (10). We confirm the different behaviors of
NPYand tPA in this study. Because chromaffin cells express
endogenous tPA and NPY in different cell populations, and
because the levels of expression of exogenous and endoge-
nous proteins overlap (see our companion article (11)), it is
likely that the differing discharge rates for the fluorescence-
labeled proteins reflect the discharge rates of the endoge-
nous proteins. In the accompanying article (11), we found
that tPA-cerulean (tPA-cer) had a much lower mobility
than NPY-cerulean (NPY-cer) within the granule lumen,
which in principle could account for its much slower
discharge rate after fusion. However, the measured diffusion
coefficient (2� 10�10 cm2/s) predicts discharge within 1 s if
the granule membrane flattens into the plasma membrane
within 100 ms after fusion, much faster than the actual
time for discharge of ~10 s of fluorescence-tagged tPA.

An alternative explanation for the slow tPA discharge
is a long-lived, small-diameter fusion pore that restricts
the exit of tPA-cer. Indeed, there is direct evidence that
the fusion pore can regulate protein discharge. A dynamin
GTPase mutant that slowed fusion-pore expansion caused
a detectable slowing of NPY-cer discharge in chromaffin
cells (12). Previous studies have also suggested such a
sieving property for the fusion pore based upon the different
http://dx.doi.org/10.1016/j.bpj.2014.04.064
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discharge rates for proteins of different sizes (5,13). How-
ever, fusion-pore duration was not measured in these
studies, and the possibility that the lumenal protein itself
alters fusion-pore expansion was not considered. In this
study, we use two techniques to investigate the effects of
lumenal protein on fusion-pore expansion. The combination
of polarization and total internal reflection fluorescent mi-
croscopy (pTIRFM) measured the microscopic distortion
of the plasma membrane as an indicator of fusion-pore
expansion (14,15). Amperometry probed initial fusion-
pore expansion through the measurement of catecholamine
release kinetics from individual fusion events in cells ex-
pressing tPA-cer or NPY-cer. The results suggest that tPA
itself greatly slowed fusion-pore expansion, retarding the
rapid discharge of catecholamine and greatly slowing its
own discharge.
METHODS

General experimental procedures

Chromaffin cell preparation and transfection were performed as described

previously (11). Experiments were performed in a physiological salt solu-

tion (PSS) containing 145 mM NaCl, 5.6 mM KCl, 2.2 mM CaCl2,

0.5 mM MgCl2, 5.6 mM glucose, and 15 HEPES, pH 7.4, at ~28�C. Indi-
vidual cells were perfused through a pipet (100 mm 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

Kþ-containing solution (95 mM NaCl, 56 mM KCl, 5 mM CaCl2,

0.5 mM MgCl2, 5.6 mM glucose,15 mM HEPES, pH 7.4) for 60 s.
Immunocytochemistry for confocal imaging

Nonstimulated and elevated Kþ-stimulated cells were immediately placed

on ice and either incubated immediately with primary antibodies to tPA

and dopamine-b-hydroxylase (DBH) (see Fig. 2) or rinsed and incu-

bated with exogenous tPA peptide before adding primary antibodies (see

Fig. 5). Cells were then fixed in 4% paraformaldehyde for 30 min, quenched

in 50 mM NH4Cl in phosphate-buffered saline for 30 min, and blocked in

1% gelatin and 4% normal donkey serum before incubation with secondary

antibodies.

Antibodies were from goat anti-DBH(Santa Cruz Biotechnology, Santa

Cruz, CA); rabbit anti-human tPA (ASMTPA-GF-HT; Molecular Innova-

tions, Novi, MI); AlexaFluor-488, -546, and -647-labeled secondary anti-

bodies (Life Technologies-Molecular Probes, Eugene, OR). Full-length

tPA peptide was purchased from Molecular Innovations.
pTIRFM

The specialized excitation system used to create the p-polarization (P-pol)

and s-polarization (S-pol) 514 nm beams, superimpose their paths, and

further superimpose the 442 nm beam on that path is described in detail

elsewhere (12,15). 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 (sequence

frequency, 10 Hz). Objective-based TIRF illumination 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. The filter cube contained the following dichroic mirror/

emission filter combination for excitation and emission of cerulean and
1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanine perchlorate (DiI):

z442/514rpc and z442/514m for NPY-Cer or tPA-Cer/DiI (Chroma Tech-

nology, Brattleboro, VT). The beam was focused near the periphery of

the back focal plane of a 60� 1.49 NA oil-immersion objective (Olympus,

Center Valley, PA) so that the 514 nm laser beam was incident on the cover-

slip at ~70� from the normal, giving a decay constant for the evanescent

field of ~110 nm. Sequential NPY-cer or tPA-cer and DiI S- and P-polarized

images (denoted S and P, respectively) were captured using IQ software

(Andor, Belfast, United Kingdom). Normalized P-pol emission/S-pol

emission (P/S) ratios and P-pol emission þ 2(S-pol emission) (P þ 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.

DiI 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.

Secretion was stimulated via local perfusion with solution containing

elevated Kþ for 60 s, as described above.
Amperometry of individual fusion events

Perfusion solutions and conditions were similar to those used for imaging

experiments. Carbon-fiber electrodes encased in glass capillary tubing

and sealed with epoxy were manufactured in the laboratory. The electrodes

were held at þ650 mVand positioned so that they touched the membranes

of cells expressing fluorescent protein or nontransfected cells in the same

dish. Secretion was stimulated via local perfusion with solution containing

elevated Kþ for 60 s. Currents were collected using an Axopatch 200 A

amplifier modified for extended voltage output (Axon Instruments, Foster

City, CA), filtered at 3 kHz, and sampled at 12 kHz (12,16). No digital

filtering was applied. Currents were analyzed using an Igor (Wavemetrics,

Portland, OR) (17). Only spikes with amplitudes >10 pAwere used in the

spike analysis. Prespike foot (PSF) analysis was limited only to those PSFs

for which amplitude was >1 pA and duration >2.0 ms.
RESULTS

Characteristics of release of NPY-cer and tPA-cer
at individual fusion events

We confirm here numerous aspects of an extensive optical
study in chromaffin cells (3), demonstrating differences
in release kinetics of labeled, transfected NPY and tPA.
We found that NPY-cer dissipates from the fusion site
within 100–200 ms of fusion (Fig. 1 A) (leaving nothing
but background fluorescence). tPA-cer dissipates from sites
of release much more slowly, over many seconds (see exam-
ples in Fig. 1, C and E,). tPA-cer fluorescence sometimes
increased over several tenths of a second before it began
a slow decline (Fig. 1 E). Since cerulean fluorescence is
insensitive to pH between 5.5 (that of a granule lumen)
and 7.4 (that of an extracellular bathing solution) (18) (see
also Fig. S1 in the Supporting Material), the increase was
not caused by fluorophore response to the pH change upon
fusion. It could reflect movement of tPA toward the glass
interface after fusion but before discharge into the extra-
cellular space or a change in the fluorophore environment
after fusion. If movement is the cause, then the increased
intensity would correspond to 19 5 2 nm (n ¼ 4), a small
fraction of the granule diameter.

Fusion events were investigated by immunocytochem-
istry with an anti-tPA antibody. tPA from a transfected cell
Biophysical Journal 107(1) 26–33



FIGURE 1 NPY-cer and tPA-cer release and

fusion pore expansion detected by pTIRFM. (A

and B) Rapid NPY-cer release (A) is accompanied

by (B) a transient change in curvature (P/S). (C–F)

tPA-cer release is slow (C and E) and is accompa-

nied by long-lived curvature changes (P/S) (D

and F). In E, cerulean intensity increased (bracket)

after the change in curvature, consistent with

movement of the granule contents to the glass

interface after fusion but before discharge. The

abscissa is time after the beginning of perfusion.

The vertical dashed lines reflect the estimated

time of fusion.
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colocalizes with the granule membrane protein DBH on the
cell surface for many seconds after fusion (Fig. 2, A and B),
directly demonstrating that released tPA-cer remains punc-
tate at sites of fusion rather than immediately dissipating.
Endocytosis is unlikely to significantly reduce the initial
exposure of tPA-cer on the cell surface, since virtually no
endocytosis occurs within 4 s of depolarization-induced
fusion (3,19).
Curvature changes reflecting fusion-pore
kinetics of tPA

Curvature at the fusion junction was detected by a combina-
tion of polarization and TIRFM (pTIRFM) of an oriented
membrane fluorophore, DiI. DiI incorporates into the
plasma membrane bilayer with its preferred polarization
of light absorption and emission approximately parallel
to the local plane of the membrane (20). We described
FIGURE 2 Secreted tPA-cer remains at release sites on the plasma mem-

brane after fusion. Chromaffin cells were stimulated with elevated Kþ for

10 s, placed on ice, and incubated with antibodies to tPA (A) and DBH

(B) to mark release sites. Since the cells were not permeabilized, only

antigens present on the surface of the cells are visible. Arrowheads indicate

colocalization of tPA-cer and DBH. Scale bar, 2 mm. To see this figure in

color, go online.
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pTIRFM in detail in an earlier publication (15). The tech-
nique relies upon the two possible orthogonal electric field
polarizations of an evanescent field: one predominantly
along the z axis (optical axis perpendicular to the coverslip,
P-pol) and the other in the plane of the coverslip (S-pol).
P-pol excitation will excite membrane DiI with an absorp-
tion dipole component that is perpendicular to the coverslip,
whereas S-pol will excite only DiI that has an absorption
dipole component parallel to the coverslip. The key curva-
ture measurement is an increase in the ratio of the emission
with P-pol excitation to the emission with S-pol excitation
(P/S). We found in this study that the expression of
tPA-cer in granules greatly slowed the postfusion flattening
of the curved micromorphological structures associated
with fusion. Movies S1 and S2 vividly demonstrate the dif-
ferences in discharge rates and changes in P/S and P þ 2S
(see below) upon fusion of tPA-cer- and NPY-cer-containing
granules.

Fig. 1 shows examples of curvature changes associated
with fusion of particular granules (a NPY-cer granule
(Fig. 1, A and B) and two different tPA-cer granules (Fig. 1,
C–F)). The curvature change upon fusion of the NPY-cer
granule (Fig. 1 B) was transient, lasting for only several
tenths of a second. In contrast, the curvature changes upon
fusion of the tPA-cer granules (Fig. 1, D and F) were long-
lived, lasting for>10 s. Indeed, the duration of the curvature
changes upon fusion of tPA-cer granules was typically much
longer than that upon fusion of NPY-cer granules (Fig. 3 A).
P/S durations >10 s occurred in 71% of the fusion events
of tPA-cer granules (20/28) and 14% of fusion events of
NPY-cer granules (4/28).

We investigated the relationship between the kinetics of
tPA-cer or NPY-cer discharge rates after fusion and the
duration of stable, fusion-pore-related curvature changes
detected by pTIRFM. Discharge rates were measured as
the reciprocal of the t1/2 of the decline in tPA-cer or NPY-
cer fluorescence. For NPY-cer, discharge rates were R10/s
(the time resolution of the measurements) for 27 of 28
fusion events (Fig. 3 B). These rapid discharge rates were
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FIGURE 3 Fusion-pore expansion and protein release. (A) Distinct fusion

pore expansion characteristics (P/S) for tPA- and NPY-containing granules.

Of these granules, 0.14 of the NYP-cer containing (4/28) and 0.71 of the

tPA-cer containing granules (20/28) had stable P/S durations of >10 s. (B)

Relationship of NPY-cer and tPA-cer discharge rates and duration of P/S

elevations. The discharge rate occurring upon elevation ofP/Swas calculated

as the reciprocal of the t1/2 of the decline in NPY-cer or tPA-cer fluorescence.

Many NPY-cer discharge events were too rapid to resolve (>10/s). (C) tPA-

granule fusion events from B were binned into three groups according to

their durationofP/S elevation. *p< 0.0001compared to>10 sP/S elevations.

There are fewer tPA fusion events in B and C than in A, because discharge

rates could not be determined in some of the events due to high background

fluorescence in the secretion channel. To see this figure in color, go online.

TABLE 1 Summary of curvature changes lasting >10 s

detected by pTIRFM

P/S > 10 s

P þ 2S > 10 s

Increase Decrease

NPY-cer 14% (4/28) 9% (2/23) 9% (2/23)

tPA-cer 71% (20/28) 55% (11/20) 10% (2/20)

Fractions in parentheses indicate the number of the changes divided by

the total number of measurements. There are smaller numbers of P þ 2S

changes than P/S changes because P þ 2S is not as robust a measurement

as P/S, resulting in some fusion events without significant changes

in P þ 2S (see text). The 11 events of tPA-cer granules with increases in

P þ 2S were among the 20 events (11/20 ¼ 0.55) with long-lived P/S.
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independent of the duration of P/S elevation. In contrast,
17 of 18 fusions of tPA-cer granules had a discharge rate
of <10/s and the discharge rates were inversely related to
P/S duration. This inverse relationship is highlighted in
the binned data for tPA (Fig. 3 C). The rare elevations of
P/S that were especially short-lived (0.3–0.6 s, n ¼ 2) had
discharge rates 40-fold greater than those of long-lived ele-
vations (>10 s, n ¼ 11). The P/S elevations of intermediate
duration (2–5 s, n¼ 5) had discharge rates sevenfold greater
than those of long-lived P/S changes. Although we cannot
measure fusion-pore size directly using pTIRFM, the
inverse relationship between tPA discharge rates and curva-
ture duration suggests that the fusion pore detected by
pTIRFM limits tPA-cer exit from the fused granule.

The linear combination of the emissions P þ 2S approx-
imately reports total DiI emission as observed by a 1.49 NA
objective, which in theory is proportional to the amount of
DiI at any xyz location multiplied by the exponentially
decaying evanescent field intensity (15). Computer simula-
tions (15) indicate that P þ 2S will increase if the geometry
results in more DiI-labeled membrane close to the glass
interface, as when a fused granule is attached to the plasma
membrane by a short narrow neck. P þ 2S will decrease if
DiI diffuses into a postfusion membrane indentation,
placing DiI farther from the substrate and thereby in a less
intense region of the evanescent field. Pþ 2S is not as robust
a measurement as P/S, because an increase, decrease, or no
detectable change in P þ 2S is possible depending upon
various countervailing tendencies arising from the geomet-
rical details of the membrane deformation. Nevertheless,
20 fusions of tPA-cer-containing granules (indicated by a
sudden change in P/S) had measurable changes in P þ 2S
(16 increased and 4 decreased) and of these, 11 (55%) had
increases in Pþ 2S that lasted >10 s and two (10%) had de-
creases in P þ 2S that lasted >10 s (Table 1). The 11 events
with long-lived P þ 2S increases correspond to 55% of the
long-lived P/S increases. In contrast, of the 23 NPY-cer
fusions with measurable changes in P þ 2S, only two
(9%) had Pþ 2S increases lasting>10 s. These data suggest
that the presence of tPA-cer in chromaffin granules pre-
ferentially stabilizes a geometry that occurs soon after
fusion, with the granule membrane connected to the plasma
membrane through a short narrow neck. Using a different
approach, Almers and colleagues probably detected similar
Biophysical Journal 107(1) 26–33
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structures upon fusion of tPA-Venus-containing granules in
PC12 cells (9).
Amperometric detection of catecholamine release
from NPY-GFP- and tPA-GFP-expressing cells

Early fusion-pore dynamics can be inferred from ampero-
metric measurement of the kinetics of catecholamine release
upon fusion of individual granules. Amperometric current
representing the release of catecholamine from individual
vesicles (Fig. 4 A) was recorded upon stimulation of cells
with elevated Kþ. Most of the catecholamine release during
an individual fusion event is accounted for by the ampero-
metric current spike, which reflects rapid transmitter release
through a fusion pore that has partially or completely
widened (21–23). The prespike foot (PSF) which is detected
in a fraction of the amperometric events, reflects catechol-
amine released through the initial narrow fusion pore before
subsequent expansion (24).

The frequency of amperometric events with PSFs was
similar among the groups (tPA-GFP-expressing cells,
41%; NPY-GFP-expressing cells, 45%; nontransfected
cells, 37%). However, tPA-GFP-expressing cells had a
mean foot duration of 21.5 5 4.6 ms, significantly longer
than that of NPY-GFP-expressing cells (8.23 5 1.16 ms)
Biophysical Journal 107(1) 26–33
and nontransfected cells (9.30 5 2.25 ms) (Fig. 4 B). The
analysis represents the average of the medians from individ-
ual cells. A cumulative histogram combining all of the indi-
vidual PSFs indicates that tPA-GFP specifically increased
the frequency of a distinct population of long-lived PSFs
(Fig. 4 C). PSF durations >80 ms occurred with frequencies
of 5.3%, 2.7%, and 13% for nontransfected, NPY-GFP-ex-
pressing, and tPA-GFP-expressing cells, respectively.

The half-width (t1/2) of the catecholamine spike also
increased by 50% in tPA-GFP expressing cells compared
to NPY-GFP-expressing and nontransfected cells (Fig. 4
D). Catecholamine release per event was unaltered by
expression of NPY-GFP; it was reduced by 20% by expres-
sion of tPA-GFP (Fig. S2).
Exogenous tPA peptide binds to the exposed
lumenal surface of fused chromaffin granules

We investigated by immunocytochemistry whether exoge-
nous extracellular tPA peptide binds to the lumenal surface
of fused chromaffin granules. The chromaffin granule mem-
brane retains its identity as a distinct domain in the plasma
membrane for tens of seconds to minutes after fusion
(19,25). Chromaffin cells were incubated at 34�C for 20 s
with or without solution containing elevated Kþ. Cells
FIGURE 4 Amperometry of tPA-GFP- and

NPY-GFP-expressing cells. (A) Example of a sin-

gle amperometric spike illustrating the analyzed

parameters. Numbers in figure indicate the granule

before (1) and at (2) fusion pore formation, and

upon further expansion of the fusion pore (3). (B)

PSF durations. The average of the median PSF

durations in each cell was determined for cells ex-

pressing tPA-GFP (14 cells), NPY-GFP (13 cells)

and nontransfected cells (15 cells). *p < 0.003

compared to either NPY-GFP-expressing cells or

nontransfected cells. (C) Cumulative frequency

distribution of PSF durations for tPA-GFP-ex-

pressing cells (248 prespike feet), NPY-GFP-

expressing cells (294 PSF) and nontransfected

cells (318 PSF). (D) Spike half-widths. **p <

0.0001 compared to NPY-GFP-expressing cells

and non-transfected cells. To see this figure in

color, go online.
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were rinsed extensively for 15 min at 4�C to remove any
secreted tPA that remained associated with the granule
membrane at fusion sites. Cells were then incubated with
tPA peptide (100 nM) for 30 min at 4�C. Immunocytochem-
istry revealed that the exogenous tPA bound to the fused
granule membrane, which was identified by an endogenous
marker of the lumenal surface of the granule, DBH (Fig. 5).
tPA binding at this low concentration occurred specifically
on the lumenal surface of fused granules.
DISCUSSION

The key finding of this study is that the expression of
tPA-cer (but not NPY-cer) within granules greatly slows
fusion-pore expansion, an effect that likely contributes to
the slow discharge of the protein. Fusion pore expansion
was measured by two independent methods, amperometry
and pTIRFM, that together probe the continuum from
milliseconds (amperometry) to 0.1 s to tens of seconds
(pTIRFM) after fusion. The very earliest measure of the
fusion pore, the PSF of slowly released catecholamine,
was prolonged 2.5 times. The PSF is associated with the
initial 2- to 3-nm-diameter fusion pore (24), too narrow to
FIGURE 5 tPA peptide binds to DBH puncta on the surface of stimulated

chromaffin cells. Chromaffin cells were stimulated for 20 s with 56 mMKþ

at 34�C. The stimulation solution was replaced with ice-cold buffer contain-

ing 5.6 mM Kþ and the cells were immediately placed on ice and rinsed

for 15 min to remove endogenous tPA from release sites. Cells were then

incubated with (A, B, E–G) or without (C and D) 100 nM tPA peptide for

30 min on ice, followed by extensive rinsing. All cells were then incubated

with antibodies to endogenous tPA (B, D, and F) and the lumenal domain

of DBH (A, C, and E) for 60 min on ice and then processed and imaged

by confocal microscopy. Yellow arrowheads in A and B indicate instances

of colocalization of tPA peptide and DBH. The bright-field image in G is

the unstimulated cell shown in E and F. Scale bars, 2 mm. To see this figure

in color, go online.
allow protein release. The subsequent amperometric spike
was prolonged, consistent with a continuing effect of tPA
on the expanding fusion pore. Because some granules in
transfected cells do not contain transfected protein, and
because the amperometric events were acquired without
knowing whether the fusing granules contained tPA-cer,
the effects of lumenal tPA on catecholamine discharge are
likely to be underestimated.

pTIRFM directly detects membrane curvature changes
associated with fusion events by determining the orientation
of a membrane fluorophore, DiI (12,15). It demonstrated
that after most of the fusion events of tPA-cer-containing
granules, curvature was maintained for >10 s, with at least
half of the structures having characteristics of a fused
granule connected to the plasma membrane by a short
narrow neck. Such long-lived events were uncommon
upon fusion of NPY-cer-containing granules. It is important
to note that the tPA-cer discharge rate was inversely related
to the duration of curvature (Fig. 3, B and C), which is
consistent with a stable, narrow fusion pore that restricts
protein discharge.
Possible mechanisms for the effect of tPA
slowing fusion-pore expansion

tPA peptide added to the extracellular medium bound to the
lumenal surface of the granule membrane that was exposed
after secretion (Fig. 5). tPA within a granule may also
interact with the granule membrane, thereby altering fusion-
pore expansion. Direct stabilization of the fusion pore is
reminiscent of the effect of a dynamin1 mutant (T65A)
with greatly reduced GTPase activity (12). (Dynamin, the
master controller of fission in endocytosis, also regulates
fusion-pore expansion (5,12,15,26).) The low-GTPase
mutant increases the frequency of narrow-necked structures
in a way similar to that observed with tPA-cer (12). In
contrast to dynamin, the profound effect of tPA-cer on
fusion-pore expansion would occur from within the granule
lumen, rather than from the cytosol. Protein interac-
tions can strongly alter membrane shape and bending
(27–31). Because curvature was sometimes maintained
even after the dispersal of detectable tPA-cer, relatively
few molecules may be required to stabilize the pore. There
is precedent for lumenal interactions influencing fusion-
pore expansion: high extracellular Ca2þ alters fusion-pore
dynamics (32).

Alternatively, the sorting of tPA into a budding granule
in the trans-Golgi network could influence the lipid or pro-
tein composition of the newly formed granule membrane,
thereby indirectly altering subsequent fusion-pore dy-
namics. Differences in membrane components of tPA-con-
taining and non-tPA-containing granules are unknown.

Live-cell imaging provides evidence for extracellular,
poorly soluble aggregates after fusion in lactotrophs (2) and
pancreatic b-cells (6) (but not in nontransfected chromaffin
Biophysical Journal 107(1) 26–33
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cells (2)). There are several reasons why it is unlikely that a
postfusion aggregate containing tPA is responsible for the
slowing of the initial fusion-pore expansion detected by am-
perometry or the subsequent stable, narrow-necked structure
suggested by pTIRFM. First, curvature was sometimes
observed to last after the discharge of virtually all detectable
tPA-cer (Fig. 1, C–F, and Movie S1, red and white circles).
Second, although tPA-cer has reduced mobility within the
granule, all of it appears to be mobile or participating in a
dynamic equilibrium between mobile and immobile forms
(11). Finally, tPA has greater solubility at neutral than at
acidic pH (33), suggesting that upon fusion its solubility
would be increased.
Minimal dimensions of the tPA-stabilized
fusion pore

The slow discharge of tPA permits an estimate for the
dimension of the stabilized fusion pore. Substantial expan-
sion of the fusion pore would be required for tPA, with a hy-
drodynamic diameter of 13 � 10 nm (34), to exit from the
fused granule. We estimated by simulation in the accompa-
nying article (11) a lower limit for the fusion-pore diameter
based upon the average t1/2 of tPA-cer discharge after fusion
of ~6 s and the mobility of tPA-cer within the granule, 2 �
10�10 cm2/s. The data are compatible with a granule con-
nected to the extracellular medium through a stable 14- to
15-nm-diameter pore, approximately a nanometer larger
than the size of a tPA molecule. However, these consider-
ations probably underestimate the inner pore diameter.
The size estimate for tPA does not take into account the
covalently attached GFP variant, cerulean. GFP has dimen-
sions of 4.2 � 2.4 nm (35). Furthermore, the simulation
assumes a very high mobility through the pore. The move-
ment of tPA-cer through the pore with a diameter only a little
larger than its dimensions would likely be significantly
retarded because of interaction with the wall. A stable,
partially open fusion pore has precedent. Fusion of Wei-
bel-Palade bodies containing von Willebrand’s factor in
endothelial cells results in stable 12-nm-diameter pores (36).

The sieving properties of a fusion pore responsible for
the simultaneous discharge of both NPYand tPAwas inves-
tigated in granules coexpressing the proteins (tagged with
different fluorophores) (3). Upon fusion, tPAwas discharged
slowly (over seconds), whereas NPY was discharged more
rapidly (within 0.5 s). Although experiments have not
been performed to investigate fusion-pore dynamics of these
events, the results are consistent with a stabilized, narrow
fusion pore that more strongly restricts the discharge of
tPA-cer than that of the smaller NPY-cer.
Physiological implications

That the intrinsic biochemical characteristics of tPA are
important not only for its extracellular proteolytic activity
Biophysical Journal 107(1) 26–33
but also for determining its postfusion discharge rate
has physiological implications. Evolutionary pressures
may have resulted in a secreted molecule that controls its
own presentation to the extracellular environment. In addi-
tion to the well known role of tPA in fibrinolysis, tPA also
has autocrine/paracrine function on adrenal medullary
cells (37,38). Secreted tPA activates extracellular plasmin-
ogen, which in turn proteolyzes released chromogranin A.
A resulting peptide inhibits subsequent secretion through
blockade of nicotinic cholinergic receptors. The slow post-
fusion discharge of tPA at the cell surface likely influences
the kinetics of the proteolytic pathway.

Adrenal chromaffin cells normally express tPA and NPY
(37,39–41). We found that the proteins are in different
subpopulations of primary chromaffin cells in monolayer
culture (20% and 4%, respectively) (11). The very different
dynamics of the expanding fusion pore for cells expressing
different proteins may partially explain the intrinsic vari-
ability of responses in a nontransfected population of chro-
maffin cells.

These results in chromaffin cells probably apply to tPA
secretion in other tissues where tPA is expressed (e.g., endo-
thelial cells (42) and posterior pituitary (43) and hippocam-
pal (44) neurons). They may also apply to other proteins,
such as brain-derived neurotrophic factor (8,45), that are
poorly discharged after fusion.
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