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I n t R o d u c t I o n

Upon fusion of the secretory granule with the plasma 
membrane, lumenal constituents are discharged at very 
different rates. This is explained in some cases by mo-
lecular size. For example, a low molecular weight neu-
rotransmitter such as epinephrine is usually discharged 
in fewer than 100 ms, whereas co-stored proteins can 
be released over many seconds. Specific proteins can 
be discharged at widely different rates independently 
of cell type. GFP-tagged neuropeptide Y (NPY) and 
tissue plasminogen activator (tPA) have contrasting 
behaviors. NPY usually discharges within several hun-
dred milliseconds of fusion, whereas tPA discharges 
after many seconds in primary chromaffin cells (Per-
rais et al., 2004), PC12 cells (Taraska et al., 2003), and 
insulin-secreting cells (Tsuboi et al., 2004). This large 
difference is unlikely to reflect simply a difference in 
the molecular weights of the proteins (tPA-GFP, ∼100 
kD; NPY-GFP, ∼40 kD). Indeed, there is another expla-
nation. By measuring the orientation of a fluorescent 
probe within the plasma membrane with polarized total 
internal reflection fluorescence (pTIRF) microscopy, 
we found that more than two-thirds of the fusion events 
of tPA-cerulean–containing granules maintain cur-
vature for greater than 10 s (Weiss et al., 2014a). The 
maintained curvature reflects a narrow fusion pore. 
This conclusion is consistent with the finding using a 
fluorescent cytosolic probe that tPA-containing gran-
ules maintain long-lived, volume-enclosing structures 

on the surface of PC12 cells (Taraska et al., 2003). Such 
events are uncommon upon fusion of fluorescent-la-
beled NPY-containing granules. Indeed, pTIRF micros-
copy (Anantharam et al., 2010a; Weiss et al., 2014a) and 
real-time imaging of invaginations on the cell surface 
(Chiang et al., 2014) reveal that curvature changes and 
volume-filling omega figures resulting from fusion of 
NPY-containing granules have a much shorter duration, 
often no longer than several hundred milliseconds. tPA 
initiates an autocrine/paracrine pathway through its 
proteolytic enzymatic activity that locally regulates sub-
sequent exocytosis within the adrenal medulla (Parmer 
et al., 1997, 2000). Thus, the slow postfusion discharge 
of tPA at the cell surface likely influences the kinetics 
of the pathway. 

The ability of tPA to almost freeze the fusion pore 
may have effects in addition to slowing its own release. 
Our experiments explore the notion that the inhibition 
of fusion pore expansion creates a novel compartment 
on the cell surface in which undiluted lumenal proteins 
are suddenly exposed to a pH shift from 5.5 to 7.4. We 
explore the implications of this concept in the context 
of the biochemistry of tPA.

tPA is best known as a circulating serine protease 
that converts plasminogen into plasmin, which in turn 
breaks down fibrin clots by proteolysis. The activity of 
tPA in the plasma is regulated by plasminogen activa-
tor inhibitor 1 (PAI), a protein that acts as a suicide 
substrate to covalently inhibit the proteolytic activity of 

A lumenal secretory granule protein, tissue plasminogen activator (tPA), greatly slows fusion pore dilation and 
thereby slows its own discharge. We investigated another outcome of the long-lived narrow fusion pore: the 
creation of a nanoscale chemical reaction chamber for granule contents in which the pH is suddenly neutralized 
upon fusion. Bovine adrenal chromaffin cells endogenously express both tPA and its primary protein inhibitor, 
plasminogen activator inhibitor 1 (PAI). We found by immunocytochemistry that tPA and PAI are co-packaged in 
the same secretory granule. It is known that PAI irreversibly and covalently inactivates tPA at neutral pH. We 
demonstrate with zymography that the acidic granule lumen protects tPA from inactivation by PAI. Immunocyto-
chemistry, total internal reflection fluorescence (TIRF) microscopy, and polarized TIRF microscopy demonstrated 
that co-packaged PAI and tPA remain together in granules for many seconds in the nanoscale reaction chamber, 
more than enough time to inhibit tPA and create a new secreted protein species.
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tPA. These proteins are clinically important. Recombi-
nant tPA is used intravenously to treat stroke (Fugate 
and Rabinstein, 2014), and dysregulation of tPA and 
PAI secretion is associated with thrombophilia (Sartori 
et al., 2003), hyperfibrinolysis (Ladenvall et al., 2000), 
obesity (Dietrich et al., 2016), and angiogenesis. tPA 
is expressed in many tissues including vascular endo-
thelial cells (Loscalzo and Braunwald, 1988), adrenal 
chromaffin cells (Parmer et al., 1997), posterior pitu-
itary nerve terminals (Miyata et al., 2005), and central 
nervous system (hypothalamic) neurons (Salles and 
Strickland, 2002). 

PAI and tPA are expressed in the adrenal medulla. 
Both colocalize with large dense-core catechol-
amine-containing chromaffin granules in sucrose den-
sity gradients (Parmer et al., 1997; Jiang et al., 2011). 
Both are co-secreted with catecholamine upon stimu-
lation with a nicotinic agonist or elevated K+. We had 
previously found by immunocytochemistry that tPA is 
readily detected in chromaffin granules in ∼20% of 
primary cultured chromaffin cells (Weiss et al., 2014b). 
In the present study, we show that PAI is expressed in 
a much larger fraction of chromaffin cells and that in 
tPA-expressing cells, PAI is colocalized in granules with 
tPA. We demonstrate that the low intragranular pH (pH 
5.5) protects tPA from inactivation by co-stored PAI and 
investigate PAI discharge and the effects of PAI on both 
fusion pore dynamics and the discharge rate of coex-
pressed fluorescently labeled tPA. The results lead us to 
propose the formation of a nanoscale reaction chamber 
created by the fused granule and the long-lived narrow 
fusion pore that prevents rapid release of proteins but 
permits a sudden increase in lumenal pH. This com-
partment likely regulates the amount of enzymatically 
active tPA released extracellularly and creates a new 
molecular entity, the tPA/PAI complex, which may itself 
have a physiological function.

M At e R I A l s  A n d  M e t h o d s

Molecular biology
Constructs used to express human tPA, tPA-pHluorin 
(tPA-pHl), tPA-S513A, tPA-S513A-pHl, PAI, and PAI-
pHl were created using synthetic gBlocks (Integrated 
DNA Technologies) as described in Supplemental 
Methods. For consensus sequences, accession no. 
NM_000930.4 was used for human tPA and accession 
no. NM_000602.4 for human PAI. NPY-pHl was a gift of 
W. Almers (Vollum Institute, Oregon Health and Sci-
ence University, Portland, OR).

Chromaffin cell transfection
Primary bovine adrenal medullary chromaffin cells 
were isolated as previously described (Wick et al., 
1993), plated on 35-mm glass-bottom dishes (refractive 
index 1.51; World Precision Instruments), treated with 

poly-d-lysine, and layered with bovine collagen. Chro-
maffin cells were transfected with the Neon Transfec-
tion System (Invitrogen). Cells were electroporated in 
Invitrogen’s proprietary Solution R or in a homemade 
resuspension buffer (250 mM sucrose and 1 mM MgCl2 
in Dulbecco’s PBS; Brees and Fransen, 2014). 106 cells 
and up to 10 µg DNA in 100 µl total resuspension buf-
fer were electroporated with pulse settings of 1,100 
mV and 40 ms. In cases where an unlabeled construct 
was transfected along with a fluorescently labeled con-
struct, the unlabeled construct was added in excess, at 
a ratio of 2:1.

Immunocytochemistry
Chromaffin cells were stained and analyzed as described 
in detail in the figure legends. Images were acquired on 
an Olympus Fluoview 500 confocal microscope with a 
60× 1.42-NA oil objective. An argon 488-nm laser with 
a 505- to 525-nm bandpass filter, a 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. To 
minimize spillover, images with different excitations 
were acquired sequentially. Within an experiment, ini-
tial settings were adjusted so that the brightest pixels 
for each color were unsaturated, and these settings were 
maintained throughout. Images were analyzed with Im-
ageJ (Schneider et al., 2012), and statistics were ana-
lyzed with GraphPad Prism 6.

Antibodies and reagents
Antibodies were as follows: rabbit anti–mouse tPA, 
sheep anti–human tPA (Molecular Innovations); un-
labeled and Alexa Fluor 488–labeled goat anti–rabbit 
Fab fragments (Jackson ImmunoResearch); rabbit anti–
human PAI (Abcam); Alexa Fluor–labeled secondary 
antibodies (Life Technologies; Molecular Probes). 

Microscopy
Live cell experiments were conducted on an inverted 
Olympus IX70 microscope with a 1.49-NA objective and 
a specialized pTIRF excitation scheme as previously de-
scribed (Weiss et al., 2014a). A 488-nm laser (Coherent 
OBIS or Melles Griot 543-AP-01) was used to visualize 
pHluorin, and a 561-nm laser polarized into P- and 
S-polarizations (Coherent OBIS) was used to visualize 
the carbocyanine dye, 1,1′-dioctadecyl-3,3,3′,3′-tetrame-
thylindodicarbocyanine, 4-chlorobenzenesulfonate  
salt (DiD). The filter cube contained a dichroic mir-
ror/emission filter combination: ZT488/561rpc and 
ZET488/561m for NPY-pHl/DiD or tPA-pHl/DiD 
(Chroma Technology). The aligned excitation beams 
were focused and positioned near the periphery of the 
back focal plane of a 60× 1.49-NA, oil immersion objec-
tive (Olympus) so that the laser beam was incident on 
the coverslip at ∼70° from the normal giving a decay 
constant for the evanescent field of ∼100 nm. The galva-
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nometer mirrors were computer controlled through a 
DAQ board, NI PCIE-6351 (National Instruments) and 
a custom LabVIEW program. 

The system was programmed to step through a se-
quence of three shutter openings (one at a time for 
each beam), repeating the cycle without additional 
delay using a through-the-lens (TTL) triggering system 
(sequence frequency, 8 Hz). Emission images (with the 
1.5× internal magnifying lens in the emission path) 
were acquired by a cooled EM-CCD camera (iXon, 512 
× 512 pixels; Andor Technology). Camera control and 
serial image acquisition was managed by Solis (Andor 
Technology). Sequential NPY-pHl or tPA-pHl and DiD 
emission images (the latter excited sequentially by S- 
and P-polarized 561-nm laser beams and denoted S and 
P, respectively) were captured. Normalized P/S ratios 
and P+2S sums were calculated pixel by pixel for each 
image, and the transformations were aligned to the 
pHluorin images using custom software written in IDL. 

For pHl secretion experiments without DiD, images 
were acquired at a rate of 36 Hz on an iXon EMC CD 
camera (Andor Technologies). For pTIRF secretion 
experiments, shuttering was used to sequentially image 
pHl, P-polarized DiD, and S-polarized DiD at a rate of 
8.5 Hz. All experiments were performed in a 34°C room 
to approximate physiological temperatures.

Perfusion
All experiments were performed 3–5 d posttransfection 
in a room heated to 34 ± 1°C. Previous experiments 
from the laboratory were performed at 27°C (Weiss et 
al., 2014a,b); the higher temperature was used to bet-
ter approximate the normal physiological temperature 
of the granules. Individual cells were perfused through 
a pipette (100-µm inner diameter) using positive pres-
sure from a computer-controlled perfusion system 
DAD-6VM (ALA Scientific Instruments). Cells were 
maintained in a calcium physiological saline solution 
(CaPSS) plus glucose (145  mM NaCl, 5.6  mM KCl, 
2.2  mM CaCl2, 0.5  mM MgCl2, 5.6  mM glucose, and 
15  mM Hepes, pH 7.4). Other solutions used during 
perfusion were elevated potassium PSS (KPSS; 95 mM 
NaCl, 56  mM KCl, 2.2  mM CaCl2, 0.5  mM MgCl2, 
5.6 mM glucose, and 15 mM Hepes, pH 7.4) and low pH 
MES buffer (145 mM NaCl, 5.6 mM KCl, 2.2 mM CaCl2, 
0.5 mM MgCl2, 5.6 mM glucose, and 15 mM MES, pH 
5.5). Generally, cells were treated according to the fol-
lowing schedule during perfusion: 3 s CaPSS, 3 s MES, 
3 s CaPSS, 45 s KPSS, 5 s MES, and 10 s CaPSS. Before 
pTIRF imaging experiments, a saturated solution of 
DiD in ethanol was added to cells at a concentration of 
1:500 and immediately rinsed three times with PSS.

Analysis of event duration
pHluorin-labeled protein discharge was measured over 
time for a small region of interest (∼0.7-µm diameter) 

centered on the event using Time Series Analyzer V2.0 
plugin in ImageJ. Time-varying local backgrounds were 
determined by capturing the intensity of a neighboring 
region of interest without a fusion event. They were 
subtracted frame by frame from the intensities of the 
discharge events. The local background subtraction was 
necessary because of increases in background intensity 
caused by protein diffusion from nearby events.

The duration of discharge of pHluorin-labeled pro-
teins was determined with a custom program that largely 
eliminated subjectivity of the analysis and greatly facili-
tated the interpretation of the results. In this program, 
the user defines the start and end times in the fluores-
cence-versus-time curve for each event. The value of the 
fluorescence at the chosen start time tstart, just before 
fluorescence begins to rise, is considered the baseline. 
The end time tend is chosen to be where the fluorescence 
after the event has returned to its lowest value. The pro-
gram then determines the time of the maximum fluores-
cence tmax within this time window. The intervals (tstart, 
tmax) and (tmax, tend) are defined as the rise phase and fall 
phase, respectively. Each of those phases is first best-fit-
ted with a fifth-degree polynomial (for smoothing), and 
then a weighted average slope is calculated for each in-
terval, upward for the rising phase and downward for 
the falling phase. Straight lines with those slopes are 
then pinned to the positions of the maximum (upward 
or downward) slopes of the fluorescence data and ex-
trapolated to the baseline. The time period between the 
baseline intercept of the rising phase straight line and 
the falling phase straight line is considered to be the 
duration of the event. Fig. 5 A shows a schematic of this 
procedure and examples of the analysis.

For pTIRF experiments, two IDL programs were used 
to evaluate membrane curvature during secretion. To-
gether, the programs remove background fluorescence 
from P- and S-polarized DiD images and create stacks of 
pHl, P/S, and P+2S images. Regions of interest are se-
lected and values are plotted against time. The lengths 
of P/S changes were measured manually and semiquan-
titatively. The time that P/S took to return to the prefu-
sion baseline was determined to be less than 1 s, 1–10 s, 
or longer than 10 s.

Online supplemental material
Supplemental Methods contains sequences of synthetic 
gBlocks, quantification of immunocytochemistry in 
transfected cells, and cartoons explaining the pTIR 
FM method. Fig. S1 shows that tPA has no effect on 
the mean PAI immunoreactivity per punctum. Fig. S2 
shows coexpression of untagged tPA with PAI-pHL or 
NPY-pHL. Fig. S3 shows the extent of PAI overexpres-
sion: transfected vs endogenous PAI. Fig. S4 illustrates 
the P/S response after secretory granule fusion in pTIR 
FM. Fig. S5 illustrates the P+2S response after secretory 
granule fusion in pTIRF.
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R e s u lt s

PAI colocalizes with endogenous tPA in 
secretory granules
We previously found that tPA is strongly expressed in 
∼20% of chromaffin cells in culture, where it has a 
distinct punctate appearance indicative of secretory 
granules (Weiss et al., 2014b). Jiang et al. (2011) used 
immunogold labeling and electron microscopy to de-
tect PAI in dense core granules in PC-12 cells and iso-
lated bovine chromaffin granules. The percentage of 
chromaffin cells expressing PAI was not determined. 

We thus asked whether PAI was present in those 
chromaffin cells that express tPA, and if so, whether 

PAI localized to tPA-containing secretory granules or 
to another granule population. Cultured bovine ad-
renal chromaffin cells were fixed, permeabilized, and 
incubated with antibodies to PAI and tPA, followed by 
secondary antibodies conjugated with fluorescent dyes, 
and then imaged by confocal microscopy (Fig.  1; see 
Materials and methods and figure legends for details).

In contrast to immunoreactive tPA (Fig.  1, A and 
C), PAI immunoreactive cells were widely distributed 
throughout the cultures, and PAI puncta were abun-
dant throughout the cells (Fig. 1, B and D). Not only 
was punctate PAI found in the subset of cells strongly 
expressing tPA, but PAI puncta also colocalized with 
tPA puncta (examples indicated by yellow arrowheads 

Figure 1. PAI colocalizes with endogenous tPA in 
secretory granules. (A, C, and E) Cultured bovine 
chromaffin cells were fixed with 4% paraformalde-
hyde, permeabilized with methanol, and incubated 
with a primary antibody to tPA (rabbit anti-mouse 
tPA; Molecular Innovations), followed by Alexa Fluor 
488–labeled goat anti–rabbit Fab fragments (Jack-
son ImmunoResearch Laboratories). Fab fragments 
rather than bivalent antibodies were used to pre-
clude capture of a second rabbit primary antibody 
in a subsequent labeling step. After rinsing, the cells 
were blocked with an excess of unlabeled goat anti–
rabbit Fab fragments (Jackson ImmunoResearch 
Laboratories), to ensure that none of the first primary 
ab (rabbit anti-tPA) would be accessible to a second 
anti-rabbit secondary antibody. (B, D, and F) Cells 
were next incubated with (B, D) or without (F) rabbit 
anti–human PAI (Abcam), followed by an Alexa Fluor 
546–labeled anti-rabbit secondary antibody (B, D, 
and F; Molecular Probes). Cells were imaged by con-
focal microscopy. Images to be compared directly 
(e.g., A and E; B and F) were acquired at the same 
microscope settings, and the brightness and con-
trast were adjusted identically in making the figures. 
The absence of immunofluorescence in F (with no 
second primary antibody against PAI) indicates that 
the first rabbit primary antibody visualized in E was 
completely blocked before the addition of the sec-
ond primary (seen in B and D). Colocalization of PAI 
(B) and tPA (A) is indicated by arrowheads and at an 
expanded scale in D and C, respectively. Bars, 2 µm.
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in Fig. 1 [C and D]). Of 788 tPA puncta analyzed in 
18 cells, less than 1% (7 puncta) lacked appreciable 
PAI immunoreactivity, indicating that the majority 
of granules with endogenous tPA also contain PAI. 
The presence of tPA had no apparent effect on the 
mean PAI immunoreactivity per punctum (compare 
the tPA-containing cell indicated by arrowheads in 
Fig. 1 B to the surrounding cells without tPA). When 
cells with tPA (tPA fluorescence, 34,578 ± 3,867 arbi-
trary fluorescence units [afu]) were compared with 
cells without tPA (background fluorescence, 154 ± 
18 afu), there was no difference in the mean PAI per 
punctum (30,681 ± 1,788 vs. 29,425 ± 1,880 afu, re-
spectively; Fig. S1). We conclude that in cultured bo-
vine cells, PAI is ubiquitously expressed in chromaffin 
granules, including those that contain tPA, and that 
the sorting of PAI to chromaffin granules is unaltered 
by co-storage with tPA.

Endogenous PAI colocalizes with dopamine-β-
hydroxylase on the cell surface after stimulation
We and others have previously reported that compo-
nents of the secretory granule membrane remain punc-
tate on the cell surface for many seconds or minutes 
after fusion (Ceridono et al., 2011; Bittner et al., 2013). 
Chief among these is dopamine-β-hydroxylase (DBH), 
whose presence on the inner leaflet of the granule 
membrane is exposed to the extracellular space after 
fusion. We have also shown that certain cargo mole-
cules (e.g., tPA-cer) may also be retained with DBH at 
the site of fusion for many seconds (Weiss et al., 2014a). 
Because PAI is in chromaffin granules, it may also be 
detectable on the extracellular surface at DBH-contain-
ing release sites. Intact chromaffin cells were stimulated 
for 10  s at 34°, immediately chilled on ice to prevent 
endocytosis, and incubated with antibodies to PAI and 
DBH. Confocal images of extracellular punctate DBH 
and PAI are shown in Fig. 2 (A and B), respectively. In 
each of 10 cells examined, PAI colocalized well with 
punctate DBH on the plasma membrane, consistent 
with PAI being released from chromaffin granules and 

indicating that PAI can remain associated with release 
sites for many seconds.

Endogenous PAI colocalizes with endogenous tPA on 
the cell surface after stimulation
We found that PAI and DBH colocalized at sites of 
granule fusion. Because endogenous PAI is co-stored 
with endogenous tPA in tPA-expressing cells, we asked 
whether the proteins also colocalize on the cell surface 
after fusion. Indeed, there was a striking colocaliza-
tion of tPA (Fig. 3 A) and PAI (Fig. 3 B) puncta on the 
plasma membrane after 10-s depolarization with 56 mM 
K+. In 12 cells expressing endogenous tPA, there were 
333 total extracellular puncta: 30 puncta had tPA alone, 
40 had PAI alone, and 263 contained both proteins. 
Thus, 79% of PAI and tPA puncta colocalized on the 
surface of stimulated cells. When the fraction of puncta 
with colocalized tPA and PAI was calculated for each in-
dividual cell, it ranged from 67 to 90%, with a mean of 
77.2 ± 2.2%. Calculated in another manner, PAI puncta 
colocalized with 90% of tPA puncta on the surface of 
stimulated cells. As expected, neither tPA (Fig. 3 C) nor 
PAI (Fig. 3 D) immunoreactivity was visible on the mem-
brane of unstimulated cells (differential interference 
contrast image, Fig. 3 E).

Neutralization of secretory granules allows inhibition 
of tPA activity
It was surprising to find that tPA, a serine protease, is 
routinely co-packaged and stored in the same secre-
tory granules as its inhibitor, PAI. What prevents PAI 
from irreversibly inhibiting tPA before its release? One 
possibility is that the acidic environment of the gran-
ule (pH 5.5) prevents the inhibition of tPA by PAI. In-
deed, the inhibition is strongly reduced at acid pH in 
vitro (Komissarov et al., 2004). If that is the case, then 
neutralization of the granule interior might allow the 
inhibition to occur. We examined whether raising the 
pH in intracellular chromaffin granules by incubating 
cells in a physiological saline solution with the weak 
base NH4Cl (25 mM; Holz et al., 1983) leads to a de-

Figure 2. endogenous PAI colocalizes with dBh 
on the cell surface after stimulation. Cultured bo-
vine chromaffin cells were stimulated for 10  s with 
56 mM K+ at 34°C. The solution was replaced with 
buffer containing 5.6 mM K+, and the cells were im-
mediately placed on ice. Cells were then incubated 
with antibodies to PAI (B) and to the lumenal domain 
of the granule membrane protein DBH (A) for 60 min 
on ice, and then processed and imaged by confo-
cal microscopy. Because the cells were not perme-
abilized, only antigens present on the surface of 
the cells are visible. Arrowheads indicate instances 
of colocalization of secreted DBH and PAI. n = 10 
cells. Bar, 2 µm.
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crease in tPA activity (Fig. 4). tPA activity was measured 
by separating cell lysates on a gel (zymogram) polymer-
ized in the presence of two substrates, plasminogen and 
casein. Active tPA cleaves the plasminogen to plasmin, 
which then hydrolyzes casein, leaving a clear band in 
a Coomassie-stained gel. In Fig. 4 A, triplicate samples 
(shown in inverted grayscale) were scanned and quanti-
fied (Fig. 4 B). A 90-min incubation with 25 mM NH4Cl 
reduced the mean tPA activity by 47%. These findings 
indicate that endogenous tPA is co-stored and co-se-
creted with its inhibitor PAI and is protected from inac-
tivation by the low intragranular pH. 

Next we explored with transfected, labeled proteins 
the effects of their co-storage on the dynamics of postfu-
sion discharge, fusion pore expansion, and the implica-
tions of the postfusion rise in pH on inactivation of tPA.

Comparison of the postfusion discharge of NPY, tPA, 
and PAI labeled with pHluorin
Secretory granule fusion and discharge of lumenal pro-
teins were detected using proteins fused to the highly 

pH-sensitive GFP variant, ecliptic pHluorin (pHl; 
Miesenböck and Rothman, 1997). There was a rapid 
increase in fluorescence at individual fusion sites for all 
three proteins because of the rapid rise of pH upon fu-
sion. However, the subsequent kinetics of the decay of 
fluorescence varied with the different proteins. NPY-pHl 
was usually discharged rapidly from the fused granule. 
At an acquisition rate of 36 Hz, many discharge events 
occurred over two to three frames (56–83 ms), and the 
majority of NPY events were completed in fewer than six 
frames (166 ms; Fig. 5 B). In contrast, the discharge of 
tPA-pHl was orders of magnitude slower, occurring over 
tens of seconds (Fig. 5 C). These results are consistent 
with previously reported observations with GFP or ceru-
lean-labeled NPY and tPA (Taraska et al., 2003; Perrais 
et al., 2004; Tsuboi et al., 2004; Weiss et al., 2014a).

The discharge of PAI-pHl usually displayed a bipha-
sic release pattern (Fig. 5 D), which was observed with 
neither NPY-pHl nor tPA-pHl. After the increase of fluo-
rescence upon neutralization of the secretory granule 
lumen, there was a rapid loss of PAI-pHl fluorescence 

Figure 3. endogenous PAI colocalizes with tPA 
on the cell surface after stimulation. Cultured 
bovine chromaffin cells were incubated for 10  s in 
buffer with (A and B) or without (C–E) 56 mM K+ at 
34°C. The solution was replaced with buffer con-
taining 5.6 mM K+, and the cells were immediately 
placed on ice. Cells were then incubated with anti-
bodies to tPA (A and C) and PAI (B and D) for 60 min 
on ice, and then processed and imaged by confocal 
microscopy. (A and B) Arrowheads indicate instances 
of colocalization of secreted tPA and PAI. When the 
fraction of puncta with colocalized tPA and PAI was 
calculated for n = 12 cells, it ranged from 67 to 90%, 
with a mean of 77.2 ± 2.2%. n = 333 total puncta. 
(C–E) Unstimulated cells, which were processed for 
tPA and PAI and visualized as in A and B, have little 
or no secreted tPA or PAI on the plasma membrane. 
Images that are to be compared directly (e.g., A and 
C; B and D) were acquired at the same microscope 
settings and adjusted to the same brightness and 
contrast when making the figures. Bars, 2 µm.
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similar to that seen with NPY-pHl granules. However, 
unlike NPY-pHl or tPA-pHl, PAI-pHl fluorescence often 
did not smoothly decline. Instead, fluorescence rapidly 
decreased to approximately half of the maximal fluo-
rescence, and then was either stable or slowly declined. 
The fluorescence of the plateau phase completely (and 
reversibly) disappeared upon perfusion with pH 5.5 
buffered solution, indicating that the protein was re-
tained on the cell surface. As shownlater (Fig. 7), the 
curvature changes associated with the fusion event coin-
cide with the initial rapid phasic intensity increase and 
not with the plateau. Thus the plateau likely reflects the 
presence of PAI-pHl on the plasma membrane after the 
fusion pore expansion.

To quantify the duration of the postfusion discharge 
for the different proteins, software was developed (see 
Materials and Methods) that assigns a duration to in-
dividual events. The program largely eliminated sub-
jectivity from the analysis and greatly facilitated the 
interpretation of the results. Examples of the analysis 
are shown in Fig. 5 (red and blue). In the ∼60% of the 
PAI-pHl events with a rapid phasic increase followed by 

a plateau of fluorescence, the event duration was cal-
culated from the fluorescence changes preceding the 
plateau (Fig. 5 D). 

The analysis confirmed that the discharge of NPY-
pHl (control) was much faster than that of tPA-pHl 
(control), with median durations of ∼0.1 and 10  s, 
respectively (Fig.  6, C and E). The discharge of PAI-
pHl (control) was intermediate between the other two 
proteins, with a median duration of ∼0.5  s (Fig.  6  A 
and see Fig. 9).

Expression of tPA in secretory granules slows the 
postfusion discharge of colocalized PAI or NPY
Immunocytochemistry (Figs. 1, 2, and 3) indicated that 
endogenous PAI and tPA can be packaged within the 
same secretory granule. tPA greatly slows the expansion 
of the fusion pore and, in addition, may covalently bind 
PAI after fusion when the granule lumen is neutralized. 
We therefore predicted that PAI discharge after fusion 
would be retarded from granules costoring tPA. Chro-
maffin cells were cotransfected with plasmids encoding 
PAI-pHl and unlabeled tPA. Immunocytochemistry re-
vealed that ∼80% of the PAI-pHl–labeled granules co-
expressed tPA (Fig. S2). There was a 1.87-fold increase 
in immunoreactive PAI in cells transfected with tPA-pHl 
and untagged PAI compared with nontransfected cells 
(Fig. S3). PAI-pHl cotransfected with a plasmid encod-
ing tPA was discharged with a fivefold greater median 
duration than PAI-pHl cotransfected with a control 
plasmid (pcDNA3; Fig.  6, A and B). Coexpression of 
unlabeled PAI did not alter the discharge of tPA-pHl 
(Fig. 6, E and F).

To determine whether the ability of tPA to slow the 
discharge was specific for PAI-pHl, the effect of trans-
fected tPA on the discharge of NPY-pHl was investigated. 
Immunocytochemistry revealed that ∼80% of the NPY-
pHl–labeled granules coexpressed exogenous tPA (Fig. 
S2). Cotransfected tPA caused a twofold increase in the 
median duration of NPY-pHl events (Fig. 6, C and D). 
Although the effect of tPA on the discharge of NPY-pHl 
was less than that on the discharge of PAI-pHl, the re-
sults indicate that the ability of tPA to slow the discharge 
of another lumenal protein is not specific for PAI. 

tPA causes a prolonged fusion pore neck in the 
presence of PAI and NPY
Fusion of the secretory granule membrane with the 
plasma membrane is accompanied by a sudden increase 
in the local curvature of the plasma membrane at the 
fusion site (Anantharam et al., 2010b, 2011). Curvature 
at the fusion junction can be detected by a combina-
tion of polarization and TIRF of an oriented membrane 
fluorophore (a carbocyanine dye, e.g., DiD), which in-
corporates into the plasma membrane bilayer with its 
preferred polarization of light absorption and emission 
parallel to the local plane of the membrane (Axelrod, 

Figure 4. neutralization of secretory granules allows inhibi-
tion of tPA activity. (A) Bovine chromaffin cells were incubated 
for 90 min in a physiological saline solution with or without 
25 mM NH4Cl at 34°C to neutralize secretory granule pH. Cell 
lysates were resolved on a 10% SDS polyacrylamide gel con-
taining casein (1 mg/ml) and plasminogen (10 µg/ml). SDS was 
removed by four washes in 2.5% Triton X-100 to allow renatur-
ation of tPA. Gels (zymograms) were incubated in 100 mM Tris, 
pH 8.1, for 4 h at 37°C and then stained with Coomassie blue 
stain to visualize casein hydrolysis (inverted grayscale, in tripli-
cate). (B) Gels were scanned, and band intensities were quanti-
fied in ImageJ. Mean ± SEM is shown. Student's t test resulted 
in a p-value of 0.0027.
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1979; Fig. S4). TIRF microscopy relies on the two possi-
ble orthogonal electric field polarizations of an evanes-
cent field: one predominantly along the z axis (optical 
axis perpendicular to the coverslip, P-polarized), and the 
other in the plane of the coverslip (S-polarized). P-polar-
ized light excites only membrane DiD with an absorption 
dipole component that is perpendicular to the coverslip, 
whereas S-polarized excites only DiD that has an absorp-
tion dipole component parallel to the coverslip. The key 
curvature measurement is an increase in the ratio of the 
emission with P-polarized excitation to the emission with 
S-polarized excitation (termed P/S). We earlier demon-
strated that the curvature changes associated with the fu-
sion of tPA-containing granules had a many-fold longer 
duration than those of NPY-containing granules (Weiss 
et al., 2014a). The slow discharge of tPA was associated 

with long duration curvature changes. We wanted to de-
termine whether the prolonged fusion pore associated 
with fusion of a tPA-containing granule also occurred 
when tPA was coexpressed with PAI-pHl or NPY-pHl.

When PAI-pHl was transfected into cells without tPA, 
increases in membrane curvature (as determined by an 
increase in P/S) frequently matched the duration of the 
initial spike in PAI-pHl fluorescence (Fig. 7, A and B). 
Curvature changes and thus the fusion pore were not 
associated with the fluorescence plateau of the fusion 
event. Because the plateau was quenched by low pH, 
the plateau likely reflects deposition and local binding 
of PAI-pHl at the surface of the cell after the granule 
membrane flattens into the plasma membrane.

Coexpression of exogenous tPA with PAI-pHl in-
creased the duration of the P/S elevation compared 

Figure 5. nPY, tPA, and PAI have different secretion characteristics. Bovine chromaffin cells were transfected to express cargo 
proteins fused to pHl. Secretion was stimulated with 56 mM potassium buffer and observed by TIRF microscopy at a rate of 36 Hz. 
pHl fluorescence intensity was analyzed with a custom duration-finding program that is robust against variations in the shape of the 
data curve. (A) Schematic of program features. The solid thin black curve is the noisy fluorescence versus time of hypothetical data. 
A start time tstart is chosen, at which the fluorescence is defined to be baseline. Analysis is done separately for the rising phase (red) 
and the falling phase (blue), defined as before or after the fluorescence maximum time tmax, respectively. First, the fluorescence ver-
sus time in each phase is smoothed by fitting to a fifth-degree polynomial (thick red or blue solid lines). Next, a weighted average 
slope is calculated for each phase in the respective time windows (tstart, tmax) and (tmax, tend). Straight lines with those slopes (shown 
as dotted lines) are pinned to the maximum slope points (denoted by circles) and then extrapolated to the baseline to determine 
the event duration. (B) NPY-pHl is secreted rapidly. Entire events frequently take less than five frames at 36 Hz (inset; each point is 
one frame). Although the analysis was performed on a region of interest encompassing only the largest (first) fluorescent change, 
fluorescence changes from nearby fusion events are also evident. (C) tPA-pHl is secreted slowly, frequently lasting many seconds. 
(D) PAI-pHl is secreted rapidly. Often, ∼50% of PAI-pHl fluorescence is immediately lost, over just a few frames (inset). A fraction of 
PAI-pHl remains on the cell surface (plateau) and is sensitive to a pH 5.5 solution applied extracellularly.
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with expression of PAI-pHl alone (Fig. 7, C and D). Co-
expression increased the fraction of events that had P/S 
durations greater than 10 s from 25% to 76% (Fig. 7 E). 
tPA caused a similar increase in duration of curvature 
associated with the fusion pore when coexpressed with 
NPY-pHl (Fig. 8). 

Information about the geometry of the fusion pore 
can be extracted from the p-TIRF measurements (Fig. 
S5). The linear combination of the emissions P+2S re-
ports approximate total DiD emission as observed by 
a 1.49-NA objective, which in theory is proportional 
to the amount of DiD at any x-y-z location multiplied 
by the evanescent field intensity (Anantharam et al., 
2010b). Computer simulations (Anantharam et al., 
2010b) indicate that P+2S will increase if the geome-
try results in more DiD-labeled membrane close to the 
glass interface, as when a fused granule is attached to 
the plasma membrane by a short narrow neck. P+2S will 
decrease if DiD diffuses into a postfusion membrane 
indentation (placing DiD farther from the substrate 
and thereby in a dimmer evanescent field intensity). 
P+2S is not as robust a measurement as P/S because an 
increase, decrease, or no detectable change in P+2S is 
possible depending on various countervailing tenden-
cies arising from the geometrical details of the mem-
brane deformation. In those fusion events of granules 

containing tPA alone or tPA with either PAI-pHl or 
NPY-pHl with measurable change in P+2S, ∼90% had 
an increase in P+2S. Thus, it is likely that tPA with or 
without colocalization with other transfected proteins 
in secretory granules preferentially stabilizes a geome-
try that occurs soon after fusion, with the granule mem-
brane connected to the plasma membrane through a 
short narrow neck. 

Mutation of the active-site serine in tPA does not alter 
the retarded release of coexpressed PAI-pHl
We investigated whether the ability of tPA to slow the 
release of co-stored PAI is caused not only by delayed 
fusion pore expansion, but also by the covalent at-
tachment of PAI to tPA at the active site serine (ser-
ine 513). This reaction is likely to occur upon the 
increase of lumenal pH after fusion but before com-
plete discharge of PAI. The possibility was investigated 
by cotransfecting PAI-pHL with either wild-type tPA or 
tPA (S513A; Fig.  9). The median discharge duration 
was increased from 0.4 s in the absence of transfected 
tPA to 14  s by both wild-type and mutant tPA. Both 
wild-type and mutant tPA slowed PAI-pHl discharge 
similarly. Thus, the covalent interaction of PAI with 
tPA does not contribute to the effect of tPA to slow 
PAI discharge after fusion.

Figure 6. tPA slows the release of co-packaged PAI-phl and nPY-phl. Bovine chromaffin cells were cotransfected to express 
cargo proteins tagged with pHl in tandem with tPA, PAI, or pCDNA3 vector control. Secretion was stimulated with 56 mM potas-
sium buffer and observed by TIRF microscopy at a rate of 36 Hz. pHl fluorescence intensity was analyzed with a custom program as 
described in Fig. 5. (A and B) tPA slows PAI-pHl secretion. (C and D) tPA slows NPY-pHl secretion. (E and F) PAI does not slow the 
secretion of tPA-pHl. Each dot represents one fusion event, and medians are indicated by lines. Cumulative histograms plot data 
from upper panels. A Kolmogorov–Smirnoff test was performed for A and C. One-way ANO VA was performed in E with a post hoc 
Kruskal–Wallis test.
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d I s c u s s I o n

We previously reported that a lumenal cargo protein 
within a secretory granule strongly inhibits the expan-
sion of its own fusion pore, thereby slowing its own 
postfusion discharge. tPA is endogenously expressed 
in a subpopulation of chromaffin cells and had been 
implicated in an autocrine/paracrine negative feed-
back pathway that is initiated by proteolytic activation 
of surface plasminogen to plasmin. By regulation of its 
own discharge, tPA is likely shaping the kinetics of the 
extracellular proteolytic pathway. Here we describe 
another consequence of the regulation of the fusion 
pore. The fused granule with a stable fusion pore 
causes the high concentrations of retained proteins 
within the granule lumen to be suddenly exposed to 
neutral pH. In this context, we considered the find-
ing that tPA and its primary protein inhibitor, PAI, 
are both expressed in chromaffin cells and both are 
secreted upon stimulation (Parmer et al., 1997; Jiang 
et al., 2011). 

Endogenous PAI and tPA are co-packaged in the same 
secretory granules in chromaffin cells and can be 
detected on the cell surface
PAI is a suicide substrate that irreversibly acylates the 
active site in tPA at neutral pH (Lawrence et al., 1995). 
Previous studies demonstrated by sucrose density pu-
rification that both tPA and PAI are localized in chro-
maffin granules (Parmer et al., 1997; Jiang et al., 2011). 
In the present study, we used immunocytochemistry to 
examine the localization of the endogenous proteins 
in chromaffin cells. PAI was expressed in the major-
ity of chromaffin cells in the cultures as small puncta, 
strongly suggesting that they were in chromaffin gran-
ules. Indeed, upon brief stimulation (10  s) with ele-
vated K+, PAI that had not yet diffused into the medium 
was found on the cell surface in small puncta also con-
taining membrane-bound DBH, a lumenal marker of 
chromaffin granules. Whereas PAI was expressed in 
most of the chromaffin cells, tPA is expressed in only 
20% (Weiss et al., 2014b). Remarkably, tPA expression 
in chromaffin granules was invariably associated with 

Figure 7. tPA slows fusion pore ex-
pansion in the presence of PAI-phl. 
Bovine chromaffin cells were cotrans-
fected with either PAI-pHl and pcDNA3 
or PAI-pHl and tPA. pTIRF microscopy 
was performed as described in Mate-
rials and Methods. (A and C) Changes 
in pHluorin fluorescence were recorded 
over time. (B and D) Concurrently, DiD 
fluorescence as excited by P- and S-po-
larized light was recorded. The ratio 
P/S, plotted against time, corresponds 
to localized increases in membrane cur-
vature. Secretion start time is indicated 
by the dotted red line. (E) Increases in 
P/S are reported semiquantitatively. 
The length of time P/S was elevated 
was measured for n = 40 PAI-pHl + 
pcDNA3 or n = 17 PAI-pHl = tPA events 
and binned as shown.
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coexpression of its inhibitor PAI (Fig. 1). In a previous 
study, we demonstrated that endogenous tPA, like PAI, 
appears on the cell surface as puncta colocalized with 
DBH after a 10-s stimulation (Weiss et al., 2014a). Not 
surprisingly, when cells were stimulated with elevated 
K+, endogenous tPA was colocalized with endogenous 
PAI on the cell surface in puncta (Fig. 3), indicative of 
co-discharge of the co-packaged proteins. 

We reckoned that the low pH of chromaffin granules 
(pH 5.3–5.5; Holz et al., 1983) protects tPA from inac-
tivation. Indeed, when the lumenal pH of intracellular 
chromaffin granules was raised by incubation of cells 
with NH4Cl, subsequent zymography of cell homoge-
nates demonstrated that tPA activity was inhibited 50% 
(Fig.  4). Because the covalent interaction of tPA and 
PAI is robust at neutral pH, these experiments indicate 
that endogenous tPA is protected from covalent inhi-
bition by PAI because of the low lumenal pH, but can 
be rapidly inactivated upon the rise of intralumenal pH 
with fusion. Thus, the punctate tPA that colocalizes with 

PAI on the cell surface immediately upon fusion is likely 
to be at least partially inhibited. 

tPA creates a nanoscale chamber upon fusion that 
permits covalent interaction with PAI
The colocalization of endogenous PAI with tPA 
prompted us to investigate the effect of tPA on the dis-
charge of co-stored fluorescently labeled PAI. PAI-pHl 
discharge in the absence of transfected tPA often had 
an unusual time course. There was rapid partial release 
(within 1–2 s) followed by stable fluorescence for tens of 
seconds on the extracellular surface (Fig. 5 D). Because 
pTIRF microscopy detected curvature only during the 
initial rapid release, it is likely that the retained fluores-
cence reflects PAI-pHl binding to the cell surface after 
expansion of the fusion pore. 

Co-storage with transfected tPA slowed the initial dis-
charge of PAI-pHl at least fivefold (Fig. 6). Because the 
discharge of NPY-pHl was also slowed by co-storage with 
tPA, at least part of the retention of PAI-pHl by tPA was 

Figure 8. tPA slows fusion pore 
expansion in the presence of nPY-
phl. Bovine chromaffin cells were 
cotransfected with either NPY-pHl and 
pcDNA3 or NPY-pHl and tPA. pTIRF mi-
croscopy was performed as described 
in Materials and Methods. (A and C) 
Changes in pHl fluorescence were re-
corded over time. (B and D) Concur-
rently, DiD fluorescence as excited by 
P- and S-polarized light was recorded. 
The ratio P/S, plotted against time, 
corresponds to localized increases in 
membrane curvature. Secretion start 
time is indicated by the dotted red line. 
(E) Increases in P/S are reported semi-
quantitatively. The length of time P/S 
was elevated was measured for n = 22 
NPY-pHl + pcDNA3 or n = 33 NPY-pHl 
= tPA events and binned as shown.



Slow fusion pore creates a unique reaction chamber | Bohannon et al.932

likely caused by the profound slowing of fusion pore 
expansion induced by tPA (detected by pTIRF; Fig. 7). 
Indeed, the ability of tPA to slow fusion pore expansion 
can even retard the discharge of catecholamine de-
tected by amperometry (Weiss et al., 2014a). 

Binding of PAI-pHl to the slowly discharged tPA may 
also contribute to the retardation of PAI-pHl discharge. 
We showed with tPA having its active site serine mutated 
to alanine that the slowing of PAI discharge did not re-
quire covalent interaction of PAI and tPA (Fig. 9). How-
ever, because PAI binds to tPA even without acylation 
(Olson et al., 2001), noncovalent interaction with tPA 
could contribute to the slow discharge kinetics.

Function of a nanoscale reaction chamber
There are at least two possible consequences of the 
formation of a nanoscale reaction chamber. First, the 
amount of enzymatically active tPA that is discharged is 
likely to be lessened because of inhibition by co-stored 
PAI immediately upon the neutralization of the granule 

interior upon fusion. Zymography indicated that 50% 
of the tPA activity was retained after the pH within in-
tracellular secretory granules was raised by incubation 
with NH4

+, suggesting that there is a molar excess of 
endogenous tPA over PAI in secretory granules. This 
finding is consistent with enzymatically active tPA being 
secreted from chromaffin cells upon stimulation (Par-
mer et al., 1997). 

Is there enough time between the rise in lumenal pH 
upon fusion and discharge of PAI to permit the cova-
lent inactivation of tPA by PAI? The reaction should be 
complete within a millisecond of pH neutralization, 
based on the rate constant of the interaction of the two 
proteins in vitro (Lawrence et al., 1990) and assum-
ing that the endogenous proteins are as little as 1% by 
weight (∼30–70 µM concentrations) of the total lume-
nal granule protein (∼250 mg/ml; R.W. Holz, personal 
observations). If these concentrations of free proteins 
are actually present in the granule, then little unreacted 
PAI would be discharged, because the discharge time 
for total PAI-pHl is greater than 1 s for 90% of the fu-
sions in the presence of tPA (Fig. 6, A and B). However, 
there is great uncertainty in this estimate, and the re-
action rates could be orders of magnitude slower. The 
free concentrations of endogenous tPA and PAI are un-
known. Indeed, tPA can be quite insoluble at neutral or 
acid pH (∼0.1 mg/ml; Nguyen and Ward, 1993). In ad-
dition, because the kinetics were determined in dilute 
and ideal reaction conditions, the reaction rate may be 
much less in the unusual environment of the recently 
fused granule. Therefore, we cannot rule out the possi-
bility that some unreacted PAI and tPA escapes through 
the slowly expanding fusion pore, and thus reduces the 
amount of the tPA/PAI complex. Nevertheless, there 
seems to be more than enough time to allow the inhibi-
tion of tPA and the creation of a new secreted species.

A second consequence of the formation of a nanoscale 
reaction chamber after fusion is the formation of the 
covalent tPA/PAI complex. The complex may have 
physiological function. It is a high affinity ligand for 
the LDL receptor-related protein (LRP-1); binding to 
LRP-1 results in its endocytosis (Stefansson et al., 1998; 
Lillis et al., 2005). LRP-1 also functions as an intracellu-
lar scaffold for protein kinase signaling pathways (Lillis 
et al., 2005; Mantuano et al., 2013). The signaling ef-
fects of binding tPA/PAI are unknown. Because LRP-1 
mRNA is expressed in human adrenal medulla (Uhlén 
et al., 2015), the locally released tPA/PAI complex may 
itself have autocrine/paracrine affects. Secreted tPA/
PAI complexes may also have systemic effects mediated 
through interaction with LRP-1 at distal sites (Cale and 
Lawrence, 2007). 

In summary, our results, as well those of Chiang et 
al. (2014), highlight the fact that omega-figure–like 
structures can have durations of many seconds after fu-
sion. The present study proposes that these structures 

Figure 9. A kinase-dead mutant of tPA still slows PAI-phl 
secretion. Bovine chromaffin cells were cotransfected to ex-
press PAI-pHl in tandem with tPA, S513A tPA, or empty vector 
control (pcDNA3). Secretion was stimulated with 56 mM potas-
sium buffer and observed by TIRF microscopy at a rate of 36 
Hz. pHl fluorescence intensity was analyzed with a custom pro-
gram as described in Fig. 5. (A) Each dot represents one fusion 
event. Medians are indicated by lines. One-way ANO VA was 
performed with a post hoc Kruskal–Wallis test. (B) Cumulative 
histogram plots data from A.
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can have important physiological consequences. The 
slow postfusion discharge of tPA has been observed 
by numerous investigators in different cells (Taraska 
et al., 2003; Perrais et al., 2004; Tsuboi et al., 2004) 
including vascular endothelial cells (Suzuki et al., 
2009). The present study places these observations in 
a new context. We reveal the surprising discovery that 
PAI, the physiological inhibitor of tPA, is coexpressed 
in secretory granules and co-discharged with tPA. We 
demonstrate with pTIR FM that tPA slows its own fusion 
pore expansion in the presence (and absence) of PAI, 
thereby slowing discharge of lumenal contents and cre-
ating a neutral pH nanoscale reaction chamber on the 
cell surface. This chamber permits the covalent interac-
tion of inhibitor and enzyme, and thereby creates a new 
secreted product with potential intra- and intercellular 
signaling function.
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