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Insulin secretion is key for glucose homeostasis. Insulin secretory
granules (SGs) exist in different functional pools, with young
SGs being more mobile and preferentially secreted. However,
the principles governing the mobility of age-distinct SGs remain
undefined. Using the time-reporter insulin-SNAP to track age-
distinct SGs we now show that their dynamics can be classified
into three components: highly dynamic, restricted, and nearly
immobile. Young SGs display all three components, whereas old
SGs are either restricted or nearly immobile. Both glucose stimu-
lation and F-actin depolymerization recruit a fraction of nearly
immobile young, but not old, SGs for highly dynamic, microtubule-
dependent transport. Moreover, F-actin marks multigranular
bodies/lysosomes containing aged SGs. These data demonstrate
that SGs lose their responsiveness to glucose stimulation and
competence for microtubule-mediated transport over time while
changing their relationship with F-actin.
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Peptide hormones, neuropeptides, and bioactive amines are
stored into secretory granules (SGs), also referred to as large

dense-core vesicles (1, 2). Upon appropriate cell stimulation SGs
undergo exocytosis and release their cargoes. Pancreatic beta
cells are suitable models to study regulated secretion because
they are responsible for production and release of insulin, a key
hormone for maintenance of glucose homeostasis that affects
a wide range of metabolic processes (3). Glucose-stimulated
insulin secretion exhibits a biphasic pattern (4–6). The first
phase, which develops rapidly after stimulation of beta cells by
hyperglycemia, only lasts a few minutes, whereas the second,
slowly rising phase persists until euglycemia is restored and
should last <2 h in a healthy subject (7, 8). Because lack of the
first phase and a blunted second phase of glucose-induced insulin
release are hallmarks of glucose intolerance and diabetes (9),
a detailed characterization of the SG pools contributing to in-
sulin secretion is relevant for understanding insulin secretion in
health and disease.
A beta cell contains on average 5 × 103 insulin SGs (10). Ul-

trastructural and biochemical analyses combined with electro-
physiological measurements have revealed that insulin SGs can
be mainly divided into two distinct populations, named readily
releasable pool and reserve pool. These two pools differ in their
size and release competence. The readily releasable pool consists
of ∼50 SGs that are already docked at the plasma membrane
(PM) before stimulation (11, 12). Exocytosis of these SGs has
been considered to primarily account for the first phase of
glucose-stimulated insulin release. After consumption of the
readily releasable pool, the mobilization of more distal SGs in
the reserve pool would give rise and sustain the second phase of

insulin release (7, 8). This classical model has been recently
challenged following the observation of living beta cells by
total internal reflection fluorescence microscopy (TIRFM)
that “newcomer” SGs suddenly appearing at the PM can undergo
exocytosis without virtually any time delay (13, 14). According to
some reports newcomer SGs contribute to both phases of insulin
release (15–19). Additional evidence suggests that docking of
SGs to the PM can constrain SG exocytosis (20, 21). Hence, mo-
bility seems to be a critical factor for assessing the probability of
SGs to undergo exocytosis (22, 23).
Notably, neither the classical nor the revised model of glucose-

stimulated insulin secretion takes into account the preferential
release of newly synthesized insulin (24–26). Preferential release
of newly generated SGs is a shared feature among peptide-
secreting endocrine cells (27, 28). Using SG cargoes fused to
fluorescent timer proteins, which change their emission spectra
over time, it was shown that SGs of bovine chromaffin cells (29)
and PC12 cells (30) segregate into functionally and spatially
distinct pools, with newer SGs being preferentially released
upon stimulation. The stochastic nature and restricted temporal
window of its spectral transition limit, however, the reliability
and flexibility of fluorescent timer proteins for accurate deter-
mination of SG age. To overcome this hurdle, we developed
a time-resolved protocol for SG labeling by tagging insulin with
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SNAP (Ins-SNAP) (31). SNAP is derived from alkyl guanine
DNA alkyl transferase, a DNA repair enzyme that irreversibly
transfers an alkyl group from its substrate to a reactive cysteine
residue (32–36). The availability of cell-permeable nonfluores-
cent and fluorescent SNAP substrates, such as TMR-Star, allows
for a broad variety of applications. Ins-SNAP labeled with TMR-
Star (Ins-SNAPTMR-Star) is properly sorted into SGs and secreted
upon glucose stimulation (31). Importantly, high-content image
analyses formally demonstrated that the preferential release of
young Ins-SNAPTMR-Star+ SGs is a homogenous response to
stimulation rather than being primarily sustained by a more
biosynthetically and secretory active subpopulation of cells. In
this study we exploited the same protocol to investigate in
mechanistic and quantitative terms the dynamics of time-resolved
insulin SGs and their relationship with the cytoskeleton.

Results
Three Dynamic Components Account for the Collective Mobility of
Insulin SGs. Fluorescent labeling of insulinoma INS-1 cells
expressing Ins-SNAP with the SNAP substrate TMR-Star allows
for the detection of age-distinct Ins-SNAPTMR-Star+ SGs (31).
We imaged cortical 3- to 5- or 28- to 30-h-old Ins-SNAPTMR-Star+

(henceforth defined as young and old) SGs using TIRFM and
analyzed their dynamics with automated particle tracking and
statistical analysis based on the Motion Tracking software (Fig.
1A and Movie S1). These time intervals were close to those ap-
plied in previous studies on insulin turnover (31, 37). Our initial
analyses indicated that young and old SGs did not significantly
differ in regards to their collective diffusion coefficient (Fig. S1).
The power of this analysis was restricted, however, because it did
not provide information about the different components con-
tributing to the collective dynamics of SGs, which are highly
heterogeneous in their mobility (Movie S1). Therefore, we per-
formed analysis based on Bayesian probability theory (38). This
approach identified the number of dynamic components for
which there was most evidence in the experimental data, as well
as their relative contribution and diffusion coefficients. Three
components, defined as “highly dynamic” [diffusion coefficient
(D) ∼10−2 μm2/s], “restricted” (D ∼10−3 μm2/s), and “nearly
immobile” (D ∼10−4 μm2/s), were found to be necessary and
sufficient to account for the collective dynamics of both young
and old SG pools (Fig. 1B and Table S1). The highly dynamic
component accounted for the minority of events in the case of
both SG pools, whereas most young and old SGs were either
restricted or nearly immobile (Fig. 1C). The relative contribution
of highly dynamic old SGs (Fig. 1C) as well as the D of highly
dynamic and restricted old SGs (Fig. 1D), as calculated by re-
gression analysis of squared displacements plotted over time
(Fig. S1), were higher than those of young SGs.
Next, we evaluated the collective mean speed of young and old

SGs as well as the mean speed in both age groups of processive
SGs, which moved for ≥10 steps without changes in direction
>30° in between each step (Fig. S1). Although the average
number of tracks per movie was higher in the case of young SGs
(Fig. 1E), the percentage of processive tracks was higher for old
SGs (Fig. 1F). Young and old SGs did not differ in their col-
lective mean speed, but processive old SGs were faster (Fig. 1G).
Hence, using two independent statistical approaches we identi-
fied a fraction of highly mobile SGs, which in the case of old SGs
was larger and displayed greater D and processive speed. No-
tably, these findings were in contrast with previous analyses, in-
cluding our own, suggesting that SG motility decreases over time
(29, 31).

Glucose Stimulation Mobilizes Young but Not Old SGs. Newly syn-
thesized insulin is released preferentially in response to glucose
stimulation of beta cells (24–26), which mobilizes SGs (39).
Therefore, we analyzed the impact of glucose stimulation on

the mobility of young and old SGs (Fig. 2A). Upon glucose
stimulation the D of both highly dynamic young (Fig. 2B) and
old (Fig. 2E) SGs decreased to ∼50%, whereas the relative
contribution of the first (Fig. 2C), but not of the second (Fig.
2F), to the collective SG mobility increased approximately
twofold. Moreover, glucose stimulation increased the collec-
tive, but not the processive, speed of young SGs (Fig. 2D),
whereas in the case of old SGs both speeds were unchanged
(Fig. 2G). Thus, glucose recruits more young SGs to the highly
dynamic pool, although their reduced D indicates more fre-
quent changes in directionality, as also reflected by the increase
in the collective, but not in the processive, speed.

Different Dynamics of Age-Distinct SGs Is Regulated by the Cytoskeleton.
Microtubules (MTs) are implicated in the transport of SGs (40–
45) (Movie S2). Therefore, we analyzed the role of MTs in

Fig. 1. Three dynamic components account for the collective mobility of
SGs. (A) Schematic representation of the labeling protocol for fluorescent
visualization of 3- to 5- (young) and 28- to 30-h-old (old) Ins-SNAP+ SGs by
TMR-Star labeling. For details see Material and Methods. (B) Squared dis-
placements (log-scale) as a function of time for each dynamic component
contributing to the collective dynamics of young and old Ins-SNAPTMR-Star+

SGs. Representative tracks for each component are shown. (Scale bars, 1 μm.)
(C) Relative contribution of the dynamic components shown in B to the
collective dynamics of young and old Ins-SNAPTMR-Star+ SGs. (D) Diffusion
coefficients of young and old Ins-SNAPTMR-Star+ SGs as calculated by re-
gression analysis of the squared displacement of each dynamic component
plotted over time (see Fig. S1). (E) Mean number of the total and processive
(see Fig. S1) tracks of Ins-SNAPTMR-Star+ SGs detected per movie. (F) Relative
representation of the processive tracks of Ins-SNAPTMR-Star+ SGs. (G) Collec-
tive and processive mean speeds of young and old Ins-SNAPTMR-Star+ SGs
shown as normalized distribution (Left) and cumulative probability (Right).
The figure presents the data obtained from 12 independent experiments
counting 33,984 tracks in 111 cells for young SGs and 12 independent
experiments counting 11,486 tracks in 102 cells for old SGs.
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regards to the different dynamics of young and old SGs.
Nocodozole treatment, which causes MT depolymerization
(Fig. S2), reduced the D of the highly dynamic young (Fig. 3A)
and old (Fig. 3C) SGs to that of restricted SGs in untreated
cells. Thus, in this condition SGs in both age groups were either
restricted or nearly immobile, with the latter being pre-
dominant (Fig. 3 B and D). Following MT disruption the col-
lective mean speeds of young (Fig. 3E) and old (Fig. 3G) SGs
were also decreased. Stabilization of MTs with taxol also re-
duced the D of highly dynamic young and old SGs (Fig. 3 A and
C). Moreover, it decreased the pool of highly dynamic old (Fig.
3D), but not young (Fig. 3B), SGs. This effect was mirrored by
the decreased frequency of highly dynamic and increased fre-
quency of nearly immobile old SGs (Fig. 3D) and the reduced
collective mean speed of old (Fig. 3H), but not young (Fig. 3F),
SGs. Hence, dynamic MTs are required for the excursions of
both highly mobile young and old SGs but seem to be more
critical for the latter.
Filamentous actin (FA) regulates the access of SGs to the PM

(46–53). Therefore, its role in relationship to the different dy-
namics of young and old SGs was also investigated. Upon
latrunculin A treatment, which depolymerizes FA (Fig. S2), the
D of highly dynamic young SGs was reduced by ∼50% (Fig. 3A),
whereas their number increased by ∼1.5-fold (Fig. 3B). This in-
crease came at the expense of the nearly immobile SGs, which
were comparably fewer than in control cells (Fig. 3B). Con-
versely, disruption of FA abolished the highly dynamic pool of
old SGs such that only restricted and nearly immobile old SGs
remained (Fig. 3 C and D). Moreover, latrunculin A treatment
increased the collective mean speed of young SGs (Fig. 3E),
whereas it decreased that of old SGs (Fig. 3G). Opposite to
latrunculin A, jasplakinolide treatment, which stabilizes FA, in-
creased the D of highly dynamic and restricted young SGs, but it
did not alter that of the corresponding pools of old SGs (Fig. 3 A
and C). It also reduced the frequency of highly dynamic young
and old SGs (Fig. 3 B and D), as well as the collective mean

speed of old, but not of young, SGs. Hence, opposite to MTs, FA
negatively regulates the mobility of highly dynamic young SGs,
whereas it supports that of highly dynamic old SGs. Notably, its
pharmacological disruption mimicked the effects of glucose stimu-
lation on highly dynamic young SGs.

Old SGs Are More Frequently Associated with F-Actin. To further
investigate the differential involvement of FA in the mobility of
young and old SGs we performed dual-color TIRFM in INS-1
cells coexpressing Ins-SNAP labeled with Oregon Green (OG)
(hence Ins-SNAPOG+ objects) and Lifeact-mCherry (54), which
specifically stains FA (Fig. S3). In addition to labeling filamen-
tous structures Lifeact-mCherry localized to mobile punctuate
organelles, including some Ins-SNAPOG+ objects (Fig. 4A and
Movie S3). Old Ins-SNAPOG+, Lifeact-mCherry+ objects were
threefold more frequent than the corresponding young objects
(Fig. 4B) and they were reduced upon latrunculin A treatment
(Fig. 4B), whereas their number tended to increase upon glucose
stimulation (Fig. 4C). In control cells we detected highly mobile,
restricted, and nearly immobile old Ins-SNAPOG+, Lifeact-
mCherry+ objects, whereas in nocodozole-treated cells only the
nearly immobile component was present (Fig. 4 D and E and
Movies S4 and S5). This treatment decreased also the collective
mean speed of Ins-SNAPOG+, Lifeact-mCherry+ SGs (Fig. 4F).
Thus, the association of FA with SGs increases with their age, it
is enhanced by glucose, and FA+ SGs move on MTs.

Aged SGs Are Disposed in Actin-Positive Multigranular Bodies. By
electron microscopy insulin SGs are rather uniform in regards to
their spherical appearance and size (10). However, the shape of
old Ins-SNAPOG+, Lifeact-mCherry+ SGs was pleiomorphic (Fig.
4A, arrow). Moreover, the mean diameter of Ins-SNAPOG+,
Lifeact-mCherry+ SGs was twice that of Ins-SNAPOG+, Lifeact-
mCherry− SGs (Fig. 5A). Indeed, two classes of Ins-SNAPOG+

SGs could be distinguished based on the intensity profile of
their fluorescence: “simple objects” and “complex objects.”

Fig. 2. Glucose stimulation increases the frequency of young but not old highly dynamic SGs. (A) Schematic representation of the labeling (as in Fig. 1A) and
resting (0 mM glucose) and stimulation (25 mM glucose) protocol. (B) Diffusion coefficients of young highly dynamic and restricted Ins-SNAPTMR-Star+ SGs in
resting and stimulated cells. (C) Relative contribution of the dynamic components to the collective dynamics of young Ins-SNAPTMR-Star+ SGs in resting and
stimulated cells. (D) The collective and processive mean speed of young Ins-SNAPTMR-Star+ SGs shown as normalized distribution (Left) and cumulative
probability (Right). (E) Diffusion coefficients of young highly dynamic and restricted old Ins-SNAPTMR-Star+ SGs in resting and stimulated cells. (F) Relative
contribution of the dynamic components to the collective dynamics of old Ins-SNAPTMR-Star+ SGs in resting and stimulated cells. (G) Collective and processive
mean speeds of old Ins-SNAPTMR-Star+ SGs shown as normalized distribution (Left) and cumulative probability (Right). The figure presents the data obtained
from three independent experiments counting 19,176 tracks in 57 resting cells and 24,868 tracks in 32 stimulated cells for young SGs and three independent
experiments counting 6,917 tracks in 35 resting cells and 5,608 tracks in 25 stimulated cells for old SGs.
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Simple objects had one intensity peak whereas complex objects
consisted of several simple objects, which in time-lapse movies
moved together (Fig. 4A, arrow, and Fig. S4). Ins-SNAPOG+ ,
Lifeact-mCherry+ represented mostly complex objects, in-
cluding on average 3.4 ± 0.4 and 3.2 ± 0.6 fluorescence peaks for
Ins-SNAPOG and Lifeact-mCherry, respectively (Fig. 5 B and C).
To gain further insight into the ultrastructure of young and
old Ins-SNAP+ SGs we performed correlative-light electron
microscopy (Fig. 5 D and E). Most Ins-SNAPTMR-Star+ objects
detected by super resolution microscopy (Fig. 5 D and E, Left,
arrowheads) displayed by electron microscopy the typical ultra-
structure of SGs (Fig. 5 D and E, Center and Right, arrowheads).
However, 9.2 ± 1.3% of young and 44.3 ± 6.5% of old Ins-
SNAPTMR-Star+ objects correlated by electron microscopy with
multigranular bodies (MGBs) (Fig. 5E, arrows), that is, pleio-
morphic organelles delimited by a membrane enclosing two or
more electrondense cores (55). The higher proportion of old Ins-
SNAPTMR-Star in MGBs (P < 0.05) is consistent with a greater
fraction of old Ins-SNAP OG being in complex objects larger than
bona fide SGs.
MGBs represent lysosomes at an early stage of SG disposal

(56). To investigate in more detail the relationship between age
of SGs and their degradation we analyzed the colocalization of
young and old SGs with lysosomes. In INS-1 cells 14.7 ± 2.6% of
the young Ins-SNAPTMR-Star+ SGs colocalized with the lyso-
somal reporter EGFP-RILP compared with 33.5 ± 5.4% (P <
0.05) of the old Ins-SNAPTMR-Star+ SGs (Fig. 6A). A similar
trend was observed in primary beta cells of SOFIA mice, which
express mINS2-SNAP (31) and in which 12.1 ± 0.7% of the

young Ins-SNAPOG+ SGs colocalized with the lysosomal marker
lysosome-associated membrane protein 2 (LAMP2) compared
with 21.3 ± 1.2% of the old Ins-SNAPOG+ SGs (P < 0.05) (Fig. 6
B and C). Moreover, old Ins-SNAPOG+, Lifeact-mCherry+, but
not Ins-SNAPOG+ Lifeact-mCherry−, organelles colocalized with
LAMP2 in INS-1 cells. (Fig. 6 D–F and Fig. S5). The in-
tracellular levels of young and old Ins-SNAPTMR-Star as well as
the amount of Ins-SNAPTMR-Star released in the media during
the two time points (i.e., between 5 and 30 h postlabeling) was
further measured by fluorimetry. Combined, intracellular, and
secreted old Ins-SNAPTMR-Star only accounted to approximately
half of young Ins-SNAPTMR-Star (Fig. 6G), indicating that during
this time interval half of Ins-SNAPTMR-Star was degraded. This
half-life is close to that of 22.5 h estimated for insulin in mouse
insulinoma MIN6 cells (57). Taken together, these data show
that a significant fraction of old SGs is marked by FA and des-
tined for intracellular degradation.

Young Bona Fide SGs Are More Mobile Than Their Older Counterparts.
Identification of FA as a marker associated with aged SGs
localized within MGBs suggests that only Ins-SNAPOG+, Lifeact-
mCherry− objects represent bona fide SGs. Therefore, we evaluated
separately the dynamics of old Ins-SNAPOG+ objects either positive
or negative for Lifeact-mCherry. Ins-SNAPOG+, Lifeact-mCherry+

objects displayed a higher D and were faster than the whole set
of highly dynamic old Ins-SNAPOG+ objects (Fig. 7 A and E),
whereas the D of the Lifeact-mCherry− subset (i.e., of bona fide
old SGs) was equivalent to that of restricted SGs. Hence, in the
case of bona fide old SGs the highly dynamic component was

Fig. 3. Disruption of FA, but not MTs, differently affects the dynamics of young and old SGs. (A) Impact of nocodozole (noco), taxol (txl), latrunculin A (latA),
or jasplakinolide (jasp) treatments on the mean diffusion coefficients of the highly dynamic and restricted young Ins-SNAPTMR-Star+ SGs. (B) Impact of noco, txl,
latA, or jasp treatments on the relative contribution of the three dynamic components to the collective dynamics of young Ins-SNAPTMR-Star+ SGs. (C) Impact of
noco, txl, latA, or jasp treatments on the mean diffusion coefficients of the highly dynamic and restricted old Ins-SNAPTMR-Star+ SGs. (D) Impact of noco, txl,
latA, or jasp treatments on the relative contribution of the three dynamic components to the collective dynamics of old Ins-SNAPTMR-Star+ SGs. (E) Impact of
noco or latA treatments on the collective mean speed of young Ins-SNAPTMR-Star+ SGs shown as normalized distribution (Left) and cumulative probability
(Right). (F) Impact of txl or jasp treatments on the collective mean speed of young Ins-SNAPTMR-Star+ SGs shown as normalized distribution (Left) and cu-
mulative probability (Right). (G) Impact of noco or latA treatments on the collective mean speed of old Ins-SNAPTMR-Star+ SGs shown as normalized distribution
(Left) and cumulative probability (Right). (H) Impact of txl or jasp treatments on the collective mean speed of old Ins-SNAPTMR-Star+ SGs shown as normalized
distribution (Left) and cumulative probability (Right). Data for ctrls are the same as in Fig. 1. Other data are from two independent experiments counting
7,149 tracks of young SGs in 24 cells treated with noco; six experiments counting 18,343 tracks of young SGs in 50 cells treated with txl; four experiments
counting 8,767 tracks in 24 cells treated with latA; five experiments counting 18,513 tracks of young SGs in 49 cells treated with jasp; two experiments counting
7,735 tracks of old SGs in 23 cells treated with noco; five experiments counting 3,721 tracks of old SGs in 39 cells treated with txl; four experiments counting 3,362
tracks of old SGs in 30 cells treated with latA; and five experiments counting 5,116 tracks of old SGs in 42 cells treated with txl.
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absent and most of them were nearly immobile (Fig. 7B), whereas
Lifeact-mCherry+ SGs accounted for the high mobility of the
whole set of old Ins-SNAPOG+ objects.
Because Lifeact-mCherry+ objects were more frequent among

old than among young SGs, we evaluated how their omission
affected our analysis. Contrary to our original conclusion (Fig. 1
D and G), bona fide young SGs (i.e., Ins-SNAPOG+, Lifeact-
mCherry− objects) were more mobile than their older counter-
parts. This was documented by the presence of all three dynamic
components among bona fide young SGs (Fig. 7 C and D). In
contrast, bona fide old SGs were either restricted or nearly im-
mobile, with predominance of the latter. Accordingly, the col-
lective mean speed of bona fide young SGs was significantly
higher than that of old bona fide SGs (Fig. 7F).
Finally, we analyzed the impact of MTs or FA depolymeri-

zation on the mobility of bona fide young and old SGs. Consis-
tent with previous results (Fig. 3 A and B), in nocodozole-treated
cells bona fide young SGs were either restricted or nearly im-
mobile (Fig. 7 G and H) and their collective mean speed was
decreased (Fig. 7K). Likewise, FA depolymerization reduced the

D of highly dynamic bona fide young SGs to ∼50% (Fig. 7G),
whereas it increased their frequency by approximately twofold at
the expense of the nearly immobile component (Fig. 7H). As

Fig. 4. Old SGs are more frequently FA+ and move on MTs. (A) Dual-color
TIRFM images showing the overlap of some old Ins-SNAPOG+ SGs with Lifeact-
mCherry. See Movie S3. (Scale bar, 10 μm.) (B) Percentage of young or old
Ins-SNAPOG+ tracks positive for Lifeact-mCherry in control (ctrl), nocodazole-
(noco), or latrunculin A- (latA) treated cells. (C) Percentage of young or old
Ins-SNAPOG+ tracks positive for Lifeact-mCherry in resting (0 mM glucose;
rest) and stimulated (25 mM glucose; stim) cells. (D) Impact of noco treat-
ment on the mean diffusion coefficients of old highly dynamic and restricted
Ins-SNAPOG+, Lifeact-mCherry+ SGs. (E) Impact of noco treatment on the
relative contribution of the three dynamic components to the collective
dynamics of old Ins-SNAPOG+, Lifeact-mCherry+ SGs. (F) Impact of noco
treatment on the mean speed of old Ins-SNAPOG+, Lifeact-mCherry+ SGs
shown as normalized distribution (Left) and cumulative probability (Right).
See also Movies S4 and S5. The figure presents the data obtained from three
(for young SGs) and four (for old SGs) independent experiments counting
15,379 tracks of young SGs in 19 ctrl cells, 11,113 tracks of young SGs in 17
latA-treated cells, and 8,149 tracks of young SGs in 17 noco treated cells;
7,476 tracks of old SGs in 35 ctrl cells, 2,921 tracks of old SGs in 19 latA-
treated cells, and 3,695 tracks of old SGs in 22 noco-treated cells. Data in C
are derived from three independent experiments where 21,950 tracks of
young SGs in 45 resting cells, 27,632 tracks of young SGs in 58 stimulated
cells, 4,462 tracks of old SGs in 47 resting cells, and 5,716 tracks in 58 stim-
ulated cells were counted.

Fig. 5. A fraction of old SGs is found in multigranular bodies. (A) Mean
diameter of Ins-SNAPOG+, Lifeact-mCherry− SGs, and of Ins-SNAPOG+, Lifeact-
mCherry+ SGs. Data are derived from the same dataset as in Fig. 4B. (B)
Representative intensity profiles of a single complex Ins-SNAPOG+, Lifeact-
mCherry+ object showing several overlapping fluorescence peaks in the green
(Top) and red (Bottom) channels (possibility of bleed-through between chan-
nels was ruled out as described in Materials and Methods). (C) Frequency of
the complex Ins-SNAPOG+, Lifeact-mCherry+ objects in the green (Top) and red
(Bottom) channels as a result of counting 40 Ins-SNAPOG+ and 23 Lifeact-
mCherry+ objects. (D) Representative images of young Ins-SNAPTMR-Star+ SGs
visualized by (1) structured illumination microscopy (fluorescence). (2) TEM of
the same region as in 1. (3) Overlay (CLEM) of images in 1 (red channel) and 2.
(4–6) High magnification of the area boxed in 1–3. Arrowheads point to young
Ins-SNAPTMR-Star+ SGs. (Scale bar, 1 μm.) (E) Representative images of old Ins-
SNAPTMR-Star+ SGs visualized by (1) structured illumination microscopy (fluo-
rescence). (2) TEM of the same region as in 1. (3) Overlay (CLEM) of images in 1
(red channel) and 2. (4–6) High magnification of the area boxed in 1–3.
Arrowheads point to old Ins-SNAPTMR-Star+ SGs; arrows point to several old Ins-
SNAPTMR-Star+ SGs within a MGB. In D and E, two independent CLEM experi-
ments were performed counting in total in 19 cells 169 young Ins-SNAPTMR-Star+

SGs, out of which 16 were found in MGBs, and in 31 cells counting 197 Ins-
SNAPTMR-Star+ SGs, out of which 76 were found in MGBs. (Scale bar, 1 μm.)
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previously assessed (Fig. 3E), latrunculin A treatment increased
the collective mean speed of bona fide young SGs (Fig. 7K). In
the case of bona fide old SGs, MT depolymerization decreased
their D (Fig. 7I) and speed (Fig. 7L) such that only nearly im-
mobile SGs were present (Fig. 7J). FA depolymerization, in-
stead, did not affect the D of bona fide old SGs (Fig. 7I) but
increased the frequency of the restricted component (Fig. 7J)
and their collective mean speed (Fig. 7L). These data are con-
sistent with bona fide SGs of all ages being restricted in their
motion by FA, but progressively losing with time their compe-
tence for MT-mediated transport (Fig. 7M).

Discussion
In the present study we show that age affects the mobility of
cortical insulin SGs and their relationship with MTs and FA (Fig.
7M). Our initial analyses indicated that different motion modes
contribute to the collective mobility of insulin SGs, with highly
dynamic and processively moving old (28- to 30-h-old) SGs being
more mobile than their young (3- to 5-h-old) counterparts. We
then uncovered that FA, unlike MTs, plays opposite roles on the
dynamics of SGs depending on their age, with old SGs being
more frequently associated with FA and endosomal–lysosomal
markers and localized within MGBs. These findings led us to
demonstrate that bona fide old SGs, contrary to our initial as-
sessment, are less mobile than young SGs and identify FA as a
marker of aged SGs within MGBs/lysosomes. Importantly, glu-
cose stimulation increased the mobility of young, but not old,
SGs (Fig. 2) while increasing the fraction of FA+ old SGs.
Recent studies have unraveled the significant contribute of

highly mobile, so-called restless newcomer SGs to both phases of
glucose-stimulated insulin secretion (15–19). Independent, long-
standing evidence indicates the preferential release of newly
synthesized insulin (24–26). However, accurate information on
insulin SG mobility in relationship to their age is not yet avail-
able. Development of the Ins-SNAP reporter for marking age-
distinct pools of SGs enabled us to formally verify the prefer-
ential exocytosis of newly generated SGs and to show that the
mobility of insulin SGs decreases within a few hours after their
biogenesis (31). In that instance, however, we neither investi-
gated how glucose stimulation affects the mobility of age-distinct
SGs nor analyzed the different motion patterns contributing to
the collective mobility of time-resolved SG pools and their de-
pendence on MTs or FA. Such in-depth, quantitative analysis
was carried out here and resulted in the identification of three
dynamic components, termed highly dynamic, restricted, and
nearly immobile, differing in their diffusion coefficients by one
order of magnitude. These three motion modes were necessary and
sufficient to account for the collective dynamics of young SGs,
whereas old SGs were either restricted or nearly immobile.
Our results are in agreement with an earlier report of the three

dynamic patterns, namely directed planar movement, random
movement (otherwise defined as free planar diffusion), and re-
stricted movement, that account for the motion of SGs in INS-1
cells (58). These motion modes most likely correspond to those
classified here as highly dynamic, restricted, and nearly immo-
bile. Here we extended the knowledge by providing information
about the relative contribution of each dynamic component to
the collective dynamics of age-distinct SG pools. Interestingly,
the motion patterns identified for insulin SGs displayed diffusion
coefficients and frequencies comparable to those reported for

Fig. 6. MGBs represent FA+ lysosomes involved in degradation of aged SGs.
(A) Confocal images of EGFP-RILP and young or old Ins-SNAPTMR-Star+ objects
in fixed INS-1 cells. An arrow points to old Ins-SNAPTMR-Star+ SGs within an
EGFP-RILP+ compartment. Quantification was performed on the data
obtained from three independent experiments. In total 23 cells containing
1,157 young Ins-SNAPTMR-Star+ SGs, out of which 170 were EGFP-RILP+ and 19
cells containing 684 old Ins-SNAPTMR-Star+ SGs, out of which 196 were EGFP-
RILP+. (Scale bars, 5 μm.) (B) Confocal images of young Ins-SNAPOG+ SGs
(open arrowheads) and LAMP2+ lysosomes (filled arrowhead) in beta cells of
SOFIA mice. (Scale bar, 5 μm.) (C) Confocal images of old Ins-SNAPOG+ SGs
(empty arrowheads) and LAMP2+ lysosomes (full arrowhead) in beta cells of
SOFIA mice. In B and C, two independent islet isolations were performed
from two SOFIA mice each time. In total was counted 100 cells with 1,975
young Ins-SNAPOG+ SGs, out of which 240 were LAMP2+ and 218 cells with
1,615 old Ins-SNAPOG+ SGs, out of which 335 were LAMP2+. (Scale bar, 5 μm.)
(D) Colocalization of old Ins-SNAPOG+, Lifeact-mCherry+ (arrow) SGs with
LAMP2 in INS-1 cells. Ins-SNAPOG+, Lifeact-mCherry− SG (arrowhead) does
not colocalize with LAMP2. Quantification (shown in F) was performed on
the data obtained from threee independent experiments counting in total
44 old Ins-SNAPOG+/LAMP2+/Lifeact-mCherry− SGs, 458 old Ins-SNAPOG+/
LAMP2−/Lifeact-mCherry− SGs, 244 old Ins-SNAPOG+/LAMP2+/Lifeact-mCherry+ SGs,
and 14 old Ins-SNAPOG+/LAMP2−/Lifeact-mCherry+ SGs. (Scale bar, 5 μm.)
(E) Fluorescence intensity profile across the line for OG, mCherry, and
Alexa633. An asterisk marks the intensity profile of the SG indicated in B by
the arrowhead. (F) Percentage of LAMP2+ and/or Lifeact-mCherry+ old Ins-
SNAPOG+ SGs in INS-1 cells. (G) Fluorimetric analysis of Ins-SNAPTMR-Star

turnover. Fluorescence of 28- to 30-h-old Ins-SNAPTMR-Star in the cells and in
media compared with the 3- to 5-h-old Ins-SNAPTMR-Star in the cells. The
difference between 3- to 5-h-old Ins-SNAPTMR-Star in the cells and 28- to 30-h-
old Ins-SNAPTMR-Star in the cells plus in media equals the amount of degraded
Ins-SNAPTMR-Star. Data were obtained from three independent fluorimetric
experiments, each containing biological triplicate for young and old Ins-
SNAPTMR-Star and measured in loading triplicates. For all measurements the
same number of cells was seeded. To confirm that the loss of Ins-SNAPTMR-Star

signal is not due to the loss of the cells over the time course we measured

total protein concentration in the samples. The total protein concentration
increased over time (from 0.271 μg/mL to 0.357 μg/mL), which reflects the
increase in the cell number during incubation time. Because we measured
the signal of Ins-SNAPTMR-Star signal originating from the labeling at the
same starting point, increase in the cell number in the culture in the absence
of TMR-Star substrate could not affect the fluorimetric analysis.
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the regulated insertion of the TRPM8 ion channel into the PM
of peripheral neurons (59) and for lytic granules in natural killer
cells (60). These observations suggest that dynamic properties
of regulated secretory vesicles are conserved among different
cell types.
Nocodazole treatment affected both the highly dynamic and the

restricted components (Figs. 3 B and D and 7 H and J), indicating
their dependence on MTs. In contrast to young SGs, bona fide old
SGs display no highly dynamic motion (Fig. 7 C andD), suggesting

that they have lost their capability for long-range MT-mediated
excursions. Disruption of FA allowed the transition of ∼15% of
nearly immobile bona fide old SGs into the restricted pool and
increased their collective mean speed (Fig. 7 J and L). Hence, old
SGs may couple with MTs, but only for short-range excursions.
These observations are robust, being supported by the concor-
dance of statistical analyses on two independent large datasets,
including movies of single labeled Ins-SNAPTMR-Star+ SGs or Ins-
SNAPOG+, Lifeact-mCherry− SGs. Thus, we propose that SGs

Fig. 7. Young SGs are more mobile than their older counterparts. (A) Diffusion coefficients of the whole set of highly dynamic and restricted old Ins-SNAPOG+

objects and of the corresponding Lifeact-mCherry+ (FA+) or Lifeact-mCherry− (FA−) subsets. (B) Relative contribution of the three dynamic components to the
collective motion of old Ins-SNAPOG+ objects and of the corresponding Lifeact-mCherry+ (FA+) or Lifeact-mCherry− (FA−) subsets. (C) Diffusion coefficients of
young and old highly dynamic and restricted Ins-SNAPOG+, Lifeact-mCherry− objects. (D) Relative contribution of the three dynamic components to the
collective dynamics of young and old Ins-SNAPOG+, Lifeact-mCherry− objects. (E) Collective mean speeds of young and old Ins-SNAPOG+, Lifeact-mCherry−

objects. (F) Collective mean speeds of old Ins-SNAPOG+ objects and of the corresponding Lifeact-mCherry+ (FA+) or Lifeact-mCherry− (FA−) subsets. (G) Impact
of nocodazole (noco) or latrunculin A (latA) treatment on the mean diffusion coefficients of highly dynamic and restricted Ins-SNAPOG+, Lifeact-mCherry− (i.e.,
bona fide young SGs). (H) Impact of noco or latA treatment on the relative contribution of the three dynamic components to the collective dynamics of young
bona fide SGs. (I) Impact of noco or latA treatment on the mean diffusion coefficients of restricted old Ins-SNAPOG+, Lifeact-mCherry− objects. (J) Impact of
noco or latA treatment on the relative contribution of the restricted and immobile components to the collective dynamics of old Ins-SNAPOG+, Lifeact-
mCherry− objects. (K) Impact of noco or latA treatment on the collective mean speed of young bona fide SGs shown as normalized distribution (Left) and
cumulative probability (Right). (L) Impact of latA or noco treatments on the collective mean speed of old Ins-SNAPOG+, Lifeact-mCherry− objects shown as
normalized distribution (Left) and cumulative probability (Right). (M) Young SGs exist in three dynamic pools; old SGs unless localized within MGBs do not
display highly dynamic component. Depolymerization of MTs immobilizes young as well as old SGs. Depolymerization of FA results in the increased highly
dynamic fraction on the expense of the immobile fraction among young SGs and increased restricted fraction among old SGs. MGBs move on MTs. Results are
derived from the same dataset as in Fig. 4B.
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lose their capability to couple with MT-associated motor proteins
over time, thereby decreasing their competence for MT-
mediated transport (61). Notably, the motion of SGs could also
reflect in part their binding to MTs undergoing remodeling (62),
because MT stabilization by taxol reduced the D of highly dy-
namic young and old and restricted old SGs (Fig. 7 A and C).
A higher density of microtubules upon taxol treatment could also
increase the probability of SGs to switch direction, thereby de-
creasing their D.
Glucose stimulation, which induces FA remodeling (52, 53),

recruited SGs to the highly dynamic component (Fig. 2C).
Likewise, upon pharmacological disruption of FA, which also
promotes insulin secretion (46–49), ∼50% of highly dynamic
young SGs originated from SGs residing in the nearly immobile
pool (Figs. 3B and 7H). These transitions correlated with an
increased collective mean speed of young SGs (Figs. 2D, 3E, and
7K), whereas their D decreased to ∼50% (Figs. 2B, 3A, and 7I).
Such apparently opposite findings (i.e., increased speed but de-
creased D) can be explained assuming that FA restricts not only
the motion but also the likelihood of SGs to change direction by
switching between MT tracks. In support of this interpretation is
the observation that stabilization of FA with jasplakinolide in-
creased the D of highly dynamic young SGs but decreased their
frequency. Increased freedom of cortical SGs to explore the
surrounding space upon actin depolymerization could in turn
enhance their probability to land at sites competent for exo-
cytosis and thereby undergo exocytosis. In view of these con-
siderations it is plausible that greater mobility and competence
for exocytosis of young SGs are tightly linked.
SGs that do not undergo exocytosis are eventually degraded

intracellularly within MGBs (37, 56, 63). Our TIRFM data
revealed the preferential association of old Ins-SNAPOG+ with
FA+ vesicles that seemed morphologically distinct from bona
fide SGs. In particular, Ins-SNAPOG+, FA+ objects were complex
because they included approximately three Ins-SNAPOG+ cores,
which moved synchronously along the same trajectory. Analyses
by correlative light electron microscopy (CLEM) confirmed the
greater occurrence of old Ins-SNAPTMR-Star within MGBs (Fig.
5E). Moreover, in INS-1 cells aged Ins-SNAP SGs were more
frequently associated with endosomal–lysosomal markers (Fig.
6A), and a similar trend was observed in mouse primary beta
cells (Fig. 6 B and C). Evidence that the combined amount of
Ins-SNAPTMR-Star in cells and their media after 25 h in culture
only accounted for ∼50% of the originally labeled protein fur-
ther implies degradation of aged SGs.
Old Ins-SNAPOG+ SGs colocalized with the endosomal–

lysosomal marker LAMP2 were also positive for FA (Fig. 6 D–F).
The role of FA in disposal of aged SGs remains to be defined. As
SGs age, their protein and/or lipid composition, such as phos-
phoinositides, may be altered, leading to the recruitment of actin
nucleation promoting factors. Notably, glucose stimulation has
been shown to activate N-WASP (53) and in our case tended to
increase the occurrence of old FA+ SGs (Fig. 4C). To maintain
homeostasis of insulin stores glucose stimulation may, on the
one hand, induce insulin SG biogenesis and secretion of young
SGs and, on the other hand, mark old SGs for degradation. At
this time, however, we cannot yet discern whether FA coats in-
dividual SGs before their engulfment into MGBs/lysosomes or
instead is peripherally associated with the membrane of the
latter. In conclusion, selective marking of aged SGs with FA will
provide a means to further dissect the molecular steps leading to
their intracellular degradation.
In conclusion, our data show the tight correlation between

aging of SGs and their mobility as well as the different re-
lationship of young and old SGs with FA and localization of aged
SGs to MGBs. They should enable a more accurate time–space-
based modeling of insulin SG dynamics and exocytosis. According
to these findings, it is also possible to envision how loss of glu-

cose responsiveness could deplete beta cells of young, highly
dynamic SGs competent for insulin release as well as impair the
disposal of aged SGs and thus lead to deficient insulin secretion
in type 2 diabetes.

Materials and Methods
Reagents. TMR-Star, OG, and blocker were from NEB. Latrunculin A (used at
1 μM concentration for 30 min), jasplakinolide (used at 1μM concentration
for 1 h), and OG–phalloidin were from Molecular Probes. Nocodazole (used
at concentration 16.6 μM for 1 h) and taxol (used at 0.1 μM concentration for
1 h) were from Sigma-Aldrich.

DNA Constructs. pEG-hIns-SNAP was described earlier (31). pLifeact-mCherry
(54) and pEGFP-β-actin were gifts from E. Paluch, University College, London;
pEGFP-RILP was from M. Zerial, MPI-CBG, Dresden; and pEGFP-α-tubulin was
from G. Montagnac, Institute Curie, Paris.

Cell Culture. The INS-1 cell line originally derived from a rat insulinoma (64, 65)
was a gift from C. Wollheim, University of Geneva, Geneva. INS-1 cells used
throughout this study were between passages 22 and 35. The cells were
grown in standard INS-1 media [RPMI medium 1640 with L-glutamine (PAA
Laboratories) supplemented with 20 mM Hepes, pH 7.4, 10% (vol/vol) heat-
inactivated FBS (PAA Laboratories), 2 mM L-glutamine, 100 U/mL penicillin,
100 μg/mL streptomycin, 1 mM sodium pyruvate and 50 μM 2-mercaptoe-
thanol, and 11 mM glucose] and incubated at 37 °C in a humidified 95% air,
5% CO2 atmosphere. The cells were trypsinized by incubation with 0.5
mg/mL trypsin-EDTA (PAA Laboratories) in Dulbecco’s PBS (PAA Laborato-
ries) for 3 min at 37 °C. Trypsin was inactivated by addition of 10 mL of
standard INS-1 medium. Cell culture was split 1:3 every 3–4 d and medium
was changed 2 d after splitting.

Labeling of Age-Distinct Ins-SNAP+ SGs. INS-1 cells transiently transfected with
pEG-hIns-SNAP and grown in standard culture conditions for 4 d were in-
cubated for 30 min with high-potassium buffer (15 mMHepes, pH 7.4, 55 mM
KCl, 70 mM NaCl, 24 mM NaHCO3, 1 mM MgCl.6H2O, 2 mM CaCl2.H2O, and
1 mg/mL ovalbumin fraction 5) to stimulate the release of predocked insulin
SGs. Cells were then incubated for 30 min with high-potassium buffer con-
taining 2 μM SNAP blocker (blocking buffer). After removal of the blocking
buffer the cells were washed twice with 2 mL of PBS and incubated for 2 h in
phenol red-free INS-1 cell medium. During this incubation the cells were
washed twice, 30 and 60 min after the removal of the blocking buffer. Two
hours after the removal of the blocking buffer cells were incubated for
30 min in phenol red-free INS-1 cell medium containing either 0.8 μM TMR-
Star or 2 μM OG SNAP substrates (labeling media). Cells were immediately
washed twice with PBS and again 30 and 60 min upon the removal of the
labeling media and then incubated in phenol red-free INS-1 cell medium
until used for imaging of insulin SGs with desired age. In some instances
TMR-Star–labeled Ins-SNAP cells were placed in media without glucose
(resting media) for 1 h and then imaged for 15 min while remaining in
resting media or incubated in stimultion buffer (25 mM glucose, 5 mM KCl,
120 mM NaCl, 24 mM NaHCO3, 1 mM MgCl2, 2 mM CaCl2, 1 mg/mL oval-
bumin, and 15 mM Hepes, pH 7.4).

Islet Isolation and Labeling. Islets from SOFIA mice were isolated and dual-color
SNAP-labeled as described (31) to visualize age-distinct Ins-SNAP SGs. After
fixation at the desired time points with 4% (wt/vol) paraformaldehyde (PFA) in
PBS for 30 min at 37 °C, islets were cryosectioned according to the Tokuyasu
technique (66) with an EM UC6 ultramicrotome equipped with an EM FC6
cryodevice (Leica Microsystems) and 300-nm frozen sections were collected.
Sections were then placed on glass coverslips, blocked with 1% BSA, and
immunofluorescently stained for 1 h with rabbit anti-mouse-LAMP2 antibody
(Abcam) diluted 1:50 in 1% BSA in PBS and secondary Alexa633-conjugated
goat anti-rabbit IgG diluted 1:200 for 30 min at room temperature.

Immunocytochemistry. Primary mouse monoclonal anti-α-tubulin (Sigma-
Aldrich) and polyclonal rabbit anti-rat-LAMP2 (Invitrogen) antibodies
were used at 1:1,000 and 1:50 dilutions, respectively. Alexa488-conjugated
goat anti-mouse, Alexa568-conjugated goat anti-mouse, and Alexa633-
conjugated goat anti-rabbit IgG (Molecular Probes) were used at 1:200
dilutions. Cells grown on coverslips were fixed with 4% PFA (20 min, 37 °C),
permeabilized, and blocked with 0.2% saponin in goat-serum dilution buffer
(GSDB) [16.5% (vol/vol) goat serum bovine, 20 mM sodium phosphate,
pH 7.4, and 450 mM NaCl] for 1 h before overnight incubation at 4 °C
with the primary antibodies diluted in GSDB. Next, cells were incubated with
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the Alexa-conjugated IgG or OG–phalloidin in GSDB for 45 min at room
temperature. Coverslips were then mounted on glass slides with ProLong
Gold antifade (Invitrogen).

Confocal Microscopy. Samples were imaged with an LSM700 (Zeiss) equipped
with λ = 488, 561- and 633-nm lasers, Plan-Apochromat 63×/1.4 N.A. oil DIC
objective, BP505-530, LP575, MBS 405/488/555/639, and two photomultiplier
tubes. Image processing was performed with the open source image soft-
ware Fiji (67).

TIRFM. Living cells seeded on 25-mm coverslips (ne = 1.5255; Warner Instru-
ments) and SNAP-labeled were placed into a Bachhoffer chamber (Pekon)
with an open metal holder (Okolab) heated to 37 °C. Imaging was per-
formed with a Nikon TIRF system including a Nikon Eclipse Ti inverted mi-
croscope, motorized stage, and a Nikon 100×/1.49 N.A. Apo TIRF objective
and controlled with the NIS Elements software. TMR-Star and mCherry were
excited with 1% and 0.5% power of the λ = 561 laser (Coherent), whereas
OG and EGFP were excited with 2% and 1% power of the λ = 488 nm laser,
respectively. The fluorescence signals filtered through BP647/57 (TMR-Star,
mCherry) and BP512/18 (OG, EGFP) filters were recorded with Andor iXon
DU-897 cameras (pixel size 0.16 μm) connected with a TuCam adapter
(Andor Technology), operated at EM gain 10 MHz at 14-bit, 2.4× conversion
gain, multiplier 300, and speed of ∼33 fps.

Cryosectioning and Correlative Light Electron Microscopy of INS-1 Cells. SNAP-
labeled cells were fixed at the desired time points with 4% (wt/vol) PFA in PBS
for 20 min at 37 °C, washed with PBS, and stored at 4 °C. Fixed cells were then
sectioned according to the Tokuyasu technique (67) to collect 150-nm cryo-
sections on finder grids (Maxtaform) for counterstaining with 5 μg/mL DAPI
in PBS and imaging. Fluorescence images were acquired with a Delta Vision
OMX structured illumination microscope (GE Healthcare) equipped with an
Olympus UPlanSApo 100×/1.4 N.A. oil objective, 405-nm and 561-nm diode
lasers, and sCMOS cameras (Andor Technology) to identify DAPI-stained
nuclei and Ins-SNAPTMR-Star+ structures. The microscope was operated with
the API software and the high-resolution reconstruction was performed with
the OMX software. After fluorescence imaging, the sections were contrasted
with 0.4% uranyl acetate and 1.8% (wt/vol) methylcellulose. Transmission
electron microscopy (TEM) images were acquired with a Tecnai 12 Biotwin
transmission electron microscope (FEI Company) operated at 120 kV equipped
with a bottom-mount 2 × 2K F214 CCD camera (TVIPS). Fluorescent and
corresponding TEM images were then aligned with the AMIRA software
(VSG) before processing with the GIMP and Fiji (66) software.

Image Analysis. TIRFM movies were analyzed using the Motion Tracking
software (http://motiontracking.mpi-cbg.de) as described previously (68).

Frequency of Ins-SNAPOG+, Lifeact-mCherry+ Objects Within the Ins-SNAPOG+

Population. Lifeact-mCherry was used to stain FA (Fig. S3), whereas young
and old Ins-SNAP+ SGs were labeled with OG as described above. The
frequency of Ins-SNAPOG+, Lifeact-mCherry+ objects was measured with
Motion Tracking. To quantify the frequency of Ins-SNAPOG+, Lifeact-
mCherry+ objects the number of tracks was evaluated, because the
abundance of cytosolic Lifeact-mCherry signal could result in the detection
of false Ins-SNAPOG+, Lifeact-mCherry+ objects owing to random encoun-
ters. Dual-color TIRFM of Ins-SNAPOG or Lifeact-mCherry was performed
also in single transfected cells and the thresholds for the detection of
double-positive fluorescent objects were chosen such that no Ins-SNAPOG+

objects were detected in Lifeact-mCherry single transfected cells, and
vice versa.

Analysis of the Dynamic Components. Diffusion coefficients and contribution
of different motion modes to collective dynamics were calculated using the

Motion Tracking analytical tool based on Bayesian probability theory (38).
Briefly, given a set of M experimental curves fCiðxÞg each curve is a linear
combination of K components with different and unknown contributions of
individual components:

CiðxÞ=
XK
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where Skðx,τkÞ is a k-th component, τk is parameter of k-th component, ai,k is
a contribution of k-th component into the i-th curve, and «iðxÞ is additional
experimental noise. Independently fitting every single curve by maximizing
the likelihood function allowed us to define two sets of parameters
fτi,kg,fai,kg. In the case of normal noise the logarithm of the likelihood
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in which fx1, . . . ,xj , . . . ,xWg are points where the experimental curve was
measured and σj is the uncertainty of the j-th measurement of the experi-
mental curve. Individual fitting gives multiple sets of component parameters
fτi,kg that were averaged using

τk =
1
M

XM

i=1

τi,k [3]

to obtain one set of component parameters.

Fluorimetry. Cells expressing Ins-SNAP were labeled by TMR-Star as described
above. They were then lysed with lysis buffer [20 mM Tris·Cl (pH 8.0), 140 mM
NaCl, 1 mM EDTA, 1 mM Triton X-100, and 1% protease inhibitors mixture
P8340 (Sigma)] at desired time points to measure the signal of 3- to 5- and
28- to 30-h-old Ins-SNAPTMR-Star within cells and in the culture media. For
background subtraction, cells not expressing Ins-SNAP were treated in the
same way. Fluorimetry of the samples was performed with an EnVision plate
reader (PerkinElmer). Fluorescence of intracellular 3- to 5-h-old Ins-SNAPTMR-Star

was set to 100%.

Statistical Analysis. Data are given as means and error bars are SEM. χ2-test
and Student’s t test was calculated with Motion Tracking or Excel (Micro-
soft), respectively. Statistical significance is indicated either numerically or as
*P < 0.05, **P < 0.01, and ***P < 0.005.
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