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Endosomal maturation is a critical and fundamental process
for robust transport of cargo (such as activated receptors)
to specific cellular compartments in a timely manner. The
most prominent model of endosomal maturation involves a
phosphoinositide-driven gain or loss of specific proteins at the
level of individual endosomes, emphasising an autonomous
and stochastic model of maturation. However, to date, direct
whole cell-level measurements of absolute number of matura-
tion events have not been performed, owing to limitations in fast,
volumetric imaging. Here, we use lattice light-sheet imaging to
track individual very early and early endosomes over the entire
population. We demonstrate that direct inter-endosomal con-
tact drives the maturation from very early (APPL1-positive) to
early (EEA1-positive) endosomes. Using fluorescence lifetime,
we show that this endosomal interaction is underpinned by the
asymmetric binding of EEA1 to very early and early endosomes
through the N- and C-termini, respectively. Thus, stochas-
tic microtubule-mediated inter-endosomal interactions through
EEA1 provide a mechanism to bring temporal and population-
level control to the process of endosome maturation. Our find-
ings indicate that APPL1- to EEA1-positive endosomal matura-
tion is not a result of autonomous endosomal events but is driven
by heterotypic EEA1-mediated endosomal interactions.
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Introduction
In cellular signal transduction, information is often encoded
as a transient pulse or as a temporal pattern of signals. The
binding of growth factors to their receptors results in acti-
vation of secondary messengers followed by critical deacti-
vation of receptors through the interaction with phosphatases
and lysosomal degradation (1, 2). This combination of events
in the signal transduction pathway typically encodes the tem-
poral pattern. The endosomal pathway, where both spatial
trafficking and biochemical maturation of endosomes occur
in parallel, is a central process that modulates the interac-
tion of receptors with enzymes embedded in other organelles,
such as the endoplasmic reticulum, or degradation via the

lysosomal pathway (3). Following formation at the plasma
membrane via endocytosis, endosomes carrying cargoes un-
dergo maturation processes (4) facilitated by the concerted
effects of motility, inter-endosomal fusions, fissions, and en-
dosomal conversions. These latter switch-like processes in-
volve protein conversions, in which one specific set of pro-
teins are shed and another acquired (5, 6). This occurs in
concert with phosphoinositide conversions, in which specific
phosphoinositide species act as the modules of coincidence
detection (7). Thus, phosphoinositide species provide a sec-
ond layer of regulation, governing which proteins will lo-
calise to a specific subset of endosomes (8, 9). Epidermal
growth factor receptors (EGFR) have been shown to depend
on dynein for receptor sorting and localisation to mature en-
dosomes (10, 11). In addition, localisation of EGFR to EEA1
compartments was delayed when dynein was inhibited. On
the other hand, expansion of APPL1 compartments enhanced
EGFR signalling, consistent with the role of endosomal mat-
uration in modulating temporal activity of receptors in endo-
somes. An open question that arises then is, what is the role
of dynein-mediated motility in endosomal maturation? Fur-
thermore, in the context of trafficking of cargo such as EGFR,
that respond to pulsatile patterns of ligands, how do popula-
tions of endosomes mature in a timely manner that ensures
accurate signal interpretation?

Our current understanding of the dynamics of endosomal
maturations comes from seminal live-cell imaging studies
that captured the process of individual endosomes under-
going direct conversions (5, 6). These observations led
to the prevailing single endosome-centric model wherein a
phosphoinositide switch controls the transition from adap-
tor protein, phosphotyrosine interacting with PH domain
and leucine zipper 1 (APPL1) to early endosomal antigen 1
(EEA1) on an individual endosome (6). APPL1 and EEA1
bind to endosomes via coincidence detection binding to
Rab5, as well as the phosphoinositides PI(3,4)P2 and PI(3)P,
respectively. Zoncu et al. showed that PI(3)P was required
for long-lived EEA1 endosomes; they also observed rever-
sions of EEA1-to-APPL1 conversion upon inducible deple-
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tion of PI(3)P, suggesting that APPL1-to-EEA1 maturation is
underpinned by a phosphoinositide switch resulting in PI(3)P
production. In mammals, PI(3,4)P2 can be dephosphorylated
to PI(3)P by either of two phosphoinositide 4-phosphatases,
INPP4A and INPP4B (12, 13), which have been suggested
to have distinct intracellular localisations, with INPP4A be-
ing found on Rab5-positive endosomes (8, 14). Nonethe-
less, these single endosome-centric maturation models do
not address population-level maturation rates, which are es-
sential for bulk regulation of receptor trafficking, and there-
fore signal interpretation. Secondly, the single endosome-
centric models rely on stochastic binding of molecules, which
is unpredictable as a mechanism. Stochasticity poses cru-
cial challenges in maintaining causal ordering and tempo-
ral specificity, i.e., a tight probability distribution of events
in time. However, despite the emphasis on stochasticity in
constituent dynamics in the vesicular transport system (15),
endosomal trafficking processes display an extraordinary de-
gree of robustness and predictability in delivering cargo to
specific intracellular destinations, and receptors transported
through the endosomal system show reproducible signalling
outcomes. These properties suggest that there exist mecha-
nisms to counter the stochasticity of the constituent processes
and thus to achieve tight control over maturation, trafficking,
and dynamics of the intracellular transport system. A lim-
iting factor in extending and reconciling the previously es-
tablished single endosome-centric model to population-level
maturation rates has been the difficulty in directly measuring
these dynamic events at whole cell levels.

Here, we used lattice light-sheet microscopy (LLSM) live-
cell imaging, which allows rapid imaging of whole cell vol-
umes for extended periods of time (16), to measure the
whole cell dynamics of APPL1 and EEA1. To quantify
these data, we developed a bespoke endosome detection and
tracking algorithm to measure large numbers of endosomal
collisions, fusions, and conversions occurring within many
single cells over a prolonged period of imaging. We com-
plemented these methods with live-cell fluorescence life-
time microscopy (FLIM) to interrogate the molecular orien-
tation of EEA1, a head-to-head homodimer bound to matur-
ing early endosomes. We show that very early endosome
(VEE) to early endosome (EE) conversion is a multistep pro-
cess, underpinned by the multiple asymmetric binding sites
of EEA1 and its cyclical conformation changes, which is
brought about by endosomal collisions and heterotypic fu-
sions. Through simulations, we test the effectiveness of
our proposed mechanism in predicting the maturation time
course, specifically, the conversion from APPL1 to EEA1 and
from N- to C-terminal EEA1 attachments. These results war-
rant a significant upgrade to the model of endosomal matu-
rations, with heterotypic interactions—where collisions lead
to triggered conversions or fusions—forming a large fraction
of events leading to endosomal maturations. Furthermore,
our simulations indicate that this emergent mechanism im-
parts tight temporal control over the ensemble maturation of
VEEs.

Results
Measuring and quantifying whole cell-level endosomal
maturations. To simultaneously measure ensemble endoso-
mal conversion dynamics, and also follow individual endo-
somes at whole cell levels with fast spatiotemporal resolu-
tion, we used lattice light-sheet microscopy (LLSM) to im-
age cells expressing APPL1-EGFP (17) and TagRFP-T EEA1
(18). LLSM-based live-cell imaging enabled near-diffraction
limited prolonged imaging of ∼30 minutes with a tempo-
ral resolution of ∼3 seconds per entire volume of the cell
with minimal photobleaching (Figure 1a–d, Supplementary
Movie 1). Rapid LLSM imaging confirmed minimal over-
lap between APPL1 and EEA1 signals with the exception of
rapid switch-like APPL1 to EEA1 conversions (Figure 1e–
f), as has been reported previously (6). Visual inspection
of the data revealed three major categories of dynamic phe-
nomenologies: inter-endosomal ‘kiss-and-run’ events pre-
ceding conversions, inter-endosomal collisions leading to fu-
sion, and conversions (Figure 1g, Supplementary Movie 1,
2).
The number of distinct events, and their highly stochastic na-
ture, preclude interpretations based on human-biased selec-
tion of representative trajectories. We therefore developed
an automated image analysis pipeline to convert raw data
to full trajectories of detected endosomes, automatically an-
notated for the presence of events such as heterotypic colli-
sions, conversions, and fusions. Briefly, we identified all po-
tential endosomes using a blob detection routine (Laplacian
of Gaussian operator), then filtered to the true endosomes
with an unsupervised pattern recognition-based routine (Fig-
ure 1c). The brightest and dimmest objects (>100 total) were
taken to represent true versus false endosomes, respectively,
then used as inputs for template matching to construct a set
of features for each class, followed by k-means clustering
into signal versus background. These discrete segmented ob-
jects were then tracked using a custom tracking routine built
with trackpy (19), using both localisation and intensity val-
ues (Figure 1d, Supplementary Movie 2). Tracked objects
from opposite channels were then analysed independently to
identify collision, fusion, and conversion events based on the
time course of spatial separation between nearby endosomes
(Figure 1e, f).

Inter-endosomal interactions are necessary for robust
conversions. To investigate whether heterotypic interac-
tions play a regulatory role in very early endosomal matu-
ration, we applied this analysis pipeline to six untreated and
two nocodazole-treated whole cell volumes (equivalent to >1
hour of total observations), which resulted in detection of
thousands of events. A representative montage of a conver-
sion preceded by multiple collision events is shown in Figure
1g, with the corresponding intensity trace (with annotated
events) in Figure 1h. We applied stringent selection crite-
ria to all automatically identified events to select only clear
cases of APPL1 to EEA1 conversion (Supplementary Fig-
ure 2, Supplementary Movie 3), confirmed by visualisation
of population-average signals of APPL1 and EEA1 immedi-
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ately before, during, and after each conversion event. Dur-
ing the process of conversion, APPL1 and EEA1 signals for
the same endosome showed average colocalisation for ∼30 s
(Supplementary Figure 3a), but with considerable variability.
This is demonstrated by separating all events into cohorts de-
fined by the total duration of APPL1–EEA1 colocalisation
(in bins of 10 s); population averages for each cohort are
shown in Supplementary Figure 3b. During visual inspec-
tion of these data, we noticed a clear association between
the speed of individual APPL1 to EEA1 conversions and the
number of preceding heterotypic collisions. To confirm this
observation, we calculated the number of collisions occurring
between each APPL1 endosome and any EEA1 endosomes in
the 30 s immediately prior to a detected conversion or fusion
event, then segmented the distribution of events from each
colocalisation cohort according to the number of preceding
heterotypic collisions (Figure 2a). Importantly, all slow de-
tected APPL1 to EEA1 conversions and fusions had few or no
potential collisions prior to conversion. The relative numbers
of each type of event (collision-induced or unaided, fusion or
conversion) are summarised in Figure 2b. In line with pre-
vious models of EEA1-mediated fusion (20, 21), 39% of the
events displayed immediate fusion following collisions (‘un-
aided fusions’). This could be attributed to EEA1-mediated
fusion where EEA1 molecules can bridge two endosomes
at the instant of collision, as has been postulated previously
(21–24). 38% of events involved fusions, but that were pre-
ceded by at least one heterotypic collision (‘collision-induced
fusions’). While 12% of events represented unaided con-
versions, which have been reported earlier, collisions lead-
ing to conversions were found to be 11% of all events. To-
gether, these events form the endosomal maturation process.
Note that heterotypic fusions result in endosomes with both
APPL1 and EEA1, and represent an intermediate step in con-
version (vide infra). The quantitative analysis also revealed
that unaided conversions were more prominent for larger en-
dosomes (Supplementary Figure 3c), whereas the heterotypic
collisions were a feature of a much broader and smaller size
of endosomes that showed stochastic directed runs and tran-
sitions to periods of little movement, as has been reported for
early endosomes (25). These results underline the necessity
of rapid volumetric imaging and bespoke analysis routines to
capture the described processes.

APPL1 and EEA1 are counter-clustered during conver-
sion. Furthermore, we observed that in nocodazole-treated
cells, some endosomes showed vacillating ’back-and-forth’
fluctuations between the signals of APPL1 and EEA1, never
fully committing to a complete conversion into an EEA1-
positive endosome that did not revert (Supplementary Movie
4). Interestingly, a few endosomes displaying EEA1 fluc-
tuations were also ‘pulsatile’, suggesting existence of clus-
tering (Supplementary Figure 4), non-linearity, and binding–
unbinding events that corresponded to more than a few
molecules. Many endosomal markers and associated proteins
including dynein have been reported to exist as clusters on
the endosomal surface (26–29). In addition, phosphoinosi-
tide lipids display clustering induced by binding of specific

proteins (30). Therefore, we reasoned that, given the ob-
served dynamics, APPL1 and EEA1 may display some level
of clustering.
To confirm the existence of clusters of EEA1, we per-
formed single molecule localisation microscopy using EEA1
Dendra-2 (31). We found that EEA1 was not uniformly dis-
tributed over the entire surface of the endosomes, but instead
formed distinct domains (Figure 2c). To confirm this ob-
servation in live cells and to investigate the distribution of
EEA1 with respect to APPL1, we performed multi-colour
live super-resolution microscopy via super resolution by ra-
dial fluctuations (SRRF) (32) of APPL1 and EEA1 (Supple-
mentary Movie 5). Interestingly, we observed that APPL1
and EEA1 are counter-clustered (Figure 2d). Both APPL1
and EEA1 show dynamic localisation with time, but this
counter-clustering is maintained through the process of con-
version, until the APPL1 signal is lost (Figure 2e).

Two distinct populations of EEA1 endosomes bound
via N- and C-termini exist. Taken together, our experimen-
tal observations suggested that heterotypic interactions con-
tribute to the initiation of conversion processes. Therefore,
we hypothesised that the inter-endosomal binding ability of
the EEA1 homodimer and the presence of heterotypic colli-
sions may work together to seed conversions. EEA1 projects
out into the cytoplasm due to its ∼200 nm-long coiled-coil
domain (21, 24); furthermore, it can bind to endosomal mem-
branes at both its N- and C-terminal ends (33). Whilst at the
C-terminal domain, EEA1 binds to membranes through the
coincidence detection of Rab5 and PI(3)P (24, 34, 35), at the
N-terminus, EEA1 solely binds to Rab5 through a zinc finger-
binding domain (24, 36). We therefore rationalised that in a
heterotypic collision, the incident APPL1 endosome would
have little to no PI(3)P, and as such the only EEA1 binding
that is probable is through N-terminal binding, thus produc-
ing an encoded precedence in EEA1 N- versus C-terminal
binding.
To determine which terminus of EEA1 is bound to the already
EEA1-positive endosome, and which domain binds to the in-
coming nascent endosome, we utilised fluorescence lifetime
microscopy (FLIM). We reasoned that N-terminally tagged
EGFP-EEA1 combined with an RFP FRET partner could dis-
tinguish N- from C-terminal binding using the lifetime of
EGFP, since EEA1 is 200 nm in length in its straight con-
formation, and it binds directly to Rab5 via its N-terminus
(Figure 3a). Multi-scale molecular dynamics simulations
also suggest that the coiled-coil domain can extend with a
tilt up to 50° from the normal to the endosomal membrane
surface when bound using the C-terminal FYVE binding do-
main (37). Thus, N-terminal binding will result in decreased
fluorescence lifetime due to FRET with Rab5 labelled with
RFP, whereas C-terminal binding will show the EGFP life-
time since no FRET will take place. We first investigated
whether different populations of EEA1-positive endosomes,
bound via N- or C- termini, exist in fixed cells. We found
that EEA1 endosomes showed two strikingly distinct pop-
ulations: C-terminally bound EEA1 that localised closer to
the nucleus of the cell (Figure 3c), and N-terminally bound
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EEA1 that was predominantly peripherally localised (Figure
3b, c).
Additionally, we were able to detect these same two popula-
tions of endosomes using the inverse FRET pair using Rab5
EGFP lifetime in cells transfected with EEA1-TagRFP, in
contrast to cells transfected with only EEA1-EGFP (Supple-
mentary Figure 5). These experiments strongly indicate that,
in newly generated endosomes, the first EEA1 binding occurs
via the N-terminus.

EEA1 binding via the N-terminus precedes binding via
the C-terminus. To map the temporal dynamics of EEA1
binding via the N- or C-termini, we performed live-cell FLIM
of EGFP-EEA1 and Rab5-mRFP. However, live-cell FLIM
using confocal microscopy with sufficient temporal resolu-
tion to capture endosomal processes intrinsically results in a
reduced number of collected photons. To overcome this, we
took advantage of a priori knowledge from fixed cell exper-
iments and fit live-FLIM data with the two lifetime compo-
nents detected in fixed experiments. This gave a shorter life-
time component corresponding to N-terminally bound EEA1,
where GFP can ‘FRET’ with Rab5-RFP, and a longer fluores-
cence lifetime corresponding to C-terminally bound EEA1,
where the N-terminus is at least 150 nm away, extended
into the cytoplasm from the Rab5 RFP. We then separated
the detected photons collected at each pixel based on these
two components, effectively giving an ‘NT EEA1’ and a
‘CT EEA1’ channel (Figure 3a). Using this fitting, we vi-
sualised the initial appearance of EEA1 on Rab5-positive,
EEA1-negative endosomes following a collision–conversion
event. We observed that only N-terminally bound EEA1
(Figure 4a, b; Supplementary Movie 6, 7) localised on these
Rab5-positive endosomes and displayed an increasing signal
of C-terminally bound EEA1, concomitant with fusions and
trafficking towards the perinuclear region (PNR) (Figure 4d,
e; Supplementary Movie 8). This gradual acquisition of C-
terminal EEA1 seen through the increase in longer lifetime
components and reduced N:C intensity ratio (Figure 4e) sug-
gests a concurrent phosphoinositide conversion of PI(3,4)P2
into PI(3)P, with the initial trigger via N-terminally bound
EEA1, even for unaided conversions.
Whilst EEA1-EEA1 fusions are commonly observed, by
separating EEA1 vesicles into their constituent N- and C-
terminally bound populations, we observed that fusions pri-
marily occurred when at least one vesicle had C-terminal
EEA1 present (Figure 4c). Fusions were most likely to oc-
cur between N- and C-terminal EEA1-positive or C- and C-
terminal EEA1-positive endosomes (Figure 4c). Endosome
pairs with at least one EEA1-negative endosome did not show
significant fusions. Remarkably, in cases with both endo-
somes N-terminally positive, no significant fusions were ob-
served. Two conclusions could be drawn from these results.
First, the requirement of at least one C-terminally bound
EEA1 and non-fusion of N-terminally bound EEA1-positive
endosomes suggest that cross-binding of EEA1 is a neces-
sary step for endosomal fusions to occur. This aligns with
previously published results showing that both ends of the
endosomal tether must be stably bound to result in endoso-

mal fusion (21, 24). Second, the appearance of N-terminally
bound EEA1 prior to C-terminally bound EEA1 in cases of
unaided conversions indicates that the N-terminal binding
is a necessary and intermediate step before further under-
going a maturation via phosphoinositide conversion into C-
terminally bound EEA1.

Endosomal conversions are driven by phosphoinosi-
tide conversions by INPP4A. To further characterise the
maturation into EEA1 endosomes, with N-terminal EEA1
binding preceding C-terminal EEA1 binding in the context
of phosphoinositide, we combined the FLIM-based investi-
gation of EEA1 orientation with staining for PI(3)P in fixed
cells. To label PI(3)P without inducing overexpression arte-
facts or steric hindrance, we utilised a purified recombinant
GST-2xFYVE probe that could be detected using antibodies
against GST as described previously (38, 39). We observed
that C-terminally bound EEA1 endosomes have significantly
higher PI(3)P labelling as compared to N-terminally bound
EEA1 endosomes or the peripheral Rab5-positive, EEA1-
negative endosomes (Figure 5a,b). This is in agreement
with previously published studies of EEA1 C-terminal co-
incidence detection between Rab5 and PI(3)P (33, 40, 41),
and suggests that NT-EEA1 appearance may precede PI(3)P
production on endosomes.
The two distinct modes of EEA1 binding via the N- and C-
termini, and the fraction of unaided conversions of APPL1 to
EEA1 observed using LLSM, suggested that phosphoinosi-
tide conversion that results in PI(3,4)P2 to PI(3)P must occur
on the incoming nascent endosomes. This hypothesis is sup-
ported by live-FLIM data, which showed that a correspond-
ing fraction of endosomes displayed an N- to C-terminally
bound EEA1 exchange, strongly suggesting that the source of
PI(3)P must be within the same endosomes that have not col-
lided with more mature endosomes. However, it was unclear
whether this PI(3)P production triggered during early endo-
somal maturation was produced through dephosphorylation
of PI(3,4)P2 or phosphorylation of PI. To distinguish these
possibilities, we targeted INPP4A, a PI4-phosphatase that
dephosphorylates PI(3,4)P2 to PI(3)P, as well as VPS34, a
class III PI3-kinase that phosphorylates PI to generate PI(3)P
and is another source of PI(3)P at the early endosomal level
(42, 43). To test whether PI(3)P generated via VPS34 con-
tributes to APPL1 to EEA1 conversions, we used SAR405,
a drug that specifically targets VPS34 (39, 44). Quantifying
and comparing the number of conversions versus untreated
cells revealed that SAR405 treatment caused a 3-fold reduc-
tion in the number of detected conversions. In contrast, tar-
geting INPP4A using siRNA caused a more severe ∼10-fold
reduction in the number of detected conversions, suggest-
ing that most conversions were driven by PI(4,5)P2 to PI(3)P
conversion via INPP4A (Figure 5c). Consistent with this re-
sult, upon assaying for the binding of EEA1 using FLIM to
distinguish between N- versus C-terminal binding, we found
a clear reduction in the number of C-terminally bound EEA1-
positive endosomes in SAR405 treated cells, but never a com-
plete abolishment, suggesting that INPP4A-mediated phos-
phoinositide conversions acted as a source for a fraction of
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PI(3)P on these early endosomes (Supplementary Figure 6).

N-terminal binding of EEA1 is necessary for endoso-
mal maturation. To validate the consistent observation of
N-terminal binding of EEA1 as a prior to any maturation
process, and to investigate the stringency of the requirement
for N-terminal binding of EEA1 via Rab5 in maturation, we
used an N-terminal mutant of EEA1 carrying F41A and I42A
at the C2H2 Zn2+ site (EEA1 Nt-mut), which is impaired
in Rab5 binding (45) (Figure 6a). When expressed in wild-
type RPE1 cells, conversions were unimpaired and endoso-
mal fusions were only mildly affected. This suggested that
the Rab5 binding mutant, EEA1 Nt-mut, did not display a
strong dominant negative phenotype and that the endogenous
EEA1 could still function to evince endosomal maturations
(Figure 6b). This could be because the observed clustering
buffers against dysfunctional mutant EEA1; in addition, as
EEA1 is a homodimer, it may still have one active binding
site. Therefore, we used a HeLa EEA1 knockout (KO) cell
line and transiently expressed EEA1 Nt-mut. In contrast to
wild-type EEA1, EEA1 Nt-mut exhibited no heterotypic in-
teractions resulting in maturations per cell over 20 minutes.
Furthermore, no EEA1 signals were observed on APPL1 en-
dosomal trajectories, suggesting that the collision-triggered
conversion mechanism was dysfunctional owing to impaired
Rab5 binding at the instance of collision. It is also to be noted
that the expression of EEA1 Nt-mut resulted in larger but
fewer and less motile endosomes (Supplementary Movie 8).
If only the C-terminus of EEA1, via its Rab5 and FYVE bind-
ing, were involved in the phosphoinositide-governed conver-
sion, we would expect to detect some number of APPL1 to
EEA1 conversions. In our experiments, unaided conversions
were also completely abrogated, indicating that, even in di-
rect conversions, where collisions may not play a role, the
N-terminal binding is a compulsory intermediate step.
The C-terminus of EEA1 harbours a FYVE domain and a
Rab5 binding domain. Unfortunately, our attempts to in-
vestigate the role of PI(3)P binding in conversions using a
construct with a mutation in the 450PI(3)P binding pocket
(R1375A) (41) proved unfruitful. We observed that the lo-
calisation of this mutant was largely cytosolic with quick
transient binding in some cases, as has been reported else-
where (41). This prevents any direct measurement of the in-
fluence of FYVE domain-based PI(3)P binding on the entire
process of conversion. However, it emphasizes the role of
PI(3)P binding by the FYVE domain, along with Rab5, in lo-
calising EEA1 robustly to the endosomes, in agreement with
previously suggested models of dual interactions/coincidence
detection of the EEA1 C-terminus (7, 33, 41).

A feed-forward endosomal conversion model. To sum-
marise, collisions between endosomes form an important step
in overall endosomal conversions rates. The live FLIM data
suggests that N-terminally bound EEA1, via interaction with
Rab5, is a step preceding the phosphoinositide-based bind-
ing of EEA1 via its C-terminal FYVE domain (Figure 4).
Expressing the N-terminal Rab5 binding mutant in HeLa
EEA1 KO did not rescue any maturation events, suggest-

ing that this is a necessary step (Figure 6). Additionally,
super-resolution imaging suggests clustered distribution of
EEA1, as well as counter-clustering of APPL1 to EEA1 (Fig-
ure 2). This suggests the presence of feedback in the reaction
scheme that governs progressively preferential EEA1 bind-
ing over APPL1 binding. To construct a plausible model
that agrees with our experimental observations as well as the
known protein–protein and protein–membrane interactions
of the components involved, we designed a computational
model that captures the complex interplay between the dis-
tinct phosphoinositide molecules, Rab5, APPL1, and EEA1,
and the phosphoinositide conversion (Figure 7). Importantly,
we took into consideration the N-terminal domain of EEA1,
which was observed to bind first in unaided collisions as well
as in aided conversions through collisions. To simulate this
system, we used a grid on the surface of a sphere with two
layers of nodes, consisting of a layer of Rab5 and a phos-
phoinositide layer which began as PI(3,4)P2 but could be
converted to PI(3)P by INPP4A if unbound (14). Binding
to these layers of nodes were the agents, each with a differ-
ent attachment and detachment rate depending on the nodes
present: APPL1 binding Rab5 and PI(3,4)P2; N-terminal
EEA1 binding Rab5; and C-terminal EEA1 binding Rab5 and
PI(3)P. The interaction map of agents and nodes is shown
in Figure 7a. Using this reaction scheme, we were able to
simulate the reactions and tune the parameters to recapitulate
the experimentally observed conversion dynamics, as well as
formulate the effects of the ‘trigger and convert’ mechanism
(Supplementary Movie 9).

Figure 7b–e shows an example trajectory, beginning with a
very early endosome that is APPL1-positive and bound to
PI(3,4)P2 and Rab5 via its PH-BAR domain. Spontaneous
binding of INPP4A to this endosome can result in conver-
sion of PI(3,4)P2 to PI(3)P; however, with APPL1 occupying
most PI(3,4)P2, most INPP4A remains unbound and, there-
fore, inactive on its substrate. APPL1 can be transiently dis-
placed by N-terminal EEA1, which binds directly to Rab5.
Due to the inclusion of a positive feedback switch to mimic
the experimentally observed clustering, APPL1 endosomes
are relatively stable (i). However, upon the introduction of
a large pool of EEA1 as the result of a collision (ii), N-
terminal EEA1 can sequester Rab5, thus destabilising the
APPL1-Rab5 interactions and resulting in APPL1 desorption
(iii). Consequently, INPP4A can now bind to its substrate
PI(3,4)P2 and convert it to PI(3)P (iv). This leads to the
binding of EEA1 through its C-terminal FYVE binding do-
main, as well as Rab5 binding (v, vi). In this scheme, the N-
terminal binding of EEA1 acts as a trigger. Moreover, since
the N-terminus of EEA1 has weak binding affinity to Rab5,
we reasoned that the clustered organisation of EEA1 on en-
dosomes, and the interaction of multiple N-terminal EEA1 at
the instance of collision, would result in overwhelming the
APPL1–Rab5 on the incoming endosome. We simulated the
net decrease in conversion time of a single endosome that
underwent one collision (Figure 7f), and the net decrease in
conversion time of endosomes in a cell allowed to collide
randomly at increasing collision frequencies (Figure 7g).
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These agent-based simulations showed that clustering has a
two-pronged effect on accelerating conversion. If a Rab5
molecule originally surrounded by bound APPL1 is occu-
pied by EEA1, it will become unavailable for binding to
APPL1. This creates a ‘hole’ in the APPL1 layer, which
decreases the binding affinity of APPL1 in the region sur-
rounding the hole (as compared to a region filled by APPL1,
since clustering increases the binding affinity of a species in
accordance with the local density of that species). This in
turn increases the chance that the hole will expand. On the
other hand, clustering of EEA1 attracts more EEA1 to the
vicinity of the ‘hole’. These two factors speed up the local
back-and-forth conversion between APPL1 and EEA1 clus-
ters, which increases the windows of opportunity for INPP4A
to convert PI(3,4)P2 to PI(3)P. A heterotypic fusion between
endosomes with N-terminally bound EEA1 and C-terminally
bound EEA1, as observed in the live FLIM experiments (Fig-
ure 4a) represents only a state with higher N- to C- EEA1 ra-
tio and the reaction scheme will proceed to convert the tran-
siently increased PI(3,4)P2 to PI(3)P, subsequently replac-
ing N-terminally bound EEA1 by C-terminally bound EEA1.
Through our simulations, we were able to quantify the net de-
crease in conversion time due to clustering (Figure 7f). Once
a sufficient number of PI(3,4)P2 have converted to PI(3)P,
C-terminal attachments dominate since they have a stronger
binding affinity, and they require both PI(3)P and Rab5 to
bind, rendering Rab5 unavailable for N-terminal attachments.

Discussion
The endosomal system is highly dynamic, requiring succes-
sive biochemical maturations of key lipids and associated
proteins to achieve correct targeting of internalised cargo.
Whilst the order of appearance of key species has been dili-
gently identified for early endosomes, how the timing of mat-
uration is maintained for each generated vesicle had not been
studied. In this work we describe a novel mechanism that
ensures timely maturation of vesicles at a whole cell level.
Specifically, we present a new trigger-and-convert model of
APPL1 to EEA1 early endosomal maturation, as summarised
in Figure 8.
In this model, nascent APPL1-positive PI(3,4)P2 very early
endosomes (VEEs) undergo active transport along micro-
tubules and collide stochastically with mature EEA1-positive
early endosomes (EEs). This collision is a ‘trigger’ that
primes the VEE for maturation. Our experimental obser-
vations are consistent with a model whereby a cluster of
EEA1 is transferred onto the incident VEE following such
a collision. Furthermore, this model is in accordance with
the following molecular details of EEA1. First, C-terminal
EEA1 has a rigid quaternary structure that ensures that the
coiled-coil region extends into the cytoplasm, preventing the
N-terminus from folding back and binding to Rab5 on the
same endosome (21). This would result in the N-terminus of
EEA1 being located 160–180 nm from the endosome surface
(24), in agreement with observations of two distinct EEA1
populations made in our FLIM experiments. Second, EEA1
possesses two distinct Rab5 binding sites—one correspond-

ing to the C2H2 Zn2+ finger at the N-terminus and the other
overlapping with the PI(3)P binding FYVE domain at the C-
terminus. The C-terminal end also contains a calmodulin
(CaM) binding motif. The N-terminus forms the stronger
Rab5 interaction, whereas the C-terminal interaction, owing
to the FYVE domain, operates on a coincidence detection
mechanism resulting in specificity to PI(3)P-containing vesi-
cles. While the exact steps at the instant of collision fall be-
yond the scope of this manuscript, it is conceivable that a
collision would result in the stronger N-terminus–Rab5 inter-
action overriding the C-terminus interactions. Furthermore,
an unexplored but plausible mechanistic detail lies in the in-
teractions of Ca2+/CaM with Rab5 and the C-terminus of
EEA1, which antagonises PI(3)P binding, and may operate to
release C-terminal binding when the N-terminal interactions
take place as a result of collision (46, 47). Whether transient
Ca2+ spikes operate to mediate transfer of molecules remains
an attractive detail to investigate.

After collision, the sequestration of Rab5 via N-terminal
EEA1 results in desorption of APPL1 clusters. The reduced
APPL1 binding to Rab5 also exposes PI(3,4)P2 to dephos-
phorylation by 4-phosphatases, producing PI(3)P. The most
likely candidate for this reaction is INPP4A, since it localises
to Rab5-positive EEs (8, 14). This availability of PI(3)P now
enables EEA1 to bind via its C-terminal FYVE domains,
thereby resulting in the irreversible maturation to an EEA1-
positive EE. This mature endosome is in turn able to trigger
more conversions of APPL1 VEEs following collisions, thus
ensuring continual maturation of this dynamic population of
vesicles.

Consistent with other studies of descriptions of specific do-
mains on endosomes, we observed that both VEEs and EEs
showed a counter-clustered APPL1 and EEA1 distribution.
The hypothesis that clustering plays a key role in ensuring
a more robust process was recapitulated through our simula-
tions, which suggested it to be essential for the timely conver-
sion of these vesicles. An attractive hypothesis is that phos-
phoinositide clustering underlies the observed protein dis-
tributions, as phosphoinositide clustering has been demon-
strated in other vesicular and tubular membrane entities (30).
Additionally, Rab5 has also been suggested to be clustered
(29). A clustered distribution of EEA1 or its binding partner
Rab5 in the incident endosome would ensure that a higher
probability of transfer of EEA1 molecules exists following a
collision. Furthermore, this would produce large fluctuations
of EEA1 intensity on a converting endosome, as observed in
our imaging movies.

Previous studies have shown that stochastic fluctuations have
a significant effect on trafficking and maturation processes
(15). The greater the stochasticity in a system, the more the
system dynamics favour non-steady state biochemical matu-
ration over steady state vesicular exchange in cellular trans-
port pathways. Biochemical maturation is characterised by a
first passage time event in which the first instance of complete
maturation of the compartment in question marks a point of
no return. But the noise due to the inherent stochasticity in
the system poses challenges to robust directional flow of ma-
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terial, which requires tight regulation on exchange processes
between organelles. It was shown by Vagne and Sens that the
presence of positive feedback in the maturation process can
significantly suppress the stochastic fluctuations, and Golgi
cisternae use homotypic fusions as the likely mechanism to
overcome this challenge (15). In a similar vein, our proposed
mechanisms of clustering, collision, and heterotypic fusion
each provide positive feedback to the maturation process and
are essential in the robust functioning of the exchange pro-
cesses through noise suppression.
The specific requirement for INPP4A, which converts
PI(3,4)P2 to PI(3)P on the maturing endosome, ensures a
definitive distinction between APPL1- and EEA1-positive
endosomes. This is achieved by the depletion of PI(3,4)P2,
which ensures that APPL1 cannot rebind following desorp-
tion, and thus that conversions are unidirectional. Therefore,
even though VPS34-mediated conversion of PI to PI(3)P
forms the major source of PI(3)P, we hypothesise that a more
significant role is played in the process of APPL1 to EEA1
maturation by virtue of depletion of PI(3,4)P2 and subse-
quent enrichment of PI(3)P even before the newly gener-
ated endosomes have fused with endosomes bearing VPS34-
derived PI(3)P.
A relevant protein complex to this work is the mammalian
class C core vacuole/endosome tethering (CORVET) sys-
tem, which functions to mediate endosomal fusion indepen-
dently of EEA1 (48). Surprisingly, overexpression of the N-
terminal mutant of EEA1 also resulted in a similar pheno-
type of smaller, more fragmented APPL1 endosomes, with
the exception that we found no APPL1-EEA1 double posi-
tive endosomes. It is unclear at what stage CORVET oper-
ates, and dissection of this question is beyond the scope of
this study. However, the strong phenotype observed for the
N-terminal mutant of EEA1 reinforces the role of EEA1 in
self-regulating APPL1 to EEA1 conversion.
What is the physiological relevance of this mechanism? The
trigger-and-convert approach provides emergent regulation
of the timing of early endosome maturation, leading to a
tightly controlled and more timely and consistent flux of mat-
uration, able to overcome the intrinsic stochasticity of sin-
gle molecule protein–protein and protein–membrane interac-
tions. This is critical to robust trafficking, as early endosomes
act as stable sorting centres of endocytosed material, from
which cargo is redirected towards the plasma membrane or
sent to late endosomes and lysosomal degradation. As a re-
sult, robust maturation of cargo-bearing vesicles is a require-
ment of the intracellular transport system.
Furthermore, it has become increasingly apparent that many
diverse transmembrane receptors are able to signal from
within endosomes (49–54) and that signal attenuation may
rely on trafficking to distinct intracellular destinations or or-
ganelles (55, 56). This suggests that the trafficking and
maturation rate of endosomes is intrinsically coupled to the
downstream signal transduction of transmembrane receptors
(55, 57, 58), further highlighting the importance of tightly
regulated intracellular transport itineraries that include trans-
port and maturation (11, 59).

Our work highlights the power of rapid volumetric imag-
ing, coupled with an unbiased analysis pipeline and com-
plemented by simulations, to capture and describe dynami-
cal processes and thus unravel mechanisms in unperturbed
systems. Importantly, this approach precludes the need for
genetic and pharmacological alterations that lead to the es-
tablishment of a new steady state or phenotype, thereby po-
tentially obscuring the very dynamics that are to be stud-
ied. Emergent phenomena are central to biological processes
across scales, and there is increasing evidence for structure-
function relationships that extend far beyond molecular
scales to form larger-scale patterns in space and/or time. In
the endosomal system, the biochemical process of conver-
sion is underpinned by phosphoinositide chemistry at the in-
dividual endosome level; at a population level, however, it is
governed by the physical process of stochastic collisions that
forms an inherent part of the transport system of endosomes.
Importantly, this suggests that the robustness of the intracel-
lular transport network may not derive solely from so-called
‘master regulators’ but through the complex dynamic inter-
actions of individually noisy components to create emergent
reproducibility of large-scale processes.

Methods
Cell lines. RPE1 and HeLa EEA1 knockout (KO) cells
were incubated at 37 °C in 5% CO2 in high glucose Dul-
becco’s modified Eagle’s medium (DMEM) (Life Technolo-
gies), supplemented with 10% foetal bovine serum (FBS) and
1% penicillin and streptomycin (Life Technologies). Cells
were seeded at a density of 200,000 per well in a six-well
plate containing 25 mm or 5 mm glass coverslips.

Live cell imaging. Cells were imaged using a lattice light-
sheet microscope (3i, Denver, CO, USA). Excitation was
achieved using 488-nm and 560-nm diode lasers (MPB Com-
munications) at 1–5% AOTF transmittance through an exci-
tation objective (Special Optics 28.6× 0.7 NA 3.74-mm im-
mersion lens) and detected by a Nikon CFI Apo LWD 25×
1.1 NA water immersion lens with a 2.5× tube lens. Live
cells were imaged in 8 mL of 37 °C-heated DMEM and im-
ages acquired with 2× Hamamatsu Orca Flash 4.0 V2 sC-
MOS cameras.

Plasmids and transfection. Cells were transfected with
pEGFPC1-human APPL1, a gift from Pietro De Camilli (Ad-
dgene plasmid #22198) (6); EEA1 TagRFP-T, a gift from Sil-
via Corvera (Addgene plasmid #42635) (18); EGFP-EEA1,
a gift from Silvia Corvera (Addgene plasmid #42307) (34);
EGFP-Rab5, a gift from Marci Scidmore (Addgene plasmid
#49888); and mRFP-Rab5, a gift from Ari Helenius (Ad-
dgene plasmid #14437) (60). Cells were transfected with a
total of 1 µg DNA (0.3 µg + 0.3 µg plasmid of interest +
0.4 µg blank DNA) using lipofectamine 3000 (Thermo Fisher
Scientific). The DNA sequence for the N-terminal mutant of
EEA1 carrying F41A and I42A, deficient in Rab5 binding,
was synthesised and cloned into the TagRFP-T vector using
the XhoI/BamHI sites. For the C-terminal binding mutant
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carrying R1375A, the synthesised sequence was cloned into
the TagRFP-T vector using the XhoI/BamHI sites. It has been
reported that drastic over-expression of APPL1 or EEA1 re-
sults in colocalisation of APPL1 and EEA1 on Rab5 endo-
somes; we therefore optimised this concentration by screen-
ing for this artefact and choosing conditions where we ob-
served no overlap of APPL1 and EEA1.

SiRNA INPP4A. RPE1 cells were transfected with APPL1-
EGFP, EEA1-TagRFP, and either 10 nM INPP4A siRNA
(AM16810, Thermo Fisher Scientific) or Silencer Negative
Control siRNA (AM4611, Thermo Fisher Scientific) using
lipofectamine 3000. ∼24 h later the cells were imaged using
epifluorescence microscopy (configuration as above). The
cells were imaged sequentially with 100 ms exposure and at
a rate of 3 s/frame for 20 min. The whole cell number of con-
versions within this window was reported for each condition.

Fluorescence lifetime imaging. RPE1 cells were trans-
fected with either EGFP-EEA1 + mRFP-Rab5, EEA1
TagRFP-T + EGFP-Rab5, EEA1-NTmut TagRFP-T + EGFP-
Rab5 or EEA1-CTmut TagRFP-T + EGFP-Rab5 and either
fixed with 4% paraformaldehyde or imaged live. The cells
were imaged using an SP8 Falcon (Leica Microsystems) with
an 86× 1.2 NA objective. Fluorescence lifetime images
were acquired upon sequential excitation at 488 nm and 560
nm using a tuneable pulsed white-light laser at 10% trans-
mission, with emission collected at 500–550 nm and 580–
630 nm, respectively, using two Leica HyD detectors. The
GFP lifetimes were fitted using two-component fitting with
τ1 = 1.006 ns and τ2 = 2.600 ns. The fixed images were anal-
ysed with pixel-wise lifetime fitting, and the live movies were
analysed by separating the images into the two contributing
fluorescence lifetime images.

Drug addition. Cells were incubated with 100 nM nocoda-
zole in 8 mL DMEM for 5 min before and during imag-
ing as indicated. Cells were similarly treated with 100
nM phorbol 12-myristate 13-acetate (PMA) (P1585, Sigma-
Aldrich) 5 min before and during imaging as indicated. To
selectively inhibit Vps34, cells were treated with 100 nM
SAR405 (533063, Sigma-Aldrich) for 2 h prior to imaging
and throughout the experiment.

PI(3)P staining. To visualise PI(3)P localisation in relation
to EEA1, immunofluorescence staining was performed as
described previously (39). Briefly, RPE1 cells were trans-
fected with EGFP-EEA1 and mRFP-Rab5 and fixed in 2%
PFA. These cells were then permeabilised using 20 µM digi-
tonin for 5 min and labelled with 8 µg/mL recombinant GST-
2xFYVE (61) which was detected using a GST primary an-
tibody (71-7500, Invitrogen) and a Goat anti-Rabbit Alex-
aFluor647 secondary antibody (A-21245, Thermo Fisher Sci-
entific). These cells were then imaged using an SP8 Falcon
as above, with the PI(3)P being detected using 647 nm exci-
tation and emission collected at 660–700 nm, using a Leica
HyD detector.

Super resolution by radial fluctuations (SRRF). RPE1
cells transfected with APPL1-EGFP and EEA-T-TagRFP
were stimulated with 100 nM PMA as detailed above. The
cells were then imaged using widefield fluorescence mi-
croscopy with a Nikon Ti-2E body, 100× 1.5 NA objective
(Olympus) and Prime 95B camera (Photometrics). Images
were captured in 100 frame bursts with 5 ms exposure for
each channel sequentially every 2 s for ∼1 min image peri-
ods. The images were then processed using the SRRF plugin
for Fiji (32, 62).

Segmentation and tracking analysis. Datasets analysed
consisted of LLSM six movies of untreated and two movies
of nocodazole-treated RPE1 cells. Images were first
deskewed, then adaptive histogram equalisation and a median
filter applied prior to blob detection using the Laplacian of
Gaussian operator. The expected range of object sizes were
supplied as an independent parameter for each fluorescence
channel, with other parameters tuned to return a preliminary
set of over-detected blobs, defined by centres of mass and
approximate radii. From these data, representative regions
denoting endosomes and background, respectively, were cho-
sen from each movie in an unsupervised manner (by choosing
the brightest and dimmest blobs, respectively); these regions
were then used as templates to calculate cross-correlations
against each candidate endosome. The results of this op-
eration define a set of features for each object, which were
used as inputs to a k-means clustering algorithm to classify
objects into endosomes versus background (Supplementary
Figure 1).
A custom tracking routine built on trackpy and using both lo-
calisation and intensity information was then used to link ob-
jects into complete trajectories, independently for each chan-
nel. Events of interest were then calculated by trajectory
analysis. Correlated trajectories were classified as potential
conversions (11, 59), with stringent filters applied to exclude
any events not clearly representative of APPL1 to EEA1 con-
versions (Supplementary Figure 2a). To identify heterotypic
collisions, local trajectories of neighbouring APPL1–EEA1
pairs were used to calculate the pairwise inter-endosome dis-
tance (separation between surfaces of nearby APPL1 and
EEA1 endosomes along the line connecting their centres of
mass). Local minima in the inter-endosome distance be-
low a threshold value (within 200 nm, or roughly two pixels
of overlap in the lateral dimension) were classified as col-
lisions. These values were subsequently filtered to ensure
that conversion-like events were excluded from the set of het-
erotypic collisions (Supplementary Figure 2b). Events show-
ing APPL1 to EEA1 conversions were classified as fusions or
conversions, respectively based on whether or not the partic-
ular EEA1 track existed prior to colocalisation with APPL1.
Events were classified as collision-induced versus unaided
based on whether the APPL1 endosome collided with any
EEA1 endosome in the 30 s prior to the event (Supplemen-
tary Figure 2c).

Photo-Activated Localisation Microscopy (PALM).
Dendra-2 EEA1 was generated by replacing TagRFP-T in
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RagRFP-T EEA1 (Addgene plasmid #42635) at cloning sites
AgeI and XhoI. Cells transfected with Dendra-2 EEA1 were
fixed using 0.2% glutaraldehyde and 4% PFA in cytoskeletal
buffer (10 mM MES, 150 mM NaCl, 5 mM EDTA, 5 mM
glucose and 5 mM MgCl2) for 15 min at room temperature.
The cells were washed gently three times with PBS. PALM
microscopy was carried out with a Nikon N-STORM micro-
scope with a 100× oil immersion objective (1.49 NA) with
a cylindrical lens for 3D localisation. A 488-nm laser beam
was used for pre-converted Dendra-2 excitation, with 405 nm
for photoconversion and a 561-nm beam for post-photo con-
verted Dendra-2. Localisations were exported to ViSP for vi-
sual examination and generating depth colour-coded images
(63).

Simulations. The endosome’s surface was simulated as a bi-
layered Fibonacci Sphere (a spherical grid in which neigh-
bouring points are approximately equidistant). One layer
consisted of Rab5 and the other PI(3,4)P2 or PI(3)P. The
agents (APPL1, INPP4A, and N- and C-terminally attached
EEA1) were allowed to stochastically attach and detach ac-
cording to the schematic shown in Figure 7a. The attachment
rates increased with the number of neighbouring agents of
the same type (cluster attach), and detachment rates increased
with the number of neighbouring agents of the same type that
detached recently (cluster detach). In addition, INPP4A had
a fixed probability of converting PI(3,4)P2 to PI(3)P, and a
fixed probability of jumping to another nearby free PI(3,4)P2
after conversion. Upon collision, a fixed number of EEA1
N-terminal attachments were added to the endosome accord-
ing to the availability of free Rab5 in a short time window
after the collision. The conversion time of the endosome was
measured as the first passage time of the fraction of PI(3,4)P2
converted to PI(3)P crossing a fixed threshold (set at 60%).
See Supplementary Material for details.
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Fig. 1. Image analysis pipeline to measure ensemble endosome characteristics. a) APPL1-EGFP and TagRFP-T EEA1 were imaged using LLSM at 2.5 s/volume.
b) Representative image of raw data, representing a single zoomed frame of a whole cell volume lasting up to ∼30 minutes. c) Preliminary endosomes in each channel
were identified separately by blob detection then an unsupervised pattern recognition-based routine was used to identify true endosomes, following by d) linking based on
localisation and intensity values to construct complete trajectories with continuous spatial data and intensity traces. e) Trajectories of endosomes identified from opposite
channels were then analysed together to identify of events of interest (i–iv). f) Schematic showing the protocols used to detect each type of event. (i) The intensity profile
between two endosomes (cyan: APPL1, magenta: EEA1) along the line connecting their centres of mass is shown. Dashed line indicates centre of mass; dotted lines
indicate endosome boundaries determined by detection routine. Changes in surface-to-surface distances between pairs of nearby events are used to identify events, with (ii)
collisions defined as the point of nearest approach, if below the threshold for surface-to-surface separation and (iii) conversions calculated by identifying regions of colocalised
trajectories; (iv) such events are considered to be fusions if the EEA1 track that remains after the disappearance of the APPL1 track existed as a distinct tracked object prior
to the colocalisation event. g) Montage showing (i) a single APPL1 endosome that collides with (ii) a dim EEA1 endosome and separates, then collides with (iii) a brighter
EEA1 endosome and separates, (iv) collides again with the same EEA1 endosome then (v) separates, at which point EEA1 levels are significantly elevated; by (vi) APPL1 is
no longer independently detected. Scale bar = 1 µm. h) Intensity traces corresponding to Figure 1g with events indicated by dotted vertical lines. Time is reported relative
to the start of APPL1–EEA1 colocalisation; intensity is reported as the average value of each channel’s intensity over the pixels detected by APPL1 detection until the end of
localisation, and by EEA1 detection thereafter.
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Fig. 2. High temporal- and spatial-resolution data reveal that heterotypic APPL1–EEA1 collisions play a causal role in early endosomal maturation, with APPL1
and EEA1 showing dynamic counter-clustering. a) Heatmap of the fraction of events that fall into cohorts defined by the total duration of colocalisation (in 10-s bins) and
the number of heterotypic collisions immediately preceding the event. (Left) All events are shown for wild-type (WT) and nocodazole-treated cells. (Right) WT data are further
split according to fusions and conversions. Importantly, in WT cells, longer durations of colocalisation are notably less frequent in those cases where multiple collisions occur.
Note that nocodazole events represent fusions only, as no conversions were detected for these cells. Total events for each condition are WT (n = 127)—which is further
segmented into fusions (n = 96) and conversions (n = 32)—and nocodazole-treated (n = 18). b) Numbers of events observed in each category: unaided fusions (39%),
collision-induced fusions (38%), unaided conversions (12%), and collision-induced conversions (11%). Strict criteria were applied to filter the collisions; thus, we consider
the values reported here for collision-induced events to likely represent a conservative estimate. c) APPL1 and EEA1 exhibit dynamic counter-clustering when imaged using
super-resolution microscopy. 3D PALM imaging of Dendra2-EEA1 shown as a maximum intensity projection (top) and as a 3D volume (bottom). Intensity is colour-coded
to z position. Scale bar = 1 µm. d) Kymograph of line intensity plot of normalised APPL1 (cyan) and EEA1 (magenta) intensity of a converting APPL1 endosome imaged
with SRRF, after processing. Circumference position in degrees is plotted on the y axis, as indicated in the schematic (left), and time in seconds is plotted on the x axis. e)
Montage of live SRRF experiment showing dynamic APPL1 (cyan) and EEA1 (magenta) clustering. Scale bar = 1 µm.
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Fig. 3. EEA1 endosomes exist in two spatially distinct populations characterised by opposite membrane binding. a) Schematic diagram of EEA1 FLIM experiment
logic. Shorter fluorescence lifetime (right) indicates a FRET interaction between EEA1-EGFP and Rab5-RFP and therefore indicates EEA1 is bound via its N-terminal binding
domain. Correspondingly, longer fluorescence lifetime (left) indicates no FRET interaction and thus that EEA1 is bound via its C-terminal binding domains to the membrane.
b) Normalised frequency histograms of the detected fluorescence lifetimes of EEA1-EGFP photons measured in peripheral endosomes (blue) and perinuclear endosomes
(green); bars represent standard errors of the mean; dashed curves show Gaussian fits for reference. Mean lifetimes calculated from these data are 1.87 ns and 2.10 ns for
the peripheral and perinuclear curves, respectively. Endosomes were measured across n = 6 cells. c) Representative FLIM-FRET experiments of RPE1 cells transfected
with EEA1-EGFP and Rab5-RFP. Coloured scale bar represents donor lifetime ranging from 1.8 ns (blue) to 2.3 ns (red). Left panel shows the FLIM image of EEA1 (donor)
lifetime, middle panel shows EEA1 fluorescence intensity, and right panel shows Rab5 fluorescence intensity; boxes indicate the regions of the zoomed insert. Scale bar =
10 µm. Zoomed insert scale bar = 1 µm.
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Fig. 4. EEA1 initially binds via its N-terminal binding domain before maturing into a C-terminal bound endosome. a) Representative montage showing the appearance
of N-terminal EEA1 following collision-conversion, imaged by live FLIM-FRET as described in Figure 3a. EEA1-EGFP fluorescence lifetime was fit with a two-component
regression (τ1 = 1.006 ns, τ2 = 2.600 ns). The image is pseudo-coloured by the relative photon contribution from each component; the shorter N-terminal EEA1 component
(blue), the longer C-terminal EEA1 component (green), and Rab5-RFP fluorescence (grey ). Arrow indicates nascent converting endosome. Scale bar = 2.5 µm, time is
measured in seconds. b) Normalised mean intensity plot of converting endosomes following seeding at time = 0. Line graphs show mean intensity of N-terminally (blue)
and C-terminally (green) bound EEA1, area fill indicates 95% confidence interval at each time-point. Time is measured in seconds. n = 20 conversion events. c) Fusions
categorised by the participating endosomes: N-terminal bound (N); C-terminal bound (C); and EEA1 absent, Rab5-positive (A). Plots show mean, error bars indicate S.D.
Each coloured shape indicates a different cell, n = 13. ns indicates non-significant difference, **** indicates p < 0.0001. Each mean was compared against the others using
an ordinary one-way ANOVA. d) Representative montage of EEA1 N- to C-terminally bound conversion, showing N-terminally (blue) and C-terminally (green) bound EEA1.
Arrows indicate points of fusion as numbered in panel e, asterisks indicate ‘main’ endosome corresponding to the intensity trace, hashes show incident endosomes prior to
fusion. Scale bar = 2.5 µm, time is measured in seconds. e) Intensity trace of N- to C-terminally bound conversion corresponding to montage in panel d. Lines indicate mean
relative lifetime amplitudes of N-terminal EEA1 (blue), C-terminal EEA1 (green), and the N:C intensity ratio (magenta); bold lines indicate 3-frame moving average; intensities
were manually measured for each endosomal pixel. Dotted lines indicate successive fusion time-points. Time is measured in seconds.
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Fig. 5. INPP4A is the enzyme affecting conversion. a) Representative image of 2xFYVE-GST PI(3)P staining with EEA1 FLIM imaging. NT and CT EEA1 channels
were extracted using two-component fitting of fluorescence lifetime and each channel shown combinatorically: PI(3)P (magenta), Rab5 (orange), CT EEA1 (green), and
NT EEA1 (blue). Dotted box indicates zoomed insert (rightmost column). Scale bar = 10 µm, insert scale bar = 5 µm. b) FLIM of orientation with phosphoinositide lipid
specificity. Scatter and box-and-whisker plots of PI(3)P staining intensity by endosome type; Rab5 positive and EEA1 negative (magenta), NT EEA1 bound (blue), or CT
EEA1 bound (green). PI(3)P intensities are measured using 2xFYVE-GST labelling and normalised across each cell. Error bars on scatter plots indicate mean ± S.D.
Statistical significance determined using one-way ANOVA, ** indicates p < 0.01, **** indicates p < 0.0001. n = 18 cells. c) SAR405-treated cells show reduced fusions,
but not conversions. siRNA-INPP4A-treated cells show reduced fusions and conversions.
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Fig. 6. The initial N-terminal of EEA1 is essential for endosomal conversions. a) RPE1 wild-type cells and HeLa EEA1 knockout (KO) cell lines expressing wild-type
EEA1 (blue) or N-terminal mutant deficient in binding Rab5 (red) were imaged using LLSM. b) The total number of conversions and fusions were quantified; these data
indicate that the initial N-terminal of EEA1 is essential for endosomal conversions. ns indicates non-significant difference, * indicates p < 0.05. Each mean was compared
against the others using an ordinary one-way ANOVA. In the case of HeLa EEA1 KO cells expressing EEA1 N-terminal Rab5 binding mutant, no events were detected by the
analysis workflow or by visual inspection.
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Fig. 7. Agent-based simulations show the effect of clustering and collision on endosome conversion time. a) Schematic of agent and node logic used in modelling.
(i) The endosome is simulated as a multi-layered surface of a sphere, where different layers are occupied by different agents and nodes. The sphere is initially dominated by
APPL1 attachments (cyan), which over time are replaced by N-terminal EEA1 (dark blue), and finally C-terminal EEA1 (green). (ii) APPL1 and EEA1 stochastically bind and
unbind, competing for Rab5 (grey ) binding availability. (iii) APPL1 requires both Rab5 and an adjacent PI(3,4)P2 (orange) to attach. (iv) N-terminal EEA1 replaces APPL1
in binding to Rab5 and frees up PI(3,4)P2. (v) INPP4A (yellow) converts free PI(3,4)P2 to PI(3)P (red). C-terminal EEA1 requires Rab5 and an adjacent PI(3)P to bind.
b) Example maturation time course of a simulated endosome undergoing collision, showing the attached APPL1 (cyan), N-terminal EEA1 (dark blue), and C-terminal EEA1
(green) on the surface of the simulated endosome at different time-points (marked by dashed lines in panels c–e). Initially, the endosome is dominated by APPL1 (i), while
N-terminal EEA1 attach in clusters (ii). Upon collision (which takes place here at 31.5 s), there is a large influx of EEA1 N-terminal attachments (iii), which shortly detach
due to cluster detachment (iv). However, this duration is sufficient to displace a large number of APPL1, allowing INPP4A to accelerate conversion of PI(3,4)P2 to PI(3)P.
Eventually, C-terminal EEA1 attach in clusters (v) and ultimately dominate over N-terminal attachments (vi). c) Time series of numbers of attached APPL1, INPP4A, and total
EEA1 (including both N- and C-terminal attachments). d) Time series of numbers of PI(3,4)P2 and PI(3)P molecules on the endosome’s surface. PI(3)P molecules are formed
by a 1:1 conversion from PI(3,4)P2 by INPP4A. e) Time series of numbers of N- and C-terminal attachments of EEA1. Initially, most attachments are through N-terminal
EEA1, while over the course of endosomal conversion, C-terminal attachments eventually become a majority. Collision mainly introduces new N-terminal attachments. For
a dynamic version of this figure, refer to Supplementary Movie 9. f) Conversion time distributions of simulated isolated endosomes. If the clustering mechanism of EEA1
molecules is removed from the simulation, the conversion time distribution shifts to the right (from grey to cyan), indicating slower conversions. If the isolated endosome
is made to undergo collision (which takes place at t = 31.5 s for these simulations), the conversion time distribution shifts to the left (from grey to orange) and conversion
time is reduced by almost one third. g) Conversion time distributions of a simulated cell in which endosomes collide randomly at a given collision frequency. The grey curve
shows the case for no collisions. Upon increasing the collision frequency (i.e., decreasing the average time interval between collisions), the endosomes become more likely
to encounter one or multiple collisions, which in turn leads to faster conversions. Hence, the weight of the conversion time distribution shifts further to the left (towards red).
There are multiple modes in the conversion time distribution corresponding to the number of collisions the endosome experienced before conversion. The leftmost mode at
20–50 s corresponds to two collisions before conversion, the middle mode at 60–100 s to a single collision, and the rightmost mode at 130–200 s to zero collisions.
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Fig. 8. Summary of proposed EEA1 ‘trigger-and-convert’ mechanism of maturation. Very early endosomes formed at the cell periphery (endosome 1) have PI(3,4)P2
(orange)-containing membranes and APPL1 (cyan) bound to Rab5 (grey ). These vesicles collide with mature EEA1 vesicles (endosome 0), seeding N-terminally bound
EEA1 and triggering the conversion process. This enables the production of PI(3)P (red) and the binding of C-terminal EEA1. These vesicles can trigger conversions on
nascent APPL1 vesicles (endosome 2) and participate in canonical endosomal tethering and fusion processes (bottom endosomes).
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