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ABSTRACT

In this work we set several mathematical tools to study the role of
Dynamin and Endophilin in the Clathrin-mediated endocytosis pro-
cess. Their different dynamics and co-localizations are observed by
using TIRF microscopy. We define in particular a novel tracking
method in order to track the Clathrin-coated pits and quantify their
co-localization with the proteins involved in the process. Thereafter,
we perform a statistical analysis of the lifetimes of Clathrin-coated
pits tracks by a suitable mixture model. This allows to define differ-
ent populations of interest and point out the role of Endophilin and
Dynamin in the process.

Index Terms— Global tracking, Hybrid model selection, Endo-
cytosis, Clathrin, Fitting, Mixture model

1. INTRODUCTION

Endocytosis is a key biological process that enables cell to internal-
ize molecular cargos from extracellular medium. The most studied
pathway involves Clathrin-coated pits at cell surface where cargos
arrival to specific receptors activates pit maturation, inward budding
and final pinching of Clathrin-coated vesicles containing cargos [1].
Effective cargo endocytosis by Clathrin-coated pits is conditioned by
the precise orchestration of multiple molecular players [2], and the
understanding of the key actors of endocytosis success and kinetics
is a very active field of investigation.

A central factor essential for the completion of Clathrin vesi-
cle is Dynamin (Dnm). This pinching enzyme directs the fission of
the vesicle from the plasma membrane. The role of the membrane
curvature sensitive protein Endophilin (Endo) is more debated. In-
deed, Endophilin is an actor of Clathrin dependent endocytosis that
is proposed to trigger Dynamin recruitment and to act on the vesicle
scission (Sundborger A 2014). However, Endophilin seems dispens-
able for Clathrin vesicle completion thereby raising the question of
its exact role.

Here, we investigate the role of Dnm and Endo in Clathrin me-
diated endocytosis. For this, we engineered genome-edited cells and
obtained fluorescent Endo, Dnm and Clathrin light chain (Clc) in
physiological conditions. We then monitored during 300s live cell
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endocytosis dynamics with dual color, total internal reflexion fluo-
rescence (TIRF) microscopy. TIRF microscope uses an evanescent
wave to selectively illuminate and excite fluorophores close to cell
membrane (< 200 nanometers depth), removing fluorescence back-
ground coming from cell cytosol and allowing the live monitoring
of endocytosis at time frequency above 1 Hz. Thus, TIRF imaging
is particularly well-suited for analyzing the kinetics of endocytosis,
as the disappearance of Clathrin spot at specific pits marks either the
pinching off the Clathrin coated vesicle inside the cell, or the dis-
assembly of the coated pit before effective vesicle internalization.
Dual-color TIRF allowed us to monitor either Endo or Dnm in addi-
tion to Clc and analyzed Clc dynamics when associated or not with
one of its partner. Finally, we also used cells depleted for either Dnm
or Endo to test the effect of each protein on endocytosis.

The two main technical issues that arise when analyzing live
TIRF images of genome-edited Clc are the robust tracking of Clc
tracks over time and the statistical interpretation of track lifetimes.
Indeed, the high density of Clathrin-coated pits and the poor signal
to noise ratio in genome-edited cells impairs the robust tracking of
endocytosis events which may last several minutes. Moreover, the
pinching-off and internalization of Clathrin vesicles is indistinguish-
able from pits disassembly before effective entry as both events are
marked by spot disappearance from TIRF field of view.

To tackle this two issues, we first propose a new global track-
ing method that fully uses the high confinement of Clc spots at pits’
positions during endocytosis (Section 2). Second, as unsuccessful
endocytosis shall present a lifetime shorter than true internalizations
[3], we propose a statistical analysis of tracks lifetimes by a suitable
mixture model selected with Bayesian information (Section 3). Al-
together, these new tracking and statistical methods offer an insight
into the dynamical role of Endophilin and Dynamin in the Clathin-
mediated endocytosis.

2. TRACKING

High density of Clathrin spots and their weak signal to noise ratio
(SNR) in genome-edited conditions make their robust tracking over
time difficult. This hinders the use of standard tracking algorithms
that use detections at times t — k, . . . , ¢, with kK ~ 1 — 5 typically, to
construct spot trajectories iteratively. Indeed due to many false and
missing detections, endocytic tracks are usually shortened, and step
by step false associations lead to artifactual displacement of spots
while they are supposed to stay nearly static over time (Fig. 1-A).
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Fig. 1. A - Endocytic tracks are hihly confined Each endocytosis spot begins by the appearance of a Clathrin fluorescent spot, its stationarity
during the whole track and its final disappearance from the TIRF field of view, that marks either the internalization of the Clathrin-coated
vesicle or its disassembly before effective cargo internalization. The 3D (x,y,t) kymograph of tracks highlights the highly confined motion of
endocytic spots. Indeed, trajectories appear as lines parallel to the time dimension, which indicates a quasi-constant (x,y) position over time.
B - Principles of global tracking 1- We first use wavelet-based denoising and Clathrin spots’ detection. We then sum the detected spots over
time and obtain a global elevation map (x,y,intensity) of the whole process. Gaussian peaks indicate putative endocytic sites with multiple
spot appearances. 2- We then detect each peak with local maximum algorithm and reconstruct endocytic tracks by associating detected spots
to closest peaks. The unambiguous localization of endocytic spots allows us to robustly monitor the intensity of each track, even when
detections are missing. C - Comparison with enhanced Multiple Hypothesis Tracking (eMHT) algorithm. We plotted tracks’ durations
and total displacements obtained with our global tracking method (red) and eMHT tracking algorithm [4], blue).
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Recently, Aguet et al. proposed a master-slave approach where an
over-expressed, bright molecule that is very stable all along the en-
docytosis process is used as a master channel and helps to deter-
mine the positions of endocytic events unambiguously [5]. Then,
the genome-edited slaved molecule of interest, which is in phys-
iological concentrations and much less bright than over-expressed
master signal, can be robustly tracked at pit position along the mas-
ter track. The main issue with Aguet’s method is that it requires
a specific fluorescent channel for Master’s tracking, which compli-
cates experimental settings and diminish the number of fluorescent
channels that can be used for the multi-color analysis of different
molecules implicated in the endocytosis process.

Here we take advantage of spots’ stationarity to determine the po-
sitions of putative endocytic sites very precisely, and then use these
Master positions to back-track fluorescent spots robustly.

To determine the positions of endocytic sites, we first denoise
live TIRF images and detect bright fluorescent spots by applying a
a trou wavelet transform to images before thresholding statistically
wavelet coefficients [6]. For this, we used Spot detector plugin (plu-
gin ID R3M2Y?2) in open-source image analysis software Icy [7]
(http://icy.bioimageanalysis.org) (Fig. 1-B-1).

Then, we sum denoised images and obtain an elevation map
(x,y,intensity) of the whole endocytic process (Fig.1-B-1). We model
each denoised single spot with a two-dimensional Gaussian profile

1 )2 )2

I(z,y) = Azemoz (@20 +@=0%) yhere & is the single spot
spread due to diffraction, (x;,y;) the position of the spot ¢ and A;
its amplitude. The sum of the k (detected) spots along a specific
track confined around position (xo, yo) with deviation oq (that ac-
counts for both localization error and confined motion) gives rise
to a Gaussian peak with mean position (zo, yo), amplitude A9 =
iy 1 Ai & kA, with A the mean spot amplitude, and standard
deviation \/o2 + 2. Consequently, Gaussian peaks with high am-
plitude indicate long-lasting endocytic events with multiple spot de-
tections over time.

We localize endocytic spots by detecting peak positions with
standard local maxima algorithm. Then, using these Master posi-
tions of endocytic spots, we construct global Clathrin tracks by as-
sociating detected spots to closest Gaussian peak (Fig. 1-B-2). The
unambiguous localization of endocytosis positions allows us to re-
construct the full intensity profile of each endocytic track even for
frames where detections are missing (Fig. 1-B-2).

Finally, we compared our global method to state of the art track-
ing algorithm (enhanced Multiple Hypothesis Tracking (eMHT)
method [8, 4], implemented in Spot tracking plugin in Icy (plugin
ID L5S9MS) (Figure 1-C). We observe that the number of shortest
tracks (<40 seconds) was diminished by 30% with global tracking
(42% of the tracks) compared to eMHT (54.8% of tracks). We also
observed that the number of tracks with a large total displacement
(> 0.5pm), which shall correspond to tracks with false step-by-
step associations leading to artifactual spot motion, was drastically
diminished with our method (3.0% of tracks) compared to eMHT
(9.8%).

We thus conclude that tracks obtained with global tracking
are much confined and longer than tracks obtained with standard
multiple-hypothesis tracking methods, and better corresponds to
confined and long-lasting endocytose process.

3. STATISTICAL ANALYSIS

This section is devoted to the statistical analysis of the Clc-lifetimes
in order to define different populations and compare their behaviour

(a) Fitting of non-co-localized tracks

depending on the depletion of each of the proteins. It has been
previously reported that clathrin-coated pits lifetimes are very het-
erogeneous because many CLC tracks failed to form vesicles [3,
9, 10]. Then, the goal of this study is first to distinguish active
Clathrin tracks from non-internalized ones (abortive or static). Al-
though these questions have already been addressed in [3, 5], this
work allows to identifiy the different populations more precisely in
order to deeply describe the endocytosis process (Section 4).

By using the dual-color TIRF microscopy we monitor during
300s the co-localization between Clc and Dnm or Endo. In the
control cases (siC) we observe both the Clc tracks presenting a
co-localization with Endo or Dnm, and the Clc tracks with no co-
localization. In the depleted cases (siEndo, siDnm) we observe the
Cle-tracks presenting a co-localization with the remaining protein.
In the control cases we have 4353 tracks that are co-localized with
Clc (Clc-siC-coloc) and 6931 tracks that are non-co-localized (Clc-
siC-non-coloc). The data sets of co-localized tracks when Dnm
or Endo is depleted (Endo-Clc-siDnm-coloc and Dnm-Clc-siEndo-
coloc, respectively) contain 3761 and 2353, respectively.
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(c) Fitting of co-localized tracks

Fig. 2. Fitting of lifetimes distribution for co-localized and non-co-
localized tracks in the control cases

As shown in Fig. 2(a) the Clc-siC-non-coloc data set follows
an exponential distribution Exp(z,\) = e ** whose parame-
ter can be easily estimated by the expfit function of Matlab 2016a
(A = 0.03). This reveals short-lived CLC tracks at the plasma
membrane that should account for aberrant detection and/or non-
productive clathrin assembly [3, 9, 10]. The life-times distribution
of co-localized tracks is different from the non-co-localized ones
but part of the distribution fits with an exponential one, like in the
non-co-localized case. These short-lived tracks should represent the
previously defined early/late abortive tracks defining non-productive
clathrin pit assembly [3, 9, 10].

Then, concerning the fitting for lifetimes of Clc-siC-coloc, we
use the following mixture model

N
F('r?g) = poEXp(Ia’Y) + szN(l’,ﬂz,Uf) )

i=1
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where ZZV: oPi = 1 and 0 denotes the set of parameters of the
model: 0 = (7, 41,01, .., AN, ON, DO, P1, oy PN )-
The exponential distribution corresponds to the set of abortive
_(m—py)?

2
1 e 207

tracks and NV (z, i, 02) =

represents the normal

2702
distribution corresponding to the i-th population of interest.

The (3N + 1) parameters are estimated by maximizing the like-
lihood function via the expectation-maximization algorithm. The
number of normal distributions is chosen by the Bayesian informa-
tion criterion (BIC) (see Fig.2(b)). The BIC function is minimized
by N = 4 (Fig. 2(b)) meaning that, for the lifetimes of co-localized
tracks, over the exponential population, we have four Gaussian pop-
ulations of interest identified by the intervals p; + 0; (¢ =1, ...,4):
Popl = 98s (& 22s, 30% of tracks), Pop2 = 178s (£ 50s, 20% of
tracks), Pop3 = 264s (&= 18s, 7% of tracks) and Pop4 = 296s (£13,
7% of tracks). The other parameters of the selected model are the fol-
lowing: (po,p:) = (0.4759,0.1885,0.2190,0.0643, 0.0522) (for
i=1,...,4),and v = 0.04.

/N
/

(a) Fitting for siEndo (b) siEndo populations
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100 s E:
time = 2 ime - 25

(c) Fitting for siDnm (d) siDnm populations

Fig. 3. Fitting of lifetimes distribution for co-localized tracks in the
cases siEndo and siDnm

4. BIOLOGICAL RESULTS

In order to quantify how the depletions of Endophilin and Dynamin
influence the endocytosis process and affect the different popula-
tions, we fit the model F' with N = 4 to the data sets Endo-Clc-
siDnm-coloc and Dnm-Clc-siEndo-coloc (Fig. 3). As shown in Fig.
3(a-b), Endophilin depletion does not affect the distribution of Clc-
tracks co-localized with Dynamin and there si no significative differ-
ence concerning the distribution of populations.

Strikingly, the depletion of Dynamin in the cells leds to a differ-
ent Clc lifetimes distribution (Fig. 3(c-d)) and we have the following
populations: Popl ~ Pop2 = 156s (&= 60, 20%), Pop3 = 258s (£ 21,
8%), and Pop4 =294s (£ 14, 8%). The fact that the first population
overlaps almost completely with the second one suggests that the
model has been overfit. This is actually corroborated by the result
of the BIC test (for the model F’ fitted to the Endo-Clc-siDnm-coloc

data set) which gives N = 3. This essentially means that this distri-
bution can be described by three normal populations, instead of four
like in the control condition (Fig. 2(d)), and that the first population
of the control case disappeared.

Since Dynamin is absolutely required in the process, this result
reveals that the first population represents the active endocytic Clc
tracks. In contrast, populations 3 and 4 are static Clc tracks that
are not internalized during almost all the movies time (300 sec).
These populations would be particularly enriched in Clathrin lattice
objects. Population 2 might represent a mixture of late productive
Clc tracks in which the process would be delayed with some non-
productive tracks that would be finally abortive.

We finally conclude that the methods above described define a
new methodology to study the endocytosis process. As said in Sec-
tion 2, the tracking model strongly improves the results with respect
to other algorithms. Moreover, the robust statistical analysis by a
mixture model and the BIC test for selection allow to precise the role
of different proteins by comparing several populations of interest.
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