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Abstract Huntingtin interacting protein 1 (HIP1) is an
accessory protein of the clathrin-mediated endocytosis
(CME) pathway, yet its precise role and the step at which it
becomes involved are unclear. We employed live-cell
imaging techniques to focus on the early steps of CME and
characterize HIP1 dynamics. We show that HIP1 is highly
colocalized with clathrin at the plasma membrane and
shares similar dynamics with a subpopulation of clathrin
assemblies. Employing transferrin receptor fused to
pHluorin, we distinguished between open pits to which
HIP1 localizes and newly internalized vesicles that are
devoid of HIP1. Moreover, shRNA knockdown of clathrin
compromised HIP1 membranal localization, unlike the
reported behavior of Sla2p. HIP1 fragment, lacking its
ANTH and Talin-like domains, inhibits internalization of
transferrin, but retains colocalization with membranal
clathrin assemblies. These data demonstrate HIP1’s role in
pits maturation and formation of the coated vesicle, and its
strong dependence on clathrin for membranal localization.
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Introduction

Clathrin-mediated endocytosis (CME) is a well-studied
mechanism involved in many important cell functions,
such as the uptake of essential nutrients [1, 2] and
modulation of signal transduction [3, 4]. The process of
CME involves many accessory proteins, some well
characterized, such as the canonical tetrameric endocytic
adaptor complex (AP2) and dynamin; others are less so,
such as Huntingtin interacting protein 1 (HIP1) (reviewed
in [5]).

HIP1 was shown to function at different stages of the
CME pathway, but its precise role is still unknown. Based
on sequence similarities, it has been shown to contain
several binding domains that enable interactions with
phosphatidyl inositol 4,5-biphosphate (PIP,), AP2, clath-
rin’s light and heavy chains (CLC and CHC, respectively)
and actin [6, 7]. These findings have been supported by in
vitro binding assays, colocalizations and structural analysis
of the coiled-coil domain [6, 8—11]. The presumed function
of HIP1 in endocytosis is further supported by its influence
on the membrane localization levels of various receptors.
For example, mice with a targeted mutation in HIP1 have
excess surface AMPA receptor following ligand stimula-
tion, suggesting disruption of receptor internalization [12].
The function of NMDA receptor is also affected by HIP1
[13]. In other studies, overexpression of HIP1 in cell
culture stabilized EGF receptor levels following EGF
stimulation and resulted in increased phosphorylation of
downstream effectors [14, 15]. In that case, the prolonged
activation of the receptor was interpreted as being due to
a block in its movement from early endosomes to late
endosomes, rather than to disrupted internalization [14].
Therefore, the exact pathway and step at which HIP1
participates are still under debate.
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Members of the Sla2/HIP1 family, which include the
yeast Sla2p and the mammalian HIP1R and HIP1, have an
overall conserved domain structure. Interestingly, based on
this structural similarity, a functional equivalence amongst
the proteins is presumed. Thus the different proteins are
commonly referred as HIP1/HIPIR or HIP1R/Sla2p.
However, accumulating evidence suggests that they seg-
regate in their functions, dynamics and protein—protein
interaction partners. The knockout of HIP1 and HIPIR in
mice results in different phenotypes [12, 16]. Moreover, the
dynamics of Sla2p and HIPIR were shown to substantially
differ: while HIPIR was shown to appear and disappear
simultaneously with clathrin, Sla2p arrives 25 s later than
clathrin and dissociates upon recruitment of actin-related
proteins [17, 18]. This difference in dynamics strongly
suggests a difference in function. Recently, it was sug-
gested that in yeast, Sla2p serves as a link between the
clathrin-coat and actin-remodeling proteins. Indeed, yeast
cells devoid of Sla2p display abnormalities in the organi-
zation of actin [17]. A significant effect on the actin
structure was also described for cells with HIP1R siRNA
[19, 20]. Thus, concerning the mediation of actin elonga-
tion in endocytosis, these two proteins may represent
functional homologues. However, the affinity of HIP1 for
actin is 7.5 times lower than HIPIR [21], and no effect on
actin organization was so far observed upon alteration in
HIP1 levels. In addition, HIP1 also differs from Sla2p and
HIPIR in its interaction with clathrin. HIP1 has the ability
to directly bind CHC [9], unlike the indirect interaction of
Sla2p and HIP1R with CHC through the LC [22, 23]. Thus,
it is possible that despite their sequence similarities, HIP1
differs in function from HIPIR and Sla2p. Furthermore,
due to the vectorial nature of the initiation, growth,
invagination and internalization of the coated pit/vesicle,
proteins with different functions are recruited at different
stages of the process [24, 25]. In this context, the visuali-
zation and description of the dynamics of HIP1 in clathrin-
mediated endocytosis are still lacking. In the present study
we provide the first quantitative dynamic characterization
of HIP1 and suggest that it differs in several aspects from
HIPIR and Sla2p.

Here, we addressed the role of mammalian HIP1 in the
very early stages of endocytosis. To this end, we employed
a two-pronged approach to dissect the role of HIP1 in
CME: live-cell imaging aimed at characterizing the
dynamic parameters of HIP1 addition to the coated pit, and
chemical and genetic perturbations aimed at identifying the
regulatory components of HIP1 recruitment to the mem-
brane. We show that the spatiotemporal parameters of the
association of HIP1 with the membrane parallel those of
clathrin in many respects. The similarities in the dynamics
and localization of their recruitment to the membrane are
observed in both naive cells and in response to different

manipulations of the coat structure. In addition, reduction
in the amount of clathrin in the cells, as a result of sShRNA-
mediated knockdown, compromises the membranal local-
ization of HIP1, suggesting that clathrin is involved in
either recruitment or stabilization of HIP1 at the mem-
brane. We conclude that HIP1 is a dynamic component of
the coated pit, but not the internalized vesicle, and func-
tions at the very early phases of endocytosis.

Materials and methods
Cell cultures, plasmids and immunostaining

COS7 and HeLa cells were grown in DMEM supplemented
with 10% (v/v) FCS, 2 mM L-glutamine and 100 U/ml
penicillin-streptomycin. Transfections were performed
using Jet-PEI (PolyPlus Transfection, New York, NY)
according to the manufacturer’s instructions using a 1:2
(DNA:reagent) ratio. All plasmids encoding fluorescently
labeled clathrin light chain A (CLC) were a kind gift from
Prof. Kirchhausen (Harvard Medical School, Boston, MA).
Plasmids encoding GFP-fused HIP1 and its 218-604
fragment were a kind gift from Prof. Erich Wanker (Max
Delbruck Center, Berlin, Germany). The plasmid encoding
tdTomato-HIP1 was created by replacing EGFP in the
GFP-HIP1 construct with PCR-amplified tdTomato, using
the Agel and Xhol sites. TfR-pHI plasmid was a kind gift
from Prof. Christien Merrifield (MRC Laboratory of
Molecular Biology, Cambridge, UK). Clathrin heavy chain
silencing and scramble plasmids (CHC-shRNA, SCR-
shRNA) were a kind gift from Dr. Eran Bacharach (Tel
Aviv University, Tel Aviv, Israel). Immunostaining was
performed on 4% (w/v) paraformaldehyde-fixed cells,
using mouse anti-clathrin X22 (1:1,000, Novus Biologi-
cals, Littleton, CO) or rabbit anti-HIP1 (1:100, Prof. Erich
Wanker), and detection with cy3-conjugated goat anti-
rabbit/mouse (Jackson Laboratories, Bar Harbor, ME).
Clathrin was silenced as follows: HeLa cells were either
transfected with GFP-HIP1 alone or cotransfected with
both GFP-HIP1 and one of the silencing constructs: CHC-
shRNA or SCR-shRNA. Two days later, the cells were
split, plated on glass coverslips, and returned to the incu-
bator for 2 more days. Silencing of the CHC was evaluated
as 70% protein reduction using antibody staining (X22
clone, Novus Biologicals; data not shown).

TIRF imaging setup

For imaging purposes, cells were plated on glass cover-
slips, transfected with plasmids encoding fluorescently
tagged proteins and imaged 18-28 h later (for most
experiments), or 4 days later (for the shRNA experiments).
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Imaging medium was similar to growth medium, but
consisted of DMEM without phenol red, supplemented
with 10% (v/v) HEPES pH 7.4. The imaging setup con-
sisted of an Olympus IX-70 inverted microscope with a
60x (TIRF) objective (Olympus), a T.LLL.L. photonics
TIRF condenser (T.I.L.L. photonics, Grifelfing, Germany),
two solid-state lasers (Laser Quantum, Stockport, UK)
emitting at 473 and 532 nm, an Andor Ixon 887 EMCCD
camera (Andor, Belfast, Northern Ireland), and a dual-view
beam-splitting device (Optical Insights, Roper Bioscience,
Tuscon, AZ). The equipment was controlled by Metamorph
software (Molecular Devices, Downingtown, PA). The
decay constant for the evanescent field was calculated
according to Lang et al. [26] as 141 nm. The microscope
was enclosed in a custom-built temperature-controlled
acrylic-glass cage that was set to 32°C, both to provide the
cells with adequate temperature and to minimize focus
drifts.

Data analysis
Image processing, assemblies identification and tracking

Time-lapse images were pre-processed by subtracting from
each image a low-passed version of itself (1/um spatial
frequency) and smoothing the resulting image by low-pass
filtering with a spatial frequency of 0.2/um. Assemblies
were identified as diffraction-limited objects that were
significantly brighter than the set fluorescence threshold.
Tracking was performed using a MATLAB (The MathWorks
Inc., Natick, MA) procedure by fitting each assembly with a
2D Gaussian distribution to precisely identify the assembly’s
coordinates (for details see [27]).

For the measurements of lifetime and mobility of HIP1
assemblies, time-lapse images were acquired at 0.5 Hz for
4 min. We omitted assemblies that appeared for less than
4 s, assemblies for which we could not establish a start or
end point, and those that collided with adjacent assemblies.
Tracks were confirmed manually.

Curve fittings

A log-normal distribution was fitted to each data set using
MATLAB’s statistical toolbox (MATLAB, The Math-
Works Inc., Natick, MA), and the statistical parameters
were calculated for each distribution. We estimated the
existence of two subpopulations of clathrin assemblies and
one population of HIP1 assemblies. One of the populations
overlapped with HIP1 (by a fraction g, and corresponding
to the degree of colocalization between clathrin and HIP1),
and the second subpopulation (CSP; 1 — g) did not colo-
calize with HIP1. We assumed that the distribution of
clathrin’s overall population would thus be equal to the

sum of the HIP1 population and the second CSP with a
ratio between them of g:(1 — ¢g), respectively. Then we
calculated the probability density function of CSP assem-
blies according to: Pcsp :M and estimated the
statistical parameters of the CSP distribution.

Colocalization calculations

To determine colocalization percentages, we recorded both
movies simultaneously, identified the assemblies in each
movie separately and then compared the localization of the
assemblies in the two movies. We set a maximum distance
of 250 nm between the centers of the assemblies to define
colocalization. As a control, we flipped HIP1’s images by
180°, and got only ~ 10% colocalization with the corre-
sponding clathrin image. The merged images, indicating
colocalization, in the sucrose experiment (Fig. 4a), were
created using the colocalization plugin of WCIF-Imagel
(for details see http://www.uhnresearch.ca/facilities/wcif/
imagej/colour_analysis.htm).

Calculations of changes in fluorescence

Cells were imaged by TIRF and recorded at 0.5 Hz for a
period of 4 min. The fluorescence-change index was calcu-
lated through a series of simple arithmetic manipulations on
the images. Briefly, the images were normalized to reduce
intensity changes resulting from laser fluctuations. Then, an
average intensity value was calculated for the movie, and all
pixels that were consistently above that value, i.e., constant
elements, were zeroed. The intensity of every pixel was
compared to the corresponding one taken from averaging
8-10 frames ahead (HIP1 assemblies’ half life), and if there
was a significant change, it was scored 1; otherwise, it was
scored 0. These images were subjected to an additional
noise-reduction step, where single pixels were erased and
only those in the assemblies remained. The changes were
summed for each pixel throughout the movie, and a sum-
mary image was created. From that image, the fluorescence-
change index was calculated as the average value of the
highest 10% of the pixels. This index represented a rough
estimation of the dynamics of the movie, i.e., the appearance,
disappearance, movement and flickering of assemblies.

Clathrin coat manipulations
Disassembly protocol

COS7 cells expressing fluorescently tagged HIP1 and/or
CLC were imaged by TIRF. Images were recorded at
0.33 Hz for a period of 6 min. The first 30 s were recorded as
a baseline, and then the bath solution was replaced with 2%
(v/v) 1-butanol (dissolved in imaging medium) for 1.75 min,
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after which it was washed away with imaging medium.
Images were processed for analysis as described above.

Assembly protocol

COS7 cells coexpressing tdTomato-CLC and EGFP-HIP1
were imaged by TIRF for both fluorophores simultaneously
(as described above) and recorded at 0.33 Hz for 6 min.
The first 30 s were recorded as a baseline, and then the bath
solution was replaced with 0.45 M sucrose (dissolved in
imaging medium) for 1.75 min, after which it was washed
with imaging medium. Images were processed for analysis
as described above. Potassium depletion was achieved as
described by Larkin et al. [28]. Briefly, cells were washed
with potassium-depleted medium (50 mM Hepes, 100 mM
NaCl, pH 7.4), incubated in hypotonic solution (50%
DMEM in water) for 5 min and then incubated in potas-
sium-depleted medium for 30 min. Cells expressing TfR-
pHI were also washed with potassium-depleted medium in
which 50 mM NaCl was replaced with 50 mM NH,Cl
before images were taken.

pH-Dependent changes in TfR-pHI

COS7 cells coexpressing tdTomato-HIP1 and TfR-pHI were
imaged by TIRF for both fluorophores simultaneously (as
described above) and recorded at 0.5 Hz for 4 min. For pH
7.4, bath solution was the imaging medium; for pH 5.5 the
solution contained (in mM): NaCl 135, KCl 5, CaCl, 2,
MgCl, 0.4, p-glucose 1 and MES 20, with pH adjusted to 5.5.
Images were processed for analysis as described above.

Results

To date, a putative role for HIP1 in the early stages of
CME has mostly been inferred from binding experiments
and in vitro clathrin-assembly assays [6, 29]. However,
these experimental approaches do not allow for the char-
acterization of the spatio-temporal parameters of HIP1
recruitment to the coated pit. To investigate the dynamics of
HIP1 in the initial stages of CME in vivo, and to correlate
them with those of additional components of the CME
pathway, we employed total internal reflection fluorescence
(TIRF) and live-cell imaging.

HIP1 shows strong colocalization with clathrin
at the plasma membrane (PM)

Previous publications have shown colocalization of HIP1
and clathrin [6]; however, detection was performed
by confocal microscopy in sections that are usually about
0.7-1 pm thick. In flat fibroblast cells such as COS7, such

sections can contain up to 30% of the cell’s depth (data not
shown), making it difficult to define whether the colocal-
ization between HIP1 and clathrin is on the PM or in
cellular trafficking vesicles [30]. Therefore, we first looked
at the localization of fluorescently tagged HIP1 and clathrin
(clathrin light chain A, CLC) using dual-view TIRF
microscopy. This technique enables visualization of only
the lower 200 nm of the cells [31] and thus enables better
resolved detection of HIP1 at the PM. Note that even in this
thin a section, it is possible to find some inner cell com-
partments [30, 32]; nevertheless, it provides one of the
better representations of PM processes.

TIRF imaging of COS7 cells expressing EGFP-HIP1
showed that in addition to diffuse staining, EGFP-HIP1
shows a punctuate distribution at the PM. This punctate
staining exhibits strong colocalization with clathrin
assemblies (Fig. 1a—f). To measure the extent of colocal-
ization, we detected EGFP-HIP1 and clathrin-tdTomato
assemblies in cells coexpressing these proteins (n = 171
and 212, respectively) and defined colocalized assemblies
as those with adjacent centers (less than 250 nm apart).
Based on this calculation, at steady state, we found that
80% (£4.03%) of the HIP1 assemblies colocalized with
clathrin and that 63% (45.33) of the clathrin assemblies
colocalized with HIP1 (Fig. 1g, h). In addition, we found
the density of both proteins’ assemblies on the PM to be
very similar (2.4 £ 0.28 assemblies/10 pm? for HIPI and
2.9 4 0.25 assemblies/10 pm? for clathrin). This observa-
tion demonstrates that HIP1 colocalizes with clathrin
assemblies on the PM and suggests HIP1’s involvement in
the early stages of CME.

HIP1 dynamics at the PM

The dynamics of clathrin in the formation of coated pits/
vesicles have been well studied and are described in several
papers [24, 33, 34]. To study the dynamics of HIP1 and
determine the spatio-temporal parameters of its recruitment
to the coated pit and to correlate these parameters with those
of clathrin, we followed EGFP-tagged HIP1 or EGFP- or
DsRed-tagged CLC under TIRF illumination for 4 min.
Using a tracking software [27], we were able to detect single
fluorescent assemblies representing either EGFP-CLC and
CLC-DsRed or EGFP-HIP1 clusters, and we followed their
location, intensity, appearance and disappearance.

Initially, the lifetime of the assemblies was examined.
Only assemblies that appeared and disappeared during the
recording period (Fig. 2a) were included in the analysis
(about 57% of the clathrin and 44% of the HIP1 assem-
blies). The lifetimes of the HIP1 and CLC assemblies had
similar distributions (Fig. 2b). Median lifetimes were 22 s
for CLC assemblies and 34 s for HIP1 assemblies. Taking
into consideration the high degree of colocalization among
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Fig. 1 HIPI is colocalized with
clathrin at the PM. TIRF images
of a cell coexpressing
tdTomato-CLC (a) and EGFP-
HIP1 (b). ¢ Merged image
(clathrin in red, HIPI in green).
d—f Enlarged and filtered
images of the regions marked in
a—c, respectively. Note that
most assemblies are
colocalized, though some HIP1-
only (arrowhead) or clathrin-
only (arrow) spots can be found.
g Scatter plot showing the
correlation between HIP1 and
clathrin assemblies intensity

(n =171 and 212,
respectively). h Averaged
assemblies colocalization of
HIP1 and clathrin shows strong
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clathrin and HIP1 (Fig. 1h), two possible scenarios can
explain the difference in lifetimes; either HIP1 is present
for a longer time period in the structures where it colo-
calizes with clathrin, or the lifetime distribution may not
stem from a uniform population of assemblies, in which
case only a subpopulation may show colocalization and/or
similar dynamics. To discern among these possibilities, we
focused our analysis on the predominant category of HIP1
assemblies (with lifetimes of 24-34 s) and compared the
time elapsed from initial detection to the achievement of
maximum intensity in HIP1 and clathrin pits (clathrin
n = 53; HIP1 n = 65). We found that on average, both
proteins took the same time to reach peak intensity and
then disappear (time to peak—clathrin: 16.18 £ 1.04 s,
HIP1: 16.92 £ 0.8 s; time from peak to disappearance—
clathrin: 13.62 4 0.94 s, HIP1: 13.26 + 0.83 s). The two
groups were statistically similar. We therefore hypothe-
sized that clathrin assemblies contain two subpopulations:
one that is very similar to that of HIP1 and another that has
much shorter lifetimes. To examine this possibility, we
fitted our data with log-normal distribution functions
(Fig. 2b) and found that clathrin assemblies’ distribution
could indeed be described as a combination of two sub-
populations (see Materials and methods for details).

Interestingly, the contribution of each population agreed
with our colocalization findings: 60% of the clathrin
assemblies shared similar characteristics with HIP1 and
40% belonged to a different clathrin subpopulation (CSP)
with shorter lifetimes. Based on that fit, the median lifetime
of the shorter lived population was predicted to be 15.2 s,
while the median lifetime of the longer lived population
was similar to that of HIP1 (34.8 s).

Clathrin assemblies may differ in their mobility on the
plane of the membrane [24, 35, 36]. To further characterize
HIP1 and clathrin assemblies identified by our tracking
algorithm, we calculated the point-to-point velocity of the
assemblies by following their x—y displacements over time.
Here too, differences were observed in the median point-to-
point velocities of clathrin assemblies (51 nm/s) and HIP1
(38 nm/s) (Fig. 2c).

Based on our identification of two subpopulations of
clathrin assemblies that differed in their lifetimes, we
hypothesized that the differences observed in the mobility
of the assemblies may be an additional indicator of their
sub-classification. To test this hypothesis, we performed a
similar statistical analysis and found that the distribution of
the averaged point-to-point velocity exhibited by clathrin
assemblies could be fitted into two subpopulations: one that
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Fig. 2 HIPI and clathrin display similar dynamics at the PM. a An
example of a short-lived (18 s) HIP1 assembly (box). b Histograms
displaying the lifetime distributions for the two proteins. Curves
represent log-normal fittings for the data. Hatched curves represent the
fit for the predicted shorter lived subpopulation of clathrin assemblies
(CSP) (n = 661 and 439; from 10 and 11 cells for clathrin and HIP1,

is similar to HIP1 and another with greater mobility (a
median point-to-point velocity of 55.7 nm/s, Fig. 2c¢).
Having identified subpopulations of assemblies that
demonstrate differences in lifetime and mobility, we pro-
ceeded to correlate these characteristics in order to identify
the nature of the different structures. Displaying all
assemblies on a lifetime-velocity correlation graph, we
demonstrated that the assemblies with shorter lifetimes are
more mobile than longer lived ones. Using the statistical
parameters calculated from the curve fittings, we found that
29.8% of the clathrin assemblies belong to both the shorter
lifetime and higher mobility subpopulations (Fig. 2d, red
dots). Based on its behavior, we suggest that this popula-
tion of assemblies might consist of the abortive pits
described by Ehrlich and colleagues [24]. These results
show that HIP1 and clathrin assemblies with a lower
degree of mobility, longer lifetimes and nucleation-growth
type of behavior present nearly identical dynamics and
suggest that HIP1 is localized to active clathrin pits.

HIP1 is part of the clathrin coat structure

Based on the colocalization of HIP1 and clathrin in distinct
puncta and on the similarities of the dynamic parameters of
HIP1 assemblies with those of a main class of clathrin
assemblies, we hypothesized that HIP1 is part of the

respectively). ¢ Histograms displaying the point-to-point velocity
distribution for the two proteins. Curves represent log-normal fittings
for the data. Hatched curves represent the fit for the predicted faster-
moving subpopulation of clathrin assemblies (CSP). d Correlation plot
displaying assemblies velocity vs. lifetime. Note clathrin’s subpopu-
lation of assemblies (CSP) with shorter lifetimes and greater mobility

structure of the clathrin coat. This structure can be
manipulated by changing the environmental conditions,
resulting in its reversible assembly or disassembly. To
determine whether HIP1 is part of the clathrin coat, we
challenged the cells with such treatments and followed the
dynamics of HIP1 and clathrin.

Application of primary alcohols to live cells causes
reversible disruption of the PLD pathway, resulting in
depletion of PIP, from the PM [37]. This, in turn, causes the
disassembly of existing clathrin-coated pits and prevents the
creation of new ones. Washing away the alcohol relieves the
effect and enables reassembly of the coated pits at a higher
density, which returns to normal shortly thereafter [35]. We
hypothesized that the depletion of PIP, would affect HIP1 in
a similar fashion for two reasons: first, HIP1’s localization at
the PM could be dependent on the presence of clathrin, in
which case clathrin disassembly would release HIP1 as well,
second, HIP1 localization at the PM could be dependent on
its ANTH domain, which binds PIP,.

We therefore examined the effect of 1-butanol applica-
tion and washout on cells expressing tdTomato-CLC or
EGFP-HIP1. As predicted, similar to clathrin, HIP1
assemblies faded as 1-butanol was applied and reappeared
concomitant with the wash (Fig. 3a). Quantitative analysis
of assembly density further supported this observation,
though the recovery of HIP1 assemblies seemed to be a bit
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Fig. 3 Application of 1-butanol
dissociates HIP1 from the PM.
a Example of changes in TIRF
images of HIP1 following 2%
butanol application and
washout. b Quantification of the
changes in assemblies number
in response to butanol treatment
(clathrin: n = 5; HIP1: n = 7,
HIP1?'8-%%: = 5). Gray bar
represents time of butanol
application. (Error bars
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slower than that of clathrin and lacked the ‘overshoot’ of
the latter following the wash (Fig. 3b). This scenario is in
line with our previous findings, which indicate that dif-
ferent subpopulations of clathrin assemblies, containing
HIP1 or not, coexist at the PM. To further confirm the
concomitant presence and similarity of the dynamics of
recruitment of clathrin and HIP1 in individual pits, we
made use of the ability of 1-butanol to synchronize pit
creation as many clusters are formed when 1-butanol is
washed away. Accordingly, we applied the 1-butanol
incubation/wash procedure to cells coexpressing tdTomato-
CLC and EGFP-HIP1. We followed the changes in fluo-
rescence intensity of single assemblies labeled with both
proteins using dual TIRF measurement, normalized them to
their peaks and overlaid them (Fig. 3c). We found that both
proteins arrive and disappear simultaneously. These results
clearly demonstrate that HIP1 is a component of the
clathrin coat and is recruited at early stages of the coat
formation at about the same time as clathrin.

The observed disassembly of HIP1 clusters upon incu-
bation with 1-butanol and its re-assembly after the
1-butanol washout paralleled those of clathrin both at the
population level (Fig. 3b) and at the level of the individual
pit (Fig. 3c). This similarity in dynamics did not allow us to
address the question of from what the assembly and disas-
sembly of HIP1 is derived in the conditions employed: a
direct affinity for PIP, or a recruitment based on the affinity
to other coated pit components such as clathrin itself.

To examine whether the N-terminus ANTH domain of
HIP1 is responsible for its interaction with the membrane,
we used a truncated form of HIP1 (HIP1%!8-6%%), containing

120 150 180 210 240 -40 -32 -24 -16
Time (s)

-8 0 8 16 24

Time (s)

only the central domain (amino acids 218-604), which can
still bind clathrin without the phospholipid- and actin-
binding domains [6]. Despite the loss of its PIP,-binding
domain, this fragment can be found at the lower surface of
the cell, in small, dynamic clusters, as the full-length HIP1
protein (HIP1-FL) (Supplementary Fig. 1A). However,
unlike HIP1-FL, HIP1%'87%% ig also localized to big, yet
unidentified cellular structures [6]. Furthermore, the dif-
fraction limited puncta containing HIP1?'®7** showed a
high degree of colocalization with clathrin, similar to
HIP1-FL (Supplementary Fig. 1B). The PM HIP1*'#6%4
clusters’ response to 1-butanol was similar to that of HIP1-
FL clusters (Fig. 3b), implying that HIP1 can localize to
clathrin assemblies at the PM independently of its ANTH
domain, possibly via its binding to clathrin.

To further characterize the recruitment of HIPI to
endocytic structures, we submitted cells coexpressing
tdTomato-CLC and EGFP-HIP1 to hypertonic shock, a
condition that induces the formation of clathrin cages.
Clathrin cages are structures that retain the overall archi-
tecture of a coated pit/vesicle but are devoid of membranes
and cargo [38]. Thus, recruitment to these structures is
indicative of protein—protein interactions with additional
components of the clathrin coat.

Application of 0.45 M sucrose to cells coexpressing
tdTomato-CLC and EGFP-HIPI1 resulted in a correlated
increase in the intensity of both proteins as detected by
TIRF microscopy (Fig. 4a). Assembly density of both
proteins doubled, from 2.4 and 2.9 assemblies/10 pm? to
49 and 4.7 assemblies/10 pm?* for HIP1 and clathrin,
respectively (Fig. 4b, paired r-tests, p < 0.005). Moreover,
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Fig. 4 Hypertonic sucrose solution increases the density of HIP1 and
clathrin assemblies. a Filtered TIRF images of a cell coexpressing
tdTomato-CLC and EGFP-HIP1, before (upper panel) and after
(lower panel) sucrose treatment. Merged images show colocalized

these assemblies showed a high degree of colocalization
(Fig. 4a, merged images). To strengthen our observation
that HIP1 is recruited to microcages, we repeated the
experiment, this time generating microcages by potassium
depletion [28, 38]. Similar to the hypertonic shock exper-
iment, we detected an overall intensity increase of
fluorescence signal at the TIRF plane irrespective of the
fusion protein (not shown). This could result from changes
in cell shape and size that can accompany these manipu-
lations. To specifically address HIP1’s recruitment into
microcages, we made use of their nature as defined dif-
fraction limited objects and compared the density of
particles prior to or following treatment. As control, we
used fluorescently labeled transferrin receptor (TfR).
Similar to the hypertonic shock experiment, upon potas-
sium depletion, HIP1 and clathrin were recruited to defined
puncta at the plasma membrane (averaged density increase
212 +£0.23, n =8 and 2.02 &+ 0.14, n = 19 for HIP1
and clathrin, respectively). In contrast, no increase in the

pixels in white and others in their relevant color (clathrin in red, HIP1
in green). b Changes in assembly density following sucrose
application (mean + SEM, n = 5, P < 0.005, paired r-test)

density of fluorescently labeled puncta was observed for
transferrin receptor following similar treatment (averaged
density increase 1.22 + 0.1, n = 15).

Taken together, the experiments described above show
that the recruitment and disassembly of HIP1 parallels that
of clathrin; a HIP1 fragment lacking membrane and cyto-
skeleton binding motifs, but containing its clathrin-binding
motif showed similar tendencies to the full-length protein
and HIPI is recruited to clathrin cages devoid of mem-
branes and cargo, all of which suggests that protein—protein
interaction with clathrin and possibly other coat compo-
nents are crucial to the recruitment, localization and
function of HIP1.

Clathrin silencing alters the association of HIP1
with the membrane

To directly address the influence of clathrin levels on the
degree of membrane recruitment of HIP1, we employed
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shRNA to knockdown clathrin expression. Clathrin content
in HeLa cells was reduced by 70% using CHC-shRNA, as
determined by immunofluorescence analysis (data not
shown). Cells expressing EGFP-HIP1, EGFP-HIP1 with
CHC-shRNA or EGFP-HIP1 with scramble-(SCR)-shRNA
were imaged by TIRF and analyzed (Fig. 5). We found that
down-regulation of CHC causes a twofold reduction in the
density of HIP1 assemblies (Fig. 5b), from ~3.5 assem-
blies/10 pm? in the control groups to ~ 1.7 assemblies/
10 um? in the clathrin-silencing group (for the three
groups, one-way ANOVA P < 0.0001; for pairs testing,
Tukey’s multiple comparison test: control and SCR-
shRNA, P > 0.05, control and CHC-shRNA, P < 0.001,
SCR-shRNA and CHC-shRNA, P < 0.001). In addition,
we analyzed the recordings using an algorithm that gives
scores for changes in fluorescence, indicating movement,
flickering, and appearance or disappearance of the assem-
blies, and ignores the constant elements in the movie.
While control (EGFP-HIP1 only) and EGFP-HIP1+4-SCR-
shRNA-expressing cells scored ~7 and ~9 on our index
(statistically insignificant), EGFP-HIP14+CHC-shRNA
cells got a score of ~2.5 (Fig. 5c; for the three groups,
Kruskal-Wallis test, P < 0.0001; for pairs testing, Dunn’s
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Fig. 5 Clathrin silencing reduces the number of HIP1’s assemblies at
the PM. a TIRF images of HeLa cells expressing either HIP1-GFP
(FL4days) alone, or in combination with scramble shRNA (SCRsh) or
clathrin shRNA (CHCsh). b Assembly density is displayed for the
three groups (mean &+ SEM, regions from 13, 14 and 18 cells,
respectively, P < 0.0001, one-way ANOVA). ¢ Fluorescence changes

+SCRsh

multiple comparison test: control and SCR-shRNA,
P > 0.05, control and CHC-shRNA, P < 0.001, SCR-
shRNA and CHC-shRNA, P < 0.001). Note that the effects
that we measured are probably underestimated, as the cells
still have some residual clathrin that might be responsible
for some normal activity. These observations suggest that
the presence of the clathrin coat is important for either
recruitment or stabilization of HIP1 at the membrane, and
in its absence, HIP1 is less localized to the PM. Moreover,
this rules out a function for HIPI in the recruitment of
clathrin to the membrane.

HIP1 localizes with transferrin receptors only
at the early stages of CME

Visualization (by TIRF) together with tracking of fluores-
cently tagged proteins of the clathrin coat components in
dynamic diffraction limited spots is a sensitive and ade-
quate technique to characterize their recruitment to
individual coated pits. However, this methodology alone
cannot exclude the localization of these coat components to
recently internalized vesicles, which retain their proximity
to the PM and can thus still be visualized by TIRF [30, 32].

Fluorescence change

index

* Kk

+CHCsh

were scored as an indication of vesicle activity (appearance,
disappearance and flickering) (mean £+ SEM, regions from 37, 36
and 41 cells, respectively, P < 0.0001, Kruskal-Wallis test; difference
between FL4days and SCRsh was not significant according to Dunn’s
comparison test)
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To distinguish between coated pits and internalized vesi-
cles, we used a construct expressing transferrin receptor
fused to pHluorin (a pH-sensitive variant of GFP; TfR-pHI)
[25]. The pHluorin is located in the extracellular part of the
receptor and thus shows fluorescent signal on the PM as
long as it is exposed to the bath solution (pH 7.4). Upon
internalization, the vesicles acidify and the TfR-pHI fluo-
rescence gradually disappears. Changes in external pH can
be utilized to distinguish between open pits and closed
vesicles, i.e., changing the bath pH from 7.4 to 5.5 will
quench the fluorescence of the TfR-pHI on the membrane,
but will not affect the fluorescent signal coming from
endocytic vesicles that have just formed (for further details,
see [25]).

We coexpressed tdTomato-HIP1 and TfR-pHI in the
cells and followed both proteins under TIRF illumination
while changing the bath solution pH (Fig. 6a). Under
normal pH conditions, about 58% of the EGFP-HIP1
assemblies colocalized with transferrin receptors, and 57%
of TfR-pHI colocalized with EGFP-HIP1 (Fig. 6b). Upon
lowering the pH, most of the TfR-pHI staining was lost,
and there were markedly fewer assemblies representing
those that had been recently internalized. While TfR
assembly density was ~2.6 assemblies/10 um? at physio-
logical pH, it dropped to ~ 1.1 assemblies/10 um? at the
lower pH. These leftover vesicles were much more mobile
than the membranal assemblies, and their fluorescence
rapidly dimmed, supporting the notion that these are
freshly formed endocytic vesicles. In a few cases we could
detect HIP1 fluorescence on these vesicles (only for the
first few seconds after the change in pH), but the vast
majority did not show any colocalization with HIP1
assemblies (Fig. 6b). We found a similar trend when this
experiment was performed with clathrin (data not shown).
These results show that HIP1 rarely localizes with inter-
nalized transferrin receptor and that it is shed from the
vesicle close to clathrin uncoating. As such, it is probably a
component of the coated pits, but not the internalized
endocytic vesicles.

Fig. 6 HIPI colocalizes with transferrin receptor (TfR). a A region
of a cell coexpressing tdTomato-HIP1 (red) and TfR-pHI (green) was
visualized in TIRF, under two pH conditions (left, pH 7.4; right, pH
5.5). Both images are filtered under the same conditions, but scaled

pH5.5

To further pinpoint the stage at which HIP1 functions,
we used the HIP12'%%% fragment and investigated at what
stage it interferes with endocytosis. We found that
HIP1?'®7%% blocks the uptake of transferrin into COS7
cells (Fig. 7a, b). We then counted the number of trans-
ferrin receptor clusters at the PM and found that
HIP12'%%% does not change their density (Fig. 7c). Thus,
HIP1?'®%% does not change the clustering of transferrin
receptors, but rather their internalization via coated vesi-
cles. Therefore, HIP1 functions at the late stages of the
coated pit maturation step or the formation of the coated
vesicles.

Discussion

HIP1, HIPIR and Sla2p form a family of proteins that are
involved in clathrin-mediated endocytosis and vesicular
trafficking. Based on their sequence and domain similari-
ties, they are frequently related to HIP1/R or HIP1R/Sla2p
proteins. However, several lines of evidence point to the
fact that in higher eukaryotes these proteins perform non-
overlapping functions: (1) The phenotype of the knockout
of HIP1 and HIPIR in mice differs, with HIP1 knockouts
showing spinal, hematopoietic and testicular defects [39,
40], while HIPIR knockouts grow and develop normally
[16]; (2) even though both HIP1 and HIP1R bind clathrin
trimers, they do so through different molecular motifs
[9, 22, 23], suggesting different mechanisms of regulation.
In this work we provide the first quantitative measurements
of HIP1 dynamics in live cells and demonstrate that HIP1
plays a role in early steps of endocytosis and differs in
several aspects from HIPIR and Sla2p. Thus, HIP1 is
recruited and dissociated from pits in parallel to clathrin in
untreated cells as well as in sucrose and 1-butanol-treated
cells. Moreover, using transferrin receptor conjugated to
pHluorin, we located HIP1 to open pits, and not to inter-
nalized vesicles. Furthermore, the use of HIP1?'86% 45 a
dominant negative suggests that HIP1 functions at the
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differently, so that the low-intensity internalized TfR-pHIl vesicles
would be visible. b Colocalization of HIP1 and TfR assemblies was
measured under the two pH conditions (mean £ SEM, regions from
seven cells, P < 0.005, paired #-test)
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Fig. 7 Expression of
HIp]2!8-604 impairs transferrin
uptake, but does not affect the
appearance of membranal
transferrin receptor assemblies.
a COS7 cells expressing either
GFP, HIP1-GFP or HIP1?'87%04.
GFP were incubated with

15 pg/ml transferrin-alexa546
for 5 min. Cells expressing the
proteins are outlined in the
corresponding transferrin uptake
image. b Quantification of
transferrin accumulation in cells
described in a. Bars represent
mean = SEM. Number of cells
analyzed: 102, 82 and 74 for
GFP, HIP1 and HIP1*'#%%%,
respectively, from two
independent experiments.

P < 0.001. ¢ Transferrin
receptor assemblies were
counted in TIRF images of cells
expressing the TfR-pHIu alone
or in combination with HIP1 or
HIP1?"#% and found to be
similar in these conditions. Bars
represent mean = SEM. Three
experiments, total number of
cells analyzed 15, 23 and 20 for
GFP, HIP1 and HIP1*'#%%,
respectively

formation of coated vesicles. In addition, we show that
HIP1s’ localization to the PM depends significantly on its
interaction with the clathrin coat and to a lesser extent on
its: ANTH domain as HIP1?'®°%* that lacks the ANTH
domain still associates with the clathrin coat. Nevertheless,
the ANTH probably enhances the specificity of HIP1 to a
specific population of clathrin structures, as the dynamics
of HIP12'%%%* parallel those of two clathrin subpopulations
(classified according to their lifetime), while full-length
HIP1 is probably mainly associated with active clathrin pits
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(the longer lived clathrin structures). In addition, we found
that knocking down clathrin results in less HIP1 localiza-
tion to the PM, which is in contrast to the recruitment of
Sla2p to the PM after clathrin knock down in yeast. These
findings place HIP1 as an early component of the CME
pathway and suggest that its PM recruitment depends on
the presence of a clathrin coat. From the results of the
present study, we devised a model of the main steps of
HIP1’s involvement in clathrin-mediated endocytosis. This
model is illustrated in Fig. 8: HIP1 is recruited to coated

s

g F-actin

4 Clathrin triskelia

|l HIP1R dimer

HIp1218-604

| HIP1 dimer

Fig. 8 A schematic representation of HIP1’s involvement in the
initial steps of clathrin-mediated endocytosis. HIP1 dimers are
recruited to coated pits, parallel to clathrin and HIP1R [22] arrival.
HIP1’s actin-binding capabilities are controversial, therefore marked
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pit together with clathrin, and it is hardly found on coated vesicles.
Additionally, HIP1?'3%%* blocks endocytosis following coated pit
formation, suggesting that HIP1 functions in the last steps of coated
pit maturation and the formation of coated vesicles

by a question mark in the scheme. HIP1 dissociates from the coated
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pits in parallel to clathrin; this is in contrast to Sla2p, which
is recruited later than clathrin [17, 18], but is similar to
HIPIR [22]. HIP1 dissociates from the coated pit together
with clathrin and is hardly found on coated vesicles.
Finally, HIP12'#%% blocks endocytosis following coated
pit formation, suggesting that HIP1 functions in the last
steps of coated pit maturation and the formation of coated
vesicles.

HIP1 functions in the initial steps of CME

A main objective of this study was to characterize the
spatio-temporal parameters of the recruitment of HIP1 to
individual plasma membrane-localized clathrin-coated pits.
To enable such characterization we opted for TIRF
microscopy, which presents the advantage of high resolu-
tion in the z-axis and a high signal-to-noise ratio for signals
embarking from the PM. Furthermore, we have centered
our analysis on diffraction limited objects, which appear
and disappear in the course of the time lapse and present
for at least three successive frames (6 s). In addition,
similarly to a number of live-cell microscopy studies aimed
at characterizing the endocytic pathway, we opted for
transient expression of fluorescently tagged proteins in
COS7 cells as our experimental system [33, 41]. The
structures of clathrin and HIP1 identified in this study show
dynamics that are very similar to those previously descri-
bed for clathrin-coated pits by several groups [24, 33, 34].
Interestingly, we could distinguish between two subpopu-
lations of clathrin assemblies: a larger subpopulation
(about 60% of the assemblies based on our colocalization
results and the statistical calculation) that shares similar
dynamics with HIP1 and a smaller subpopulation (less than
40%) that has shorter lifetimes and greater mobility. This
latter population might be the abortive pits described by
Ehrlich et al. [24]. However, our predicted median lifetime
for this population (15.2 s) was shorter than that described
in their paper (16-28 s), and the relative percentage was
larger in our analysis (40% vs. 25%). These discrepancies
could be partially explained by differences in the experi-
mental setups and sampling rates, but mainly by the
minimal lifetime considered in each of the experiments.
While Ehrlich et al. [24] included assemblies with lifetimes
starting at 16 s, we analyzed assemblies with lifetimes as
short as 6 s, which inevitably shifts all of the results to
smaller values and increases the relative proportion of
these assemblies in the general population. Another pos-
sible explanation for the shorter lived clathrin population is
the presence of inner cell compartments, such as endo-
somes, at the TIRF level, as has been shown by Keyel et al.
[30]. However, this explanation is less likely because of the
relatively high percentage of this population in our data.
Assuming that the longer lived clathrin population is the

active one, it follows that HIP1 is only found in the active
pits and might even be their stabilizing factor. This, how-
ever, still needs to be experimentally proven. Nonetheless,
the finding that HIP1?'®%% inhibits internalization of
transferrin without interfering with the initial nucleation of
pits (Supplementary Fig. 1) or the concentration of cargo
(Fig. 7) supports this notion. These observations narrow
down HIP1’s function to the maturation of coated pits into
coated vesicles.

In addition, utilizing the pH sensitivity of the TfR-pHI
fusion protein to distinguish between open coated pits and
internalized vesicles, we found HIP1 colocalized with TfR-
pHI on open pits, but we could not find it in the internalized
vesicles. The same behavioral pattern was observed for
clathrin, suggesting that HIP1 disappearance occurs very
close to clathrin uncoating from the vesicle. These obser-
vations, together with the inhibition of endocytosis by
HIP1%'%7% fragment, narrow down HIP1’s function to the
maturation of coated pits into coated vesicles.

Taken together, we demonstrate that EGFP-HIP1
assemblies colocalize at the PM with clathrin only at the
very early steps of CME (Fig. 8). Moreover, these exper-
iments support the concept of HIP1 as a structural coat
protein, rather than a cargo-related or later transport pro-
tein, as had been previously suggested [12, 42].

What recruits HIP1 to the coated pit?

HIPI is a multi-domain protein that is endowed with a
number of protein—protein and protein—lipid interaction
motifs that may mediate its recruitment to the nascent
coated pit. To dissect the influence of different interactions
we have employed two complementary approaches: (1)
treatments that either abrogate or force clathrin assembly
through different means; (2) genetic manipulation of HIP1
generating a fragment devoid of its ANTH and talin-like
domains.

The abrupt perturbation to the ability of PLD to produce
phosphatidic-acid entails a drop in PIP, and the dispersal of
clathrin and AP2 [35]. As expected, HIP1 behaved in a
similar manner, indicating that either its ability to directly
bind PIP, is abrogated or that the 1-butanol dispersal of
HIP1 interacting proteins leads to its dislodgment from the
membrane. Furthermore, upon 1-butanol washout the
renewed recruitment of HIP1 to the membrane also paral-
leled that of clathrin, still preventing the discrimination
between these two possibilities. However, three independent
lines of evidence point to the role played by protein—pro-
tein interactions in general, and clathrin-HIP1 interaction
in particular, in the recruitment of HIP1 to the PM: (1)
hypertonic shock leads to the recruitment of HIP1 to
clathrin microcages, which are devoid of membranes and
cargo (Fig. 4); (2) clathrin knockdown by shRNA reduces
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the amount of HIP1 at the PM (Fig. 5); (3) HIP1%'870% 4
fragment of HIPI, devoid of its lipid-binding domain
(ANTH) and its cytoskeleton association domain (talin-
like), is still recruited to coated pits (Supplementary Fig. 1)
in untreated cells and upon 1-butanol washout (Fig. 3b).
Importantly, the membrane recruitment of this fragment is
also abrogated by 1-butanol, indicating that this sensitivity
is not dependent on direct lipid binding and probably
occurs as a result of protein—protein interaction. A driving
factor for the recruitment of HIPI to the membrane in the
absence of its ANTH domain may be the homodimeriza-
tion of the exogenously expressed fluorescently tagged
protein with the endogenous protein. However, although
we cannot rule out such a contribution, we propose that the
direct interaction with clathrin may be the main driving
factor. Support for this notion comes from the findings that
areduction in the amount of clathrin by shRNA reduces the
amount of HIPI recruited to coated pits. Moreover, the
recruitment of HIP12'#6% to the coated pit occurs even in
cells expressing high amounts of this fragment, the con-
dition in which it would saturate clathrin-binding sites and
reduce the probability of the endogenous HIP1 to recruit it
through dimerization (data not shown).

It is possible that HIP1 serves in more than one role
along the endocytic pathway and that the ANTH domain is
needed for some additional function. For example, the
binding preferences of HIP1’s ANTH domain, character-
ized by Hyun and colleagues [14], suggest that HIP1 will
bind PIP, at intracellular vesicles. While Epsin and AP180
bind PI1(4,5)P, and PI(3.,4,5)P5 [43, 44], which are enriched
at the PM, those authors showed HIP1’s preferential
binding to PI(3,4)P, and PI(3,5)P, [14], which are enriched
in the intracellular vesicles. Their findings support HIP1’s
function in later stages of endocytosis, such as EGF
receptor degradation post-internalization.

Our results suggest that HIP1 is mainly recruited and/or
stabilized at the PM by clathrin or other endocytic proteins.
Association of HIP1 with the PM through its ANTH
domain might increase the probability for binding clathrin
in coated pits or increase the affinity of this interaction, as
seen for other endocytic proteins that bind PIP, [22, 45].

Dynamics of HIP1 are distinct from its yeast
homologue Sla2p

Members of the Sla2/HIP1 family share a similar domain
structure, and accordingly some of the current views on
HIP1’s function are based on results obtained from its yeast
homologue, Sla2p. However, in this study we present some
discrepancies between HIP1 and Sla2p behaviors.
Newpher and Lemmon [18] described strong recruit-
ment of Sla2p to the membrane and a marked elongation of
the Sla2p patches’ lifetimes in CHCA cells. In contrast, our

results suggest that interfering with clathrin expression in
mammalian cells results in reduction of HIP1 at the PM.
One possible explanation for this disagreement is HIP1’s
ability to directly bind CHC [9], unlike the indirect inter-
action of Sla2p with CHC through the LC [18]. This
indirect interaction was also described for the second
mammalian Sla2p homologue, HIPIR [22]. Both Sla2p
and HIPIR are missing the clathrin-bindings motifs
L(L,I)(D,E,N)(L,F)(D,E), referred to as the “clathrin box,”
or the shorter DLL motif found in many proteins that
interact with the terminal domain of CHC [46-48].
Moreover, a clear timeline was established for Sla2p,
arriving at existing clathrin patches (with a delay of about
25 s) and leaving simultaneously with clathrin during the
arrival of the actin-remodeling proteins [17, 18]. Our
results show that HIP1 and clathrin appear and disappear
simultaneously, as previously described for HIPIR [22].
Thus, we suggest that Sla2p is not a reliable predictor of HIP1
function. Although HIPIR and Sla2p bind CHC through
CLC, their PM dynamics are different [18, 22]; thus, each one
of these proteins is influenced by different factors that
determine its dynamics and steps in endocytosis.

CME involves the assembly of several proteins that
interact dynamically with one another. HIP1 is one of the
least characterized members of these proteins. In the
present study, we provide the first direct and quantitative
evidence that HIP1 is part of the clathrin coat and that it is
involved in the transition of coated pits to coated vesicles.
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