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Abstract

Dynamin Guanosine Triphosphate hydrolases (GTPases) are best studied for their role in
the terminal membrane fission process of clathrin-mediated endocytosis (CME), but they
have also been proposed to regulate earlier stages of CME. Although highly enriched in neu-
rons, dynamin-1 (Dyn1) is, in fact, widely expressed along with Dyn2 but inactivated in non-
neuronal cells via phosphorylation by glycogen synthase kinase-3 beta (GSK3) kinase.
Here, we study the differential, isoform-specific functions of Dyn1 and Dyn2 as regulators of
CME. Endogenously expressed Dyn1 and Dyn2 were fluorescently tagged either separately
or together in two cell lines with contrasting Dyn1 expression levels. By quantitative live cell
dual- and triple-channel total internal reflection fluorescence microscopy, we find that Dyn2
is more efficiently recruited to clathrin-coated pits (CCPs) than Dyn1, and that Dyn2 but not
Dyn1 exhibits a pronounced burst of assembly, presumably into supramolecular collar-like
structures that drive membrane scission and clathrin-coated vesicle (CCV) formation. Acti-
vation of Dyn1 by acute inhibition of GSK3 results in more rapid endocytosis of transferrin
receptors, increased rates of CCP initiation, and decreased CCP lifetimes but did not signifi-
cantly affect the extent of Dyn1 recruitment to CCPs. Thus, activated Dyn1 can regulate
early stages of CME that occur well upstream of fission, even when present at low, substoi-
chiometric levels relative to Dyn2. Under physiological conditions, Dyn1 is activated down-
stream of epidermal growth factor receptor (EGFR) signaling to alter CCP dynamics. We
identify sorting nexin 9 (SNX9) as a preferred binding partner to activated Dyn1 that is par-
tially required for Dyn1-dependent effects on early stages of CCP maturation. Together, we
decouple regulatory and scission functions of dynamins and report a scission-independent,
isoform-specific regulatory role for Dyn1in CME.
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Author summary

Clathrin-mediated endocytosis (CME), a major route for nutrient uptake, also controls
signaling downstream of cell surface receptors. Recent studies have shown that signaling,
in turn, can reciprocally regulate CME. CME is initiated by the assembly of clathrin-
coated pits (CCPs) that mature to form deeply invaginated buds before the large Guano-
sine Triphosphate hydrolase (GTPase), dynamin, catalyzes membrane scission and cla-
thrin-coated vesicle release. Here, we characterize an isoform-specific and noncanonical
function for dynamin-1 (Dynl) in regulating early stages of CME and show that Dyn1
and Dyn2 have nonredundant functions in CME. By genetically introducing fluorescent
tags and using live-cell fluorescence imaging, we detected, tracked, and analyzed thou-
sands of CCPs comprising up to three endocytic proteins in real time. We find that Dyn1,
previously assumed to function only at neurological synapses, is expressed but maintained
in an inactive state in non-neuronal cells through phosphorylation by glycogen synthase
kinase-3 beta (GSK3p). We show that inhibition of GSK3p by a chemical inhibitor or
downstream of epidermal growth factor receptor (EGFR) signaling activates Dyn1 and
accelerates CCP assembly and maturation. These early effects are seen even when Dyn1 is
barely detectable on CCPs. We conclude that Dyn1 is an important component of cross-
communication between endocytosis and signaling.

Introduction

Endocytosis has continued to evolve from a simple mode of ingestion and compartmentaliza-
tion into a complex, multicomponent process that developed a bidirectional relationship with
surface signaling [1,2]. In particular, evolutionary steps towards this complexity, which are
associated with multicellularity, include the expansion to multiple isoforms of endocytic acces-
sory proteins [3,4] and the introduction of dynamin [4,5].

Dynamin is the prototypical member of a family of large Guanosine Triphosphate hydro-
lases (GTPases) that catalyze membrane fission and fusion [6-8]. While encoded by single
genes in Drosophila and Caenorhabditis elegans, further expansion of endocytic dynamins to
three differentially expressed isoforms occurred in vertebrates [9]. Dynamin-1 (Dynl), the
first identified vertebrate isoform, has been extensively studied, and its mechanism of action as
a fission GTPase is well understood [6,8,10]. The three dynamin isoforms are >70% identical
in sequence, with most differences occurring in the C-terminal proline/arginine rich domain
(PRD) that mediates interactions with numerous SRC Homology 3 (SH3) domain-containing
binding partners. Dynl and Dyn3 appear to be functionally redundant [11]. However, Dyn2 is
unable to substitute fully for Dynl or Dyn3 in supporting rapid synaptic vesicle recycling in
neurons [12], and correspondingly, Dyn1 could not fully substitute for Dyn2 to support cla-
thrin-mediated endocytosis (CME) in fibroblastic cells, even when overexpressed [13]. A
direct comparison of the biochemical properties of Dynl and Dyn2 revealed differences in
their in vitro curvature generating abilities: Dyn1 can potently induce membrane curvature
and independently catalyze vesicle release from planar membrane surfaces, whereas Dyn2
requires the synergistic activity of curvature-generating Bin/Amphiphysin/Rvs (BAR)
domain-containing proteins [14,15].

Less understood but still controversial [7,16-18] is dynamin’s suggested role in regulating
early stages of CME [19-22]. Based on their differential biochemical properties, it was sug-
gested that Dyn1 might be a more effective fission GTPase, while Dyn2 might be positioned to
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regulate early stages of CME [14]. However, whether dynamin isoforms play distinct roles in
regulating CME has not been studied.

Previously assumed to be neuron specific, recent studies have provided strong evidence
that Dyn1 is indeed widely expressed but maintained in an inactive state in non-neuronal cells
through phosphorylation at Serine 774 (S774) by the constitutively active kinase, glycogen
synthase kinase-3 beta (GSK3p) [23]. Acute inhibition of GSK3p in retinal pigment epithelial
(ARPE) cells accelerates CME due to increased rates of clathrin-coated pit (CCP) initiation
and maturation [23]. The effects of GSK3 inhibition on CME depend on Dyn1 but not Dyn2,
suggesting, unexpectedly, that Dyn1 might selectively function to regulate early stages of CME
in non-neuronal cells. As the GSK3p phosphorylation site, S774, is located within the PRD, its
phosphorylation is presumed to alter interactions with dynamin’s SH3 domain-containing
binding partners, as has been shown for binding partners enriched in the synapse [24,25].
Which interactions are affected in non-neuronal cells and whether these might be dynamin
isoform specific is not known.

Immunoelectron microscopic studies using an antibody that recognizes both Dyn1 and
Dyn2 have localized endogenous dynamin to both flat and deeply invaginated CCPs in A431
adenocarcinoma cells [26,27]. Live-cell imaging has shown that, when overexpressed, both
Dyn1-eGFP and Dyn2-eGFP are recruited at low levels to nascent CCPs, that their association
with CCPs fluctuates, and that they undergo a burst of recruitment prior to membrane scission
and vesicle release [17,22,28-31]. Indeed, when compared directly, transiently overexpressed
Dyn1-eGFP and Dyn2-eGFP had indistinguishable profiles for their recruitment to CCPs
[30,31]. Analysis of the recruitment of genome-edited Dyn2-eGFP to CCPs has similarly
revealed a burst of recruitment at late stages of CME, as well as more transient interactions of
lower numbers of Dyn2 molecules during earlier stages of CCP maturation [17,32]. To date,
direct and quantitative comparisons of the nature of Dynl and Dyn2 association with CCPs
when they are expressed at endogenous levels do not exist, nor is it known how activation of
Dyn1 affects its association with CCPs.

Here, we explore the isoform-specific behaviors of genome-edited Dyn1 and Dyn2, both
at steady state and in cells where Dyn1 is activated. We provide evidence for an early func-
tion of low levels of activated Dyn1 in regulating CCP initiation and maturation rates and
that sorting nexin 9 (SNX9) serves as an isoform-selective and activity-dependent binding
partner of Dynl1 to regulate CCP maturation. Finally, we show that Dyn1 can be activated,
under physiological conditions, downstream of epidermal growth factor receptors (EGFRs)
to alter CCP dynamics.

Results
Dynamin isoforms are differentially recruited to CCPs

Recent studies have shown that Dyn1 is widely expressed in non-neuronal cells [2]; but, like at
the neuronal synapse [33], it is mostly inactive at steady state due to phosphorylation by the
constitutively active kinase GSK3B. Dyn1 function and its recruitment to CCPs have been
studied in non-neuronal cells, albeit under conditions of overexpression and/or without an
awareness of its phosphoregulation [14,21]. Therefore, to explore potential isoform-specific
functions of Dynl and Dyn2, as well as the role of GSK3p in regulating Dyn1 activity, we gen-
erated genome-edited H1299 non-small cell lung cancer cells, which we previously showed
partially utilize Dyn1 for CME [23]. Cells expressing endogenously tagged Dyn2-mRuby?2
were generated using previously validated Zinc Finger Nucleases (ZFNs) [32,34] to introduce
double-stranded breaks and insert the mRuby tag with complementary flanking regions by
homology-driven repair (HDR) (Fig 1A). The resulting cells were single-cell sorted for
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Fig 1. Isoform-specific differences in recruitment of dynamin to CCPs. (A) Diagram of Zinc-finger and CRISPR/Cas9n knock-in strategies for
endogenous labeling of Dyn2 and Dyn1 in H1299 cells with C-terminal mRuby2 and eGFP tags, respectively. For Dyn2, a short linker and mRuby?2
(red) were placed at the stop codon in exon 22. For canonical Dyn1 splice isoform “a,” the 19 C-terminal amino acids (blue) were inserted in exon 21,
followed by a short linker, eGFP (green), with stop codon and a polyadenylation sequence (yellow). In both constructs, flanking homology arms (HAs)
of roughly 800 bp were used to promote recombination (dashed lines). See S1 Fig for details. (B) Western blot analysis of tagged isoforms. The low
levels of Dyn1 in H1299 cells could not be directly detected by western blotting but can be detected after pulldown with GST-Amphiphysin IT SH3
domains. Representative TIRF images (see S1 and S2 Movies) showing membrane recruitment of endogenous Dyn2-mRuby2°"® (C) or Dynla-eGFP*"
(E) and corresponding lentiviral transduced SNAP(647)-CLCa images. (D,F) Clathrin labeled puncta were identified and thresholded to define bona
fide CCPs [22]. Shown are the averaged kinetics of recruitment of SNAP-CLCa and Dyn2—mRuby‘2e"ml (D) or Dynla—eGPPend (F) for all tracks with
lifetimes between 40 and 60 s (831 CCPs from 5 movies containing a total of 15 cells for Dyn2-mRuby2°"* and 13,346 CCPs from 10 movies containing
a total of 29 cells for Dynla-eGFP*™). CLCa, clathrin light chain a; CRISPR/Cas9n, Clustered Regularly Interspaced Short Palindromic Repeats-
associated nucleases 9 nickase; Dyn1, dynamin-1; GST, Glutathione S-transferase; HA, homology arm; SH3, SRC Homology 3.

https://doi.org/10.1371/journal.pbio.2005377.9001

mRuby?2 fluorescence to obtain a heterozygous clone (clone 235, designated Dyn2-mRuby2°™)
expressing a single mRuby2-tagged allele of Dyn2 (Fig 1B).

Endogenously tagging Dyn1 was complicated by the fact that the DNM1 gene encodes C-
terminal splice variants derived from differential splicing of exons 21 and 22 (S1A Fig), whose
differential utilization could lead to partial loss of the fusion tag. Previous studies involving
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CRISPR/Cas9-mediated knockout and reconstitution with the Dynla C-terminal splice vari-
ant had confirmed that it fully reconstituted the GSK3f phosphoregulated activity of endoge-
nous Dyn1 in H1299 cells [23], including its ability to be activated by calmodulin [35].
Therefore, using a Clustered Regularly Interspaced Short Palindromic Repeats-associated
nucleases 9 nickase (CRISPR/Cas9n) strategy, we targeted the Dyn1 gene at the end of exon 21
and introduced sequences encoding the remaining 19 amino acids of the Dyn1a isoform, fol-
lowed by a seven amino acid linker [32], monomeric eGFP fusion tag with stop codon, and
finally, the SV40 polyadenylation signal to ensure unique expression of the “a” splice variant
(Fig 1A and S1B Fig). Single-cell sorting by fluorescence-activated cell sorting (FACS) for
eGFP fluorescence, followed by clonal amplification generated a heterozygous clone (clone
1B6, designated Dynla-eGFP®"?) expressing one eGFP-tagged allele of Dyn1la (Fig 1B). Note
that although Dyn1 is expressed at very low levels in H1299 cells, it can be readily detected fol-
lowing enrichment by amphiphysin-II SH3 domain pulldown.

As a robust fiduciary marker for CCPs, clathrin light chain a (CLCa) carrying an N-termi-
nal SNAP-fusion tag was stably introduced in parallel into both cell lines via a lentiviral vector
with puromycin selection of SNAP-CLCa expressing cells. As previously reported by several
groups, mild overexpression of Fluorescent Probe (FP)-CLCa has no effect on CME as mea-
sured by transferrin endocytosis [22,31,32,36] and no effect on CCP dynamics compared to
AP2 or other markers [20,29,31]. We then performed live-cell dual-channel total internal
reflection fluorescence microscopy (TIRFM) and analyzed CCP dynamics and Dyn recruit-
ment using the master—slave (CLCa-Dyn) approach introduced with the cmeAnalysis software
[22,37,38].

As expected based on previous studies using either overexpressed [28,29,31] or endoge-
nously tagged Dyn2 [17,22,32], Dyn2-mRuby2"? was observed, on average, to gradually accu-
mulate and then exhibit a burst of recruitment coincident with clathrin-coated vesicle (CCV)
release. This can be seen in class-averaged tracks of bona fide CCPs with lifetimes ranging
from 40-60 s (Fig 1C and 1D) and in all other CCP lifetime cohorts (S2A and S2B Fig, S1
movie). In contrast, Dynla-eGFP® recruitment was barely detectable above background,
and no burst was evident (Fig 1E and 1F, S2C and S2D Fig, S2 movie). This could reflect iso-
form-specific differences, very low levels of Dyn1 expression relative to Dyn2, and/or the inac-
tivation of Dyn1 by GSK3p phosphorylation. Thus, we further explored these possibilities.

Inhibition of constitutively active GSK3p kinase stimulates Dyn1 to
accelerate CCP initiation and maturation

We first tested whether activation of Dyn1 alters CCP dynamics and/or the recruitment of
Dynla—eGFPend in H1299 cells. As expected based on earlier studies in ARPE cells [23],

we confirmed that acute inhibition of GSK3p by incubation with the specific inhibitor,
CHIR99021, leads to decreased phosphorylation of Dyn1 at S774 within 30 min (Fig 2A and
2B) and increased rates of CME, as measured by transferrin receptor (TfnR) internalization
(Fig 2C). Importantly, the effects of GSK3 inhibition were dependent on Dyn1 expression, as
treatment of Dyn1 knockout (Dyn1*?) H1299 cells [23] with CHIR99021 had no effect on
CME (Fig 2C).

To further probe the mechanism by which activated Dyn1 accelerates CME, we introduced
mRuby2-labeled CLCa into H1299 parent Dyn1¥© cells and measured CCP dynamics by
TIRFM. Analysis of the rates of assembly and departure of CCPs revealed that GSK3 inhibi-
tion resulted in a significant increase in the rate of coated pit initiation per unit cell area (Fig
2D), as well as an increase in maturation rates (i.e., decrease in lifetimes) of CCPs (Fig 2E).
The latter was evident in the change in lifetime distribution of all bona fide CCPs (Fig 2F),
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Fig 2. Activated Dynl1 regulates early stages of CME, even when recruited at low levels to CCPs. (A) Schematic representation of Dyn1
regulation by phosphorylation/dephosphorylation and activation upon GSK3p kinase inhibition. (B) Dephosphorylation of Dyn1 $774 upon
GSK3p inhibition by 20 uM CHIR99021 observed by immunoblotting using a Dyn1 phosphospecific antibody and the quantification of pDyn1/
Dynl intensity ratios (mean + SD, n = 3). Lysates were loaded at two different dilutions (1x and 0.3x). (C) Transferrin receptor (TfnR)
internalization efficiency of parental H1299 cells and Dyn1%© cells and their sensitivity to GSK3p inhibition (mean = SD, n = 3). (D) Initiation
densities of bona fide CCPs and (E) their median lifetimes. Each dot represents the average value per movie, where each movie contained 1-5
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cells (see Materials and methods). (F) The distribution of CCP lifetimes measured in the absence or presence of GSK3p inhibitor. Data are
derived from 10 movies each; 13,346 CCPs of 40-60-s lifetimes were analyzed from 74,807 bona fide CCPs, and 13,494 CCPs of 40-60-s
lifetimes were analyzed from 75,426 bona fide CCPs, respectively, for control and GSK3p inhibition. Similarly, the initiation densities (G),
median lifetime (H), and the lifetime distribution of bona fide CCPs (I) were analyzed for H1299 Dyn1KO cells with or without GSK3
inhibition. Average recruitment of Dynla-eGFPend to CLCa-labeled CCPs with lifetimes of 40-60 s measured in the absence (J) or presence (K)
of GSK3p inhibitor. (L) Maximum intensity of Dynla-eGFP*™ detected at any point throughout the lifetime of an individual CCPs measured in
the absence or presence of GSK3 inhibitor. The underlying data of panels B-I and L can be found in S1 Data. (* p < 0.05, ** p < 0.01,

“** p < 0.001; see Materials and methods for description of statistical analysis used in this and other figures.) CCP, clathrin-coated pit; CLCa,
clathrin light chain a; CME, clathrin-mediated endocytosis; Dyn1, dynamin-1; GSK3p, glycogen synthase kinase-3 beta.

https://doi.org/10.1371/journal.pbio.2005377.g002

which displayed a more quasi-exponential profile than untreated cells, indicative of a less-reg-
ulated process during early stages of CCP maturation [22]. Importantly, similar effects were
observed for H1299 Dynla-eGFP®™® (S3A-S$3C Fig), confirming that the C-terminally eGFP-
tagged splice variant, Dynla, was functional and activated by dephosphorylation. Again,
GSK3B inhibition had no effect on CCP initiation rates or lifetimes in H1299 Dyn1*® cells
(Fig 2G-2I), confirming that these changes in CCP dynamics are a result of activation of
Dynl.

We then asked whether GSK3 inhibition and activation of Dyn1 altered its recruitment to
CCPs. Surprisingly, there was no significant difference in the average recruitment intensity
(Fig 2]) of Dyn1 at CCPs. Previous studies had shown that the appearance of dynamin fluctu-
ates at CCPs [21,32]; thus, it was possible that GSK3 inhibition induces asynchronous and
transient appearances of Dyn1 at CCPs that could be obscured by measuring average recruit-
ment. Therefore, we also quantified the maximum intensity of Dyn1 recruited at any time
along a CCP track. Using this orthogonal measurement, we again saw no effect of GSK3f
inhibition on Dyn1 recruitment to CCPs (Fig 2K). Together, these data suggest that dephos-
phorylation and activation of Dyn1 can alter CCP dynamics and CME even when Dyn1 is
present at low amounts and that the effects of activation of Dynl on CCP dynamics are not
likely explained simply by its increased recruitment to CCPs.

Substoichiometric levels of Dyn1 are sufficient to stimulate CCP dynamics

It remained possible that the extremely low expression levels of Dyn1 in H1299 might limit
our ability to detect GSK3B-dependent changes in its recruitment. To test this, we stably over-
expressed Dyn1aWT-eGFP in H1299 Dyn1%© cells at approximately 20-fold levels higher than
endogenous to generate Dyn1aWT-eGFP®’™ cells (Fig 3A). Importantly, overexpression of
Dynla" " -eGFP itself did not result in any additional increase in TfnR uptake compared to the
normal low endogenous levels (Fig 3B, see also Fig 4G). However, as in parental and genome-
edited H1299 cells, acute GSK3B inhibition in the Dyn1aWT-eGFP?"* cells resulted in
increased rates of TfnR uptake (Fig 3B) and alterations in CCP dynamics, including increased
rates of CCP initiation and maturation (Fig 3C-3E). Yet similar to the Dynla—eGFPe“d’ceHs,
GSK3p inhibition did not result in significantly enhanced recruitment of Dynla""-eGFP to
the membrane, either on average (Fig 3F and 3G) or when measured as maximum peak inten-
sity (Fig 3H). Moreover, there was no evidence of a burst of Dyn1 recruitment prior to CCV
formation (Fig 3G). Together, these results suggest that the observed changes in CCP dynam-
ics are the result of a scission-independent early role for low levels of Dyn1 in regulating CME.

Dephosphorylated Dyn1 regulates early stages of CME

Based on our finding that Dyn1 expression is required for the inhibitory effects of GSK3B on
CME, we hypothesized that dephosphorylation of residues in Dyn1’s PRD should be sufficient
to enhance CME efficiency. To test this, we introduced point mutations in Dyn]1 at the serine
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Fig 3. Dynl is inefficiently recruited to CCPs, even when overexpressed and activated in Dyn1¥° H1299 cells. (A) Western blot showing
overexpression of Dyn1""-eGFP or Dyn1%"7#%4_eGFP in Dyn1° H1299 cells. Note that endogenous Dyn1 is not detected in parental cells at this
loading level (see Fig 1B). (B) Effect of siRNA knockdown of Dyn2 on TfnR internalization in Dyn1¥© cells reconstituted with Dyn1a" " "eGFP and
treated or not with GSK3p inhibitor. Results are normalized to rates of endocytosis in parental H1299 cells. The data represents mean + SEM of n = 3
experiments containing four replicates each (*p < 0.05, **p < 0.01 and ****p < 0.0001). Initiation densities (C), median lifetimes (D), and the lifetime
distribution (E) of bona fide CCPs analyzed in H1299 DyanO cells reconstituted with DynlWT-eGFP with or without GSK38 inhibition, determined as
in Fig 2. (F) Representative TIREM images of overexpressed Dyn1"V'-eGFP and mRuby2-CLCa and (G) quantification of the average recruitment of
Dyn1""-eGFP to CCPs, identified by mRuby2-CLCa, with lifetimes between 40 and 60 s (14,495 CCPs from a pool of 100,050 bona fide Dyn1-positive
CCPs from 18 movies and 9,651 CCPs from a pool of 68,909 bona fide CCPs from 12 movies were analyzed from control and GSK3p, respectively). (H)
Maximum Dynla*"-eGFP intensity averaged among individual bona fide CCP tracks in the absence or presence of GSK3 inhibitor. The underlying
data of panels B-E and H can be found in S1 Data. CCP, clathrin-coated pit; CLCa, clathrin light chain a; Dyn1, dynamin-1; GSK3p, glycogen synthase
kinase-3 beta; siRNA, small interfering RNA; TfnR, transferrin receptor; TIRFM, total internal reflection fluorescence microscopy.

https://doi.org/10.1371/journal.pbio.2005377.9003

residue phosphorylated by GSK3p (S774) and at the priming serine site that is responsible
for recruiting GSK3p (S778). We expressed this mutant as an eGFP fusion in H1299 cells,
Dyn1a®"7*3_eGFP, at comparable levels to Dynla" "-eGFP (Fig 3A). As predicted,
Dyn1%77*/32_eGFP cells exhibited increased rates of CCP initiation (Fig 4A), decreased
CCP lifetimes (i.e., increased rates of CCP maturation, Fig 4B), and changed the lifetime
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Fig 4. Nonphosphorylatable Dynl mutant mimics GSK3p effects and can partially substitute for Dyn2. CCP initiation densities (A), median
lifetimes (B), and the lifetime distribution (C) of bona fide CCPs analyzed in H1299 Dyn1¥© cells reconstituted with Dyn1"*- or Dyn15"7##4_eGFP,
determined as described in Fig 2. (D) Representative TIRFM images of overexpressed Dyn1""-eGFP or Dyn1%"7#/%*_eGFP and mRuby2-CLCa and (E)
quantification of their average recruitment to CCPs with lifetimes between 40 and 60 s. (F) Maximum intensities of Dyn1""-eGFP or Dyn1%77#/84.
eGFP averaged among individual bona fide CCP tracks. (G) Effect of siRNA knockdown of Dyn2 on TfnR endocytosis in parental and Dyn1¥° H1299
cells and Dyn1¥© cells reconstituted with either Dyn1a""-eGFP or Dyn1a%""#/3_eGFP. (H) Representative TIREM images of Dyn2 siRNA-treated
Dyn1¥© cells overexpressing Dynla*"-eGFP and mRuby2-CLCa treated or not with GSK3p inhibitor and (I) quantification of the average recruitment
of Dyn1"T-eGFP to CCPs with lifetimes between 40 and 60 s in Dyn2 knockdown cells treated or not with GSK3p inhibitor. The underlying data of
panels A-C, F, and G can be found in S1 Data. CCP, clathrin-coated pit; CLCa, clathrin light chain a; Dyn1, dynamin-1; GSK3B, glycogen synthase
kinase-3 beta; siRNA, small interfering RNA; TfnR, transferrin receptor; TIRFM, total internal reflection fluorescence microscopy.

https:/doi.org/10.1371/journal.pbio.2005377.9004
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distribution to a quasi-exponential profile (Fig 4C). From these data, we conclude that dephos-
phorylated Dyn1 is sufficient to account for the effects of GSK3f inhibition on CCP dynamics.

Surprisingly, even the nonphosphorylatable Dyn1a®7*®**-eGFP mutant was not efficiently
recruited to CCPs and failed to display a pronounced late burst of recruitment accompanying
membrane scission (Fig 4D-4F). Interestingly, the changes in CCP dynamics in Dyn1a®"7*3A.
eGFP-expressing cells were not reflected in significantly increased rates of TfnR uptake, pre-
sumably due to compensatory changes that occur upon prolonged expression of activated
Dynl1 versus acute activation (Fig 4G). However, unlike parental H1299 cells or Dyn1a"'-
eGFP cells, Dyn1*© cells reconstituted with Dyn1a®"7***-eGFP exhibited significant residual
levels of TfnR uptake upon siRNA knockdown of Dyn2 (Fig 4G), consistent with functional
activation of Dynl. Moreover, upon siRNA knockdown of Dyn2, we detected an increase in
Dynla""-eGFP recruitment to CCPs (Fig 4H and 4I), suggesting its activation as part of a
compensatory mechanism to restore CME [23].

From these data, we conclude that Dyn1 is negatively regulated in non-neuronal cells
through GSK3B-dependent phosphorylation of S774 and that dephosphorylated, active Dyn1
regulates early stages of CME even when present at low (nearly undetectable, in the case of
parental H1299 cells) levels on CCPs. Importantly, overexpressed Dynl, even when activated
by mutation or GSK3p inhibition (Fig 3B), does not fully compensate for loss of Dyn2 function
in CME, hence the two isoforms have partially divergent functions.

A549 cells express high levels of Dyn1 that can partially substitute for Dyn2

We previously reported that several lung cancer cell lines express high levels of Dyn1 [35,39].
For example, A549 non-small cell lung cancer cells express approximately 5-fold higher levels
of Dyn1 than Dyn2 [39], corresponding to approximately 20-fold higher levels of Dyn1 than
in H1299 cells (S4A Fig). Reflective of these high levels of Dyn1 expression, siRNA knockdown
of both Dyn1 and Dyn2 is necessary for potent inhibition of TfnR uptake in A549 cells (S4B
Fig). Therefore, we reasoned that it might be possible to individually knockout Dyn1 and the
otherwise essential Dyn2 in A549 cell lines for reconstitution experiments. Thus, we used
CRISPR/Cas9n to generate a complete knockout of Dyn1 (Dyn1¥®) or Dyn2 (Dyn2*®) in
A549 cells (Fig 5A, S4C Fig) and then introduced mRuby2-CLCa to track CCP dynamics.
Acute inhibition of GSK3p had no effect on the rates of CCP initiation or maturation in
Dyn1"° A549 cells but significantly stimulated the rate of CCP initiation and decreased the
lifetimes of CCPs in Dyn2*® A549 cells (Fig 5B and 5C). These data show that the two iso-
forms differentially regulate early stages of CME and confirm that the effects of GSK3p inhibi-
tion on CME depend on Dyn1 but not Dyn2.

To directly and quantitatively compare the relative recruitment efficiencies of the two iso-
forms to CCPs, we reconstituted these knockout cells with their respective eGFP-tagged iso-
forms and sorted for expression comparable to their endogenous levels (i.e., in these A549
cells we chose cells in which Dynla-eGFP levels were approximately 5-fold higher than
Dyn2-eGFP) (Fig 5A). Additionally, we introduced SNAP-CLCa and mRuby2-CLCa in
Dynla-eGFP and Dyn2-eGFP cells, respectively, so that we could distinguish the two A549
cell lines (i.e., Dyn1%°:Dynla-eGFP:SNAP-CLCa from Dyn2*°:Dyn2-eGFP:mRuby2-CLCa)
while imaging them in the same TIRFM field of view under the same conditions (Fig 5D).
These data directly show the differential recruitment efficiencies of Dynl and Dyn2 to CCPs.
Live-cell imaging revealed the typical gradual accumulation and burst of Dyn2-eGFP recruit-
ment to CCPs when averaged over the cohort of 40-60-s lifetime CCPs (Fig 5E). However,
under identical imaging conditions of the same fluorophore, Dynla-eGFP was recruited, on
average, at least 10-fold less efficiently, even though it is expressed at higher abundance. The
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Fig 5. Dynl and Dyn2 are differentially recruited to CCPs and differentially required for GSK3p-regulated CME. (A) Immunoblot validation of
Dynl and Dyn2 KO A549 cells and their corresponding reconstitution at near endogenous levels with eGFP-labelled Dyn1 or Dyn2. GFP blot shows
that in A549 cells Dyn1 is expressed at approximately 5-fold higher levels than Dyn2. CCP initiation densities (B), and median lifetimes (C) in Dyn1 or
Dyn2 knockout cells with or without GSK3p inhibition, determined as described in Fig 1. (D) Representative TIRFM and epi images of co-cultured
Dyn1%°:Dynla-eGFP:SNAP-CLCa and Dyn2X°:Dyn2-eGFP:mRuby2-CLCa cells allowing direct comparison of Dynla-eGFP versus Dyn2-eGFP
recruitment to CCPs in A549 cells. (E) Quantification of the average recruitment of Dynla-eGFP or Dyn2-eGFP to CCPs with lifetimes between 40 and
60 s (4,420 CCPs from a pool of 12,555 Dynla-eGFP-positive CCPs and 3,961 CCPs from a pool of 12,766 Dyn2-eGFP-positive CCPs from a total of 11
movies were identified to have a lifetime between 40 and 60 s). Data are obtained from cells co-imaged either for SNAP(647)-CLCa (and Dynla-eGFP)
or mRuby2-CLCa (and Dyn2-eGFP). (F) Maximum intensities of Dynla-eGFP or Dyn2-eGFP averaged among individual bona fide CCP tracks. (G)
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Subcellular fractionation of parental A549 cells into membrane (P) versus cytosolic (S) fractions and western blotted for the indicated proteins.
Cytosolic MEK1/2 and membrane-associated TfnR serve as controls for fractionation. Quantification is shown in red above each band as the fraction of
total protein in the P versus S fraction. Results are representative of 3 independent experiments. The underlying data of panels B, C, and F can be found
in S1 Data. CCP, clathrin-coated pit; CLCa, clathrin light chain a; CME, clathrin-mediated endocytosis; Dyn1, dynamin-1; epi, epifluorescent; GSK38,
glycogen synthase kinase-3 beta; KO, knockout; TfnR, transferrin receptor; TIRFM, total internal reflection fluorescence microscopy.

https://doi.org/10.1371/journal.pbio.2005377.g005

maximum intensity of tagged Dyn2 versus Dyn1 recruitment was also higher, albeit showing
only an approximately 3-fold differential (Fig 5F). A likely explanation for the differences in
average and peak measurements is that in A459 cells, Dynla-eGFP does display a slight burst
of recruitment at late stages of CCV formation that is visible when the Dyn1 signal is rescaled
(S4D Fig).

Finally, to verify our results using an independent method, we performed Western blotting
after subcellular fractionation and isolation of membrane versus cytosolic fractions, as con-
firmed using membrane-associated TfnR and cytosolic MEK1/2 as markers (Fig 5G). Under
these fractionation conditions, approximately 90% of Dyn2 is membrane associated, whereas
only 50% of Dyn1 sediments with the membrane fraction (Fig 5G). We observed a consistent,
approximately 20% increase of membrane-associated Dyn1 upon GSK3f inhibition that was
not detected by TIRFM. These biochemical data indicate a greater extent of membrane associ-
ation of both active and inactive Dyn1 than detected at CCPs by TIRFM. The differences could
reflect recruitment of Dynl1 to sites on the plasma membrane other than CCPs, as has been
previously reported [40]. The approximately 20% increase in recruitment of activated Dyn1
likely reflects the increase in number of CCPs that occurs upon GSK3p inhibition, rather than
an increase in Dyn1 per CCP. Consistent with TIRFM data, the distribution of phosphorylated
Dynl (detected with an S774 phosphospecific antibody) was indistinguishable from total
Dynl (i.e., there was no de-enrichment of phosphorylated Dyn1 in the membrane-bound frac-
tions). These data confirmed that dephosphorylation of Dyn1 on §774 by GSK3p inhibition
does not enhance its recruitment to CCPs. Thus, the effects of activated Dyn1 on CCP initia-
tion and maturation occur either independently of its direct association with CCPs or, more
likely, are manifested by very low levels of CCP-associated dephosphorylated Dynl.

Dynl and Dyn2 do not efficiently co-assemble

Dynamin exists as a tetramer in solution [41,42] and assembles into higher-order helical oligo-
mers on the membrane. Exploiting Dyn1*? and Dyn2"° A549 cells reconstituted with Dyn1la-
or Dyn2-eGFP, respectively, we next assessed the degree to which Dyn1 and Dyn2 form het-
ero-tetramers in solution. Dynl- or Dyn2-eGFP were efficiently immunoprecipitated with
anti-eGFP nanobodies and the immunobeads were washed with 300 mM salt to disrupt any
potential higher-order dynamin assemblies before measuring the fraction of Dyn2 or Dynl
that coprecipitated. Under these conditions, we pulled down nearly 100% of the eGFP-tagged
dynamins but only approximately 30% of Dyn2 with Dyn1-eGFP and <5% of Dyn1 with
Dyn2-eGFP (S5A Fig). The difference in the extent of hetero-tetramerization is consistent
with the approximately 5-fold higher levels of expression of Dyn1 versus Dyn2 in these cells.
Thus, the two isoforms predominantly exist as homo-tetramers in solution.

We also examined the relative abilities of Dyn1 and Dyn2 to co-assemble into higher-
order structures in vitro. For this, we used a dominant-negative Dyn1 mutant (Dyn1%**N)
defective in GTPase activity, which, when co-assembled with wild-type dynamin into
higher-order oligomers on lipid nanotubes, will inhibit total assembly-stimulated GTPase
activity through the intercalation of GTPase-defective subunits adjacent to wild-type sub-
units [43,44]. As expected, Dyn15*°N efficiently co-assembles with Dyn1"" such that, when
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present at equimolar levels, the total assembly-stimulated GTPase activity is inhibited by
50%. In contrast, at the same concentrations of Dyn1°**", Dyn2 GTPase activity was signifi-
cantly less affected (S5B Fig), indicating that Dyn2 less efficiently co-assembles into higher-
order oligomers with the mutant Dyn1. Thus, consistent with their differential recruitment
to CCPs, even when present at comparable levels of expression in the same cell type, the two
isoforms only weakly interact.

Genome-edited cells reveal that Dynl and Dyn2 are recruited to most
CCPs in A549 cells

Our results establish that Dyn1 and Dyn2 are differentially recruited to CCPs in non-neuronal
cells and that, on average, Dyn1 is recruited at much lower levels than Dyn2. Despite this,
acute activation of Dynl1 globally alters CCP dynamics. Thus, we next directly compared the
recruitment of Dyn1 and Dyn2 to CCPs to determine whether Dyn1 is recruited at low levels
to all CCPs or instead might be recruited at higher levels to a subpopulation of CCPs. Such het-
erogeneity would be lost by averaging. For this, we took advantage of the higher levels of Dyn1
expression in A549 cells and generated double genome-edited cells expressing Dynla-eGFP
and Dyn2-mRuby2. We first used ZFNs to generate Dyn2 mRuby2-edited A549 cells and sub-
sequently introduced a C-terminal eGFP to the Dynla splice variant using CRISPR/Cas9, as
described earlier (Fig 1A, see Materials and methods). This yielded an A549 cell line homozy-
gous for endogenously tagged Dyn2-mRuby2 and heterozygous for endogenously tagged
Dynla-eGFP (2 of 3 Dynl1 alleles tagged in these triploid A549 cells) (Fig 6A). We confirmed
that the double genome-edited cells exhibited comparable rates of TfnR uptake, as well as the
degree of dependence on Dyn2 for CME, relative to the parent cells (Fig 6B). SNAP-CLCa was
introduced into these cells by lentiviral transfection (Fig 6C), and we confirmed that GSK3p
inhibition resulted in increased rates of CCP initiation, reduced CCP lifetimes, and altered the
lifetime distributions of CCPs (Fig 6D-6F), as in the parental cells. Thus, the genome-edited
Dyn isoforms were functionally active.

We next assessed the interplay between Dynla-eGFP and Dyn2-mRuby?2 using three-color
live-cell TIREM imaging at 0.5 Hz (2 s per frame) (Fig 7A, S3 Movie). As reported previously,
we detected fluctuations of both Dyn1 and Dyn2 at CCPs over their lifetimes (examples shown
in Fig 7B) and frequently detected a burst of Dyn2 just prior to CCV formation. In many
cases, we also detected a burst of Dyn1 recruitment, albeit to a lesser degree. For more quanti-
tative analysis of these data, we applied the 3-channel functionality of our cmeAnalysis package
to perform three-color master/slave analyses [22]. Using clathrin as the “master” channel and
Dynl1 and 2 as “slave” channels, we determined whether the clathrin tracks contained either
Dynl, Dyn2, both, or neither. Individual CCP tracks were considered positive for Dyn1 and/
or Dyn2 if the intensities of Dyn1/2 signals detected at the position of the clathrin tag were sig-
nificantly higher than the local Dyn1/2 background signal around the clathrin tag position for
a period of time exceeding random associations, as previously described [22]. This analysis
revealed that in double genome-edited Dynla-eGFP*"/Dyn2-mRuby2°"* A549 cells, both
Dyn2 and Dyn1 could be robustly detected in approximately 75% of all bona fide CCPs (Fig
8A). Moreover, in this population of CCPs, a clear burst of recruitment of both Dynla-eGFP
and Dyn2-mRuby?2 could be detected prior to CCV formation. Importantly, the apparently
higher levels of recruitment of Dyn1-eGFP versus Dyn2-mRuby?2 in these genome-edited cells
is not a reflection of protein levels but rather of imaging conditions and brightness for two dif-
ferent fluorophores (compare with Fig 5E). The remaining CCPs were roughly equally distrib-
uted as Dyn1 only, Dyn2 only, and both Dyn1- and Dyn2-negative subpopulations (Fig 8A).
Note that the Dyn2 levels in the “Dyn1 only” CCPs were still on average higher than
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Fig 6. Generation and characterization of dual genome-edited Dynla-eGFP and Dyn2-mRuby2 A549 cells. (A) Immunoblot validation of Dynla-
eGFP and Dyn2-mRuby?2 single- and dual-genome-edited A549 cells. (B) TfnR endocytosis in dual genome edited A549 cells compared to parental
A549 cells and their sensitivity to siRNA-mediated Dyn2 knockdown. (C) Representative TIRF images of Dyn1 and Dyn2 distribution relative to CLCa
in dual genome-edited A549 cells. CCP initiation densities (D), median lifetimes (E), and the lifetime distribution (F) of bona fide CCPs in dual-
genome-edited A549 cells with or without GSK3 inhibition, determined as in Fig 2. The underlying data of panels B and D-F can be found in S1 Data.
Dynl, dynamin-1; GSK3p, glycogen synthase kinase-3 beta; TfnR, transferrin receptor.

https://doi.org/10.1371/journal.pbio.2005377.9006

background (Dyn1/Dyn2 negative), reflecting the stringency of our master/slave detection and
suggesting that Dyn2 is recruited to >90% of all CCPs, albeit to variable extents.

We next compared per cell median lifetimes of CCPs relative to their dynamin isoform
composition and found that CCPs bearing higher levels of Dyn2 and Dyn1 exhibited longer
lifetimes (median approximately 80 s) than single-positive CCPs (median approximately 38 s)
(Fig 8B). CCPs that failed to detectably recruit either isoform were the shortest lived (median
approximately 20 s) and likely represent abortive CCPs. These findings are consistent with pre-
vious data suggesting that a threshold level of Dyn2 recruitment is required for efficient CCP
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Fig 7. Tracking clathrin and dynamins in dual genome-edited Dynla-eGFP and Dyn2-mRuby2 A549 cells. (A) Representative TIRF images and
corresponding kymographs of dynamic behavior of overexpressed SNAP-CLCa, Dyn2-mRuby2°™®, and Dynla-eGFP*™ in dual genome-edited A549
cells. See S3 Movie. (B) Examples of Dyn1 and Dyn2 dynamics at individual CCPs (i-iv) and (C) their corresponding quantitative traces. CLCa, clathrin
light chain a; Dyn1, dynamin-1.

https://doi.org/10.1371/journal.pbio.2005377.9007

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005377  April 18,2018 15/31


https://doi.org/10.1371/journal.pbio.2005377.g007
https://doi.org/10.1371/journal.pbio.2005377

o ®
@PLOS | BloLoGY Dynamin-1 regulates clathrin-mediated endocytosis

(A) 20 | Dyn1 + Dyn2 (75%) Dyn1 only (9%) (B)
151 | 2
2 10 % % % % |M| le) Ctrl
< 100 1 o
2 D % © GSK3B in
~ . °)
ﬂ% é 80 ,il .
E k= 60 4 % %k %k
8 N 3 o % xR o
& 20 Negative (8%) _C' 401 % % @
§ ==Dyn2-mRuby2 % 20 1 @
g 15 ==Dyn1-eGFP 2 0
T 10 all Dynl/ Dynl Dyn2 neg
5 ) Dyn2 only only
N
5 AO N0 A 490 M D 0 0 90
207 M0 %0",‘\00~ A 207 MO %QA\@ e

Lifetime cohorts (sec)

Fig 8. Dynl and Dyn2 are recruited to the same CCPs and Dynl1 activation alters the dynamics of all CCP subpopulations. (A) Triple-color
master/slave analyses of average dynamics of recruitment of Dyn2-mRuby2°™* and/or Dynla-eGFP*™ to lifetime cohorts of SNAP-CLCa labeled CCPs
identifies Dyn1/Dyn2 positive, Dyn1 only, Dyn2 only, and Dyn1/2-negative subpopulations of CCPs. The percentage of detected CCPs in each class is
indicated. (B) Effect of GSK3 inhibition on the median lifetimes of compositionally distinct CCP subpopulations. The underlying data of panel B can
be found in S1 Data. CCP, clathrin-coated pit; CLCa, clathrin light chain a; Dyn1, dynamin-1; GSK3, glycogen synthase kinase-3 beta.

https://doi.org/10.1371/journal.pbio.2005377.9008

maturation [22,34]. All of these CCP subpopulations showed a significant decrease in CCP life-
times upon inhibition of GSK3, consistent with other data that only low levels of Dynl1 are
required to alter CCP maturation.

SNXO is required for activated Dynl-dependent effects on CCP maturation

Our findings thus far point to isoform-specific functions of Dynl and Dyn2 and hence suggest
the existence of isoform-specific binding partners. Dynl and Dyn2 are >80% identical except
for their C-terminal PRDs, which are only 50% identical and likely determine isoform-specific
interactions with SH3 domain-containing proteins. The Dyn1¥° and Dyn2*® A549 cells pro-
vide an opportunity to measure Dyn2 and Dyn1-dependent CME, respectively, without the
possibility of compensation. Thus, we measured, by TfnR uptake, the effects of siRNA knock-
down of several known SH3 domain-containing binding partners on Dyn2-dependent CME
in the Dyn1* cells and on Dyn1-dependent CME in the Dyn2*® cells. Knockdown of these
dynamin partners has only mild effects on TfnR uptake in parental A549 cells and in Dyn1*°
cells, whose endocytosis is exclusively Dyn2 dependent (Fig 9A). Whether these mild effects
reflect partial redundancy with other dynamin partners, activation of compensatory mecha-
nisms [23], or that these factors, which were identified primarily as dynamin partners in brain
lysates, play only minor roles in TfnR uptake in non-neuronal cells, cannot be discerned from
these studies. Interestingly, siRNA knockdown of Grb2 appeared to inhibit TfnR uptake in
Dyn1*© cells by approximately 20%, while not affecting TfnR uptake in either parental or
Dyn2"© cells. This suggests that Grb2 might preferentially function together with Dyn2 in
CME and that its depletion in parental cells can be compensated for by Grb2-independent
Dynl1 activity. In contrast, siRNA knockdown of SNX9 only mildly inhibited TfnR uptake in
parental A549 and had no significant effect on Dyn2-dependent TfnR uptake in Dyn1¥© cells,
but decreased TfnR uptake in Dyn2*® cells by >50% (Fig 9A). Thus Dyn1-dependent endocy-
tosis appears to be particularly sensitive to SNX9 knockdown.

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005377  April 18,2018 16/31


https://doi.org/10.1371/journal.pbio.2005377.g008
https://doi.org/10.1371/journal.pbio.2005377

o ®
@PLOS | BloLoGY Dynamin-1 regulates clathrin-mediated endocytosis

(A) 160 - Jedkekde (B)
n.s. KO KO
140 4 o T [ Parental [] Dyn1%° [@Dyn2 o . «Q@” .
— & > 2 >
” g 120 i Fdkdk § § é\ é\l
§§ 100 { ——¢ -} Qe Qo 9
39
_8 ; 80 GFP —
cC O
N 60
g SNX9 s 0
= 6 40 4
£
20
0 T T T T T T
Ctrl siEndo SiSNX9 siGrb2 siAmph silTSN siCHC
C D E
© ®©) ® 0.061 — Dyn1WT
_ 150 1 — WT/ i
0.41 5 — Dyn1s77£/:AISNX9
» ns. (IE) kel Dyn1
Q * A £ 0.04. ST75/8A/ gj
Fo03 T B 100 ° > Dyn1 / siSNX9
c .= A 3 c
Q£ o an [}
[a) ~ o % >
cE 021 % K S 0 %t g
oS3 “ p — i 0.02
ST & 504 O h} 1
£ o1 3 % 8 oo .
=
L ]

0 0 0.00 . . : : . )
Dyn1WwT + + - - Dyn1WT + + - - 0 20 40 60 80 100 120
Dyn 1 S774/8A - - + + Dyn1 S774/8A - - + + . .

CCP lifet
siSNX9 - + - + SISNX9 ) + ) + ifetimes (s)
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(B) eGFP pulldown of Dyn1a™"-eGFP, Dyn1a®""#34.eGFP, or Dyn2""-eGFP expressed in Dyn1*° or Dyn2*° A549 cells, respectively, using anti-
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found in S1 Data. (* p < 0.05,** p < 0.01, *** p < 0.001) CCP, clathrin-coated pit; Dyn1, dynamin-1; SH3, SRC Homology 3; siRNA, small interfering
RNA; SNXO9, sorting nexin 9; TfnR, transferrin receptor.

https://doi.org/10.1371/journal.pbio.2005377.9009

We next tested whether SNX9 preferentially interacts with Dyn1 versus Dyn2 by GFP pull-
down assays using Dyn1¥© cells reconstituted with either Dyn1a"*- or Dyn1%"7*/**_eGFP and
Dyn2"° A549 reconstituted with Dyn2-eGFP. Consistent with previous results [45,46], we
confirmed that SNX9 binds both Dyn1 and Dyn2 (Fig 9B). However, the ratio of SNX9 bind-
ing to Dyn1 versus Dyn2 was 1.7 + 0.6 (mean + SEM, n = 3), indicative of a slight preference
for Dynl. Importantly, SNX9 showed a marked preference for binding to the nonphosphory-
lated and active Dyn1%"7*®A_eGFP. The ratio of SNX9 binding to Dyn1%"7**4 versus Dyn1"'"
was 3.6 £ 0.9 (mean + SEM, n = 3). These data suggested that SNX9 might be a preferential
functional partner of activated Dynl.

To test whether SNX9-Dyn1 interactions were required for the effects of activated Dyn1
on CCP initiation rates, CCP maturation, or both, we asked returned to the Dyn1*°® H1299
cells reconstituted with Dyn1"" versus Dyn1%"7#®4 and tested whether the selective effects of
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Dyn1%77#/34 on CCP dynamics (Fig 4A-4C) were dependent on SNX9. Knockdown of SNX9
decreased the rate of CCP initiation in Dyn1"" but was not required for the enhanced rate of
CCP initiation triggered by Dyn1%"7#®4 expression (Fig 9C). Thus, other, yet-unidentified
binding partners are responsible for the Dynl-dependent effect on CCP initiation. SNX9
knockdown also led to an increase in the median CCP lifetimes in both Dyn1*"- and
Dyn15774/84

dependent and independent stages of CCP maturation. Consistent with this, SNX9 knock-
down also abrogated the effects of Dyn1%"7#®4 expression on the lifetime distribution of bona
fide CCPs (Fig 9E), reverting the quasi-exponential distribution seen in Dyn1%"7#84
bution nearer to control. The strong effect of SNX9 knockdown is also seen in the rightward
shift of the lifetime distribution of Dyn1"" cells treated with SNX9 siRNA. Together, these
data suggest multiple roles of SNX9 at multiple stages of CME, including the support of
Dyn1’s early functions in accelerating CCP maturation.

-expressing cells (Fig 9D). These data suggest that SNX9 functions in both Dyn1-

to a distri-

Dynl is activated downstream of the EGFR

We have shown that strong pharmacological inhibition of GSK3p activates Dyn1 in non-neu-
ronal cells and results in increased rates of CCP initiation and maturation, leading to increased
rates of TfnR uptake via CME. However, it is not clear whether this regulatory effect on Dynl
function modulates CME under more physiologically relevant conditions. To test this, we
treated serum-starved A549 cells with epidermal growth factor (EGF), which is known to acti-
vate Akt and in turn to phosphorylate and inactivate GSK3p [47]. We confirmed that GSK3 is
phosphorylated in EGF-treated cells and that this resulted in reduced levels of phosphorylation
of Dyn1 at S774 (Fig 10A, quantified in Fig 10B and 10C). As predicted by the results of inhibi-
tor experiments, EGF treatment of serum-starved cells also increased the rate of CCP initiation
(Fig 10D), decreased CCP lifetimes (Fig 10E), and, compared to control cells, resulted in a
shift of the lifetime distributions of bona fide CCPs to a more quasi-exponential distribution
(Fig 10F). Importantly, the effects of EGF treatment on CCP initiation rate and lifetimes were
not seen in A549 Dyn1*© cells (Fig 10G and 10H). These data suggest that Dyn1 can be acti-
vated to alter CCP dynamics under physiological conditions through signaling downstream of
EGFR.

Discussion

Our experiments provide further evidence that Dynl, in addition to its well-studied roles in
membrane fission during synaptic vesicle recycling, also has noncanonical functions as a regu-
lator of the earliest stages of CME in non-neuronal cells. As in neurons, Dyn1 activity is nega-
tively regulated by constitutive phosphorylation and activated by dephosphorylation. When
studied at endogenous levels of expression, we show that Dyn1 and Dyn2 have distinct func-
tions in CME, reflected in their quantitatively and qualitatively different recruitment to CCPs.
While Dynl1 is expressed at very high levels in the brain, it is, like Dyn2, also widely expressed,
albeit at lower levels, in all tissues and cells [2]. Importantly, we show that acute activation of
even low, nearly undetectable levels of Dyn1 can increase the rates of CCP initiation and matu-
ration to accelerate CME. These effects of Dyn1 activation occur well upstream of membrane
fission and are not accompanied by a pronounced burst of recruitment prior to CCV forma-
tion. Hence, they reflect noncanonical activities of Dyn]1, likely mediated by unassembled tet-
ramers, that are distinct from its well-studied role in fission.

As in neurons [33], Dynl is constitutively inactivated in non-neuronal cells by phosphory-
lation at S774 in the PRD by GSK3p. Acute chemical inhibition of GSK3p activates Dyn1 to
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https://doi.org/10.1371/journal.pbio.2005377.9010

alter CCP dynamics and increase the rate of CME. While GSK3p has numerous substrates, we
show that Dyn1 is both necessary and sufficient to account for the effects of GSK3p inhibition
on CCP dynamics and CME. Specifically, the effects of GSK3p inhibition on CME are depen-
dent on Dyn1 but not Dyn2 expression, and Dyn1¥© cells reconstituted with a nonphosphory-
latable mutant of Dyn1 show increased rates of CCP initiation and maturation that phenocopy
the effects of GSK3p inhibition.
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Even when Dynl is activated, either by GSK3p inhibition or by mutation of S774 and S778
to alanine, CME remains dependent on Dyn2 (data herein and [23]). Thus, the two isoforms
play functionally distinct roles in CME. It is unlikely that Dyn1 activation merely releases an
inhibitory effect of inactive Dyn1 on CME, for example by competing with Dyn2, because
even high levels of overexpression of wild-type Dynl does not inhibit CME (see for example,
[26]). Further studies are needed to elucidate the mechanisms underlying these distinct roles.

A direct comparison of the in vitro properties of Dynl and Dyn2 established that they differ
in their curvature generating/sensing properties [14]. While Dyn1 is an efficient curvature
generator that is able to tubulate and catalyze fission from planar lipid templates, Dyn2 is a
curvature sensor that is able to catalyze membrane fission of highly curved lipid templates but
requires the synergistic activity of curvature-generating N-terminal Bin/Amphiphysin/Rvs
(N-BAR) domain-containing accessory factors to drive curvature generation and fission from
planar templates [14,15]. Strikingly, these biochemical differences could be ascribed to a single
residue (Y600 in Dyn1, L600 in Dyn2) encoded within hydrophobic loops of the curvature-
generating Pleckstrin homology (PH) domain of dynamin [14]. Based on these biochemical
differences, it was suggested that the unique properties of Dyn2 might enable this isoform to
monitor CCP maturation and to catalyze fission only after the development of a narrow mem-
brane neck connecting deeply invaginated CCPs to the plasma membrane. Unexpectedly, the
findings presented here and elsewhere [23,35,39] establish that Dyn1 uniquely functions to
regulate the earliest stages of CME, including the rate of CCP initiation and maturation. The
mechanisms underlying these Dyn1-specific activities remain to be elucidated.

Activation of Dynl1 also altered the shape of the lifetime distribution curve for CCPs from a
broad Rayleigh-like distribution with a distinct peak at approximately 30 s to a more exponen-
tial distribution. We have previously suggested that the Rayleigh-like shape reflects rate-limit-
ing regulatory processes operating during the first 30 s of CCP progression [20,22,38]. It is
possible that, due to its curvature-generating ability and/or through interactions with other
partner proteins, Dyn1 activation accelerates these complex early processes of CCP maturation.

Although Dyn1 and Dyn2 exhibit >80% sequence identity within their GTPase, middle,
PH domains, and GTPase effector domain (GED), previous studies of the cellular activities
Dyn1/Dyn2 chimeras have nonetheless revealed striking isoform-specific functional differ-
ences conferred by both the PH and GTPase domains [14,48]. Most divergent among mamma-
lian dynamin isoforms is the PRD, which functions to mediate interactions with numerous
SH3 domain-containing binding partners, and has been shown to target dynamin to CCPs
[40]. Earlier comparative studies of Dynl and Dyn2 [13], as well as Dyn1/Dyn2 PRD chimeras
expressed at near endogenous levels [14], have shown that Dyn2 is more efficiently recruited
to CCPs in a PRD-dependent manner. However, these studies did not take into account the
negative regulation of Dyn1 by GSK3p phosphorylation. Here, we reproduce and extend these
findings by showing that the differential recruitment of Dyn1 is not due to phosphorylation of
its PRD, at least on S774 or 778. Indeed, the recruitment of Dyn1 to CCPs was not significantly
enhanced by GSK3p phosphorylation or when S774/S778 were mutated to nonphosphorylata-
ble alanines. Thus, surprisingly, the effects of activated Dynl on CCP dynamics appear to
occur independent of detectably enhanced recruitment to CCPs. It will be important to iden-
tify isoform-specific binding partners for Dynl and Dyn2 in non-neuronal cells.

To date, most dynamin binding partners, including endophilin, amphiphysin, and intersec-
tin have been identified in brain lysates in which Dyn1 is highly expressed and may play a spe-
cialized function in rapid synaptic vesicle recycling. Thus, it is perhaps not surprising that
siRNA knockdown of these dynamin binding partners in non-neuronal cells has only mild
effects on primarily Dyn2-dependent TfnR endocytosis. Further studies are needed to identify
essential non-neuronal effectors of both Dyn2 and Dyn1 function in CME.
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Unexpectedly, our data suggests that SNX9, which was first identified as a major binding
partner of Dyn2 in HeLa cells [45], interacts most strongly with dephosphorylated Dyn1 and
that the effects of Dyn1 activation on early CCP maturation are dependent on SNX9. Pub-
lished findings on SNX9 function in CME are enigmatic. Consistent with our findings in A549
NSCLC cells, siRNA-mediated knockdown of SNX9 has only mild effects on CME in several
cell lines studied [46,49]. While it has been suggested that these mild effects are due to redun-
dant functions of the distantly related (40% sequence identity) SNX18 [50], this is not the case
in all cell types [49,50]. TIRFM studies on the recruitment of overexpressed SNX9-GFP to
CCPs have also yielded differing results: It has been reported to be recruited coincident with
[46], after [31], and before dynamin [50]. Interestingly, one study reported that SNX9 might
linger at endocytic “hot-spots,” where it could function as an organizer of CCP nucleation
[51]. Our results further suggest a more complex role for SNX9 at multiple stages of CME.
SNXO9 is not required for activated Dynl-dependent increases in the rates of CCP initiation.
However, it is required for the effects of Dyn1 activation on accelerating CCP maturation,
as indicated by the marked switch from Rayleigh-like to quasi-exponential CCP lifetime distri-
butions, which is reversed by SNX9 knockdown. That SNX9 knockdown alone decreases the
rate of CCP initiation and slows CCP maturation in cells expressing Dyn1"'" suggests other,
potentially Dyn2-dependent and/or dynamin-independent functions in CME. More work is
required to define both the multiple functions of SNX9 in CME and to identify Dyn1-specific
binding partners required for CCP initiation.

Recent studies have shown that Dyn1 is upregulated and/or activated in several cancer cell
lines [35,39], leading to the suggestion that Dyn1 might function as a nexus between signaling
and CME [2]. Here, we show that Dyn1 can be activated downstream of EGFR to alter CCP
dynamics. Previous studies showed that tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL)-activated death receptors can activate Dyn1 to drive their selective uptake via
CME [35]. Similarly, elegant studies on clathrin-mediated endocytosis of the G-protein cou-
pled B-adrenergic receptors have shown that they alter the maturation kinetics of the CCPs in
which they reside through delayed recruitment of Dyn2 [52]. These authors did not examine
Dyn1 recruitment or function. Further studies will be needed to determine whether other sig-
naling receptors can selectively alter the composition and/or maturation kinetics of CCPs in
which they reside and, if so, whether these changes, as suggested by our present data, are at
least in part Dyn1l dependent.

Based on our results and other recent findings [23,35,39] regarding Dyn1 function down-
stream of signaling in non-neuronal cells, it is perhaps surprising that Dyn1 knockout mice
develop normally, can live for up to 2 weeks after birth, and exhibit primarily neuronal defects
[12]. This could, in part, be due to the redundant function of Dyn-3, as Dyn1/Dyn3-null mice
exhibit a more severe phenotype and die within hours of birth [11]. However, we speculate
that kinase-based activation of Dyn1 might function at the level of individual CCPs to foster
their initiation and accelerate maturation, perhaps at a threshold of signaling not reached dur-
ing normal development. Indeed, recent evidence has pointed to cargo-selective roles of Dynl
in regulating CME and signaling in cancer cells [2,35,39]. Therefore, it might be interesting to
probe Dynl or Dyn1/Dyn3 knockout mice for other, potentially more subtle, non-neuronal
phenotypes related to signaling in health and disease.

Materials and methods
Cell culture, vector preparation, transfection, and culture perturbations

Non-small cell lung cancer cell lines A549 and H1299 were kindly provided by Dr. John
Minna (The Hamon Center for Therapeutic Oncology, Depts. of Internal Medicine and
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Pharmacology, UTSW) and were grown in RPMI 1640 (Life Technologies) with 5% FBS at
37°C and 5% CO2 and imaged in a temperature-controlled chamber mimicking similar cul-
ture conditions.

The retroviral expression vector pMIEG was a modified pMIB (CMV-IRES-BEP) vector
encoding Dynl cDNA with N-terminal HA-tag and C-terminal eGFP fusion tag. Point
mutations to introduce S774/8A in Dynl cDNA were performed by site-directed mutagene-
sis. The lentiviral expression vector pLVX-puro (Clontech) encoded CLCa N-terminally
tagged with mRuby 2 [53] or SNAP-tag [54] spaced with a 6 amino acid GGSGGS linker.
The constructs were assembled from PCR fragments of mRuby2, SNAP, and CLCa (for
primers, see S1 Table) in yeast as described below and subsequently cloned into pLVX-puro.
Lentiviruses were generated in 293T packaging cells following standard transfection proto-
cols [55] and were used for subsequent infections. They were prepared to transduce fluores-
cently tagged (mRuby2 or SNAP tag) CLCa fused to its N-terminus. Infected cells were
selected using 10 pg/ml puromycin for 4 d, conditions under which uninfected cells perished.
The cells were passaged for 2 w before imaging for CME analysis. Retroviruses were also gen-
erated in 293T cells and used to stably transduce eGFP tagged Dyn1"", Dyn1%"7#34 and
Dyn2"" proteins. Gene transduction was performed by exposing A549 or H1299 cells to ret-
rovirus-containing cell culture supernatants through two rounds of viral transduction spread
across 5 d. The recipient cells were further expanded to confluency in a 10-cm culture dish
and FACS sorted for eGFP levels comparable to endogenous Dyn1-eGFP in A549 cells.

Transfections for siRNA knockdown experiments were carried out using Lipofectamine
2000 or Lipofectamine RNAi-Max (Life Technologies), following manufacturer’s protocol. For
siRNA mediated knockdown, approximately 2 x 10° cells (H1299) or 3 x 10° cells (A549) were
plated in each well of a six-well plate. Twenty nmol siRNA was used per well, and two rounds
of transfection across 5 days was sufficient to achieve over 90% knockdown.

Perturbation of culture conditions by GSK3 inhibitor involved the addition of 10 uM
CHIR99021 (Sigma) to prewarmed culture media and incubation of cells for 30 min before
additional analysis. Growth factor stimulation was performed by adding 20 ng/ml EGF (Invi-
trogen) to prewarmed, serum-free culture media. Cells were analyzed after 10 min of incuba-
tion with EGF.

Generation of genome-edited cell lines

Genome-edited A549 and H1299 cells were generated by editing Dynl and Dyn2 to carry
fusion tags. For the endogenous labeling of Dyn1 with fluorescent reporter proteins, we chose
an approach based on site directed introduction of CRISPR/CAS9n-targeted DNA breaks and
template assisted homology driven repair. eGFP fused to Dyn1 at its C-terminus was generated
by CRISPR/Cas9n nickase strategy targeting the end of exon 21 of the DNM1 gene, inserting
the last 19 amino acids of splice isoform “a,” a seven amino acid linker [32], monomeric eGFP
with a stop codon, and the SV40 polyadenylation signal. In the donor plasmid, this inserted
sequence was flanked by approximately 950 base pair homology arms for HDR. The +gRNA
pair was designed using publicly available software (http://crispr.mit.edu/) and prepared as
described [56] with oligos DNM1-Nuclease-A-f/ DNM1-Nuclease-A-r and DNM1-Nuclease-
B-f/ DNM1-Nuclease-B-r, respectively (S1 Table). For assembly of the donor vector, the seg-
ments were amplified with oligonucleotides coding approximately 30 nucleotide overhangs.
The bacterial artificial chromosome clone RP11-348G11 (BACPAC Resources Center, Chil-
dren’s Hospital Oakland Research Institute, Oakland, California) covering the end of human
DNM1 gene was used as template for the left and right homology arms (Fig 1A). The left

and right homology arms were amplified using primer pairs DNM1-LH-f/DNM1-LH-r and
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DNM1-RH-f/DNMI1-RH-r, respectively (see S1 Table). The 19 C-terminal amino acids of
splice isoform “a” and the linker sequence DPPVATL [32] were covered with oligonucleotides
DNM1-C-assembly-f and DNM1-C-assembly-r and amplified with short primers DNM1-
Cterm-f and DNM1-Cterm-r. The sequence coding for monomeric eGFP and the SV40 polya-
denylation signal were amplified from plasmid peGFP-N1 (Clontech), which carried the
A206K mutation [57] with primers DNM1-eGFP-{/DNM1-eGFP-r and DNM1-pA-f/
DNM1-pA-r, respectively. The first and last primers (DNM1-LH-f, DNM1-RH-r) also
included overhangs for the E coli/yeast shuttle vector pRS424 [58].

Dyn2-mRuby genome-edited cells were generated using previously validated ZFNs [32,34].
For the DNM2-mRuby2 donor vector, the homology arms were amplified from the published
[34] DNM2-eGFP construct (gift from D. Drubin, University of California, Berkeley) with
primers DNM2-LH-f/DNM2-LH-r and DNM2-RH-{/DNM2-RH-r, respectively. The mRuby2
segment together with the linker sequence, DPPVATL [32], was amplified from pmRuby2-C1,
a gift from Michael Lin (Addgene #40260) [53]. The PCR products were purified on 1% aga-
rose gels and extracted using standard protocols before transformation into YPH500 yeast
cells [59]. Yeast transformation, plasmid extraction, and plasmid validation were performed as
described earlier [60]. The guide-RNA plasmids for DNM1-eGFP and donor vectors for both
DNM1-eGFP and DNM2-mRuby2 are available from Addgene (IDs 107795, 107796, 107794,
and 107793, respectively).

For both the edits, the nCas9 nickase + gRNA pairs or the ZFN nuclease pairs were added
at 1 ug DNA concentration, and 2 pg of the donor plasmid was added to this mixture in 150 ul
OptiMEM (Life Technologies). This mixture was then added to 5.5 pl of Lipofectamine 2000
(Life Technologies) in 150 pl OptiMEM (Life Technologies), briefly vortexed, and incubated at
room temperature for 15 min. The mixture was then added to cells plated 12 h earlier at 70%
confluency (approximately 3 x 10° cells per well in six-well dish) with freshly replaced media.
Transfect-containing media was replaced by prewarmed fresh media and the cells were
allowed to grow for the next 48 h and then passaged for expansion in a 10-cm dish. The
expanded cells were sorted as eGFP (or mRuby2) gene-edited single cells into 96 well plates 4
days after transfection using a FACSAria 2-SORP (BD Biosciences, San Jose, CA) instrument
equipped with a 300-mW, 488-nm laser and a 100-pum nozzle. Clonal expansion ensued by
incrementing the culture dish area and maintaining a minimum 50% cell confluency. Single
clones were then assayed for edits by western blotting, and cells positive for genome edits were
expanded. In order to generate double genome edited A549 cells, the A549 clone, 2C8, with
homozygous Dyn2-mRuby2 knock-in was chosen and subsequently edited for Dynl, and cell
selection was performed as before using FACS preliminary screen followed by western blotting
for validation.

Dyn1 KO H1299 cells were generated as previously described [23] and the same strategy
was employed to generate A549 Dyn1l KO cells. Briefly, cells plated in six-well plates were
transfected with 1 ug each of single-guide RNAs (sgRNAs) and Cas9 nickase encoding plas-
mids and cotransfected with a 20th of peGFP plasmid. eGFP-positive cells were assumed to
have harbored both the sgRNA guides and single-cell-sorted by FACS. In addition, Dyn2 KO
cells were generated using a similar double nickase strategy with sgRNAs CGATCTGCGGCA
GGTCCAGGTGG and CGCCGGCAAGAGCTCGGTGCTGG in the pX335 vector. Complete
knockout of Dyn1 and 2 was validated by western blotting.

Immunoprecipitation, pulldowns, and subcellular fractionation

Glutathione S-transferase (GST)-SH3 pulldown. GST-Amph II SH3 pulldown involved
lysing H1299 cells in lysis buffer (50 mM Tris, 150 mM NaCl, 1X Protease Inhibitor Cocktail
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[Roche]) containing 0.2% Triton X-100. Cells were dounced with 27.5-G syringe about 20
times or until most of the cells were ruptured to release intact nuclei. The post-nuclear fraction
(PNF) was obtained by spinning the lysate at 10,000 xg at 4°C for 10 min and collecting the
supernatant. About 3 mg of PNF in 1-ml volume was used for each pulldown. Addition of
beads (approximately 20 pl) with bait protein (GST-Amph II SH3) in PNF followed by gentle
rotation for 1 h allowed binding of target proteins. The bound fraction was washed twice with
lysis buffer containing 0.2% Triton X-100 and the resulting beads were denatured using 2X
Laemmli buffer (Bio-Rad) reduced with 5% B-mercaptethanol, boiled and run on SDS-PAGE
gel of appropriate separation capacity (7.5% or 12%, based on the target protein size). The pull-
downs were analyzed by western blotting.

Subcellular fractionation. Confluent A549 cells in a 60-mm dish were detached with 1
ml of 10-mM EDTA at 37 °C for 10 min and washed with PBS by centrifugation and then
resuspended in 0.5 ml buffer 2 (25 mM HEPES, 250 mM sucrose, 1 mM MgCl,, 2 mm EGTA,
pH 7.4). The resuspended cells were lysed through 3 cycles of freeze-thaw (rapid freezing in
liquid nitrogen and slow thawing in room temperature water). Cytoplasm and membrane
portions were separated by 30 min ultracentrifugation at 110 kg in a Beckman Coulter rotor
(TLAS55). Pellets were resuspended with 0.5 ml buffer 2, and both supernatant and pellets were
solubilized in 0.5% Triton X-100 for 10 min on ice and then precipitated with 10% TCA, fol-
lowed by 2 rounds of 1 ml acetone wash. SDS-PAGE gel electrophoresis and western blot were
applied as described above [61].

GFP-nAb immunoprecipitation. Confluent A549 cells in a 10-cm dish were detached
with 2 ml of 10-mM EDTA at 37 °C for 10 min and washed with PBS by centrifugation and
then resuspended and gently lysed for 15 min on ice with 2 ml buffer 3 (0.5% Triton X-100,

25 mM HEPES, 150 mM KCI, 1 mM MgCl,, 2 mM EGTA, 1X Protease Inhibitor Cocktail
[Roche], 1X Phosphatase Inhibitor Cocktail, pH = 7.4). Lysates were centrifuged at 5000 xg,

4 °C for 5 min to remove nuclei, and protein concentration in the PNF was determined by
Bradford assay. One-half mg of the PNF was added to 30 pl GFP-nAb agarose (Allele Biotech),
rotated for 2 h at 4 °C, and then spun down at 2500 xg, 4 °C, 2 min. The agarose was washed
twice (1 ml/each) with two different buffers to fulfill different experimental purposes: (1) to
probe the dynamin interactors, the agarose was washed with buffer 3; (2) to probe dynamin
self-assembly, salt concentration in buffer 3 was brought up to 300 mM to remove indirect
dynamin-dynamin interactions. Ten percent cell lysate, which is used to determine immuno-
precipitation efficiency, was precipitated with 10% TCA and washed twice with acetone from
—20 °C freezer. The samples were subjected to SDS-PAGE and Western blotting for analysis.

TIRFM

Cells expressing appropriate fluorophores were cultured overnight on an acid-etched and
gelatin-coated coverslip, placed in a well in a six-well plate. At the time of imaging, cells were
checked for adherence and spreading. When imaging SNAP-tagged proteins, labeling was per-
formed by incubating cells in 1 ml of fresh, prewarmed media containing 1 pl of predissolved
SNAP-CELL 647-SiR dye (NEB). After 30 min incubation under standard incubator condi-
tions, the media was aspirated, washed twice with sterile PBS, and reincubated in fresh culture
media. The coverslips were mounted on glass slides with spacers and sealed with the same
media. For experiments involving the addition of growth factor or inhibitor, cells were prein-
cubated for the appropriate times and the coverslips were mounted as before with the treated
media. The coverslips were then imaged using a 60x 1.49 NA Apo TIRF objective (Nikon)
mounted on a Ti-Eclipse inverted microscope with Perfect Focus System (Nikon) equipped
with an additional 1.8x tube lens, yielding at a total magnification of 108x. TIRF illumination
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was achieved using a Diskovery Platform (Andor Technology). During imaging, cells were
maintained at 37°C in RPMI supplemented with 5% fetal calf serum. Time-lapse image
sequences were acquired at a penetration depth of 80 nm and a frame rate of 2 Hz (three or
two channels) or 1Hz (single channel) using a sSCMOS camera with 6.5mm pixel size (pco.
edge).

Quantitative analysis of imaging

The detection, tracking and analysis of all clathrin-labeled structures and thresholding to iden-
tify bona fide CCPs was done as previously described using the cmeAnalysis software package
[22]. Briefly, diffraction-limited clathrin structures were detected using a Gaussian-based
model method to approximate the point-spread function [22], and trajectories were deter-
mined from clathrin structure detections using the u-track software [37]. Subthreshold cla-
thrin-labeled structures (sCLSs) were distinguished from bona fide CCPs, based on the
quantitative and unbiased analysis of clathrin intensity progression in the early stages of struc-
ture formation [22,62]. Both sCLSs and CCPs represent nucleation events, but only bona fide
CCPs represent structures that undergo stabilization, maturation, and, in some cases, scission
to produce intracellular vesicles [22,62]). We report the rate of bona fide CCP formation, dis-
tribution of their lifetimes, and intensity cohorts, as described previously [22]. As these values
will depend on day-to-day variations in the threshold, we image experimental and control con-
ditions on the same day and apply the same threshold to both data sets to ensure that effects
we detect are due to the specific experimental variable being assessed. We also report mean
and maximum signal intensities in two or three channels for each individual CCP. These are
average and maximum signal intensities for individual CCPs as they are extracted by the previ-
ously described analysis software [22]. The extraction of CCPs is achieved by a new function
added to the cmeAnalysis software published in [22] that allows us to link the classification of
events, CCPs, or sCLSs to more sophisticated analysis intensity time courses and lifetime. In
this study, we focused merely on per-CCP mean and maximum intensity values, which were
averaged per movie (1-5 cells) and finally presented as per-movie distributions covering 10—
30 cells per experimental condition. Differences between conditions were assessed by compari-
son of the normal-distributed per-movie distributions using Student ¢ test and a threshold of
p < 0.01 to mark statistical significance.

Statistical analysis

Control and treatment datasets were statistically analyzed with two-tailed, unpaired Student ¢
tests using Graphpad Prism 5.0 (Graphpad Software, La Jolla, CA), from which p values were
derived (* p < 0.05, * p < 0.01, *** p < 0.001, **** p < 0.0001). Error bars representing stan-
dard error of the mean (SEM) for at least three independent experiments were calculated
using Microsoft Excel.

Receptor internalization (endocytosis) assay

An in-cell ELISA approach was used to quantitate internalization of TfnR and EGFR, as previ-
ously described [23], using either anti-TfnR mAb (HTR-D65) [63] or biotinylated-EGF as
ligands. Cells were grown overnight in 96-well plates at a density of 2 x 10° cells/well and
incubated with 4 mg/ml of D65 or 20 ng/ml of biotinylated-EGF (Invitrogen) in assay buffer
(PBS4+: PBS supplemented with 1 mM MgCl,, 1 mM CaCl,, 5 mM glucose, and 0.2% bovine
serum albumin) at 37 °C for the indicated time points. Cells were then immediately cooled
down (to 4 °C) to arrest internalization. The remaining surface-bound D65 or biotinylated-
EGF was removed from the cells by an acid wash step (0.2 M acetic acid, 0.2 M NaCl, pH 2.5).
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Cells were then washed with cold PBS and then fixed in 4% paraformaldehyde (PFA) (Electron
Microscopy Sciences) in PBS for 30 min and subsequently permeabilized with 0.1% Triton X-
100/PBS for 10 min. Internalized D65 was assessed using a goat anti-mouse HRP-conjugated
antibody (Life Technologies), and internalized biotinylated-EGF was assessed by streptavidin-
POD (Roche). The reaction was developed by a colorimetric approach with OPD (Sigma-
Aldrich), and color development was stopped by addition of 50 pl of 5M of H,SO,. The
absorbance was read at 490 nm (Biotek Synergy H1 Hybrid Reader). Internalized ligand was
expressed as the percentage of the total surface-bound ligand at 4 °C (i.e., without acid wash
step), measured in parallel [23]. Well-to-well variability in cell number was accounted for by
normalizing the reading at 490 nm with BCA readout at 560 nm.

Supporting information

S1 Fig. Design strategies for genome-edited H1299 and A549 cells. (A) Domain and geno-
mic structure of DNM1 illustrating the C-terminal splice variants to illustrate splice variants A
and B derived from exons 21 and 22 (filled red box) and 3’ UTR (open red box). To express
the Dyn-1-EGFP fusion protein, the last 19 amino acids from splice variant A from exon 22
were introduced in frame in exon 21 (dark grey), followed by a 7-amino acid linker (blue),
EGFP (green), and SV40 poly adenylation signal (orange). (B) Design of sgRNA guide A and B
which targets the splice region in exon 21. The guide targeting sequences (underlined) and
PAM sequences (red) are shown. For the donor vector, the DNA and amino acid sequences
are shown for the junctions between exon 21, the inserted Dyn-1 C-term, the linker, EGFP
and the poly adenylation signal. The color code is as in panel A. (C) Approach used for ZFN-
mediated genome-editing of DNM2, as previously described [32,34] and the expected amino
acid sequence for the Dyn2-mRuby2 fusion protein. Dyn1, dynamin-1; sgRNA, single-guide
RNA; ZFN, Zinc Finger Nuclease.

(TIF)

S2 Fig. Isoform-specific differences in recruitment of Dynl and Dyn2 to CCPs. (A, C) Rep-
resentative TIRF image and corresponding kymograph of dynamic SNAP(647)-CLCa-labeled
CCPs and Dyn2—rnRubyend (A) or Dynla—eGFPen‘jl (B) in genome-edited H1299 cells. (B, D)
Corresponding quantification of the averaged intensities of CLCa and Dyn2-mRuby*™? (B) or
Dynla—eGFPend (D) recruitment for the indicated lifetime cohorts. Data from 6,647 CCPs
from 5 independent movies, containing a total of 15 cells (B) and data from 74,805 CCPs from
10 independent movies, containing a total of 29 cells (D). CCP, clathrin-coated pit; CLCa, cla-
thrin light chain a; Dyn1, dynamin-1.

(TTF)

$3 Fig. CCP dynamics in genome-edited Dynla-eGFP H1299 cells. (A) CCP initiation rates,
(B) CCP lifetimes, and (C) lifetime distributions of all CCPs in H1299 cells genome edited to
express endogenously tagged Dynla-eGFP. Each point represents the value derived from a sin-
gle movie, with 2-4 cells/movie. (** p < 0.01, **** p < 0.0001). The underlying data of panels
A and B can be found in S1 Data. CCP, clathrin-coated pit; Dynl, dynamin-1.

(TTF)

S4 Fig. Characterization of TfnR endocytosis and dynamin-isoform recruitment in A549
cells. (A) Differential expression of Dynl versus Dyn2 in H1299 versus A549 cells. In H1299
cells, Dyn2 is expressed at approximately 6-fold higher levels than Dyn1. In A549 cells, Dyn1
is expressed at approximately 5-fold higher levels than Dyn2 [39]. (B) TfnR endocytosis in
parental A549 cells treated with the indicated siRNAs. (C) TfnR uptake at 10 min in parental,
Dyn1¥©, and Dyn2*° A549 cells. (D) Quantification of the average recruitment of Dynla-
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eGFP or Dyn2-eGFP to CCPs with lifetimes between 40 and 60 s (4,420 CCPs positive for
Dynl and 3,961 CCPs positive for Dyn2 were identified and analyzed from 11 movies contain-
ing 2-4 cells per movie), as in Fig 5E; however, the Dynla-eGFP data is rescaled to illustrate
that Dynl, like Dyn2, peaks at late stages of CME in these cells. The underlying data of panels
B and C can be found in S1 Data. CCP, clathrin-coated pit; CME, clathrin-mediated endocyto-
sis; Dynl, dynamin-1; siRNA, small interfering RNA; TfnR, transferrin receptor.

(TIF)

S5 Fig. Dynamin isoforms only weakly co-assemble. (A) Western blots and quantification
(red) of bands showing extent of pulldown of Dyn1-eGFP or Dyn2-eGFP using anti-eGFP
nAb-beads and coimmunoprecipitation of the other isoform. Data are representative of

3 independent experiments. (B) The inhibition of assembly stimulated GTPase activity

of Dynl1 (blue) or Dyn2 (red) in the presence of increasing concentrations of GTPase-defec-
tive Dyn1%**N, which will inhibit assembly-stimulated GTPase activity by co-assembling
with WT-dynamin on lipid nanotube templates. The underlying data of panel B can be
found in S1 Data. Dynl, dynamin-1; GTPase, Guanosine Triphosphate hydrolase; WT,
wild-type.

(TIF)

S$1 Movie. TIRFM movie of Dyn2-mRuby2°*® and SNAP647-CLCa in genome-edited
H1299 cells. CLCa, clathrin light chain a; Dyn2, dynamin-2; TIRFM, total internal reflection
fluorescence microscopy.

(AVI)

$2 Movie. TIRFM movie of Dynla-eGFP*™ and SNAP647-CLCa in genome-edited H1299
cells. CLCa, clathrin light chain a; Dyn1, dynamin-1; TIRFM, total internal reflection fluores-
cence microscopy.

(AVI)

$3 Movie. TIRFM movie of Dyn2-mRuby2°", Dynla-eGFP™%, and SNAP647-CLCa in
double genome-edited A549 cells. CLCa, clathrin light chain a; Dyn1, dynamin-1; TIREFM,
total internal reflection fluorescence microscopy.

(AVI)

S1 Table. List of oligonucleotides used for genome editing, mutagenesis, and fusion con-
structs.
(DOCX)

S1 Data. Raw data for Fig 2 Panels C-L; Fig 3 Panels B-D, H; Fig 4 Panels A-C,F,G; Fig 5
Panels B.C.F; Fig 6 Panels B, D-F; Fig 8; Fig 9 Panels A, C-E; Fig 10 Panels B-E, G,H; S3
Panels A-C; S4 Panels A,C; S5 Panel B.

(XLSX)
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