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Abstract

Clathrin-mediated endocytosis (CME) is essential to cell functions including nutrient uptake,
receptor-mediated signaling, and membrane recycling. The requirement for actin in CME remains
unclear and may vary due to regional or cellular differences in membrane tension. Previous studies
have investigated the role of actin polymerization in counteracting this tension. Here we examined
the role of the actin motor protein, myosin II (MII), during constitutive receptor-mediated
endocytosis. In fibroblasts from embryonic MIIB knockout (MIIB KO) mice, we observed clear
defects in CME: internalization of transferrin was significantly decreased, and the surface lifetime
of YFP-clathrin light chain was increased. In addition, acute blebbistatin treatment to inactivate
MII, shRNA-mediated knockdown of MIIB or MIIA, and treatment with nM latruculin A also
inhibited transferrin uptake. Electron microscopy of MIIB KO cells or cells treated with
blebbistatin revealed an increased percentage of shallow coated pits. Moreover, highly-
invaginated coated pits were distorted and asymmetric. Our results indicate that MII activity is
critical for coated pit progression during CME. Loss of MII function results in significant
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decreases in the probability of clathrin-dependent internalization. We conclude that CME is
actomyosin-dependent, and that through its role in scaffolding, actin supports MII-driven force
generation that regulates membrane bending and scission.
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Introduction
Clathrin-mediated endocytosis (CME) is a core process by which cells internalize
membrane, cell surface receptors, and paracrine and endocrine signals (1, 2). A recent
synthetic biology study has demonstrated the minimum set of molecular components
required for CME progression in a cell free system (3). While the core process appears to be
highly conserved across many cell types, the specific components contributing to the core
process and its regulation for different specialized functions can vary. For instance, the
presence of the membrane bending and structural proteins N-BAR/F-BAR and Epsin may
under some circumstances compensate for the absence of dynamin, a major component
involved in vesicle scission (4–6). Similarly actin may be required for CME when
membranes are under tension (7).

The exact mechanism by which actin contributes to CME has been a subject of long-
standing debate due to conflicting results (8, 9) (10). In polarized mammalian cells, actin is
considered essential for CME on the apical surface, which has a thick cortical actin layer,
but not on the basal surface, which has a relatively thin cortical actin layer (11, 12),
presumably due to differences in cortical actin-induced membrane tension (7). One study
has shown that the barbed end of polymerizing actin is oriented toward and interacts with
the Hip1r-cortactin complex at clathrin-coated pits (CCPs) (13). The interaction of the
barbed end with this complex is thought to block further actin polymerization (14). Other
studies found that CCP invagination correlates with the arrival of BAR proteins and a burst
of actin polymerization (8, 15, 16). Based on these findings, the current model for actin-
dependent CME has the following 4 steps: 1) the clathrin coat and associated adaptor
proteins recruit actin; 2) membrane bending proteins (BAR proteins, epsin and dynamin)
generate the forces required for coated pit curvature and initial formation of the neck; 3)
intercalated actin polymerization (forming an actin “plume”) originating between the
cortical actin network and the developing neck of a CCP pushes the forming vesicle inward
(17). The pulling activity of myosin VI may also assist the inward movement (18), and the
membrane binding activity of myosin 1E may help anchor the actin to the plasma membrane
(19). And 4) the constricting activity of dynamin at the neck combined with the tension
generated by the pushing activity of polymerizing actin causes scission (20, 21). This
modeling assumes that actin polymerization alone provides the extra force generation
necessary for endocytosis in situ. It does not ascribe a role to actin-MII contractility;
however, recent evidence suggests that MII participates in vesicle fission from the Golgi
network by acting on actin at the site of a budding vesicle (22). Because plasma membrane
tension is a function of both the degree of attachment between the lipid bilayer and cortical
actin and the contractile state of the cortex (23), we hypothesized that actomyosin-based
local force generation may facilitate membrane invagination (step 2) and fission
mechanisms at CCPs (step 4). To test this hypothesis, we examined the role of MII in
constitutive receptor-mediated (clathrin-dependent) endocytosis. Here we present the first
genetic and cellular evidence for MII having a critical role in CME.
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Results and Discussion
Myosin II is essential for clathrin-dependent receptor mediated endocytosis

To test the hypothesis that MII regulates CME, we evaluated the internalization/uptake of
biotin-tagged or fluorescently-conjugated transferrin in primary mouse embryonic
fibroblasts (MEFs) isolated from Wt or MIIB KO mice. MIIB KO fibroblasts express only
MIIA at normal levels (Figure 1A). In the first set of experiments, initial binding of
transferrin (biotin-conjugated, 50 μg/ml) was performed on serum-starved cells at 4°C,
followed by warming and internalization at 37 °C for different time intervals (Figure 1 B).
In order to remove non-internalized transferrin from the membrane surface, we used an iron
chelation-acid wash protocol (24). We then did a short saturating wash with unlabeled
transferrin to outcompete any remaining non-specific binding (with the iron chelator still
present) and fixed the cells. After labeling with Cy3-strepavidin, the mean fluorescence
intensity per cell was measured to determine the amount of surface-bound (at 4 °C) or
internalized (37 °C) transferrin. The amount of surface bound transferrin was significantly
higher on Wt cells than on MIIB KO cells (Figure 1C). The amount of internalization
(normalized to the amount initially bound) was more than two-fold higher for Wt cells than
for MIIB KO cells at 15 min (Figure 1B). The difference in internalization was also
confirmed by comparing the brightness of label in confocal optical sections taken at
midsection planes through the cells (Supplemental Figure 1A).

Recent work indicates that surface levels of transferrin receptors may increase (especially in
mitotic cells) with serum starvation or with warming after labeling at 4 °C (25); therefore, as
a control, we repeated the experiments to measure binding and internalization of biotin-
tagged transferrin. In the absence of serum starvation we found no difference between Wt
and MIIB KO cells in the amount of biotin-tagged transferrin binding at 4 °C (Figure 1C).
As an additional control, we used Alexa-488 conjugated transferrin to monitor uptake. The
advantage of this label is that it can also be used to monitor internalization in live cells.
Unlike biotin tagged transferrin, Alex-488 conjugated transferrin showed a progressive
increase in fluorescence brightness with internalization at 37 °C (compared to the
fluorescence intensity at 4 °C) (Supplemental Figure 1B, C). Similar to biotin tagged
transferrin, low concentrations (25 μg/ml) of Alexa-488 conjugated transferrin showed a
higher level of binding of transferrin to Wt cells compared to MIIB KO following serum
starvation (Supplemental Figure 1B). However when higher concentrations (100 μg/ml) of
Alexa-488 conjugated transferrin were used, we did not observe a difference (Supplemental
Figure 1C). Wt cells showed greater internalization of Alexa-488 conjugated transferrin at
both low and high labeling concentrations compared to MIIB KO cells (Supplemental
Figures 1B–D). The increase in brightness of the Alexa-488 conjugated transferrin label
upon internalization was confirmed by imaging live cells at 4 °C followed by warming and
imaging the same cells after 5 min. (Supplemental Figure 1E). To test whether the effect on
transferrin uptake was directly a result of the loss of MII activity (as opposed to downstream
developmental defects), we also acutely applied the small molecule inhibitor blebbistatin to
inhibit MII during binding and internalization of transferrin. Blebbistatin treatment caused
significant decreases in transferrin uptake in both Wt and MIIB KO cells (Figure 1D,
Supplemental Figure 1D). The inhibition observed in the MIIB KO cells suggests that both
MIIB and MIIA are involved in CME. Next, in order to test the contribution of each MII
isoform in the endocytic pathway, we performed knockdown (KD) of MIIA or MIIB in the
Wt fibroblasts (Figure 1E) and then quantified transferrin uptake per cell (Figure 1D).
Knockdown of the MIIB isoform resulted in decreased transferrin uptake at 15 min
comparable to that of MIIB KO cells (Figure 1D, Supplemental Figure 1D). Knockdown of
the MIIA isoform also inhibited internalization of transferrin, although the effect was
slightly less severe than that seen in MIIB KO or MIIB KD cells (Figure 1D, Supplemental
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Figure 1D). This result is consistent with MII having an important role in CME in that,
similar to the knockout of MIIB, acute inhibition of MII compromises transferrin uptake.

To determine if the decreased rate of transferrin uptake resulted from defects in receptor
recycling or altered kinetics of uptake, we analyzed the steady state uptake of Alexa-488
conjugated transferrin (100 μg/ml) in cells that were continuously binding and internalizing
transferrin at 37 °C (Figure 2A). The cells were fixed at specific time intervals without acid
washing. Thus the measured fluorescence represents the total surface-bound and internalized
transferrin at the different time points. Although the MIIB KO cells showed somewhat
slower uptake at the initial time points, both the Wt and MIIB-KO cells appeared to reach a
steady state by 25 min; notably, the maximum steady state fluorescence intensity of the
MIIB KO cells was approximately 1/3 that of the Wt cells. Because the amount of surface-
bound transferrin appears to be the same on MIIB KO cells as on Wt cells (at 4 °C;
Supplemental Figure 1C), the decreased fluorescence intensity suggests that the MIIB KO
cells internalize less transferrin.

MII is known to regulate tension in the actin cortex of cells (26). The mechanical properties
of cells are sensitive to low levels of latrunculin, an actin polymerization inhibitor (27, 28).
Latrunculin treatment reduces cell stiffness consistent with a reduction in cortical tension.
To determine if reduced cortical tension may contribute to the decrease in transferrin uptake
observed following MII inhibition, we treated cells with low concentrations (250 nM) of
latrunculin for 30 min and then assayed the steady state transferrin uptake at 37 °C (no
serum starvation) using Alexa-488 conjugated transferrin. Cells were rinsed with the acid
wash/iron chelation solutions prior to fixation to remove surface-bound label. At 250 nM,
latrunculin treatment did not produce a detectable change in morphology when cells were
observed for 30 min by time-lapse microscopy (Supplemental Figure 1A). 250 nM
latrunculin A caused some minor changes in both actin and MIIB organization detected by
rhodamine-phalloidin staining and MIIB immunofluorescence (Supplemental Figure 2B, C).
Latrunculin treatment caused a significant decrease in transferrin uptake by Wt cells at 5 and
15 min (Figure 2B). The treatment had less of an effect on the MIIB KO cells, but it was
roughly proportional to the reduced amount of MII present in the KO cells (~50% of that in
Wt cells). A significant decrease in transferrin uptake was observed at 15 min.

The effect of latrunculin A treatment on Wt cell transferrin uptake is relatively small
compared to the effect of MIIB inhibition. This is likely because the low concentration of
latrunculin A caused some changes in the organization of the more labile cortical actin
filaments, but they remained largely intact (Supplemental Figure 2B). Thus, myosin II could
still act on actin scaffolds and thereby produce enough force to assist CME. Consistent with
this possibility is the observation from Eliot Elson’s lab that treatment with latrunculin B has
a dose-dependent effect on cell stiffness. Minimum stiffness (maximum effect) was only
achieved with treatment at a concentration ≥ 600 nM (27). Thus it is likely that actomyosin
interactions continue to contribute to cortical tension and have other more local effects when
latrunculin A is applied at a concentration of 250 nM. Another possibility is that myosin II
preferentially interacts with formin regulated cortical actin filaments. If this is the case, then
it is likely that actomyosin interactions that aid in CME will persist even after treatment with
higher concentrations of latrunculin A because it has been shown that this population of
filaments is resistant to actin-depolymerization drugs such as latrunculin or cytochalasin
(29). Further experiments will be required to distinguish between these possibilities.

To test whether the decreases in transferrin uptake by MIIB KO cells were possibly a result
of abnormal processing of Alexa-dye conjugated transferrin, we incubated cells with non-
fluorescent transferrin for 15 min followed by the fluorescent transferrin for 10 min (Figure
2C). The difference in fluorescence intensity was approximately the same as that observed
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with the steady state binding of Alex-488 conjugated transferrin at 25 min (Figure 2A)
indicating that processing of dye-labeled transferrin was normal.

To test whether recycling of the transferrin-receptor complex was defective, Wt and MIIB
KO cells were incubated (15 min) sequentially with two different colors of fluorescent-dye
conjugated transferrin (Alexa 546 followed by Alexa 488 with intervening acid washes to
remove surface-bound transferrin). After fixation, MIIB KO cells were found to have
decreased intensities of both colors of fluorescent transferrin at 30 min (Wt, R= 3±0.4,
G=5.2±0.4, N=30, MIIB KO R=1±0.1, G=2.4±0.3, N=24). The ratio of intensities (MIIB
KO/Wt) was less for Alexa-546 conjugated transferrin than for Alexa-488 conjugated
transferrin (0.32 vs 0.46) indicating that processing of the sequentially applied transferrin
did not appear to be delayed.

To determine if the level of transferrin receptors differed between Wt and MIIB KO cells we
compared the fluorescence levels at or near the basal surface using TIRF microscopy of
immunofluorescence, as well as immunoblotting. Both tests showed that Wt and MIIB KO
cells have approximately the same number of receptors (Figure 2D, E). If cells were not
serum starved, biotin-tagged transferrin labeling for 5 min (at 37 °C) still resulted in a large
difference in the amount of transferrin internalized in Wt versus MIIB KO cells (a 51±3%
lower fluorescence intensity in MIIB KO cells; Wt= 652±25, MIIB KO=335±27,
significantly different, t-test, P<0.001, Wt, N=23, MIIB KO, N=18). This indicates that
MIIB KO cells have a defect in internalization that can be observed whether or not the
amount of surface transferrin binding at 4 °C differs between Wt and MIIB KO cells.

To further investigate potential transferrin receptor defects, we tested whether there was any
difference in the distribution of surface transferrin receptors between Wt and MIIB KO
cells. Following biotin-tagged transferrin uptake for 5 min at 37 °C, cells were fixed and
immunolabeled for the transferrin receptor. The basal surface was imaged using dual
channel TIRF microscopy (Figure 2F). In Wt cells the receptor staining and the biotin-
tagged transferrin labeling were highly correlated. However in the MIIB KO cells, areas
with strong receptor staining frequently did not show commensurate transferrin label
intensity. This suggests that the binding of transferrin to areas containing high levels of
receptor in the MIIB KO cells may be compromised and may lead to the differences in
transferrin binding observed with lower concentrations of the ligand (see Supplemental
Figure 1B).

Using dual-channel TIRF microscopy, we also compared the receptor staining of cells fixed
at 4 °C to that of cells labeled and fixed after 5 min at 37 °C (no serum starvation; without
iron chelation or acid washing). Both Wt and MIIB KO cells showed no change in the levels
of receptor fluorescence staining (slight decreases that were not significant; t-test, Wt P=0.1,
MIIB KO, P=0.7) suggesting that surface receptor levels are unaffected under these
conditions. These results strongly suggest that the decrease in MII activity severely
compromises constitutive receptor-mediated CME independent of any effects on surface
receptor levels and that the primary defect may lie in the early internalization steps.

Myosin II regulates coated pit dynamics
To determine the effect of MII loss on CME progression, we imaged surface dynamics of
YFP-clathrin light chain (CLC) in Wt and MIIB KO cells using TIRF microscopy. We
found that YFP-CLC had reduced dynamics in the MIIB KO cells compared to the Wt cells
(Figure 3). Using kymograph analysis we found that the average lifetime of fluorescent CLC
spots on the cell surface was more than double for MIIB KO cells than for Wt cells and that
lateral movements were attenuated (maximum displacement Wt=1.3±0.14 μm,
KO=0.7±0.07 μm) (Figure 3 A, B, supplemental movies 3S1–3). In addition, a greater
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percentage (Wt<1% vs MIIB KO=2–10%) of CLC spots on the MIIB KO cells persisted
during the entire recording time (5 min) suggesting that they may have stalled. Expression of
the Wt MIIB heavy chain in the KO cells partially rescued the phenotype as indicated by the
increase in the percentage of dynamic YFP-CLC spots (including the lateral movements)
(Figure 3B). Interestingly, incubation of MIIB KO cells with transferrin (cargo loading)
caused a further decrease in dynamics in MIIB KO cells, whereas Wt cells were insensitive
to cargo loading (Figure 3C). The latter is consistent with previous studies that showed
cargo loading is not rate limiting for CCP maturation (30). In the absence of MIIB, perhaps
cargo loading is rate limiting for CCP maturation because rapid progression of curvature
requires MII ATPase activity and increased tension. To test whether MII ATPase activity is
essential for MII’s role in regulating the coated pit dynamics, we co-expressed either Wt
(GFP-MIIB) or a point mutant heavy chain of MIIB (GFP MIIB R709C) that has
compromised ATPase activity (31) and RFP-CLC in the MIIB KO cells. TIRF microscopy
showed that the point mutant was unable to rescue the coated pit dynamics (surface
lifetimes) in the MIIB KO cells compared to the Wt GFP MIIB heavy chain, which was
efficient at decreasing lifetimes (Figure 3D,E). These results suggest that MII activity is
important for controlling the rate of clathrin-coated pit formation and, in the absence of MII,
the probability of internalization is decreased.

Coated pits show associations with actin and MIIB
If MIIB contributes to the regulation of coated pit internalization by locally exerting force or
reorganizing actin, then it should at least partially colocalize with coated pits. To test this
idea, we labeled fixed cells with antibodies to MIIB and clathrin heavy chain (CHC). With
wide-field fluorescence microscopy, colocalization was difficult to detect because of a high
background signal associated with the staining for MIIB (Figure 4A). However intensely
stained stress fibers appeared to exclude CHC spots. With TIRF microscopy, close
association could be observed between some YFP-CLC spots and distinct MIIB spots. The
YFP-CLC spots sometimes aligned adjacent to MIIB staining associated with basal stress
fibers. Similarly, we also observed partial close association between CHC and MIIB spots
(up to 60%) in images of unroofed fibroblasts obtained using wide-field fluorescence
microscopy. In most cases, the CHC and MIIB spots were not superimposed but adjacent to
each other. This spatial relationship was confirmed by confocal imaging of YPF-CLC and
MIIB staining (Figure 4B). In addition, we found MIIA staining to have a similar close
association (Figure 4B). Rotary shadow EM of unroofed Wt fibroblasts showed coated pits
inter-digitated between actin stress fibers and closely associated with an intervening
meshwork of actin filaments (Figure 4C). We observed a similar association between coated
pits and actin filaments in MIIB KO cells, although the coated pits tended to be larger and
less symmetrical (Figure 4D). Immunogold EM labeling of MIIB in unroofed Wt fibroblasts
revealed MIIB closely associated with coated pits. Frequently the label was found in
association with actin filaments contacting coated pits on one or two sides and within 150
nm of the coated pit surface (Figure 5A). Although unroofing causes variable amounts of
actin filament removal, densely branched actin filaments are often found to be associated
with coated pit structures following unroofing (13, 32, 33). Our results show that MII is also
associated with these patches of branched actin filaments.

MII is required for coated pit curvature progression and normal symmetry during CME
We compared the ultrastructure and actin-association of coated pits in thin sections and in
replicas of unroofed fibroblasts prepared by freeze-etch and rotary shadowing (Figure 5B,
C). Highly-invaginated coated pits were distorted in the MIIB KO cells. To quantify the
difference in morphology, we compared the size of shallow coated pits (Figure 5I) and the
degree of asymmetry (Figure 5J). Coated pits in the MIIB KO cells were larger in diameter
and more asymmetric. The actin filaments associated with coated pits, including the
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population of short branched filaments that might be involved in vesicle internalization (33),
appeared to have a relatively normal distribution. In the MIIB KO cells, coated pits reside on
the surface for longer times. To determine if a specific stage of coated pit maturation was
delayed, we cut thin sections perpendicular to the substrate and scored the percentage of
coated pits at each stage of maturation (Figure 5D, E). The MIIB KO cells had fewer coated
vesicles and a greater percentage of shallow and curved coated pits compared to the Wt cells
suggesting that MIIB contributes to the early stages of coated pit curvature (Figure 5 F, G).
Highly invaginated coated pits were rare in MIIB KO cells but when found were distorted
(Figure 5E). Wt cells treated with blebbistatin had a similar increase in shallow and curved
coated pits (Figure 5H). MII can generate tension on actin filaments adjacent to coated pits
that might aid in the progression of coated pit curvature necessary for the fission process.
Recent evidence suggests that MII-based force generation is required for recruitment of
membrane sculpting N-BAR proteins to the plasma membrane (34). Our results indicate
that, in the absence of MII activity, curvature can still occur, but it progresses more slowly
and generates an asymmetric invaginated coated pit that may compromise the final steps of
the fission process.

MII is a primary regulator of tension in the cortical actin network. The effect of the tension
can be local or global depending upon the cell state and its environment (23, 35). Cortical
actin turns over at different rates (29). Latrunculin A treatment may have the greatest effect
on more labile actin, which predominates and may be the primary form involved in
actomyosin-generated cortical tension. Thus perturbation of either MII or actin may
decrease cortical tension. A simple interpretation of our results is that local tension
generated in the plane of the plasma membrane by MII regulates coated pit symmetry and
progression. Our results show that MII is integrated into the membrane-associated actin
network located immediately adjacent to coated pits. In the absence of MII or its ATPase
activity, shallow coated pits reside on the membrane surface for longer times. If they do
become highly invaginated, they are likely to be asymmetric. MII-based force generation is
required for recruitment of membrane sculpting N-BAR proteins to the plasma membrane
(34). Therefore recruitment of these proteins may be compromised in the absence of MII
activity. Alternatively, MII activity may be required for these proteins to fully coordinate
their actions to promote normal membrane deformation and scission. The activity of
dynamin and its interaction with the actin cytoskeleton may be similarly compromised.
Because of its integration into the cortical actin network, MII is uniquely positioned to
regulate tension at levels that are optimal for endocytosis. Recently it has been shown that
actin polymerization is important for endocytosis on the apical membrane of polarized cells
that are under tension, but not the basal surface (7). Because actin polymerization also
contributes to the thicker cortex and specializations of the apical surface, it remains unclear
how membrane tension is regulated or how actin polymerization facilitates endocytosis
without also increasing membrane tension. Our findings indicate that the role of MII in
regulating CME is likely as important, or more important than the role of actin
polymerization. MII-dependent tension appears to regulate CME in nonpolarized cells and,
so, may have an essential role in most mammalian cell types. Moreover, it may have an
especially important role in cells that require rapid endocytosis to compensate for membrane
addition following intense exocytosis. The phenomenon of synaptic vesicle recycling
following evoked release of neurotransmitter from hippocampal neuron synapses is one such
example (36).

While MII clearly has a role in regulating CME, the exact mechanism by which it facilitates
coated pit progression and internalization remain to be clarified. One possibility is that
actomyosin works in a manner analogous to a purse-string around the coated pit. If cortical
tension is below normal (e.g., due to membrane expansion) then contraction of the network
around the coated pit increases the tension (pulls the strings). If the tension is above normal
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(e.g., due to increased actin polymerization), then the network relaxes (loosens the strings).
Thus, MII may act to keep tension within an optimal range as required for membrane
curving. The MII contraction then adds tension to aid coated pit progression and recruitment
of membrane curvature proteins to form the neck. MII may then stiffen the cortex around the
mouth (in the plane of the plasma membrane) to maintain tension as actin polymerization
“pushes” the invaginating membrane internally. This may allow the relatively weak forces
generated by dynamin or BAR proteins to further deform the membrane until the tension
increases to a level required for scission at the dynamin/membrane interface (21). Further
work will be required to reveal the details of this mechanism as well as the upstream
regulatory elements for specialized cell functions that are CME-dependent such as
compensatory endocytosis and constitutive receptor-mediated endocytosis.

Materials and Methods
Cell Culture

The genotype of embryos was determined by a combination of PCR against the PGK-Neo
cassette and immunoblotting (37, 38). Fibroblast cultures were prepared from fibroblasts
isolated from Wt or MIIB KO embryos (39). Cells were maintained in DMEM +10% FCS
on cell culture treated dishes or flasks. For experiments, cells were plated on polylysine- and
fibronectin-coated glass bottom dishes (Fluorodishes, WPI). All procedures involving use of
animals have been approved by the Washington University Animal Studies Committee.

Fluorescent transferrin uptake
Unless indicated, fibroblasts were serum starved for 1 hr and then labeled with fluorescent
transferrin using either Alexa-546 or -488 conjugates at 4 °C for either 10 min (100 μg/ml)
or 30 min (25 μg/ml). They were rinsed 4× with cold medium (1% serum) and 3× with room
temperature medium (1% serum). Warm medium (10% serum) was then added after pre-
equilibrating it with CO2. Biotin tagged transferrin was used at 50 μg/ml and unless noted
was incubated for 10 min at 4 °C. The cultures were incubated in a 37 °C CO2 incubator for
the indicated times prior to fixation or live imaging (using a stage top incubator). To remove
surface-bound transferrin, the cells were rinsed prior to fixation with an acidic solution
containing an iron chelator (deferoxamine mesylate) followed by a solution containing both
the iron chelator and unlabeled transferrin (100 μg/ml) (24). To detect the biotin tagged
transferrin, fixed cells were permeabilized with 0.2% Triton, incubated with a blocking
solution and then labeled with Cy3-strepavidin for 1 hr. For blebbistatin treatment or
latrunculin A treatment cultures were preincubated with the drugs as described (see figure
legends) prior to adding fluorescent conjugated transferrin. The drug was maintained in the
medium during the incubation with the conjugated transferrin.

Electron Microscopy
For thin section EM fibroblast cultures were fixed with 2.5% glutaraldehyde and then
postfixed with 0.5% OsO4+ 0.5% K+ ferricyanide for 15 min. After reaction with 0.1%
tannic acid (15 min) cultures were stained en bloc with 50 mM uranyl acetate in acetate
buffer for 15 min. Dehydration and embedding in Araldite was done using conventional
procedures. For rotary shadow EM, cultures were subjected to sonication to remove the
apical membrane and then immediately fixed (40). They were then rapid frozen and freeze-
etched prior to rotary shadowing with platinum. Images were taken on a JOEL 1400
transmission electron microscope equipped with 4K AMT digital camera. Images were
processed in Adobe Photoshop to adjust brightness and contrast but not gamma.
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Knockdown of MIIA and MIIB in Mouse Embryonic Fibroblasts
Knockdown of MIIA and MIIB in MEFs was achieved using a shRNA-MIIA and MIIB
heavy chain lentiviral vector obtained from Open Biosystems (Clone#-071504 and 123074
respectively; Thermo Scientific, Waltham, MA). Lentiviruses were produced in 293T/17
cells as outlined previously using 2nd generation transfer plasmids (41, 42). MEFs (4×105

cells) were infected with shRNA-MIIA or MIIB virus for 72 hrs. Cells were grown to
confluence, split and incubated in the presence of 5 μg/ml puromycin to establish stable cell
lines. Knockdown of MIIA and MIIB protein levels was verified by Western blot analysis
and immunofluorescence confocal microscopy.

Transfection and Immunolabeling
The cultures were transfected with plasmids expressing YFP-CLC (Addgene plasmid
#20921) or RFP-CLC (Addgene plasmid 14435), GFP-MIIB heavy chain or the GFP-R709C
mutated MIIB heavy chain (31) by Lipofectamine 2000. Imaging was done within 18 hrs of
transfection. For rescue experiments cells were infected with an adenovirus construct
(VQAd5-CMV) with an insert that encoded the MIIB heavy chain. Fixed cultures were
labeled with polyclonal antibodies to the MIIB or MIIA heavy chains (CPI), transferrin
receptor (BD), and monoclonal antibodies to clathrin heavy chain (BD) and transferrin
receptor (Invitrogen) as described previously (37).

Light microscopy
For monitoring transferrin uptake, cultures were imaged on either a Zeiss LSM 510 NLO
microscope system equipped with an inverted stand and a stage-top incubator or an Olympus
FV1200 confocal similarly equipped. Both fluorescence and DIC images were taken for
each field. For live imaging on the Zeiss LSM system or for capture of total fluorescence
from fixed cells, single-plane confocal images were acquired using a 40X water-immersion
lens (N.A. 1.2) with the pinhole size adjusted to produce an optical section that was roughly
the thickness of well spread cells (2.2 μm). To allow repeated imaging of the same cells over
time, the stage coordinates were recorded. For live imaging on the FV1200 LSM system, a
60X 1.3 N.A silicon oil objective was used. For fixed cultures on the Zeiss LSM, a 63× oil-
immersion lens (N.A. 1.4) was used. For multi-plane confocal imaging, the pinhole was set
to give an optical section thickness of 0.8 μm and the Z-step size was set to 0.6 μm. For
confocal imaging of fixed cultures on the FV1200 LSM system, two lenses were used. For
optical sectioning we used a 60X, 1.4 N.A lens (PLAPON60XOSC) with reduced chromatic
aberration. The point spread function for green and red fluorescence was checked using 0.3
μm beads and showed symmetrical distribution of fluorescence in both channels. The
pinhole was set to give a 0.4 μm optical section and the Z-step was also set to 0.4 μm. For
lower magnification images, a 40× 1.25 N.A silicone oil lens was used with a wide pinhole
setting (2.8 μm).

An Olympus IX71 inverted light microscope equipped with a 60× oil-immersion lens (N.A.
1.4) and a Sensicam CCD camera (Cooke Corp) was used for epifluorescence imaging of
fixed cells. A second Olympus IX71 inverted microscope equipped with two laser lines (488
and 543 nm), a 60× oil-immersion TIRF objective (N.A. 1.46), a stage-top incubator, and a
Hamamatsu EMCCD camera was used for TIRF microscopy. Fluorescence images of live
cells were acquired using serum-containing medium (free of phenol red) following serum
starvation. Addition of labeled transferrin to monitor endocytosis was used where indicated.
Kymographs were generated in ImageJ using Multikymograph and analyzed using published
criteria where the lifetime was defined as an intensity with a threshold equal to 20% of the
maximum (43). At least 3 kymographs were generated for each cell. To verify the accuracy
of the kymograph analysis, some spots were analyzed manually using the time-lapse
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sequences. Fixed cells were imaged in phosphate buffered saline. Image brightness and
contrast were adjusted using Adobe Photoshop. Gamma settings were not changed.

Measurements of fluorescence intensity were performed using ImageJ. To determine the
average fluorescence intensity per pixel for each cell, cells were outlined by hand using the
DIC image as a guide. Overlapping cells were avoided. The background was measured in an
adjacent (noncellular) area of the substrate and subtracted from the average intensity value
measured for each cell. For intensity measurements using TIRF microscopy, a modified
procedure was used; a ROI with set dimensions was measured in the brightest area of each
TIRF image of a cell.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Transferrin uptake is defective when MII activity is inhibited or decreased. (A) An
immunoblot comparing the levels of MIIA, MIIB and MIIC in mouse lung, Wt and MIIB
KO fibroblasts. MIIC is undetectable in fibroblasts. MIIA levels appear to be the same in Wt
and MIIB KO fibroblasts (see lower panel). (B) Analysis of biotin labeled transferrin uptake.
Cells were serum starved for 1 hr and then labeled at 4°C for 10 min with 50 μg/ml biotin
transferrin. The cultures were rinsed and then warmed to 37 °C for the indicated times.
Cultures were washed with the acidic iron chelation solutions prior to fixation. They were
then processed for Cy3-strepavidin labeling. The difference at 15 min was significant. T-
test, P<0.0001, Wt, N= 138, MIIB KO, N=125. (C) Comparison of the fluorescence
intensity of transferrin binding at 4 °C. Serum starvation results in a significant difference
(*, t-test, P<0.001, N=18–20 cells per condition from two separate cultures) in the levels of
biotin transferrin binding between the Wt and MIIB KO cells. (D) Quantitative analysis of
fluorescent transferrin (Alexa 488) uptake at 15 min as in Supplemental Figure 1C
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comparing Wt cells to MIIB KO cells (+/− blebbistatin treatment) and knockdown of MIIA
and MIIB (see Figure 1E for details of knockdown). Blebbistatin was preincubated for 15
min a 37 °C and then readded during transferrin labeling (4 °C) and was maintained during
warmup (15 min). Transferrin uptake is significantly decreased after KO or acute inhibition
of MII activity (ANOVA, P<0.01, N> 100 cells per condition from 3–5 cultures). Error
bars=S.E.M. (E) MII knockdown: Stable MIIA and MIIB knockdown cell lines were
generated by infecting MEFs with a lentivirus expressing a shRNA targeted to either mouse
MIIA or MIIB heavy chain. MIIA and MIIB protein levels in stable myosin II knockdown
MEFs were reduced by 95% and 97%, respectively, compared to control (WT) MEFs.
Knockdown of MIIA had no affect on MIIB content while depletion of MIIB had a minimal
affect on MIIA content (15%). MII protein levels were routinely monitored to ensure MIIA
and MIIB knockdown was consistent between experiments.
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Figure 2.
Steady state transferrin uptake is defective in MIIB KO fibroblasts and can also be
influenced by latrunculin A treatment; transferrin receptor levels are normal. (A)
Comparison of Alexa-488 transferrin uptake in Wt and MIIB KO cells incubated with the
label at 37 °C. Cells were rinsed and then fixed at the indicated times. MIIB KO cells had
lower fluorescence at every time point. Both Wt and MIIB KO cells appear to reach a steady
state between internalization and processing (exocytosis of fluorescent transferrin) at about
25 min. N values (cells) at the different time points (2.5, 5, 10, 25 min) from 3 experiments,
Wt= 204, 135, 152, 130, MIIB KO=140, 166, 115, 145. (B) Treatment with a low
concentration of latrunculin A (250 nM) reduces the uptake of transferrin in both Wt and
MIIB KO cells. Cells were pre-incubated with latrunculin A for 30 min at 37 °C (without
serum starvation) and then incubated with Alexa-488 conjugated transferrin (± latrunculin
A) for the indicated times at 37 °C. The cultures were washed with the acidic iron chelation
solutions prior to fixation. Wt cells showed a significant decrease in transferrin uptake at
both 5 and 15 min (t-test, P<0.001, N≥70 cells per time point). MIIB KO cells showed a
significant decrease in transferrin uptake at 15 min (t-test, P=0.02, N≥70 cells per time
point).(C) MIIB KO cells show decreased capacity to bind and internalize dye labeled
transferrin after initial loading with unlabeled transferrin. Cells were incubated at 37 °C for
15 min with unlabeled transferrin (100 μg/ml), rinsed and then labeled at 37 °C with
Alexa-488 transferrin for 10 min. Cells were rinsed 4× and then fixed. Wt cells are more
than 2× brighter indicating a much higher capacity to bind and internalize labeled
transferring after binding and processing unlabeled transferrin. Difference was significant (t-
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test, P<0.001, Wt, N=121, MIIB KO, N=118). (D) Comparison of transferrin receptor
immunofluorescence labeling (without transferrin labeling or serum starvation). Cells were
labeled with an antibody to the transferrin receptor and then imaged by TIRF microscopy.
There was no difference in the brightness between Wt and MIIB KO cells. (t-test, P=0.8,
N=10 cells each). (E) An immunoblot of the transferrin receptor. Equal amounts of protein
were loaded in each lane. The bands were of equivalent intensity. (F) Dual channel TIRF
microscopy of transferrin receptor immunofluorescence (green) and biotin transferrin (red)
from cells fixed after 5 min at 37 °C. RGB line profiles of lines drawn diagonally (left to
right) through the images are shown below the TRIF images. In the Wt, spots show good
correspondence between intensities in both channels. In the MIIB KO cells some receptor
spots show relatively low levels of transferrin label (arrows). Bar=8 μm.
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Figure 3.
TIRF microscopy of clathrin light chain (YFP-CLC or RFP-CLC) reveals an increased
lifetime that is accentuated by transferrin labeling (cargo loading) on the basal surface of
fibroblasts in MIIB KO cells. (A) Panels on left show kymographs of YFP-CLC in Wt and
MIIB KO cells and also in MIIB KO cells following partial rescue by transient expression of
the MIIB heavy chain. The MIIB KO shows greater persistence of spots (longer streaks).
Images were taken at 5 s intervals. Panels on right show recordings from regions of interest
containing a few spots. In the MIIB KO some spots (circled in red) persist for prolonged
periods. Time is in seconds. Note that time 0 represents the beginning of the example
sequence not the initiation of recording (the spots appeared during the recording). (B)
Quantitative analysis of YFP-CLC lifetime. The average lifetime per cell (±S.E.M) is shown
along with the average for the group (thick horizontal black line). At minimum, 50 spots
were analyzed in each cell. MIIB KO cells show a significant increase in lifetime (t-test;
P=0.02, the number of cells is represented by the points on the graph; from 3–4 cultures).
This is an underrepresentation of the difference because 2–10% of the YFP-CLC spots in the
MIIB KO cells persisted throughout the entire recording and were not included in the
analysis. Rescue by transient expression of the MIIB heavy chain in the MIIB KO cells was
done blindly (using an adenovirus vector to infect cells) because the vector did not express a
fluorescent marker protein. Typical infection rates were 75–80% and most cells showed a
shorter lifetime compared to MIIB KO cells. A few cells had longer lifetimes and were
negative for MIIB heavy chain expression as determined by post hoc fixation and
immunolabeling. (C) Comparison of lifetimes in transferrin-labeled and unlabeled cells.
YFP-CLC lifetimes in the MIIB KO cells increase after transferrin labeling. Cells were
labeled with Alexa-546 transferrin (100 μg/ml) and then recorded. The difference was not
significant in the Wt cells (t-test, P=0.09, N=8 cells each from 3 cultures) but was significant
in the MIIB KO cells (t-test, P=0.02, N=8 each from 3 cultures). (D) On left are examples of
kymographs for Wt and MIIB KO cells expressing RFP-CLC. On the right are RFP-CLC
spots from cells analyzed for lifetime by TIRF microscopy. Co-expression of either GFP-
MIIB or GFP-R709C MIIB with RFP-CLC decreased the signal to noise. (E) Quantitative
analysis of lifetimes from kymographs. Expression of the Wt MIIB decreased lifetimes
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MIIB KO cells (rescue), but expression of the mutated MIIB had no detectable affect on
lifetimes. Difference were significant, t-test left to right * P≤0.001, Wt, N=12 cells from 4
cultures, MIIB KO N=11 cells from 4 cultures, ** P≤0.001, GFP-MIIB expression in MIIB
KO cells N=8 cells from 3 cultures, ***P≤0.001, GFP-R790C expression in MIIB KO cells,
N=8 cells from 3 cultures.
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Figure 4.
Morphological relationship between coated pits, actin and MIIB. (A) Wide-field (WF)
fluorescence microscopy (left panel) of YFP-CLC and immunofluorescence staining shows
an apparent interdigitation of coated pits (green) with MIIB positive (red) stress fibers
labeled with an antibody to the MIIB heavy chain. Bar=3 μm. TIRF microscopy (middle
panel) shows that some of the coated pits (YFP-CLC, green) associate with bright spots of
MIIB immunofluorescence (red) on the basal surface in intact cells. Bar=2 μm. Wide field
microscopy of unroofed fibroblasts processed for immunofluorescence. In areas largely
devoid of membrane associated stress fibers, a close relationship is observed between many
coated pits (green) labeled with an antibody to the clathrin heavy chain and bright MIIB
spots labeled with an antibody to the MIIB heavy chain (red). The high magnifications show
the percentage that coated pits associated with the MIIB spots in different configurations
(top to bottom); a. clathrin heavy chain spots unassociated with MIIB, b. associated on one
side, c. associated on two sides, d. associated on more than two sides. Bar=4μm. (B)
Confocal (single optical slice) images taken close to the substrate using a 60X 1.4 N.A. lens
with low chromatic aberration. The association between YFP-CLC (green) and MIIB (left
panel, red)) or MIIA (right panel, red). 38±3% of the YFP-CLC spots overlapped or
contacted MIIB spots, while 33±4% showed the same association with MIIA spots. (C)
Deep etch, rotary shadow images of unroofed Wt fibroblasts showing the relationship
between actin filaments and coated pits. In low magnification images (top panel) coated pits
appear to interdigitate between stress fiber associated actin. Bar=175 nm. At higher
magnification (bottom panel) individual or branched networks of actin filaments
(arrowheads) closely associate with curved coated pits. Bar=100 nm. (D) A similar
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comparison for MIIB KO cells. Coated pits appeared more asymmetric (double arrow) and
show associations with branched networks of actin filaments (arrowheads). Top, Bar=175
nm, bottom, Bar=150 nm.
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Figure 5.
MIIB is closely associated with coated pits in the Wt and clathrin-coated pit (CCP) structure
is abnormal in MIIB KO cells. (A) Immunogold labeling for MIIB in Wt cells. Particles are
circled in red for better visibility. Gold particles were identified in anaglyphs. From two
separate preparations: on left, 18 nm gold, on right, 12 nm gold. Bar=90 nm. (B)
Comparison of highly-invaginated pits in thin section (left) and in rotary shadowed replicas
(right arrows indicate coated pit). Far right panel is an anaglyph. (C) The same comparison
in MIIB KO cells. Note that the coated pits are distorted. Bar=150 nm. (D) CCP profiles in
thin sections from Wt cells. S= shallow, C=curved, I=Invaginated, CCV=clathrin coated
vesicle. (E) CCP profiles in MIIB KO cells. Arrowheads indicate distorted pits. Bar=100
nm. (F) Distribution of CCP profiles in Wt cells as a percentage of total (N=142 from 20
cells) observed. (G) Distribution of CCP profiles (N=132 from 15 cells) in MIIB KO cells as
compared to Wt. The frequency of shallow and curved coated pits is increased, whereas the
frequency of CCVs is greatly decreased. (H) Blebbistatin treatment results in a greater
frequency of shallow and curved coated pits compared to untreated fibroblasts. The
frequency of CCV’s is decreased. Untreated Ct, N=138 from 18 cells, bleb treated, N=144
from 16 cells. (I) Shallow coated pits measured in rotary shadowed replicas from unroofed
fibroblasts are larger in diameter in MIIB KO cells. (T-test, P<0.001, N=20 each). The same
result was obtained from measurements made from thin sections, except that the diameters
for shallow coated pits in both Wt and MIIB KO cells were approximately 30% less than in
replicas. (J) Histograms showing the distribution of coated pit symmetry (width in x divided
by width in y) measured in rotary shadowed preparations. Coated pits are more
asymmetrical in MIIB KO cells.
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