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membrane from 8 to ~3.7 mm (fig. S4, B and C). Thus, depolymer-
ization of microtubules, which reduced coverage of the lateral mem-
brane by ankyrin-G–labeled domains (Fig. 1C), also reduced lateral
membrane height.

Currently known configurations of spectrin as a polygonal network
in erythrocyte membranes (8) or as a cylindrical lattice in axons (2)
would prevent assembly of clathrin pits based on dimensions of these
molecules (see schematic below). As an initial test of the idea that
spectrin/ankyrin-G domains would exclude clathrin coats, we determined
the spatial relationship between ankyrin-G and either clathrin heavy
chain or clathrin cargo receptors (Fig. 2). As a positive control, ankyrin-G
colocalized with wild-type bII-spectrin, but not Y1874A mutant bII-
spectrin lacking ankyrin-binding activity, when these polypeptides
were expressed in bII-spectrin–depleted cells (5) (Fig. 2). Although
ankyrin-G and clathrin heavy chain were both localized to microdo-
mains, these domains exhibited almost no colocalization on the lateral
membrane (Pearson coefficient, 0.1; Fig. 2). Furthermore, two known
clathrin cargoes, transferrin receptor (TfR) and the low-density lipo-
protein receptor (LDLR), were also present in microdomains that ex-
hibited minimal colocalization with ankyrin-G [Pearson coefficients,
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0.2 (TfR) and 0.1 (LDLR); Fig. 2]. These results demonstrate that
spectrin/ankyrin-G domains exclude clathrin and its cargoes.

The gaps between spectrin/ankyrin-G domains are often filled
within 5 min (Fig. 1, B and C), which is similar to the time required
to form clathrin-coated pits and plaques (9, 10). The striking segrega-
tion of spectrin/ankyrin-G domains and clathrin in fixed samples
combined with movement of microdomains with similar kinetics to
endocytosis suggested the hypothesis that spectrin/ankyrin-G domains
would globally inhibit clathrin-mediated endocytosis over the entire
lateral membrane. Therefore, we developed a system for inducible ex-
pression of the truncated, soluble ankyrin-binding domain from bII-
spectrin, which competes for native ankyrin-G–b-spectrin interactions
(11). To acutely express this construct within one cell division cycle,
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Fig. 1. Ankyrin-G/bII-spectrin microdomains sample the entire lateral
membrane through microtubule-dependent localized movement.

(A) Schematic depicting the en face visualization of the columnar epithelial
cell lateral membrane. Representative deconvolved en face (right) image
from MDCK cells stained with antibodies against endogenous ankyrin-G.
Scale bar, 2.5 mm. Region of interest depicts size of area analyzed in (B).
(B) Representative deconvolved en face confocal images of live MDCK cells
transfected with ankyrin-G–GFP shown at time 0 (green) or 5 min (red) for
control cells (top) or cells treated for 3 hours with nocodazole (Nocod.)
(100 ng/ml) (second row) or 1 mM latrunculin A (LatA) (third row). Cells fixed
with paraformaldehyde (bottom) were used as an imaging control.
Summed coverage at 0 and 5 min shown on the right. Scale bar, 1 mm.
(C) Quantification of percent lateral membrane coverage from cells in
(B). One-way analysis of variance (ANOVA) followed by Tukey post hoc test;
*P < 0.05 compared to control, n = 4 to 9 cells per condition.
Fig. 2. Ankyrin-G co-patterns with bII-spectrin in lateral membrane
microdomains that are distinct from clathrin and its cargoes. (A) Repre-

sentative deconvolved en face confocal images of MDCK cell lateral mem-
branes stained for endogenous ankyrin-G (AnkG) (green). bII-spectrin–GFP,
bII-spectrin Y1874A–GFP, clathrin heavy chain (CHC), LDLR (LDLR-GFP), and
transferrin receptor–yellow fluorescent protein (TfR-YFP) are shown in red.
Positive displacement from the mean colocalization is shown in yellow.
Merged image is on the right. Scale bars, 2.5 mm. (B) Quantification of
Pearson coefficient of colocalization from (A).
2 of 7

http://advances.sciencemag.org/


R E S EARCH ART I C L E

D
o

we generated a stable cell line expressing a fusion protein of the
ankyrin-binding domain of bII-spectrin with an FKBP-based destabi-
lization domain (Fig. 3A) that confers instability and continuous deg-
radation of the fusion protein in the absence of the Shield-1 ligand
(12). The addition of Shield-1 resulted in a rapid time- and dose-
dependent increase in expression of the DsRed-tagged dominant-
negative polypeptide (Fig. 3, B and C). We measured fluorescein
isothiocyanate (FITC)–transferrin uptake by incubating MDCK cells
grown on Transwell filters for 60 min with FITC-labeled transferrin
in the basolateral medium. MDCK cells in the absence of Shield-1
displayed modest transferrin uptake from the lateral membrane
(Fig. 3, C and D). The expression of the ankyrin-binding domain
by the addition of Shield-1 for 24 hours increased transferrin endocytosis
from the lateral membrane by >50% (Fig. 3, C and D). The increase in
transferrin endocytosis was specifically caused by the disruption of the
ankyrin-G/bII-spectrin interaction because activity was abolished by a
Y1874A mutation of the ankyrin-binding domain that eliminates
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binding to ankyrin (13, 14) (Fig. 3, C and D). These results demon-
strate that perturbing interaction between ankyrin-G and bII-spectrin
promotes endocytosis of transferrin from the lateral membrane.

Next, we examined whether the increase in endocytosis from the
lateral membrane was limited to receptors or represented bulk behav-
ior of the entire membrane compartment. To address this question,
we used an amphipathic plasma membrane marker (a proprietary com-
pound termed CellMask) to label the plasma membrane and evaluated
membrane internalization in MDCK cell lines 45 min after adding
CellMask. Cells expressing control short hairpin RNA (shRNA)
against luciferase exhibited only a sparse population of vesicles near
the lateral membrane (Fig. 4A). In contrast, ankyrin-G–depleted cells
(>80% depleted; Fig. 5C) exhibited a marked increase in vesicles near
the lateral membrane (Fig. 4A). The increase in vesicles from the lat-
eral membrane was reversed by treatment with dynasore, which inhibits
both clathrin-dependent and some forms of clathrin-independent en-
docytosis (15) (Fig. 4A). Similar results were obtained with cells ex-
pressing shRNA against bII-spectrin (Fig. 4B) exhibiting >90% loss
of bII-spectrin (5). Thus, loss of ankyrin-G or bII-spectrin causes a
robust increase in dynasore-sensitive endocytosis of bulk lipids from
the lateral membrane of columnar epithelial cells.
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Fig. 3. Disruption of ankyrin-G/bII-spectrin interaction or silencing of
ankyrin-G increases bulk endocytosis from the epithelial lateral mem-

brane. (A) Schematic for tunable expression of a dominant-negative frag-
ment consisting of the ankyrin-binding domain (ABD) of bII-spectrin that
disrupts the interaction between bII-spectrin and ankyrin-G. (B) (Left)
Dose-response curve for increase in DsRed expression as determined by
Western blot in response to 24-hour addition of indicated doses of
Shield-1. (Right) Time course of Western blot levels of FKBP-DsRed-ABD
in cells treated with 1 mM Shield-1. a.u., arbitrary units. (C) Representative
X-Y confocal images of FITC-transferrin uptake (top, green) from the baso-
lateral membrane of MDCK cells in the absence (left) or presence (middle)
of the ankyrin-binding domain dominant negative, or in the presence of a
control that lacks ankyrin-binding activity (right). DsRed-tagged dominant-
negative expression is shown on the bottom (white). Scale bars, 20 mm. Cell
borders are shown in white. WT, wild type. (D) Quantification of FITC-
transferrin uptake from (A) in the absence (white) or presence (black) of
the ankyrin-binding domain dominant negative, or in the presence of a
control that lacks ankyrin-binding activity (red). One-way ANOVA, Tukey
post hoc test; *P < 0.05, n = 86 to 120.
Fig. 4. Depletion of ankyrin-G or bII-spectrin causes a marked increase
in lipid uptake from the lateral membrane, which is reversed by dynasore

treatment. (A) Representative X-Y images of MDCK cells demonstrating inter-
nalization of CellMask (red) in the presence of luciferase (Luc) shRNA (left),
ankyrin-G shRNA (middle), or ankyrin-G shRNA plus 80 mM dynasore (right).
Arrowheads mark internalized vesicles. Higher magnification of yellow
region of interest (ROI) is shown below. Scale bar, 10 mm. (B) Representative
X-Y images of MDCK cells demonstrating internalization of CellMask (red) in
the presence of luciferase shRNA (left), bII-spectrin shRNA (middle), or bII-
spectrin plus 80 mM dynasore (right). Arrowheads mark internalized vesi-
cles. Higher magnification of yellow region of interest is shown below.
Scale bar, 10 mm.
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