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Actin polymerization controls the activation of 
multidrug efflux at fertilization by translocation 
and fine-scale positioning of ABCB1 on microvilli
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ABSTRACT  Fertilization changes the structure and function of the cell surface. In sea urchins, 
these changes include polymerization of cortical actin and a coincident, switch-like increase 
in the activity of the multidrug efflux transporter ABCB1a. However, it is not clear how corti-
cal reorganization leads to changes in membrane transport physiology. In this study, we used 
three-dimensional superresolution fluorescence microscopy to resolve the fine-scale move-
ments of the transporter along polymerizing actin filaments, and we show that efflux activity 
is established after ABCB1a translocates to the tips of the microvilli. Inhibition of actin poly
merization or bundle formation prevents tip localization, resulting in the patching of ABCB1a 
at the cell surface and decreased efflux activity. In contrast, enhanced actin polymerization 
promotes tip localization. Finally, interference with Rab11, a regulator of apical recycling, in-
hibits activation of efflux activity in embryos. Together our results show that actin-mediated, 
short-range traffic and positioning of transporters at the cell surface regulates multidrug ef-
flux activity and highlight the multifaceted roles of microvilli in the spatial distribution of 
membrane proteins.

INTRODUCTION
Cortical actin regulates membrane physiology. Actin is necessary 
for traffic and positioning of membrane proteins and acts as a scaf-
fold for membrane protrusions such as microvilli. During develop-
ment, the assembly and disassembly of actin at the cell surface 
controls both egg activation and the subsequent progression 
through embryogenesis. Following fertilization, successive waves of 
actin-mediated membrane insertion and retrieval lead to changes 

in membrane physiology. Similar actin-mediated structural changes, 
resulting in altered membrane function, are seen in many cell types, 
ranging from metastasizing cancer cells (Polyak and Weinberg, 
2009) to neurons (Dillon and Goda, 2005). However, until recently, 
the fine-scale dynamics of actin-mediated protein traffic have been 
difficult to characterize, because they occur at spatial scales below 
those resolved by light microscopy.

In this study, we exploited the dramatic changes in membrane 
physiology at fertilization of sea urchin embryos to probe the rela-
tionship between actin and multidrug/ATP binding cassette (ABC) 
transporter activity. Twenty-five minutes after fertilization of sea 
urchin eggs, efflux transport increases 80-fold (Hamdoun et  al., 
2004), coincident with the assembly and lengthening of microvilli. 
Moreover, our previous studies indicated that this rapid increase 
in efflux activity is mediated by multidrug-like ABC transporters 
and does not require de novo gene expression or translation of 
maternal mRNA (Hamdoun et  al., 2004; Shipp and Hamdoun, 
2012), but rather it is mediated by posttranslational mechanisms. 
Actin has been implicated in activation of transport at fertilization, 
because inhibitors of F-actin polymerization prevent increases in 
both multidrug and amino acid transport (Epel, 1972; Hamdoun 
et al., 2004).
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well as the extension, and then retraction, of actin rootlets into the 
fertilized egg.

Using confocal microscopy, we characterized changes in F-actin 
polymerization and ABCB1a localization at fertilization. We found 
that eggs have short (371 nm), hexagonally arrayed microvilli, com-
posed of F-actin with few or no cortical extensions (Figure 2). 
Microvilli grew 10-fold following fertilization to a maximum of 
3.71 μm at 45 min PF, and then receded slightly to an average length 
of 2.95 μm at 60 min PF (Figure 2B). In contrast, cytoplasmic actin 
filaments peaked in length at 15 min PF, extending 5.62 μm into the 
cytoplasm, then receding to 1.90 μm by 60 min PF (Figure 2B).

Coincident with these actin dynamics, ABCB1a showed pro-
nounced changes in distribution, moving from large patches subja-
cent to the membrane in unfertilized eggs to discrete spots at the 
surface of the embryo. Prior to fertilization, 60% of ABCB1a was 
located in large subcortical patches, interspersed among the nega-
tively staining cortical granules and below the short microvilli 
(Figures 2A, 3, A and E, and S2). At 15 min PF, these transporter 
pools started to disperse (Figure 2A); however, > 70% of the trans-
porter was still located at or below the base of the microvilli (Figure 
3, B and F). After the increase in activity (45 min PF), 96.5% of the 
transporter relocated to the base of the microvilli and into the mi-
crovillar membrane, with 28% of the total ABCB1a protein located 
within 1 μm of the tip (Figure 3, C and G). By 60 min PF, a bimodal 
distribution of ABCB1a was apparent, with 53% of the transporter 

In this paper, we show that the translocation of an ABC trans-
porter along actin filaments to the tip of the microvillus is required 
for activation of efflux at fertilization. Using structured illumination 
microscopy (3D-SIM) to generate three-dimensional reconstruc-
tions of individual actin filaments, we measured the fine-scale 
movement of the ABC transporter, ABCB1a, along actin filaments 
following fertilization. Inhibitors of actin polymerization caused 
the loss of microvillar tip-localized ABCB1a, while enhanced po-
lymerization resulted in the accumulation of ABCB1a in the mi-
crovillar membrane and cell cortex. When microvillar bundle and 
actin rootlet formation were inhibited, ABCB1a localized in patches 
at the surface, and transporter activity decreased. In addition, we 
determined that the Rab GTPase, Rab11, contributes to the acti-
vation of efflux activity at fertilization. Until now, relatively little was 
known about how fine-scale (i.e., nanometer-sized) changes in 
membrane protein location at the cell surface influence protein 
function. Our findings point to the importance of short-range traf-
fic in regulation of cell function and have implications for under-
standing changes in physiological state in a variety of processes, 
including embryonic development and multidrug resistance (MDR) 
in cancer.

RESULTS
Sea urchin ABCB1a is a homologue of mammalian 
ABCB1/MDR1/P-gp
Our previous studies indicated there is an increase in several MDR-
like efflux transport activities, including a PSC833-sensitive, that is, 
P-glycoprotein (P-gp), activity following fertilization of Strongy­
locentrotus purpuratus eggs (Hamdoun et al., 2004). Phylogenetic 
analysis of sea urchin ABCB proteins with both protostome and deu-
terostome representatives indicates S. purpuratus ABCB1a is a ho-
mologue of human P-gp (ABCB1/MDR1; Figure 1A). Consistent 
with this hypothesis, overexpression of sea urchin ABCB1a reduces 
intracellular accumulation of canonical substrates such as calcein 
(Hamdoun, 2009).

Because the increase in multidrug efflux after fertilization does 
not require expression or translation of ABCB1a mRNA (Hamdoun 
et al., 2004), we examined whether glycosylation of immature pro-
tein could be an alternative mechanism for ABCB1a activation. 
Overexpression of recombinant ABCB1a in the presence or absence 
of brefeldin A (Bf-A), an inhibitor of protein transport to the Golgi, or 
cyclosporin A, an agonist of glycosylation (Loo and Clarke, 1997), 
revealed that the core molecular weight of ABCB1a is 150 kDa, 
whereas the mature protein is 185 kDa, similar to the glycoform 
profile of human P-gp (Supplemental Figure S1). Western blots of 
endogenous ABCB1a revealed that neither the abundance nor the 
major glycoform profile change at fertilization (Figure 1B), indicating 
that mature ABCB1a stored in the egg mediates the postfertilization 
(PF) increase in activity.

Extension and retraction of F-actin is coincident with 
activation of transport
In the unfertilized sea urchin egg (∼80-μm diameter), a discrete 
1-μm-thick “cortex” located just below the plasma membrane con-
tains roughly 10–30% of the total actin (Spudich and Spudich, 1979; 
Spudich et al., 1988; Otto et al., 1980; Vacquier, 1981). A fraction of 
this actin is organized into short, F-actin microfilaments (Schroeder, 
1979), while the remainder is located immediately subjacent, form-
ing an interconnecting network of microfilaments along the under-
side of the plasma membrane (Bonder et al., 1989). Following fertil-
ization, cytoplasmic alkalinization triggers the polymerization of 
actin, leading to the projection of microvilli (Begg et al., 1982), as 

FIGURE 1:  S. purpuratus (Sp) ABCB1a is a homologue of human P-gp 
and is present in its mature form in the unfertilized egg prior to 
activation at fertilization. (A) Phylogenetic relationships of Sp ABCB 
family transporters with human (Hs), Ciona intestinalis (Ci), 
Strongylocentrotus franciscanus (Sf), Allocentrotus fragilis (Af), Patiria 
miniata (Pm), Drosophila melanogaster (Dm), Nematostella vectensis 
(Nv), Daphnia pulex (Dp), Amphimedon queenslandica (Aq), and 
Saccharomyces cerevisiae (Sc). (B) Immunoblot of ABCB1a in sea 
urchin egg and embryo cell lysates probed with Ab1-C1 shows that 
ABCB1a does not increase in abundance or change in glycoform 
profile at fertilization.
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filaments. To quantitatively assess the translocation of ABCB1a 
along F-actin filaments, we used 3D-SIM to create three-dimen-
sional surface reconstructions of individual F-actin filaments and 
measure the axial location of actin-associated (i.e., transporter spots 
≤200 nm from a filament) ABCB1a (Figure S5).

In the unfertilized egg, ∼22% of F-actin-associated ABCB1a was 
within the upper third of the microvillus, that is, 100 nm from the tip 
(Figure 4A and Supplemental Movie S1). By 15 min PF, the actin fila-
ments associated with the microvilli had grown to an average of 
2.19 μm, and 15% of actin-associated ABCB1a was within 750 nm of 
the tip (Figure 4B and Supplemental Movie S2). In contrast, the 

located on the microvilli, of which approximately 33% had accumu-
lated within 1 μm of the tip (Figures 3, D and H, and S3). The tip lo-
calization seen in 60 min PF embryos is maintained in later develop-
ment, including the 32-cell stage (8 h PF; Figure S4).

Activation of ABCB1a is mediated by short-range 
translocation along actin filaments
While confocal microscopy reveals the two-dimensional patterns 
of protein translocation at fertilization, we found the resolution in 
the axial (or z-dimension) insufficient to determine the precise rela-
tionship between transporter spots associated with individual actin 

FIGURE 2:  Characterization of actin filament elongation and ABCB1a translocation after fertilization, using confocal 
microscopy. (A) F-actin (green) and ABCB1a (red) in eggs and embryos. Left, MIP; right, cross-sections. Scale bars: 5 and 
3 μm, respectively. (B) Bars represent mean length (± SD) of F-actin filaments (n = 3 eggs or embryos × 10 filaments per 
time) extending into the cortex and of microvillar projections. Zero (y-axis) denotes the base of the microvilli.
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Second, we examined how the loss of actin bundle and rootlet 
formation in microvilli changed ABCB1a localization and activity in 
ionophore-activated eggs grown in sodium-free seawater (NaFFSW). 
Microvilli in these embryos were elongated, but flaccid (Figure 5B), 
and contained an irregular network of actin filaments, rather than 
the parallel bundles of normal, erect microvilli (Begg et al., 1982). 
Immunolocalization of ABCB1a in these embryos revealed sig-
nificant patching of the transporter in the plasma membrane and 
cortex and loss of the bimodal distribution and tip localization of 
ABCB1a seen in 60 min PF controls (Figure 3, D and H). Moreover, 
the loss of bundled actin resulted in a 1.8-fold decrease in efflux 
activity (Figure 5B). Together these results confirm that actin archi-
tecture and bundle formation are crucial for maintaining transporter 
activity and localization.

Finally, we examined the effects of jasplakinolide, an actin-stabi-
lizing compound, on recruitment and accumulation of ABCB1a. 
Consistent with a role of F-actin in promoting tip localization of 
ABCB1a, jasplakinolide further increased the amount of the protein 
on microvillar tips (Figures 5A, S6, and S7). Furthermore, because 

accumulation of ABCB1a at or near the tip increased to 47 and 49% 
by 45 and 60 min PF, respectively (Figure 4, C and D; Supplemental 
Movies S3 and S4), coincident with the increase in efflux activity. In 
addition, at 60 min PF, embryos no longer had a secondary “pool” 
of actin-associated transporters at the base of the microvilli extend-
ing into the cortex, indicating that the transporter (compared with 
Figure 3H) is not associated with F-actin and was instead in the 
cytoplasm.

Actin polymerization and bundle formation is required 
for tip localization of ABCB1a
Next we investigated how three types of modifications to the actin 
polymerization state affected ABCB1a localization. First, we exam-
ined how actin polymerization inhibitors cytochalasin D and latrun-
culin A, which are known to perturb efflux activity (Hamdoun et al., 
2004), alter transporter location. Both compounds caused the loss 
of tip-localized ABCB1a and homogenous staining of the cortex, 
consistent with a role for actin in recruitment of ABCB1a to the cell 
surface (Figure 5A).

FIGURE 3:  ABCB1a translocates to the microvillar tips and has a bimodal distribution at 60 min PF, as visualized by 
3D-SIM. Cross-sections of an egg (A) and embryos (B–D) show the localization of ABCB1a in relation to actin filaments. 
Scale bar: 3 μm. ABCB1a distribution shown as mean percent of total (± SE; black line) and cumulative percent of total (± 
SE; red line) along an actin filament, as represented by an intensity profile in the egg (E) and embryos (F–H). (I) A 
summary of the change in ABCB1a distribution over time shown as mean percent of total for egg at 15, 45, and 60 min 
PF. Zero (y-axis) indicates the base of the microvilli.
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unfertilized eggs (Figure 7). By 15 min PF, these Rab11/ABCB1a-
containing patches began to disperse, and we saw both Rab11 and 
ABCB1a insert into the membrane. However, by 60 min PF, ABCB1a 
moved to the tips of the microvilli, while Rab11 primarily remained 
in a discrete band at the base of the microvilli (Figure 7), suggesting 
that Rab11 may assist in the insertion of ABCB1a into the membrane 
rather than shuttling the transporter to and from the tips.

DISCUSSION
In this study, we show that short-range traffic and precise position-
ing of transporters at the cell surface is required for complete activa-
tion of multidrug efflux after fertilization. Using superresolution mi-
croscopy to resolve movements of ABC transporters, we found that 
activation of ABCB1a in sea urchin eggs involves both actin-medi-
ated recruitment of subsurface stores of the transporter, presumably 
stored in Rab11-positive endosomes within the egg, and the subse-
quent translocation of the protein to the tips of microvilli. The total 
distance the transporter moves in the switch between its inactive 
state in the egg to its active state in the embryo is relatively short, 
on the order of 2–4 μm, or < 5% of the diameter of the egg. Indeed, 
even at 60 min PF, by which time transport is activated, subcortical 
“pools” of protein remain within a few micrometers of the surface. 
These results demonstrate how relatively short-range movements of 
multidrug transporters at the surface can result in large changes in 
efflux activity.

These results have implications for understanding the regulation 
of membrane physiology in both embryonic and adult cells. It has 
long been known that the polymerization state and density of corti-
cal actin filaments change dramatically in early development, but 
the functional significance of these dynamics remains unclear. Given 
our findings and the observation that several other types of actin-
dependent membrane transporters are up-regulated after fertiliza-
tion of sea urchin eggs (Epel, 1972, 1975), we propose that one key 
role of actin dynamics in early embryogenesis is the control of mem-
brane physiology. Extension of actin rootlets into the cortex could 

jasplakinolide inhibits the continuous retrograde translocation of ac-
tin filaments from the tips to the cell interior, these results also indi-
cate that downward motion of the treadmilling core bundle may be 
necessary for removal of ABCB1a from the ends of the microvilli. 
Collectively, these actin perturbation experiments confirmed that 
F-actin is necessary for the establishment of tip-localized ABCB1a.

Rab11 is required for activation of MDR activity
Previous studies in hepatocytes and cancer cells indicated Rab 
GTPase cycling is involved in the apical trafficking and endosomal 
cycling of ABC transporters (Fu and Arias, 2012). Additionally, Rab 
GTPases have been shown to be enriched in the cortex of sea urchin 
embryos and function in cortical granule exocytosis after fertilization 
(Conner and Wessel, 1998, 2000). In light of these observations, we 
hypothesized that Rab GTPases could also control actin-mediated 
translocation of ABCB1a to the plasma membrane. Therefore, we 
conducted a screen of Rab GTPases, interfering with their function 
by peptide competition with their effector domains, evolutionarily 
conserved regions specific to each Rab. Unfertilized eggs were in-
jected with dominant-negative Rab effector peptides against Rab4, 
-5, -7, and -11, and efflux activity was measured after fertilization. 
While effector peptides designed against Rab4, -5, and -7 had no 
effect on transporter activity, Rab11 peptides caused a dose-depen-
dent increase in intracellular calcein accumulation, indicating inhibi-
tion of ABC transport (Figure 6A). At a Rab11 effector peptide con-
centration of 200 μM, embryos accumulated 200% more calcein 
than noninjected, two-cell control embryos (Figure 6B), indicating 
that Rab11 is necessary for activation of transport.

Rab11 colocalizes with ABCB1a in eggs
In light of the observation that Rab11 effector peptides reduce up-
regulation of MDR-like efflux transport, we examined the colocaliza-
tion of Rab11 and ABCB1a following fertilization using confocal 
microscopy. Immunolabeling showed that both Rab11 and ABCB1a 
colocalize to the same patches subjacent to the membrane in 

FIGURE 4:  Three-dimensional analysis of ABCB1a dispersal relative to F-actin filaments indicates efflux activation is 
mediated by short-range, actin-dependent translocation. F-actin–associated ABCB1a advances tip-ward after 
fertilization (A–D). Bars indicate percent of ABCB1a spots within 200 nm of actin surface, and zero (y-axis) indicates the 
tip of the microvillus (n = 6 eggs or embryos × 10 filaments per time). Red line indicates the average microvillar length at 
each time. Insets, representative actin filament isosurfaces and associated ABCB1a spots (red). Scale bar: 1 μm.
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of ABCB1/P-gp (Callaghan et al., 2008) and changes in cortical actin 
organization (Polyak and Weinberg, 2009). Moreover, it seems that 
at least some of the cellular machinery that controls the surface titer 
of multidrug transporters is conserved. For example, we observed 
that inhibition of Rab11 interferes with up-regulation of transport at 
fertilization, which is similar to what has been observed in polarized 
WIF-B9 cells, in which Rab11, via its interaction with myosin Vb, was 
shown to be necessary for actin-mediated surface expression of api-
cal ABC transporters (Wakabayashi et al., 2005). One caveat of our 
results was that Rab11 effector peptides did not completely block 
up-regulation of transport activity; that is, they did not restore ac-
cumulation levels to those observed in the unfertilized egg. How-
ever, since our previous studies (Hamdoun et  al., 2004) demon-
strated that there are multiple efflux transporters in eggs, a likely 
explanation is that the activation of these other transporters, such as 
ABCC1/MRP, is not mediated by Rab11.

Another question raised by the effector peptide results was 
whether Rab11 could activate transporters indirectly, for instance, 
by trafficking an activating kinase (Shi et al., 2009). We observed 

be necessary for recruitment of subsurface stores of membrane pro-
teins and trafficking machinery, while actin projections (i.e., microvilli) 
could facilitate their optimal positioning at the surface. Consistent 
with this hypothesis, we recently observed that efflux activity is 
down-regulated in micromeres and small micromeres (Campanale 
and Hamdoun, 2012), which have fewer microvilli than other cells in 
the embryo (Schroeder, 1988).

Events similar to the actin-mediated translocation of ABCB1a 
described here are likely to be broadly relevant to many cell types. 
Previous work in epithelial cells suggests that actin-mediated sur-
face cycling of ABC transporters is necessary for control of their sur-
face concentration and activity (Guggino and Stanton, 2006; Fu and 
Roufogalis, 2007) and that disruption of this process can lead to 
disease. For example, the loss of apical targeting of ABCB4/B11 in 
hepatocytes results in cholestasis (Wang et al., 2002; Nicolaou et al., 
2011), while diminished ABCC7 (cystic fibrosis transmembrane con-
ductance regulator) leads to cystic fibrosis (Loo and Clarke, 2008). 
Similarly, acquisition of drug resistance after metastasis of cancer 
cells requires both increases in the plasma membrane concentration 

FIGURE 5:  Perturbation of actin polymerization and F-actin bundle formation disrupts ABCB1a translocation and causes 
partial loss of transporter-mediated calcein efflux. Embryos treated with 2 μM jasplakinolide, cytochalasin D, 
latrunculin A, and DMSO (control) at 10 min PF and imaged at 60 min PF. (A) Cytochalasin D and latrunculin A eliminate 
ABCB1a accumulation in the cortex, while jasplakinolide increases accumulation of ABCB1a on microvilli. Scale bar: 2 
μm. (B) Embryos (MIPs and cross-sections) activated in A23187 and grown in NaFFSW until 60 min PF were stained for 
actin and ABCB1a. Scale bar: 8 μm. (C) Average (± SE) intracellular calcein fluorescence (120 and 180 min PF) activated 
with A23187 and cultured in either NaFFSW or NaFFSW+NaCl (n = 10 embryos × 10 batches). A significant increase in 
calcein accumulation was observed in A23187-activated embryos cultured in NaFFSW (1.8-fold) at both 120 and 180 min 
PF. Letters denote significance (analysis of variance [ANOVA], p < 0.001).
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that Rab11 effector peptides do not block cell division, unlike what 
was reported for Rab3 effector peptides (Conner and Wessel, 1998, 
2000), suggesting the Rab11 effects are not mediated by interfer-
ence with major signaling proteins. Furthermore, the close colocal-
ization of Rab11 and ABCB1 in eggs (Figure 7) suggests that the role 
of Rab11 in transporter activation is more direct. Because myosin is 
a well-known effector of Rab11, and this motor is necessary for acti-
vation of ABCB1 in other cells, it seems most plausible that Rab11 
controls the delivery of transporter-containing vesicles to the mem-
brane. Interestingly, we observed that Rab11 does not accumulate 
at tips of microvilli (Figure 7), further indicating its role may center 
around the insertion of the transporter into the membrane rather 
than traffic along the microvillus.

An unexpected finding of this study was the polarization of AB-
CB1a to the tips of the microvilli, rather than their random distribu-
tion along the cell surface. Our results with ionophore (Figure 5) in-
dicated that the bundled architecture of the actin filament, and not 
simply the microvillar membrane itself, is required for the recruit-
ment/maintenance of tip localization and functioning of ABCB1a. 
We found that the loss of the actin filament bundle leads to patch-
ing of the transporters on the surface (Figure 5B). This suggests that 
ABCB1a is closely associated/tethered to actin throughout its trans-
location cycle, consistent with the role of bundled actin in the stabi-
lization of proteins on microvilli (Revenu et al., 2011). Because the 
loss of actin bundle architecture also influences the localization of 
myosins (Revenu et al., 2011), and given the aforementioned asso-
ciation between ABC transporters and myosins (Fu and Arias, 2012), 
myosin(s) could mediate tip localization of ABCB1 in sea urchins.

Why does ABCB1a localize to the tips of the microvilli? While the 
elongation of microvilli is an important mechanism for increasing the 
absorptive surface of cells, it may be a double-edged sword, com-

ing at the cost of increasing uptake of toxi-
cants. Positioning of transporters at or near 
microvillar tips could be a strategy to reduce 
the likelihood that effluxed molecules will 
be reabsorbed (Lange and Gartzke, 2001). 
This is consistent with models predicting 
that tip-effluxed molecules have a higher 
probability of escaping directly into the en-
vironment than those released along the 
shaft of the microvillus (Tran et  al., 2005; 
Acharya et  al., 2006). Moreover, estimates 
of the surface density of “efflux-active” (i.e., 
those transporters located at the microvillar 
tips) P-gp suggest that only 10% of the total 
P-gp in the cell, presumably a tip-localized 
fraction, contributes significantly to efflux 
(Tran et al., 2005). The remainder likely re-
sides in intracellular pools that can be re-
cruited in response to stimuli (Kipp and 
Arias, 2002). Both the previous modeling 
results and our localization data support 
the finding that export of molecules is 
only achieved when sufficient efflux-active 
ABCB1a is at the microvillar tips.

Until recently, it had been presumed that 
microvilli are “passive” structures that sim-
ply increase cell surface area for absorption. 
However, selective targeting and precise 
positioning of membrane proteins along mi-
crovillar actin filaments in leukocytes (von 
Andrian et al., 1995), macrophages, T-cells 

FIGURE 6:  Rab11 is required for activation of MDR activity. (A) Fold 
change in calcein fluorescence in Rab effector peptide–injected 
embryos relative to a two-cell control embryo. The average calcein 
fluorescence of 20 embryos (± SEM) is shown. Asterisks indicate 
significant differences from a two-cell control embryo (ANOVA, *, 
p = 0.0016, **p < 0.0001). (B) Representative egg and two-cell 
embryos (150 min PF) showing differences in calcein accumulation 
after injection with 200 μM Rab11 effector peptide.

FIGURE 7:  Rab11 colocalizes with ABCB1a in unfertilized eggs. MIP (four left panels) and 
cross-sections (right-most panels) of an egg and embryos depict the localization of Rab11 in 
relation to ABCB1a and actin. Scale bars: 5 and 2 μm, respectively.
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(e.g., ML/Bayesian). Trees were visualized and illustrated with Fig-
Tree version 1.1.2 (http://tree.bio.ed.ac.uk/software/figtree). All 
trees were rooted with the ABCB transporter from S. cerevisiae.

Antibody generation and purification
Polyclonal antipeptide antibodies to S. purpuratus ABCB1a, (Ab1-
C1 and Ab4-R2) were produced in chicken and rabbit, respectively, 
using the sequences representing amino acids 676–693 [KKEEEEEK-
KENEVPLDDD] and amino acids 1304–1318 [EFGKHEELMAM-
KQQY] of the ABCB1a cDNA clone (GenBank accession no. 
AAW28777; Hamdoun et al., 2004). These peptide antibodies were 
custom-synthesized by two companies: Aves Lab (Tigard, OR) for 
Ab1-C1 and NEO BioScience (Cambridge, MA) for Ab4-R2. The an-
tibodies were affinity-purified, resulting in immunoglobulin concen-
trations of 0.30 μg/μl (Ab1-C1) and 0.51 μg/μl (Ab4-R2).

To determine specificity of the purified antibodies for sea urchin 
ABCB1a, we tested antibodies adsorbed to immune peptides as 
negative controls (Figure S1) and used SF9 insect cell–expressed 
recombinant sea urchin ABCB1a as a positive control (Figure S1). 
For antibody competition experiments, both the rabbit (Ab4-R2) 
and chicken (Ab1-C1) antibodies were preincubated separately with 
100× molar excess of Ab4-R2 and Ab1-C1 synthetic peptides at 
12°C for 1.5 h. Preincubated peptide antibodies and untreated anti-
bodies were then used for whole-mount immunolocalization as de-
scribed in Immunolocalization of ABCB1a. Insect cell microsomes 
encoding recombinant sea urchin ABCB1a (GenBank accession no. 
NM001033950.1) were prepared by standard procedures (Evans 
et al., 1995) and were provided as a generous gift by Solvo Biotech-
nology (Szeged, Hungary).

Western blots
Protein lysates of unfertilized S. purpuratus eggs and several PF 
stages (15 min, 45 min, 60 min, and 24 h PF) were prepared by 
lysing 5000 eggs or embryos in 150 μl of Fairbanks buffer (5 mM 
Tris-HCl, 1 mM EDTA, 5% sucrose, 1% SDS, 10 μg/ml pyronin Y, 
40 mM dithiothreitol) containing 2X Complete, Mini protease in-
hibitor cocktail (Roche, Indianapolis, IN). Samples were heated to 
55°C for 1 hr, and 15 μl (representing 500 eggs or embryos) were 
loaded onto a 7.5% SDS–PAGE gel. Following electrophoresis, pro-
teins were transferred to nitrocellulose membrane and blocked in 
Tris-buffered saline (50 mM Tris, 150 mM NaCl, pH 7.4) containing 
0.05% Tween 20 (TBST) and 5% nonfat dried milk overnight. Blots 
were then incubated for 3–4 h in blocking buffer containing either a 
1:100 dilution of Ab4-R2 or 1:300 dilution of Ab1-C1 antibody. 
After three washes in TBST, blots were incubated for 1 h with the 
appropriate horseradish peroxidase (HRP)-conjugated secondary 
antibody diluted 1:5000 in blocking buffer and washed again in 
TBST. Detection of HRP activity on x-ray film was enhanced by 
SuperSignal West Pico Chemiluminescent Substrate kit (Thermo 
Scientific, Rockford, IL).

For Western blots of embryos overexpressing S. purpuratus 
ABCB1a, embryos were injected with mRNA encoding ABCB1a 
(GenBank accession no. NM001033950.1) as described in Shipp 
and Hamdoun (2012). The number of embryos loaded onto each 
lane was titrated to a level (80–100 embryos) at which amount the 
endogenous ABCB1a is not detectable by Western blots, but the 
overexpressed recombinant protein is readily detected. At the pre-
hatch blastula stage (∼18 h PF) embryos were harvested and pre-
pared as described above. To determine the glycoforms of ABCB1a, 
we incubated protein-expressing embryos in 5 μM Bf-A or 10 μM 
cyclosporin A. Bf-A disrupts anterograde endoplasmic reticulum 
traffic to the Golgi, resulting in trapping of core proteins prior to 

(Singer et  al., 2001), and neuroepithelial cells (Weigmann et  al., 
1997) and on both the enterocyte and renal brush border (McConnell 
et al., 2009) suggest that actin-mediated segregation of microvillar 
membranes endows them with additional functions in cell defense, 
motility, and signaling. For example, in the enterocyte brush border, 
shedding of enzyme-rich microvillar tip membrane may protect the 
gut from infection by microbes (McConnell et al., 2009). Our work 
highlights how microvillar tips are specialized regions of the mem-
brane adapted for protection and underscores the importance of 
microvilli in cell physiology.

MATERIALS AND METHODS
Sea urchin collection and embryo culture
Adult S. purpuratus were collected in LaJolla, CA, and held in flow-
through seawater aquaria at 10–12°C. Animals were injected with 
0.55 M KCl to induce spawning. Eggs were washed twice with 
0.22 μm filtered seawater (FSW), and sperm was collected undi-
luted. Eggs were dejellied for 3 min in FSW (adjusted to pH 4.8 with 
citric acid) and then washed twice in FSW. Eggs were diluted to 
1000 eggs/ml in FSW containing 4 mM para-aminobenzoic acid and 
fertilized in a final dilution of 1:375,000 concentrated sperm. All 
batches achieved at least 95% fertilization. Fertilization envelopes 
were removed by passing the embryos twice through a 61-μm Nitex 
mesh. After the embryos had settled, excess sperm were removed 
by aspiration, and the embryos were resuspended in either calcium-
free seawater or FSW and cultured at 13–15°C.

Phylogenetic analysis of ABCB1a
Recent studies have described the diversity and phylogenetic rela-
tionships of ABC transporters from the B family for various animals. 
Previously reported full transporters in the ABCB family for Ciona 
intestinalis (Annilo et al., 2006), Daphnia pulex (Sturm et al., 2009), 
S. purpuratus (Goldstone et al., 2006), and sequences reported in 
these studies for Drosophila melanogaster, Homo sapiens, and 
Saccharomyces cerevisiae were downloaded. ABCB full transporters 
from the sea anemone Nematostella vectensis and the sponge 
Amphimedon queenslandica were identified by using human and 
Drosophila sequences in TBLASTN searches of genome assemblies 
and gene models for each species (N. vectensis version 1.0 at the 
Joint Genome Institute [Putnam et al., 2007]; A. queenslandica at 
www.metazome.net/amphimedon [Srivastava et  al., 2010]). All 
ABCB sequences (n = 25) were aligned with MUSCLE (Edgar, 2004) 
and manually trimmed (n = 1092 characters).

Phylogenetic relationships for all proteins were determined us-
ing maximum likelihood (ML) and Bayesian analyses. ProtTest ver-
sion 2.4 (Abascal et al., 2005) was used to select the best model of 
protein evolution (model determined by Akaike’s information crite-
rion). The results indicated the best-fit model was LG + I + G + F, 
where I specifies a proportion of invariant sites, G specifies gamma-
distributed rates across sites, and F specifies that empirical amino 
acid frequencies in the data set are used. ML analyses were con-
ducted using RAxML version 7.2.6 (Stamatakis, 2006), and support 
for nodes was assessed with 1000 bootstraps. Bayesian analyses 
were performed with MrBayes version 3.2. MrBayes does not sup-
port the LG model for sequence evolution, so the second-best 
model from the ProtTest analysis (WAG + G + F) was used. Two 
independent analyses were performed with five chains run for 
five million generations, with trees sampled every 500 generations. 
The first 1.25 million generations were discarded as burn-in. Log 
likelihood values were plotted and found to be asymptotic well be-
fore the burn-in fraction. The Bayesian phylogeny is presented with 
posterior probability and ML bootstrap indicated for each branch 
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ing the Imaris XT module, which integrates MATLAB applications 
(version 7.10; Mathworks, Natick, MA). A distance transformation 
function, in which the three-dimensional Euclidean distance was cal-
culated from outside the closest actin surface reconstruction to the 
center of each voxel in the data set, was applied to the image, and 
the resultant distance was stored in a three-dimensional distance 
map. Overlaying the ABCB1a “spots” with this distance map al-
lowed “spot” statistics to be generated and used to calculate the 
exact distance from the center of each overlaid “spot” to the closest 
actin surface. For ABCB1a spots within 200 nm of the actin surface, 
the distance of these spots from the tip of their associated microvilli 
was measured manually. Statistics for 10 microvilli and associated 
ABCB1a spots were measured for each of six eggs or embryos per 
time point (n = 6 embryos × 10 microvilli measured for each time 
point). Spot statistics were exported to Microsoft Office Excel soft-
ware for analysis (Redmond, WA). MIP, spot, and surface renderings 
were assembled in Adobe Illustrator CS3 (San Jose, CA).

For analysis of ABCB1a distribution along F-actin microfilaments, 
cross-sectional images of eggs and embryos from 3D-SIM data were 
obtained in Imaris, imported into ImageJ (National Institutes of 
Health, Bethesda, MD), and used to measure six nonoverlapping 
intensity profiles of ABCB1a perpendicular to the cell surface. The 
intensity profiles were imported into Microsoft Office Excel for sta-
tistical analysis.

Effects of F-actin filament polymerization on ABCB1a 
translocation at fertilization
Embryos were exposed to 2 μM of cytochalasin D, latrunculin A, 
jasplakinolide, or dimethyl sulfoxide (DMSO) at 10 min and 50 min 
PF. At 60 min PF, embryos were fixed in 3.2% paraformaldehyde and 
0.3% glutaraldehyde in MPBS for 30 min. Samples were processed 
through a series of primary (1:30 dilution of Ab1-C1) and secondary 
(1:500 dilution of Alexa Fluor 594–conjugated goat anti-chicken) an-
tibodies as described above and imaged by confocal microscopy. 
See the Supplemental Material for details.

Effects of F-actin bundle formation on transport activation 
and ABCB1a localization
Intracellular changes in calcein accumulation in embryos activated 
with 30 μM of calcium ionophore A23187, grown in either FSW or 
NaFFSW, and exposed to 250 nM calcein-AM (acetoxymethyl ester) 
at 60 and 120 min postactivation for 1 h were imaged on the confo-
cal microscope as described in the Supplemental Material. Addi-
tionally, a batch of ionophore-activated embryos grown in NaFFSW 
were exposed 40 mM NaCl at 60 min postactivation, exposed to 
250 nM calcein-AM for 1 h at 120 min postactivation, and imaged 
by confocal microscopy. Immunolocalization of ABCB1a and actin in 
ionophore-activated embryos grown in NaFFSW was performed as 
described above and imaged by confocal microscopy. See the Sup-
plemental Material for details.

Effects of Rab effector peptides on transporter activity
Effector domain peptides were custom-synthesized by Biomatik 
(Wilmington, DE): PEG-NHTIGVEFGSKIINAG (Rab4); PEG-ESTI-
GAAFLTQTVCLD (Rab5L); KATIGADFLTKEVMVD (Rab7); KSTIGVE-
FATRSIQVD (Rab11); and resuspended in deionized water at 5 mM. 
Unfertilized eggs were microinjected with peptides resuspended in 
deionized water at various concentrations and allowed to incubate 
for 45 min, and then fertilized with sperm (1:27,000) and incubated 
an additional 60 min. At 60 min PF, embryos were exposed to a final 
concentration of 250 nM calcein-AM for 90 min and imaged on the 
confocal microscope.

Golgi-mediated glycosylation (Loo and Clarke, 1997). Cyclosporin A 
induces hyperglycosylation of S. purpuratus ABCB1a.

Immunolocalization of ABCB1a
The optimum fixative for each stage was chosen based on retention 
of egg or embryo morphology with minimal shrinkage or swelling. 
Eggs and embryos were fixed for 30 min in 3.2% paraformaldehyde 
and 0.3% glutaraldehyde in either 100% phosphate-buffered saline 
(PBS; pH 8.0, for eggs and 15 min PF embryos), or 100% Millonig’s 
PBS (MPBS; pH 7.0, for 45 and 60 min PF embryos), then incubated 
in antibody (1:10 for Ab1-C1 and 1:100 for Ab4-R2) diluted in 
2% bovine serum albumin (BSA) in PBS/MPBS for 2 h; this was 
followed by a 1-h incubation in secondary antibody (Alexa Fluor 
594–conjugated goat anti-chicken and goat anti-rabbit antibody; 
Life Technologies, Carlsbad, CA) diluted 1:500 in 2% BSA in PBS/
MPBS. Samples were stained with 1 U/ml Alexa Fluor 488–phalloi-
din (Life Technologies) in PBS/MPBS for 15 min, before mounting 
in SlowFade Gold (Life Technologies) onto poly-l-lysine–coated 
MatTek dishes.

Each sample was divided between two MatTek dishes and imaged 
by confocal microscopy using a Zeiss LSM-700 laser-scanning confo-
cal microscope (Jena, Germany) equipped with a Zeiss C-ApoChro-
mat 63×/1.2 numerical aperture (NA) oil objective, and by 3D-SIM 
using a DeltaVision OMX 3D-SIM (Applied Precision, Issaquah, WA) 
microscope equipped with an Olympus 100×/1.4 NA oil objective 
and imaged with the 488- and 568-nm lasers using emission filters of 
500–550 nm and 593–633 nm (512 × 512 pixels). 3D-SIM raw images 
were processed to reconstruct high-resolution information using Soft-
worx version 5.0 software (Applied Precision).

Image analysis
Z-stacks of whole-mount embryos visualized by confocal microscopy 
were first deconvolved using Huygens Essential Software version 
4.0 (Scientific Volume Imaging, Laapersveld, Netherlands). A theo-
retical point-spread function was used based on microscope param-
eters, model confocal parameters established by Huygens. and the 
Classic Maximum Likelihood Estimation algorithm to restore im-
ages. Sampling intervals were set manually to the actual experimen-
tal values, together with refractive indices and excitation/emission 
wavelengths.

Measurement of ABCB1a spots labeled with Alexa Fluor 594 
and actin filaments labeled with Alexa Fluor 488, imaged by 
3D-SIM, were performed using Imaris 7.3.1 software (Bitplane, 
Zurich, Switzerland). All 3D-SIM volume data were first processed 
to correct for illumination variations of scans of physical sections. 
Briefly, the mean and SD values of the intensity for an entire image 
Z-stack was computed using the Normalize Layer(s) function in Im-
aris. Then the mean and SD for all individual slices in the Z-stack 
were computed. Finally, the software adjusted the intensities of 
each Z-slice with a linear transformation to match the overall mean 
and SD value, and this procedure was applied to all Z-slices of the 
data set for each channel independently. Voxels with zero intensity 
were excluded from this calculation, as they were interpreted as 
background.

Three-dimensional surface reconstructions of actin filaments 
were rendered from the maximum intensity projection (MIP) to visu-
alize the architecture of the microvillar network and to facilitate mea-
suring the length of actin filaments. The Spots object tool in Imaris 
was used to render the ABCB1a protein spots in three dimensions 
and generate spot-associated statistics. For quantitative assessment 
of the three-dimensional distribution of ABCB1a protein in relation 
to the rendered actin filament, Z-stacks were further processed us-
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Immunolocalization of Rab11 with ABCB1a
The fixation of eggs and embryos was performed as described 
above. Samples were incubated for 2 h with the rabbit polyclonal 
anti-peptide Rab11 antibody, PA1-775 (Thermo Scientific, Waltham, 
MA) at 1:100 and Ab1-C1 at 1:150, and then labeled for 1 h with 
Alexa Fluor 594–conjugated goat anti-rabbit and Alexa Fluor 
647–conjugated goat anti-chicken. Samples were stained with 1 U/ml 
Alexa Fluor 488–phalloidin in PBS/MPBS for 15 min, before being 
mounted in SlowFade Gold (Life Technologies) onto poly-l-lysine–
coated MatTek dishes and visualized by confocal microscopy.
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