THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 52, pp. 4387643883, December 21, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Localization and Substrate Selectivity of Sea Urchin
Multidrug (MDR) Efflux Transporters™

Received for publication, October 2, 2012, and in revised form, October 31,2012 Published, JBC Papers in Press, November 2, 2012, DOI 10.1074/jbc.M112.424879

Tufan Gékirmak®, Joseph P. Campanale®, Lauren E. Shipp*, Gary W. Moy*, Houchao Tao®, and Amro Hamdoun*'

From the *Marine Biology Research Division, Scripps Institution of Oceanography, University of California San Diego, La Jolla,
California 92093 and the SDepartment of Molecular Biology, The Scripps Research Institute, La Jolla, California 92037

Background: MDR transporters are important for many human diseases, but their phylogenetic origins and diversity are

poorly understood.

Results: Sea urchin MDR transporters homologous to ABCB1, ABCC1, and ABCG2 were characterized.
Conclusion: Substitutions in TMH6 tune substrate selectivity of ABCB1 in sea urchins.
Significance: Polyspecific MDR transport is conserved despite fine-tuning of substrate selectivity in different clades.

In this study, we cloned, expressed and functionally charac-
terized Stronglycentrotus purpuratus (Sp) ATP-binding cassette
(ABC) transporters. This screen identified three multidrug
resistance (MDR) transporters with functional homology to the
major types of MDR transporters found in humans. When over-
expressed in embryos, the apical transporters Sp-ABCBla,
ABCB4a, and ABCG2a can account for as much as 87% of the
observed efflux activity, providing a robust assay for their sub-
strate selectivity. Using this assay, we found that sea urchin
MDR transporters export canonical MDR susbtrates such as cal-
cein-AM, bodipy-verapamil, bodipy-vinblastine, and mitoxan-
trone. In addition, we characterized the impact of nonconserva-
tive substitutions in the primary sequences of drug binding
domains of sea urchin versus murine ABCB1 by mutation of
Sp-ABCBla and treatment of embryos with stereoisomeric
cyclic peptide inhibitors (QZ59 compounds). The results indi-
cated that two substitutions in transmembrane helix 6 reverse
stereoselectivity of Sp-ABCBla for QZ59 enantiomers com-
pared with mouse ABCB1a. This suggests that subtle changes in
the primary sequence of transporter drug binding domains
could fine-tune substrate specificity through evolution.

Multidrug resistance (MDR)? transporters are membrane
proteins that protect cells by efflux of xenobiotics and control
cell function by efflux of morphogens and signaling molecules.
These transporters are members of the ATP-binding cassette
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(ABC) transporter superfamily and include ABCB1, ABCC1,
ABCC2, and ABCG2 (a.k.a., P-gp, MRP1, MRP2, and BCRP).
Their substrates range from xenobiotics to endogenous pep-
tides and lipids (1, 2), all of which can be transported out of cells
against steep concentration gradients.

Despite the significance of these proteins in development
and disease (3, 4), relatively little is known about their phyloge-
netic origins or functional diversity. Although MDR-like activ-
ity and homologous transporters have been described in several
model organisms including worms (5), flies (6, 7), fishes (8, 9),
molluscs (10), and sea urchins (11, 12), the similarity of these
transporters to human homologs is unclear.

Whereas complementation studies suggest that broad sub-
strate selectivity is conserved over large evolutionary distances
(13-15), phylogenetic analyses indicate that there could be rel-
atively little one-to-one orthology, with independent evolution
of MDR-like transporters, each with potentially separate func-
tions, in different classes of organisms (16, 17).

In this study we identified sea urchin homologs of the major
types of MDR transporters and characterized their putative
localizations and efflux activities. Despite having diverged from
a common ancestor to humans >540 million years ago (18),
most of the sea urchin MDR transporters exhibit similar local-
izations and efflux activities to the closest human homologs.
However, by comparison of sea urchin and mouse ABCB1, we
identified changes in the primary structure of their drug bind-
ing domains that could tune substrate selectivity. These results
have implications for understanding the molecular basis of sub-
strate recognition and evolution of MDR transporters.

EXPERIMENTAL PROCEDURES

Animals and Reagents—Purple sea urchins (Strongylocentro-
tus purpuratus) were collected and maintained in aquaria
according to Campanale and Hamdoun (4). Calcein-AM
(CAM) was purchased from Biotium (Hayward, CA). bodipy-
verapamil (b-VER) and bodipy-vinblastine (b-VIN) were
obtained from Invitrogen. Mitoxantrone (MX) was purchased
from Sigma. QZ59-RRR and QZ59-SSS cyclic hexapeptides
were synthesized according to Tao et al. (19). All stock solu-
tions were prepared in dimethyl sulfoxide and diluted to the
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TABLE 1

Summary of expressions, localizations and efflux activities of sea urchin ABC transporters
+++, high level protein expression; ++, medium level protein expression; +, low level protein expression.

T . Efflux activity
ag Expression Addgene
Gene (GenBank ID) position level Localization CAM b-VIN b-VER MX ID
Sp-ABCBla (JQ390048) C-mCherry + Apical Yes
N-mCherry +++ Apical Yes Yes Yes 34939
N-Cerulean ++ Apical No 34944
No tag ++ Yes 38036
Sp- ABCB4a (JQ354983) C-mCherry + Apical Yes
N-mCherry +++ Apical Yes Yes Yes 34941
N-Cerulean ++ Apical No 34945
Sp- ABCC1 (JQ354984) C-mCherry ++ Basolateral No 40587
N-mCherry + Small apical vesicles No 34942
Sp-ABCCba (JQ354989) C-mCherry + Basolateral No
N-mCherry ++ Basolateral No 35207
Sp-ABCC9a (JQ355003) C-mCherry + Large apical vesicles No 35208
N-mCherry ++ Toxic, retained in ER*
Sp- ABCG2a (JQ355004) C-mCherry +++ Apical No No No 34943
N-mCherry ++ Apical No No No
C-Cerulean +++ Apical Yes 34946

“ER, endoplasmic reticulum.

final concentrations in filtered seawater. The final dimethyl
sulfoxide concentration in the assays did not exceed 0.5%.

Cloning of Sea Urchin Transporters and Generation of cDNA
Constructs—Sea urchin homologs of ABC transporter se-
quences were identified from the S. purpuratus genome V3.1.
The full-length cDNA sequences of transporters were deter-
mined by 5'- and 3’-rapid amplification of cDNA ends (Clon-
tech). Homology of the annotated sequences was verified by
protein BLAST against the human sequence database in NCBI.
All transporters were PCR-amplified with Phusion high fidelity
DNA polymerase (New England Biolabs) using gene-specific
primers. Transporters were cloned into pCS2+ (20) or vari-
ants of this vector (pCS2+8) that we developed for system-
atic screening of these large genes (Table 1 and supplemental
Table S1).

Murinized sea urchin ABCB1la (L380F, F384I) was generated
by site-directed mutagenesis and cloned into pCS2+8NmCherry.
pCS-memb-mCherry, a general membrane mCherry marker
fused to the membrane signal of lymphocyte-specific protein
tyrosine kinase (LCK) and pCS-H2B-mRFP, containing his-
tone H2B, a nuclear marker, were gifts from Dr. Scott Fraser
(California Institute of Technology) and Dr. Sean Megason
(Harvard University). Additional information on the con-
structs generated in this study (Table 1) is available through
Addgene.

In Vitro Synthesis and Microinjection of ABC Transporter
mRNA—Each DNA construct was linearized with NotI-HF
(New England Biolabs) and used as template for in vitro tran-
scription using the Sp6 Message Machine kit (Ambion, Austin,
TX). Dejellied eggs were immobilized on protamine sulfate-
coated coverslip dishes (Bioptechs, Butler, PA) and microin-
jected as described by Cheers and Ettensohn (21). For the local-
ization and efflux assays, transporter mRNAs were injected at 1
pg/ul in ribonuclease-free ultrapure water. Some embryos on
each dish were left without injection, to serve as controls for
efflux activity assays. After injection, embryos were incubated
at 14-15 °C for ~16 h until they reached early blastula.

Expression and Localization of Recombinant Sea Urchin ABC
Transporters—N- and C-terminal mCherry fusions of ABC
transporters were imaged in the epithelial cells of blastulae at
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16 h postfertilization (HPF) on a Zeiss LSM 700 laser scanning
confocal microscope (Jena) using a 20X, 0.8 NA, apochromatic
air objective. Images were captured with the ZEN software
package (Zeiss, revision 5.5) and prepared with Image]
(National Institutes of Health) and Volocity (PerkinElmer Life
Sciences).

Transporter Efflux Activity Assays—Efflux assays were per-
formed as described previously (4). Briefly, efflux activity of
each sea urchin ABC transporter was determined at ~16 HPF
in embryos expressing recombinant ABC transporters, and
controls. The microinjected and noninjected control embryos
were incubated with CAM, b-VIN, b-VER, and MX in a final
concentration of 250 nMm, 125 nMm, 125 nm, and 5 uM, at 15 °C for
90 min. Immediately before imaging, embryos incubated with
b-VIN and b-VER were washed 10 times with filtered seawater
to remove background fluorescence.

Intracellular fluorescence was measured from 4.1-um-thick
equatorial confocal sections of embryos. Images from 15-21
embryos from three separate experiments were collected for
each transporter-drug pair; i.e. 5-7 embryos from each of 3
different batches.

The relative efflux activity of each transporter was deter-
mined by measuring the intracellular substrate fluorescence
intensity per pixel in microinjected embryos relative to nonin-
jected control embryos using the measurement module of
Volocity.

Inhibition of Sp-ABCBla and Sp-ABCB4a by QZ59 En-
antiomers—Inhibition of Sp-ABCBla, ABCB4a, and ABCBla
(L380F, F384I)-mediated CAM efflux by QZ59 enantiomers
was determined in ~16 HPF embryos. The microinjected
embryos expressing mCherry-tagged transporters and no-tag
ABCB1la were incubated with CAM (250 nMm) and QZ59-RRR
(10 wm) or QZ59-SSS (10 um) at 15 °C for 90 min. Intracellular
calcein accumulation in embryos was measured as described
above.

Statistics—Significant differences in substrate accumulation
were evaluated by one-way ANOVA (JMP-9, SAS Institute Inc.,
Cary, NC). Post hoc multiple comparisons between injected
mRNAs for each ABC-transporter were made using a Steel-
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Dwass nonparametric test at a significance threshold of p <
0.05.

RESULTS

In this study, we cloned and characterized sea urchin
homologs of six ABC transporters, including four putative
MDR transporter homologs, Sp-ABCBla, ABCB4a, ABCC]1,
and ABCG2a (Table 1). Sea urchins do not have ABCC2 or
ABCC3 orthologs, but have a large expansion of C5 and C9
clades (22); therefore, we also examined representative mem-
bers of each of these families.

First, we characterized the predicted membrane topologies
(supplemental Fig. S1 and supplemental Methods). Sp-ABCB1a
and Sp-ABCB4a (supplemental Fig. S1, A and B) have two
membrane spanning domains (MSD), each consisting of six
transmembrane helices (TMH), and two nuclear binding
domains (NBD). Sp-ABCC1 and Sp-ABCC9a had the expected
“long MRP” architectures with three MSDs and two NBDs
(supplemental Fig. S1, C and E). Sp-ABCC5a had a “short MRP”
topology with two MSDs (MSD, and MSD,)) and two NBDs
(supplemental Fig. S1D). Finally, Sp-ABCG2a had one N-termi-
nal NBD and one MSD (supplemental Fig. S1F). Collectively,
the predicted topologies of the sea urchin ABC transporters
were identical to those of mammalian homologs (23).

Expression and Localization of Sea Urchin ABC Transporters—
To determine the subcellular location of these transporters, we
generated and expressed mCherry fusions of each protein
(Table 1 and Fig. 1). Because previous studies suggested that the
position of the fluorescent protein (FP) tag may influence the
behavior of transporters (24, 25), we examined the effect of tag
position by expressing both N- and C-terminal fusions of each
transporter. As expected, expression levels and localizations of
transporters depended on tag position (Fig. 1 and Table 1).

For Sp-ABCBla and ABCB4a both N- and C-terminal
fusions localized to the apical membranes of polarized epi-
thelial cells, but the N-terminal proteins accumulated to
higher levels. Sp-ABCG2a fusions were also apically local-
ized but exhibited the opposite pattern of expression, with
the C-fusion expressing more robustly than the N-fusion
(Fig. 1 and Table 1).

In general, ABCC proteins exhibited more significant varia-
tion with tag position. For example, the C-terminal fusion of
Sp-ABCC1 localized to basolateral membranes, whereas the
N-terminal fusion primarily localized to apical vesicles (Fig. 1
and Table 1). For Sp-ABCC5a, both N- and C-terminal fusions
localized to basolateral membranes, but the N-terminal fusion
expressed at higher levels than the C-terminal fusion (Fig. 1 and
Table 1). Finally, C-terminal Sp-ABCC9a expressed strongly in
large apical vesicles, whereas expression of the N-terminal
fusion caused cellular toxicity and had cytoplasmic localization
consistent with retention of the protein in endoplasmic reticu-
lum (Fig. 1 and supplemental Fig. S2).

Identification of MDR-like Transporters Using Efflux Assays—
Next, to determine whether these proteins had MDR-like efflux
activity, we first screened each mCherry transporter fusion
against fluorescent MDR transporter substrates. Based on a
preliminary activity screen (Table 1) and the localization data,
we selected N-terminal fusions of Sp-ABCBla, ABCB4a, and
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FIGURE 1. Fluorescent protein tag position influences the expression of
sea urchin ABC transporters in blastulae. Both N- and C-terminal mCherry
fusions of Sp-ABCB1a, ABCB4a, and ABCG2 localize to apical membranes.
C-terminal Sp-ABCC1 and N-terminal and C-terminal fusions of Sp-ABCC5a
localize to basolateral membranes. C-terminal fusion of Sp-ABCC9a localizes
to apical vesicles. Scale bar, 20 um.

ABCC5a and C-terminal fusions of Sp-ABCC1, ABCC9a, and
ABCG2a for further analyses.

The first substrate examined in detail was CAM, a nonfluo-
rescent substrate for mammalian ABCB and ABCC-type MDR
transporters. CAM is hydrolyzed by intracellular esterases to
calcein, a fluorescent impermeable compound (26). Thus, in
this assay, transporter activity reduces intracellular calcein
fluorescence.
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FIGURE 2. Recombinant sea urchin ABC transporters have CAM efflux
activity. A, micrographs showing that overexpression of mCherry-tagged
Sp-ABCB1a and ABCB4a reduces intracellular calcein accumulation signifi-
cantly. Sp-ABCC1, ABCC5a, ABCC9, and ABCG2a, and LCK control have no
effect on CAM accumulation. Scale bar, 35 um. B, quantitative analysis of
intracellular calcein accumulation in embryos expressing ABC transporters
and LCK. *** p < 0.0001 indicates the transporters significantly different from
LCK. Error bars, S.D. n = 18 -20 embryos from three separate experiments.

LCK

Expression of mCherry-tagged Sp-ABCBla and ABCB4a sig-
nificantly reduced intracellular calcein accumulation (Fig. 2A4).
In contrast, Sp-ABCC1, ABCC5a, ABCC9a, and ABCG2a did
not reduce calcein accumulation (Fig. 2A). Intracellular calcein
accumulation in Sp-ABCBla- and ABCB4a-expressing
embryos was significantly lower than LCK control (***, p <
0.0001). For these two proteins accumulation was reduced to
13.21% (*0.77) and 18.24% (*5.24) of noninjected control
embryos (Fig. 2B).

Although Sp-ABCG2a also localized to the apical membrane,
it did not significantly alter calcein accumulation, with
Sp-ABCG2a expressing embryos accumulating 120.8%
(*15.86) of noninjected controls. This, along with the observa-
tion that the LCK fusions also do not significantly alter calcein
accumulation, indicated that the assay specifically measured
efflux activity rather than passive alterations of membrane
permeability.
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Characterization of MDR Transporters Using Fluorescent
Drugs—To further characterize the substrate selectivity of the
sea urchin MDR homologs, we tested efflux activities of the
apical transporters identified above against the fluorescent
drugs and drug analogs, b-VIN, b-VER, and MX, which are
substrates of mammalian MDR transporters (27-29).

Sp-ABCBla and ABCB4a reduced intracellular accumula-
tion of b-VIN and b-VER whereas Sp-ABCG2a had no effect on
their accumulation (Fig. 34). Intracellular b-VIN accumulation
in embryos expressing mCherry-tagged Sp-ABCB1la, ABCB4a,
and ABCG2a were 26.73% (*6.32), 21.09% (*4.23), and
117.04% (*=11) of the noninjected control embryos, respec-
tively (Fig. 3B). For b-VER, the respective ratios were 10.54%
(£3.84), 8.4% (£2.45), and 109.26% (*21.3).

Because mammalian ABCG2 is a MX transporter, we inves-
tigated efflux activities of Sp-ABCB1la, ABCB44a, and ABCG2a
for this compound. Mitoxantrone is red fluorescent, and thus
we constructed cyan fluorescent protein fusions of Sp-ABCB1la
and ABCB4a, ABCG2a (Table 1) to allow us to simultaneously
confirm activity and expression in these assays. Whereas intra-
cellular accumulation of mitoxantrone was significantly
reduced by Sp-ABCG2a, it was unaffected by Sp-ABCBla and
ABCBA4a (Fig. 3A). Intracellular MX accumulation in embryos
expressing Sp-ABCB1la, ABCB4a, and ABCG2 was 103.29% (=
10.62), 102.31% (*£13.49), and 69.37% (*9.6) of noninjected
control embryos, respectively (Fig. 3B).

Analysis of Stereoselectivity of Sp-ABCBla and ABCB4a
Using QZ59-RRR and QZ59-SSS—The results above largely
indicated conservation of substrate selectivity between sea
urchin and human MDR transporters. However, given the lack
of one-to-one orthology of these proteins (16, 17) and the obvi-
ous variation in primary structure of their drug binding
domains, we next sought to determine whether there could be
fine-scale changes in substrate selectivity of sea urchin MDR
transporters compared with their mammalian homologs.

We focused on Sp-ABCBla and ABCB4a because they are
homologous to mouse ABCB1la, for which a high resolution
structure has recently been determined (30). In addition, the
murine ABCBla structure was characterized bound to stereoi-
someric cyclic peptide inhibitors (QZ59-RRR and QZ59-SSS),
and the residues that interact with these compounds were iden-
tified. Because of differences in these interactions, the cyclic
peptide QZ59-SSS (IC,, = 2.7 £ 0.25 um) is a more potent
inhibitor of mouse ABCBla-mediated calcein efflux than
QZ59-RRR (IC,, = 8.5 £ 0.47 um) (30).

To determine whether similar residues were present in sea
urchins, we aligned Sp-ABCBla and ABCB4a proteins with
mouse ABCB1a (Fig. 44) focusing on TMH 6 and 12, which are
critical for QZ59 binding (30). In Sp-ABCBla, there are four
nonconservative substitutions in these helices (Fig. 4A4): F332L,
1336F, M982F, and S989G (Leu-380, Phe-384, Phe-1036 and
Gly-1043 in Sp-ABCB1la). In contrast, Sp-ABCB4a has mouse-
like residues at Phe-332 and Ile-336 (Phe-360 and Ile-364 in
Sp-ABCB4a) in TMHS6 and unique residues, M982I and S989A
(Ile-1005 and Ala-1012 in Sp-ABCB4a), in TMH12 (Fig. 4A).

Based on this observation, we hypothesized that Sp-ABCB1la
and ABCB4a would have differences in QZ59 stereoisomer
selectivity compared with one another and with mouse. Con-
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FIGURE 3. Sea urchin MDR proteins transport similar substrates to their mammalian homologs. A, micrographs showing that overexpression of
Sp-ABCB1a and ABCB4a, but not ABCG2a, reduces intracellular b-VIN (/) and b-VER (//) accumulation significantly (***, p < 0.0001). Overexpression of cerulean
(CFP)-tagged Sp-ABCG2a, but not ABCB1a or ABCB4, reduces intracellular MX (/ll) accumulation significantly (¥, p < 0.01). Scale bar, 35 wm. B, quantitative
analysis of intracellular b-VIN, b-VER, and MX accumulation in embryos expressing apical MDR transporters. n = 14-18 embryos from three separate experi-

ments. Error bars, S.D.

sistent with this hypothesis QZ59-RRR was 2.14 times more
effective at inhibition of Sp-ABCBla-mediated CAM efflux
than QZ59-SSS (Fig. 4C). The mCherry tag did not mediate
these differences because Sp-ABCB1a lacking the tag showed a
similar pattern of selectivity (supplemental Fig. S3). In contrast,
QZ59-RRR and QZ59-SSS inhibited 7.34% (+2.32) and 40.21%
(*4.87) of Sp-ABCB4a mediated CAM efflux, respectively, a
pattern of stereoselectivity similar to that of mouse ABCBla
(Fig. 4B). This indicated that two unique nonconservative sub-
stitutions in TMHG6 of Sp-ABCB1a, Leu-380 and Phe-384, may
be responsible for the reversal of QZ59 selectivity.

To investigate the role of Leu-380 and Phe-384 in reversal of
QZ59 selectivity of Sp-ABCB1a, we substituted these residues
with corresponding mouse residues (L380F, F384I) and tested
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inhibition of the CAM efflux by the QZ59 enantiomers (Fig.
4A). Murinization of TMHG6 residues caused reversal of stere-
oselectivity of Sp-ABCBla similar to mouse ABCBla and
Sp-ABCB4a by reducing the level of QZ59-RRR-mediated
CAM efflux inhibition significantly, but did not change the
potency of QZ59-SSS (Fig. 4B). These results indicate that non-
conservative substitutions in the primary structure of TMH6
could be important for tuning their substrate selectivity.

DISCUSSION

In this study, we exploited the expression of recombinant
transporters in sea urchin embryos to determine the function
and subcellular location of sea urchin ABC transporters. We
identified three transporters, Sp-ABCBla, ABCB4a, and
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FIGURE 4. Differences in inhibition of sea urchin Sp-ABCB1a- and
ABCB4a-mediated CAM efflux by QZ59 enantiomers. A, protein align-
ments of TMH6 and 12 of sea urchin Sp-ABCB1a and ABCB4a with mouse
Mm-ABCB1a showing that Leu-380 and Phe-384 residues are unique noncon-
servative substitutions in Sp-ABCB1a drug binding domain. Residues in close
proximity with QZ59-RRR (+) and QZ59-SSS (*) (30). Residues marked in red
are nonconservative substitutions. B, quantitative analysis of the inhibition of
intracellular calcein accumulation by QZ59 stereoisomers (10 wm) in embryos
expressing mCherry-tagged Sp-ABCB1a, ABCB4, and ABCB1a (L380F, F384l)
fusions. Bars with different letters are significantly different from each other
(p =0.002). n = 18-20 embryos from three separate experiments. Error bars,
S.D.

ABCG?2, with clear apical localization and MDR-like activities.
Expression of these proteins caused dramatic increases in efflux
of canonical fluorescent substrates, such as calcein-AM,
bodipy-vinblastine, bodipy-verapamil, and mitoxantrone.
Notably, as much as 87% of the observed activity in embryos
came from the recombinant transporter, providing a robust
assay for transporter function.

Among the ABCCs, Sp-ABCC1 and ABCC5a localized to
basolateral membranes, as do their human homologs (31, 32).
One interesting observation was the localization of Sp-ABCC9a
to large apical vesicles (Fig. 3 and supplemental Fig. S4), which
is similar in morphology to those seen with localization of a
closely related mammalian protein, ABCC8 (SUR1), in large
vesicles of islet cells (33). Considering that ABCC8 (SUR1) and
ABCC9 (SUR?2) are closely related and that the sea urchin lacks
an ABCC8 gene in its genome, it is possible that Sp-ABCC9a
may have a SUR1-like function in sea urchin embryos; particu-
larly, because sea urchin embryos express both ABCC9 (34) and
insulin-like molecules (35) in early development.
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In this study, we tested whether the fluorescent protein
fusion could alter localization or function of the transporters.
Several observations suggest that the locations and activities for
the fluorescent protein-tagged MDRs were relevant. First, we
found that all of the apically expressed mCherry fusions (Sp-
ABCBla, ABCB4a, and ABCG2) had robust and specific efflux
activities (Figs. 2 and 3). Second, for Sp-ABCBla, the apical
localization of the fusion is in agreement with a recent study
indicating its apical localization with antibodies (17). Third, all
of the proteins, including Sp-ABCC1, ABCC5a, and ABCC9a,
had similar subcellular localizations to their closest mammalian
homologs. Nonetheless, other approaches will be required to
determine the endogenous transporter distribution within the
embryo. For example, in situ hybridization revealed that
Sp-ABCBla mRNA is expressed ubiquitously in the embryo,
whereas Sp-ABCC5a is restricted to a subset of cells (34).

The results of this study have implications for understanding
the molecular basis of substrate recognition by MDR transport-
ers. One of our findings was the general pattern of conservation
of substrate selectivity, despite divergence of these proteins
from a common ancestor by >540 million years (18). One
explanation could be that although the primary sequences of
many cellular defense proteins diverge, their tertiary structures
remain conserved (36). Indeed, a recent crystal structure of
P-glycoprotein (P-gp) from Caenorhaditis elegans indicates
that the overall architecture of P-gp-type transporters is con-
served (37).

Previous studies on P-gp demonstrated that although drug
transporters are generally quite polyspecific, there are measur-
able differences in how closely related substrates bind to and
inhibit these transporters. One example is handling of the cyclic
hexapeptides QZ59-RRR and QZ59-SSS, where the SSS enan-
tiomer is a more potent inhibitor of mouse P-gp-mediated
CAM efflux than the RRR enantiomer (30). This is presumably
because SSS occupies two distinct binding sites in the drug-
binding pocket whereas QZ59-RRR occupies only one (30, 38,
39).

When comparing the potency of the same stereoisomer pair
in sea urchin ABCB1a, we found the opposite relationship with
QZ59-RRR being a more potent inhibitor than QZ59-SSS (Fig.
4). These results are consistent with our observation of two
unique nonconservative changes in key residues of the amino
acid sequences of Sp-ABCBla TMH 6 (Fig. 44), which contrib-
ute to QZ59 binding sites in mouse P-gp (30). Strikingly, murin-
ization of these two residues reversed QZ59 inhibition of CAM
efflux back to the mouse profile, suggesting that subtle changes
in the primary structure of the drug binding domains can influ-
ence the substrate specificity of MDR transporters.

Another difference between sea urchin and mammalian ABC
transporters is the lack of MX activity of sea urchin ABCBla
(Fig. 3). In mammals, MX is a substrate for both ABCG2 and
ABCB]I, although it is less effectively transported by the latter
transporter (27). However, in sea urchin, only ABCG2a has MX
efflux activity. One possibility is that the steric changes created
by the aromatic substitutions, versus small hydrophobic resi-
dues, reduce MX efflux activity of Sp-ABCBla.

In summary, this study was a step toward understanding the
structural and functional evolution of MDR transporters in
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deuterostomes, the branch of evolution leading to the verte-
brates. This is important because, unlike other highly con-
served protein families (40, 41), the frequency of one-to-one
orthology in ABC transporters is low (16, 17). It is conceivable
that MDR transporter homologs in different organisms evolved
independently, each adapted for different substrates in each
organism. Further confounding the situation is the contradic-
tory observation from complementation studies suggesting
that substrate selectivity is conserved over large evolutionary
spans (13-15).

As alluded to previously, many of the changes in sequences of
these proteins may simply act to conserve their tertiary struc-
ture, and thus their general substrate selectivity (37). Here we
observed that subtle changes in the primary structure of these
proteins could tune their function without destroying the
broader pattern of substrate selectivity. This tuning could have
considerable adaptive implications, as is seen in polymorphism
of other key cellular defenses (42, 43). In each of these cases,
modest changes in primary structure have dramatic implica-
tions for the ability of the organism to adapt to its environment.
Based on our results, we hypothesize that similar changes in
drug binding pockets could be critical for evolution of the MDR
transporters. As our study suggests, the structural and func-
tional comparisons necessary to address this question are also
informative for understanding the molecular basis of trans-
porter substrate recognition.
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