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Abstract

ABCG?2 is an ATP-binding cassette half-transporter important in normal tissue protection, drug
distribution and excretion. ABCG2 requires homodimerization for function, though the mechanism
for dimerization has not been elucidated. We carried out mutational analysis of threonine 402, three
residues away from the GXXXG motif in TM1, to study its potential role in ABCG2 dimerization
(TXXXGXXXG). Single mutations to leucine (T402L) or arginine (T402R) did not have significant
impact on the ABCG2 protein. On the other hand, combining the T402 mutations with the GXXXG
glycine to leucine mutations (T402L/G406L/G410L and T402R/G406L/G410L) resulted in
substantially reduced expression, altered glycosylation, degradation by a proteosome independent
pathway and partial retention in the ER as suggested by immunostaining, Endo H sensitivity and
MG132 and bafilomycin failed effect. The T402L/G406L/G410L mutant when incubated with the
ABCG2-substrate MX showed a shift on immunoblot analysis to the band representing the fully
matured glycoprotein. The T402R/G406L/G410L mutant carrying the more drastic substitution was
found to primarily localize intracellularly. The same set of mutations also displayed impaired
dimerization in the TOXCAT assay for TM1 compared to the wild-type. Homology modeling of
ABCG2 places the TXXXGXXXG motif at the dimer interface. These studies are consistent with a
role for the extended TXXXGXXXG motif in ABCG2 folding, processing, and/or dimerization.

ABCG2 is a member of the G subfamily of human ATP-binding cassettel (ABC) transporters
(2). 1t was first described approximately a decade ago in multidrug-resistant cancer cell lines
that did not overexpress the previously known multidrug ABC transporters Pgp and MRP1

(2—-4). Accordingly, the first of its substrates identified were chemotherapeutic agents, such as
topotecan, daunorubicin, methotrexate, SN-38, and flavopiridol (4-8). Subsequently, a rapidly
growing number of substrates and inhibitors have been described representing various chemical
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and pharmacological groups (9). ABCG2 is also suggested to play an important protective role
in the blood-brain and maternal-fetal barriers (10) and upon characterization of its SNPs, a
significant role in the pharmacogenomics and pharmacokinetics of its substrates has emerged
(11). Most recently, ABCG2 has received significant attention as a marker of hematopoetic
stem cells (12).

Despite intensive research efforts, our knowledge of the structure of ABCG2 is currently quite
limited. Determining the three-dimensional structure would be valuable for understanding
structure-function relationships and in designing modulators of the transporter with potential
clinical benefit in either overcoming multidrug resistance in cancer or as part of individualized
therapy for people carrying SNPs with functional consequences. ABCG?2 is considered a half-
transporter and while it is well established that it must homodimerize for normal function, the
process of dimerization is not yet fully understood. Disulfide bonds between the monomers
have been suggested to play a key role in ABCG2 dimerization and one such bond between
cysteines 603 localized in the extracellular loop connecting TM5 and 6 is characterized in the
literature (13,14). In contrast, cysteines 592 and 608 in the same loop were suggested to form
intramolecular disulfide bonds within the monomer (13,15). Most recently, all three of these
cysteines were shown to engage in intermolecular disulfide bonding (16). Nevertheless, when
either cysteine 603 or all three of these cysteines are substituted, the protein retains its function
(13,14,16), implying that disulfide bond formation cannot be the sole or even principal force
keeping the monomers together. Note that this is also true for the homodimerizing bacterial
ABC transporter LmrA, which does not contain any cysteine residues (17), and for the
heterodimerizing human ABC half-transporters TAP1 and TAP2, the cysteine-less mutants of
which are fully functional (18).

In a previous study, we reported mutational analysis of the GXXXG putative dimerization
motif in TM1 of the ABCG2 protein (19). The GXXXG motif (two glycines separated by any
three amino acids) has been shown to mediate packing of transmembrane alpha helices by
permitting close association and thus allowing interactions between the helix backbones and
also between the side chains of surrounding residues (20). Its role has most extensively been
studied in glycophorin A, a major sialoglycoprotein of the red blood cell membrane that
comprises one of the blood group antigens. This single-transmembrane helix protein forms a
homodimer in which the GXXXG motif plays a critical role (21). We found that mutating both
glycines of the GXXXG to leucines renders the ABCG2 protein inactive, while it retains its
ability to traffic to the cell surface. On the other hand, replacing the glycines with alanines,
thus creating a putative alternative dimerization motif, AXXXA, results in a fully functional
transporter. In glycophorin A an extended sequence surrounding the GXXXG motif has been
shown to be essential for proper dimerization (LIXXGVXXGVXXT). The threonine in this
motif is suggested to stabilize the dimer by forming a hydrogen bond (22). Notably, ABCG2
also has a threonine separated by three residues from its GXXXG motif. In both cases, the
threonine is located on the cytoplasmic side of the GXXXG motif. Here, we report studies
aimed at evaluating the role of this threonine residue in dimer formation in ABCG2 by
substitution with the non-polar leucine and the positively charged arginine.

LAbbreviations: ABC, ATP-binding cassette; TM, transmembrane segment; SNP, single nucleotide polymorphisms; MRP1, multidrug
resistance associated protein-1; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; ER, endoplasmic reticulum; DSS, disuccinimidyl
suberate; DSG, disuccinimidyl glutarate; MBP, maltose binding protein; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; PCR, polymerase chain reaction; Endo H, Endoglycosidase H; HEK, human embryonic kidney; FTC, fumitremorgin C;
MX, mitoxantrone; Pgp, P-glycoprotein; CFTR, cystic fibrosis transmembrane conductance regulator; CAT, chloramphenicol
acetyltransferase; PVDF, polyvinylidene fluoride; NBD, nucleotide binding domain; TMD, Transmembrane domain; LIPS, lipid-facing
surface; PDB, protein data bank; ERAD, ER-associated degradation system; GPCR, G-protein-coupled receptor.
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Experimental Procedures

Cell Culture

HEK 293 cells (ATCC, Manassas, VA) were cultured in Minimal Essential Medium
(Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine serum (Invitrogen), 2 mM
glutamine, and 100 units/L penicillin/streptomycin at 37 °C in 5% CO,. Stably transfected cell
lines were maintained in 2 mg/mL G418 (Invitrogen).

For the “processing” experiments, cells were incubated overnight at 37 °C with 5 uM MX
(Sigma, St. Louis, MO), 3 uM MG132 (Calbiochem, San Diego, CA), or 10 nM Bafilomycin
(Sigma) followed by protein extraction and immunoblotting as described below.

Mutagenesis and Transfection

The T402L, T402R, T402L/G406L/G410L, and T402R/G406L/G410L mutants were
generated by site-directed mutagenesis in the pcDNA3.1/Myc-HisA(-) vector (Invitrogen) as
previously described (19). The mutations were confirmed by sequencing the plasmids initially,
followed by genomic DNA sequencing of one representative clone of each stably transfected
mutant cell line for the full-length ABCG2 insert. The R482G control and G406L/G410L
mutant were previously generated and characterized (19,23).

Stable transfectants were generated in HEK 293 cells as previously described (19).
Transfections were performed using TransFast transfection reagent (Promega, Madison, WI).
Colonies were selected in 2 mg/mL G418 with frequent removal of dead cells and were
expanded prior to study.

Protein Extraction and Immunoblot Analysis

Cells were scraped into cold PBS followed by centrifugation at 1200 RPM for 10 min at 4 °C.
The cell pellet was then resuspended in cold lysis buffer (5 mM EGTA, 5mM EDTA, 10 mM
Tris pH 7.4, 10 mM HEPES, 2 mM dithiothreitol/DTT, and 1% Triton X-100) to which 5 g/
ml aprotinin, 5 ug/ml leupeptin, and 2 mM PMSF was added. After 10 min on ice, unlysed
cells and nuclei were pelleted at 1200 RPM for 15 min at 4 °C. The protein concentration of
the supernatant was determined by the Bradford method with Bio-Rad’s Protein Assay Reagent
(Bio-Rad, Hercules, CA) compared to BSA standards (Pierce, Rockford, IL).

Immunoblotting was performed as previously described (19). Briefly, protein samples were
loaded onto precast 7.5% (w/v) SDS-polyacrylamide gels (Bio-Rad, Hercules, CA), subjected
to electrophoresis, and electrotransferred onto P\VDF membranes (Millipore, Bedford, MA).
Blots were probed with a 1:200 dilution of the mouse monoclonal anti-ABCG2 antibody
BXP-21 (Kamiya Biomedical, Seattle, WA) and a 1:3000 dilution of the mouse monoclonal
anti-GAPDH (American Research Products, Belmont, MA) and visualized with the Odyssey
System (LI-COR, Lincoln, NE) using a 1:4000 dilution of the IRDye 800CW goat anti-mouse
secondary antibody (LI-COR). Membranes were stained with 0.1% Ponceau S (Sigma, St.
Louis, MO) and checked for comparable loading.

For enzymatic deglycosylation, the Glyko® N-Glycanase® and Glyko® Endoglycosidase H
kits were used (ProZyme, San Leandro, CA) following the manufacturer’s instructions. Cell

lysates containing 100—-200 pg protein were incubated with 2 pl N-glycosidase F, or 2 ul Endo
H at 37 °C for 3 hrs followed by immunoblotting as described above.

Flow Cytometry

Flow cytometry with the anti-ABCG2 antibody 5D3 (eBioscience, San Diego, CA), was
performed as previously described (19). Briefly, cells were trypsinized and resuspended in
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DPBS with 2% bovine serum albumin (BSA) to which phycoerythrin-conjugated 5D3 or
phycoerythrin-conjugated mouse 1gG2b was added for 30 min. For the transport studies, cells
were trypsinized, resuspended in complete medium (phenol red-free IMEM with 10% fetal
calf serum) containing 20 uM MX (Sigma), 1 uM pheophorbide a (Frontier Scientific, Logan,
UT), or 200 nM BODIPY -prazosin (Invitrogen) with or without 10 uM of the ABCG2 blocker,
Fumitremorgin C (FTC), and incubated for 30 min at 37 °C in 5% CO». (FTC was synthesized
by Thomas McCloud, Developmental Therapeutics Program, Natural Products Extraction
Laboratory, National Institutes of Health, Bethesda, MD). Cells were then incubated for 1 hr
at 37 °C in substrate-free medium, continuing with or without 10 uM FTC and analyzed on a
FACSort flow cytometer equipped with both a 488 nm argon laser and a 635 nm red diode
laser.

Immunofluorescence

Immunofluorescence studies were performed as previously described (19,24). Briefly, cells
were cultured for 2 days followed by fixation with 4% paraformaldehyde and permeabilization
with prechilled (—20°C) methanol. After blocking in a buffer containing 2 mg/mL BSA and
20% goat serum, samples were incubated with a 1:100 dilution of the mouse monoclonal anti-
ABCG2 antibody, BXP-21 (Kamiya Biomedical) for 2 h at room temperature followed by
incubation with Rhodamine-conjugated goat anti-mouse secondary antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA). Following 3 washes with PBS, stained
specimens were mounted on slides and observed on a Zeiss Axio Observer Z1 microscope
equipped with a 63x/1.40il DIC objective. Confocal images were generated on a Zeiss LSM510
META laser scanning microscope.

Cross-linking Studies

Chemical cross-linking was performed in vivo on intact cells. After incubation for 30 minutes
at either room temperature or at 4 °C with the cross-linking agents DSG (Pierce, IL) or DSS
(Pierce, IL, data not shown) at 2 mM final concentration, the reaction was terminated by
addition of Tris—HCI (pH 8) to 20 mM and cells were immediately harvested as described
above.

TOXCAT Assay

The homo-oligomerization of the ABCG2 TM1 was assessed using the TOXCAT assay as
described previously (25). Briefly, the TM of interest is expressed as a fusion between MBP
and ToxR in MalE deficient/E. coli/NT326. MBP ensures proper orientation in the membrane
while ToxR is a dimerization dependent transcriptional activator. Upon oligomerization of the
transmembrane domains under study, the transcription of the reporter gene CAT is turned on
proportionally to the strength of the transmembrane domain oligomerization. The ABCG2
transmembrane helix 1 sequence (394-ASIAQIIVTVVLGLVIGAIYFGL-416) and its mutants
were assayed for oligomerization as described previously (25).

Molecular Modeling

A detailed description of the modeling procedures will be published elsewhere. Briefly, the
NBD and TMD of ABCG2 were modeled separately and integrated afterward. The first step
was to align sequences of ABCG2 and its homologues for the NBD and TMD, respectively.
The TMs were predicted based on a consensus approach (26) and each TM was refined to
ensure a correct membrane orientation using LIPS score calculation (27). The crystal structure
of bacterial half-ABC transporter Sav1866 was used as the modeling template (PDB: 2HYD)
(28). The NBD model was built based on the crystal structure of NBD from E. coli maltose
transporter MalK (PDB: 1Q12) (26,29), which has the highest sequence identity to ABCG2.

Biochemistry. Author manuscript; available in PMC 2011 March 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Polgar et al. Page 5

Results

Threonine 402 Mutants

The most frequently studied model of membrane protein dimerization is the glycophorin A
homodimer where a seven-residue sequence including a GXXXG motif and a threonine three
residues away from the GXXXG motif is required for proper association (21). TM1 of ABCG2
also has a threonine separated by three residues from its GXXXG motif. To study the potential
role of this threonine in ABCG2 dimerization, we performed substitutions with either leucine
(T402L), or arginine (T402R), or combined these substitutions with the glycine to leucine
mutations at the GXXXG motif (T402L/G406L/G410L and T402R/G406L/G410L) followed
by stable transfections in HEK 293 cells. The T402L mutation was designed to probe the
perceived involvement of this residue in hydrogen bonding. We expected the T402R
substitution to be a more drastic substitution based on changing both size and polarity. We
used the previously generated G406L/G410L and R482G transfectants in HEK 293 cells as
controls (19). The R482G mutation is considered a gain-of-function mutation, which enables
the protein to transport a wider range of substrates (23). As in the previous study (19), all the
GXXXG and threonine 402 mutants described here carry the R482G mutation. We previously
obtained identical results in studies of the GXXXG motif in the wild-type protein (unpublished
observation).

Protein Expression and ABCG2 Substrate Transport

Figure 1A demonstrates protein expression levels for one representative clone of each mutant
on immunoblot with the BXP-21 mouse monoclonal anti-ABCG2 antibody. The T402L and
T402R mutants displayed levels comparable to the control (R482G), while the double (G406L/
G410L) and triple mutants (T402L/G406L/G410L and T402R/G406L/G410L) had
significantly decreased levels. Both double and triple mutants were characterized by a double
band, one at the expected 72-kDa level normally observed for ABCG2 on immunoblot and one
at a slightly lower level. In the case of the T402R/G406L/G410L, the lower band comprised
the majority of the detected protein.

To study the surface expression levels and function of the mutant proteins, flow cytometry was
performed on the stably transfected HEK cells. First, cell surface expression was determined
in non-permeabilized cells using the 5D3 mouse monoclonal anti-ABCG2 antibody, which
recognizes an as yet undetermined extracellular epitope of the protein. As shown in the first
column of Figure 1B, the control (R482G), the T402L and the T402R mutants displayed similar
levels of surface expression. The G406L/G410L and T402L/G406L/G410L mutants displayed
substantially lower surface expression levels with the 5D3 antibody. In the T402R/G406L/
G410L triple mutant only a slight shift between the negative control (solid line) and the 5D3-
labeled histograms (dashed line) was present. This experiment was performed multiple times
and the results for the clones shown in Figure 1B varied from no detectable levels to the small
shift shown in the figure. Two other clones of the same mutant were also tested with similar
results observed (data not shown). Next, the mutants were tested for their ability to transport
known ABCG2 substrates. In these experiments (Figures 1B second, third and fourth columns),
cells were incubated with the substrates in the presence (dashed line) or absence (solid line) of
the ABCG2-specific inhibitor FTC. Transport is indicated by a shift to higher intracellular
fluorescence of the drugs when ABCG?2 is blocked by the inhibitor. The control, the T402L,
and T402R mutants were able to efflux MX, pheophorbide a, and BODIDY -prazosin from the
cells. As previously observed, no transport in the GXXXG double leucine mutants was
observed despite surface expression (19). No transport function was observed for the triple
mutants for any of the studied substrates, with no shift between the FTC-treated and non-treated
histograms. This was an expected result, given the low levels of expression and the fact that

Biochemistry. Author manuscript; available in PMC 2011 March 16.
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the GXXXG double leucine mutant (G406L/G410L) displayed almost no transport activity
(19).

N-glycosidase F and Endoglycosidase H Sensitivity

The results of the immunoblot analysis (Figure 1A) suggested that the lower molecular weight
band might correspond to mutant proteins with altered glycosylation retained in the ER, as we
observed in previous studies of mutations at G553 and R383 (24, 30). To prove this, lysates
were subjected to enzymatic deglycosylation with N-glycosidase F and Endo H. As shown in
Figure 2A, a lower molecular weight band was observed in the control (R482G) following
digestion with N-glycosidase F to remove all N-linked glycans, consistent with removal of the
polysaccharide chain from asparagine 596 of ABCG2 as shown following site-directed
mutagenesis of N596 (31). As expected, no change in molecular weight was observed in the
control, T402L, and T402R single mutants after Endo H digestion (Figure 2A), since Endo H
resistance is consistent with a fully matured glycoprotein. In the double and triple mutants the
higher molecular band appears to be fully processed as it is not Endo H sensitive. However,
the lower molecular weight band is Endo H sensitive in the same mutants. Following either N-
glycosidase F or Endo H digestion, the triple mutants displayed the same molecular weight.
Minimal change was observed in the molecular weight of ABCG2 in the G406L/G410L mutant
after Endo H digestion. The Endo H sensitivity observed in the lower molecular forms suggests
that their glycans are immature and proteins have not completed processing in the ER (Figure
2B).

MG132 and Bafilomycin Effect

To explore whether the triple mutants are misfolded proteins recognized by the ERAD (32),
as previously observed in some ABCG2 mutant proteins (30,33), we incubated cells overnight
separately with either the lysosomal degradation inhibitor, bafilomycin, or the proteasomal
degradation inhibitor, MG132 and protein expression levels of the mutants were determined
by immunoblotting. Incubation with MG132 did not result in increased amount of the mutant
proteins detected (data not shown). On the other hand, the protein level of the control, T402R
and T402L mutant proteins increased more than 2 fold when cells were treated with
bafilomycin, consistent with a previous report that fully processed ABCG2 undergoes
lysosomal degradation as part of the protein turnover (33). In contrast, the protein levels of the
G406L/G410L, T402L/G406L/G410L and T402R/G406L/G410L mutants were little affected
by bafilomycin treatment (Figure 3). This suggests that unlike the wild-type, double and triple
mutants are likely degraded by an alternate proteosome-independent pathway such as
sequestration in aggresomes.

Impact of MX on Localization

In previous studies treatment with pharmacological chaperones has been reported to improve
folding of mutant forms of ABC transporters that are recognized and degraded before
maturation in the ER (34,35). Therefore, we sought to investigate whether the folding of our
ABCG2 mutants could be improved via overnight incubation with the ABCG2 substrate MX.
Previously, we reported that the levels of the G406L/G410L mutant significantly increased on
immunoblot and on immunofluorescence following MX treatment (19). In the case of the
control, the T402L and T402R mutants, no significant differences between the MX-treated and
untreated samples were observed (Figure 4A). As previously shown, a significant increase in
protein levels was observed for G406L/G410L mutant (Figure 4A). In contrast, overnight
treatment with MX resulted in the majority of the T402L/G406L/G410L mutant detected in
the normal 72-kDa band as opposed to the double band observed without drug exposure,
representing a shift from the lower to the upper molecular weight band (Figure 4A). The
average percent of mutant protein detected in the lower and upper bands with and without MX

Biochemistry. Author manuscript; available in PMC 2011 March 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Polgar et al.

Page 7

is presented in Figure 4B. Notably, the results obtained with the arginine triple mutant (T402R/
G406L/G410L) revealed little shift of the lower band, consistent with a more profound defect.

To further explore the subcellular localization of ABCG2 after MX treatment, the stably
transfected HEK cells were examined by immunofluorescent confocal microscopy. No change
was observed in the mainly plasma membrane staining for the control, the T402L and T402R
mutants after treatment with MX by confocal microscopy (Figure 5). The G406L/G410L
mutant showed primarily plasma membrane staining with little intracellular signal and after
MX treatment displayed slightly increased surface expression. In the case of the T402L/G406L/
G410L mutant both intracellular and cell surface staining could be observed prior to treatment
with MX; while after overnight MX treatment we observed an increased ABCG2 plasma
membrane localization in the T402L/G406L/G410L mutant (Figure 5). In contrast, after
treatment with MX, the T402R/G406L/G410L mutant still primarily displayed intracellular
localization.

These results suggest that the higher molecular weight band visible on immunoblot following
incubation with MX represented the fully matured glycoprotein. To prove this, we performed
Endo H digestion on all samples considering that only mutants with altered glycosylation could
show sensitivity to Endo H. As demonstrated in Figure 6, following MX treatment the T402L/
G406L/G410L mutant was no longer sensitive to Endo H (Figure 6B), implying that its glycan
has matured and that the protein has most likely transited out of the ER. In contrast, the lower
molecular weight form of the T402R/G406L/G410L mutant, which did not shift to the upper
72-kDa band in the presence of MX, was still sensitive to digestion with Endo H (Figure 6B).
Interestingly, the lower molecular weight form of the double mutant also appeared refractory
to MX.

Cross-linking Studies

The results presented so far are consistent with the 402 leucine and particularly arginine
mutations combined with the glycine to leucine mutation at the GXXXG motif further
destabilizing the ABCG2 dimer. As an indirect way to study dimerization, we performed
chemical cross-linking studies. We have previously observed that cross-linking persists in
ABCG2 transfectants even when residues predicted to interfere with dimerization are disrupted
(24) and evaluated in this context. HEK 293 cells transfected with the mutants were treated
with the amine reactive cross-linker DSG, followed by protein extraction and immunoblot
analysis with the BXP-21 antibody. Figure 7 demonstrates increased molecular weight bands
consistent with cross-linking of the control, the T402R and T402R/G406L/G410L mutants.
Similar results were obtained with the T402L and T402L/G406L/G410L mutants with DSG;
furthermore, the triple mutants were also cross-linked by DSS at both 4°C and at room
temperature (data not shown).

TOXCAT Assay

As another approach to assessing the possible impact of the extended TXXXGXXXG motif
on dimerization or interhelical packing, we performed the so-called TOXCAT assay using
peptides corresponding to TM1 of ABCG2 as another strategy to assess dimerization (25). This
assay uses chimeric constructs expressed in MalE deficient/E. coli/NT326, which, being
bacteria, lack ERAD and the construct ensures proper expression in the cytoplasmic membrane.
The constructs are composed of the TM of interest connected to the DNA-binding domain of
the dimerization-dependent transcriptional activator ToxR at one end and to the maltose
binding protein at the other end, the latter ensuring correct orientation in the membrane. If
dimerization of the TMs occurs, two ToxR molecules also form a dimer and mediate
transcription of the CAT gene and subsequent resistance to chloramphenicol (Figure 8A). To
evaluate the extended TXXXGXXXG motif in ABCG2, threonine 402 was substituted with
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arginine, since it had the greater impact on the protein relative to leucine (as suggested by the
differences observed in localization and ability to be “rescued” by MX).

Figure 8B shows that the TM carrying the T402R mutation had comparable CAT activity to
the wild-type ABCG2 TML. In contrast, G406L/G410L and T402R/G406L/G410L
demonstrated approximately 50 percent or more decrease in their CAT activity, implying
impaired dimerization of these mutant TMs. While the helical partner for TM1 in intact ABCG2
is not thought to be TM1 of the opposite ABCG2 molecule (see below), in the TOXCAT assay,
the only possible partner is another TM1 segment. Thus, this assay primarily tests the ability
of the TM to undergo tight intra-helical packing.

Structural Model

To look at the possible role of T402 in ABCG2 dimerization, we performed a molecular
modeling study. To do this, we constructed an ABCG2 atomic model using the crystal structure
of a bacterial ABC half-transporter Sav1866 as a modeling template for the TMD and that of
E. coli MalK for the NBD. The model was verified based on existing biochemical and
mutational data available for ABCG2 as well as structural data for membrane proteins in
general and for ABC transporters in particular. Although the model was entirely constructed
considering the sequence alignment and without prior knowledge of the T402 mutations, it
nevertheless places the TXXXGXXXG motif of TM1 at the dimer interface facing TM6 of the
adjacent subunit (Figure 9A, B). In the model, the GXXXG motif makes contact with the
hydrophobic surface of TM6 intimately, whereas the side chain of T402 faces potentially the
side chains of Met636 and 1637 in TM6 and that of V556 from TM5. The side chain of T402
appears to have much leeway and points to a large cavity created by a slight turn of the TM1
helix at this position (Figure 9A, B and C). When mutated to a leucine residue in silico, the
T402L mutation does not appear to interfere with interhelix packing between the TM1 and the
TM5 and 6 of its adjacent subunit (Figure 9D), which is consistent with the biochemical data
on this mutant. Likewise, any interference by the longer side chain of the arginine mutant may
be alleviated due to the unique position of T402 in TM1 (Figure 9E).

Discussion

We have been interested in identifying residues critical to the dimerization of ABCG2. We
initially studied a GXXXG motif homologous to the dimerization motif in glycophorin A,
mutating glycines to leucines in TM1 of ABCG2 transfected in HEK293 cells. We
demonstrated cell surface expression and intact cross-linking, but lack of function in the
mutants, and concluded that the results were consistent but not proof of a role for the GXXXG
motif in dimerization (19). In the present study, we examined the role of threonine 402, located
three residues from the GXXXG motif of TM1. Mutating T402 alone did not result in a
significant change from the wild-type phenotype. However, T402 mutations in addition to
mutations in the GXXXG motif caused a reduction in protein expression and drug efflux,
alterations in glycosylation, and retention in the ER. Following incubation with the ABCG2
substrate, MX, T402L/T406L/T410L readily shifted to the plasma membrane while T402R/
T406L/T410L did not. TOXCAT and molecular modeling of ABCG2 were used to further
explore the role of T402 in dimerization.

Dimerization may occur at various stages in protein biosynthesis. A common mechanism,
observed in proteins such as EGFR, AhR, GCR and SRC, involves ligand binding induced
receptor dimerization at the cell surface (36). In contrast to this system of dimerization, ABCG2
dimerizes at an earlier stage of processing at the ER. This sequence is shared by GPCRs where,
as similarly hypothesized for ABCG2, dimerization at the ER plays an important role in the
quality-control system (37). A similar example to ABCG2 can be found in the ABC half-
transporters ABCG5 and ABCG8 which are obligate heterodimers that are thought to dimerize
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in the ER, then exit the ER together and travel through the Golgi for post-translational
modification before reaching the apical plasma membrane (38,39).

In glycophorin A, threonine 87 is the only polar amino acid in the seven-residue dimerization
motif. Mutating this threonine to valine in glycophorin A results in partial destabilization of
the homodimer. The impact of this mutation, which replaces the Thr87 y-hydroxyl group with
a methyl group of roughly the same molecular volume, suggests that the threonine residue
stabilizes the dimer via forming a hydrogen bond (22,40,41,42,43,44,38). When analyzing 11
transmembrane protein structures, Senes et al found parallel right handed alpha helices to be
rich in glycine, serine, and threonine with clusters of Ca—H--O contacts as common features
(45). Small residues like glycine and serine allow close packing of helices and facilitate
formation of hydrogen bonds. Threonine residues frequently form interhelical Co—H---O bonds
and are one of the most common polar residues in TMs.

Under the consideration that the GXXXG motif in TM1 may be involved in the dimer interface,
or alternatively, in a transient interaction with the TM1 of a neighboring subunit, we chose to
substitute threonine with leucine at position 402 in the mammalian system to replace a polar
with a non-polar residue, similar to the substitution disruptive of Thr87 with Val in glycophorin
A (22), and in doing so also introduced a small increase in size. In glycophorin A, the rank of
disruption for mutation at position Thr87 is correlated with size (Ala< Val< lle<Leu) (46).
More importantly, we wanted to use the T402L substitution to probe the existence of the
perceived hydrogen bonding interaction by T402. The wild-type phenotype of the T402L
mutant argues against H-bonding at this residue. Indeed, molecular modeling places the T402
opposite 1637 in TM6 from its dimeric partner. Further, the leucine substitution at 402 may
potentially interact more favorably with 1637 of its dimeric partner than the threonine residue
and actually promote dimmer formation. This point is supported by the efficient shift of the
lower band in the MX rescue experiments for the T402L and T402L/G406L/G410L mutant
discussed below. Although the substitution with the larger positively-charged arginine was
expected to be an unfavorable change in the membrane environment and likely to disrupt the
association of the transmembrane helices, the T402R mutant appeared on the cell surface and
is capable of efflux. It should be noted that the level of disruption in a TM due to an arginine
is highly dependent on location. The effect can range from disruption to no effect to improved
folding, as observed in arginine scanning mutagenesis of the transmembrane helix of P-
glycoprotein (47). Molecular modeling places T402 at a position where the side chain of T402
has more room to maneuver, possibly protrudes into the substrate-binding pocket, and thus is
capable of accommaodating large residue changes (Figure 9).

Our results with the ABCG2 triple mutants carrying the threonine 402 to leucine or arginine
substitutions (T402R/G406L/G410L and T402R/G406L/G410L) are consistent with
destabilization of the homodimer. Since we did not observe a major disruption with either
substitution at 402 alone, we can conclude that the entire TXXXGXXXG motif is important
in ABCG2. Our previous studies of ABCG2 dimerization have suggested a dynamic process
that happens as the monomers are synthesized and fold together in the ER. Our immunostaining
and enzymatic deglycosylation studies indicate that both triple mutants, the arginine
substitution more than leucine substitution, demonstrated retention in the ER, suggesting that
the mutants are most likely recognized by the ERAD as misfolded proteins. Although the data
suggest ERAD-mediated degradation, in the case of our mutants, proteasomal inhibition with
MG132 did not result in increased amount of the mutant proteins detected (data not shown),
suggesting clearance of the proteins through an alternative mechanism such as sequestration
in aggresomes. Notably, despite retention in the ER and altered glycosylation, the mutant
proteins could be cross-linked with DSG and DSS. This is consistent with our previous results
in which cross-linking occurred no matter how significant the mutation (24,30). We have thus
concluded that positive results obtained in cross-linking experiments do not differentiate
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between close proximity in the ER during protein synthesis and the formation of a proper dimer
that can translocate to the cell surface.

Treatment with pharmacological chaperones has been shown to promote folding and cellular
expression of GPCRs when mutant forms retained in the ER are studied (48). Lipophilic p-
adrenergic ligands as pharmacological chaperones were able to restore dimerization and
membrane expression of the homodimerization-compromised p1- adrenoceptor mutants
retained in the ER (49). Rescuing misfolded membrane proteins with pharmacological
chaperones is an intensively studied strategy in certain disease-causing mutations (34,35). One
particularly relevant example is the ABC transporter cystic fibrosis transmembrane
conductance regulator (CFTR), in which, interestingly, less than 50 percent of even the wild-
type protein is folded correctly (50). Mutations causing cystic fibrosis disrupt folding and some
mutants are completely retained in the ER. These proteins can be rescued to some extent by
pharmacological chaperones such as doxorubicin (51) and sildenafil (52). We previously noted
that only a small portion of wild-type ABCG2 is likely misfolded (30). As noted above, the
T402L/G406L/G410L could be “rescued” by overnight treatment with the substrate MX as
suggested by its shift to the normal 72-kDa molecular weight band on immunoblot and its loss
of Endo H sensitivity. Indeed the substitution of leucine at 402 may have provided a slight
benefit in protein stability in the presence of the pharmacological chaperone as evidenced by
the better shift of the lower molecular weight band relative to that of the double mutant alone.
In contrast, the T402R/G406L/G410L mutant, carrying the more drastic substitution at residue
402, did not show the same phenomenon (Figure 4-6).

The studies presented here are consistent with, but do not conclusively show, a role for the
GXXXG motif in ABCG2 dimerization. Other roles for the GXXXG motif include
involvement in higher order oligomerization as noted above, given that tetramers and even
higher order oligomers of ABCG2 have been described as forming the functional transporter
(53,54). Other possibilities include interhelical packing within the monomer, or a transient role
in a folding intermediate of the protein. Considering GXXXG in TM1 of ABCG2 important
in any one of the above mentioned processes, mutations could equally result in aberrant folding
and activation of ERAD as noted above. To evaluate these possibilities, we utilized the
TOXCAT assay, which allows investigation of single transmembrane helix associations in
biological membranes (25). The level of CAT activity measured in the TOXCAT assay
indicates the strength of TM association. The results with the wild-type do confirm that ABCG2
TML1 is able to self-associate when expressed in bacterial cells. This dimerization is
significantly reduced by altering the TXXXGXXXG motif, confirming the latter’s importance.
Whether this self-association could reflect a role for ABCG2 TM1s in dimerization or a higher
order oligomerization such as the tetrameric structure reported in protein purification systems
is a matter for future study (53,54).

In conclusion, we have observed that mutating threonine 402 to either leucine or arginine in
addition to the leucine substitutions at the GXXXG motif in TM1 of ABCG2 further
destabilized the protein, resulting in mutants that were not only impaired in their function, but
were partially retained in the ER. The arginine substitution rendered the protein insensitive to
pharmacological rescue. The data presented suggests that the ABCG2 homodimer folds
together in the ER and that the drug binding sites are accessible enough for MX to bind and
act as a pharmacologic chaperone improving protein processing. The studies echo those of Loo
and Clark who have shown that pharmacologic chaperones are able to increase levels of a
functional transporter on the cell surface (35). The ability of chemical cross-linking agents to
crosslink ABCG2 despite its failure to form a functional dimer suggests one of two possibilities:
two loosely folded monomers associate and rearrange to form a functional dimer and failing
that are recognized by ERAD; or that two ribosomes simultaneously produce the monomers
which fold together in the ER. The data suggest that homodimerization occurs early in the
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biosynthetic process in the ER and that conformational changes imposed by the mutations
could independently affect dimerization and cell surface trafficking (49).
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Figure 1. Protein levels, surface expression, and function of the mutants

Part A. Cell lysates from stably transfected HEK 293 cells (20 pg for R482G, T402L, T402R
and 60pg for G406L/G410L, T402L/G406L/G410L, T402R/G406L/G410L mutants) were
separated by SDS/PAGE, transferred onto a PVDF membrane, and probed with the monoclonal
anti-ABCG2 antibody BXP-21. Part B. First column: flow cytometry with the 5D3 surface
antibody. Stably transfected HEK 293 cells were incubated for 30 min in phycoerythrin-labeled
negative control antibody (solid line) or 5D3 antibody (dashed line) and analyzed on a
FACSsort flow cytometer. Second, third and fourth colums: cells were incubated for 30 min
in complete media containing 20 uM MX, or 1 uM pheophorbide a, or 200 nM BODIPY-
prazosin with or without 10 uM of the ABCG2-blocker FTC. (Accumulation without FTC -
solid line, with FTC - dashed line).
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Figure 2. Enzymatic deglycosylation with N-glycosidase F and Endo H

Immunoblot analysis of cell lysates from the R482G, T402L and T402R mutants (panel A, 35
ng) and from the G406L/G410L, T402L/G406L/G410L and T402R/G406L/G410L mutants
(panel B, 70 pg) with the BXP-21 antibody following overnight treatment with Endo H, or
with N-Glycosidase F. The arrows point out the three different molecular weights observed in
the experiment.

Biochemistry. Author manuscript; available in PMC 2011 March 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Polgar et al. Page 16

v o P o
st‘% «D&Q Q&Q C)D‘Q (‘&@\)

+ 10nM Bafilomycin

== - <«—72kDa
- - - ==
g__'.--—-— — ——— ey ® <+—37 kD2

Figure 3. Effect of lysosome inhibition on the protein levels of ABCG2 mutants

Cells were harvested subsequent to overnight incubation with or without 10 nM bafilomycin
followed by immunaoblot analysis with the BXP-21 and GAPDH antibodies for the R482G,
T402L and T402R mutants (40 pg/lane) and for the G406L/G410L, T402L/G406L/G410L,
T402R/G406L/G410L mutants (100 pg/lane).
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Figure 4. “Rescue” of the triple mutants with MX

Part A. Following overnight incubation with or without 5 uM MX, cells were harvested and
the lysates (25 pg for R482G, T402R, T402L and 50 g for the other mutants) were subjected
to immunoblot analysis with the BXP-21 and GAPDH antibodies as described in Figure 1.
Part B. Average percent of mutant protein detected in the lower and upper bands with and
without MX for at least seven separate experiments.
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Figure 5. Localization of the mutants in HEK 293 cells after treatment with MX

Confocal microscopy of stably transfected HEK 293 after overnight treatment with or without
5 uM MX was performed following fixation with paraformaldehyde and permeabilization with
methanol. Immunostaining was carried out for 1 hour at room temperature with the BXP-21
monoclonal anti-ABCG2 antibody (red).
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Figure 6. Endo H digestion of the triple mutants following MX treatment

After overnight incubation with or without 5 uM MX, cells were harvested and the lysates
were subjected to overnight digestion with Endo H followed by immunoblot analysis with the
BXP-21 antibody (panel A, 35 ug for R482G, T402R and T402L and panel B, 70 pg for the
double and triple mutants).
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72 kDa

Figure 7. Cross-linking studies

Cross-linking was performed on intact cells at room temperature for 30 min with 2 mM DSG
followed by protein extraction, SDS/PAGE separation and immunoblotting with the BXP-21
anti-ABCG2 antibody. Cross-linking is observed in both the control, T402L, T402R, and the
triple mutants as suggested by higher molecular weight species. The molecular weight of
monomeric wild-type ABCG2 is 72 kDa.
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Figure 8. The TOXCAT assay

Part A. Schematic representation of the assay. TM alpha helices are fused with the ToxR
domain on one end and with the maltose binding protein on the other. If dimerization of the
TMs occurs, ToxR forms an active dimer and CAT is transcribed. Part B. The CAT activity
measured in the TOXCAT assay for the G406L/G410L, T402R, and T402R/G406L/G410L
mutants compared to wild-type TM1 of ABCG2.
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Figure 9. Homology modeling of ABCG2

Part A. A cross section of the ABCG2 homology model is given showing the TXXXGXXXG
motif and its vicinity including TM1 and 2 from one subunit (Dark red) and TM3, 5 and 6 from
another (Dark blue). A putative drug-binding cavity below the residue T402 is also illustrated.
Part B. View of TMD of ABCG2 model along the direction perpendicular to the membrane
plane shown the arrangement of 12 TM helices and the position of the TXXXGXXXG motif.
Part C. A close-up view of the wild-type TXXXGXXXG motif. Part D. A close-up view of
the T402L mutation. Part E. A close-up view of the T402R mutation. Part F. A close-up view
of the T402L/G406L/G410L mutations.
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