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Abstract

ABCG2 is a member of the ATP-binding cassette transporter superfamily, and its overexpression 

causes multidrug resistance (MDR) in cancer chemotherapy. ABCG2 may also protect cancer stem 

cells by extruding cytotoxic materials. ABCG2 has previously been shown to exist as a high-order 

homo-oligomer consisting of possibly 8–12 subunits, and the oligomerization domain was mapped 

to the C-terminal domain, including TM5, ECL3, and TM6. In this study, we further investigate 

this domain in detail for the role of each segment in the oligomerization and drug transport 

function of ABCG2 using domain swapping and site-directed mutagenesis. We found that none of 

the three segments (TM5, TM6, and ECL3) is essential for the oligomerization activity of ABCG2 

and that any one of these three segments in the full-length context is sufficient to support ABCG2 

oligomerization. While TM5 plays an important role in the drug transport function of ABCG2, 

TM6 and ECL3 are replaceable. Thus, each segment in the TM5—ECL3—TM6 domain plays a 

distinctive role in the oligomerization and function of ABCG2.
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Multidrug resistance (MDR) is a major problem in the successful chemotherapy of human 

cancers. Studies with drug-resistant model cell lines have shown that overexpression of some 

members of the ATP-binding cassette (ABC) transporter superfamily such as ABCB1 (P-

glycoprotein or Pgp), ABCC1 (multidrug resistance-associated protein or MRP1), and 

ABCG2 (breast cancer resistance protein or BCRP) represents one of the major mechanisms 

contributing to MDR.1–4 The increased levels of expression of these ABC transporters cause 

increased efflux and, thus, reduced levels of intracellular accumulation of anticancer drugs, 

conferring cellular resistance.

Of the 49 members of the human ABC transporter family, ABCG2 is particularly interesting 

because it is clinically significant in the prognosis prediction of both liquid and solid 

malignancies, in the development of both innate and acquired MDR, in the regulation of 

drug bioavailability, and possibly in protecting cancer stem cells.5–7 While the primary 

sequence of ABCG2 and its domain structure are approximately half as large as those of a 

traditional ABC transporter such as ABCB1,8 recent evidence suggests that ABCG2 may 

exist as a homo-oligomer consisting of 129 or 8 subunits,10 with a minimal stable complex 

of a tetramer.9 These findings suggest that ABCG2 may function in a more complicated 

manner than previously anticipated.

The oligomerization activity of ABCG2 has been mapped to a domain that includes TM5, 

ECL3, and TM6 (Figure 1A), and truncated ABCG2 with only this domain could function as 

a dominant negative molecule inhibiting the activity of full-length ABCG2.11 In this study, 

we further investigate this domain and map in detail the oligomerization activity and the role 

of each segment of this domain in the oligomerization and function of ABCG2. We found 

that all three segments (TM5, TM6, and ECL3) are sufficient to support ABCG2 

oligomerization, although TM5 and TM6 each alone has reduced activity. However, none of 

them is essential for the oligomerization activity of ABCG2. While TM5 plays an important 

role in ABCG2 function, TM6 and ECL3 are replaceable. Taken together, we conclude that 
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each segment in the TM5—ECL3—TM6 domain plays a distinctive role in the 

oligomerization and function of ABCG2.

MATERIALS AND METHODS

Materials.

All primers for engineering ABCG2 constructs via PCR (polymerase chain reaction) were 

obtained from Invitrogen, and pfu DNA polymerases were purchased from Stratagene. Cell 

culture medium DMEM, antibiotics, and trypsin were from Mediatech or Lonza. Anti-Myc 

antibody, anti-HA antibody, and protein G-PLUS agarose were purchased from Cell 

Signaling Technology, Covance, and Santa Cruz Biotechnology, respectively. DNA and 

protein molecular weight markers were obtained from Fermentas Life Sciences. Chemical 

cross-linking reagent disuccinimidyl suberate (DSS) and restriction endonucleases were 

from Pierce and New England Biolabs, respectively. ECL (enhanced chemiluminescence) 

Western Blot detection reagents were obtained from GE Healthcare. All other reagents of 

analytic grade or higher were purchased from Sigma-Aldrich or Fisher Scientific.

Engineering of Constructs.

Domain swapping and point mutation constructs of human ABCG2 were engineered using 

PCR as previously described,12–14 and the primers for each construct and template are listed 

in Table S1 of the Supporting Information. ABCG2Myc-TM1–2/L1* was engineered using 

ABCG2Myc-TM5–6 and ABCG2Myc-TM1–2 as templates from a previous study11 and P1/P2 

and P3/P4 primer pairs, respectively. The two PCR products were then mixed with the P1/P5 

primer pair for an overlap PCR. The second-round PCR product was digested with BamHI 

and EcoRI and cloned into pCDNA3.1 to generate ABCG2Myc-TM1–2/L1*.

To engineer ABCG2Myc-F-TM5*6*, ABCG2Myc-ECL3*, ABCG2Myc-L3*TM6*, and 

ABCG2Myc-TM5*L3*, we took advantage of a unique MluNI restriction site in TM4 of 

ABCG2. PCR was first performed as described above using ABCG2Myc-TM5–6 and 

ABCG2Myc-TM1–2 11 as templates and a primer containing an MluNI or EcoRI site and other 

primers (see Table S1 of the Supporting Information). The two PCR products were then used 

as templates for overlap PCR. The final products were digested with MluNI and EcoRI to 

replace the MluNI–EcoRI fragment in ABCG2Myc-WT, resulting in ABCG2Myc-F-TM5*6*, 

ABCG2Myc-ECL3*, ABCG2Myc-L3*TM6*, and ABCG2Myc-TM5*L3*.

ABCG2Myc-TM5*6*CL was engineered as described previously14 using the QuikChange 

multisite-directed mutagenesis kit. ABCG2Myc-TM5*6*CLM was engineered using the 

transformer site-directed mutagenesis kit (Clontech) with a mutagenic primer (5′-
TGGCTGTCATGGCTTGCCTACTTCGCCATTCCACGATATGGA-3′) and a screening 

primer (5′-GCTTTTCTGTGACTGGTGAGGCCTCAACCAAGTCATTCTGAG-3′). All 

the constructs mentioned above were verified by double-stranded DNA sequencing.

Transient and Stable Cell Transfection.

HEK293 cells with stable expression of HA-tagged ABCG2 were established in previous 

studies9,11 and were cultured at 37 °C with 5% CO2 in DMEM, supplemented with 10% 
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fetal bovine serum, 100 units/mL penicillin, 100 μg/mL streptomycin, and 0.3 mg/mL G418. 

For transient transfection, the pcDNA 3.1(+) plasmid containing different Myc-tagged 

ABCG2 sequences or the vector control was transfected into HEK293 cells or HEK293 cells 

with stable expression of HA-tagged ABCG2 at 90% confluency using LipofectAMINE 

according to the manufacturer’s instructions. The cells were harvested for experiments 24 h 

after transient transfection.

To establish stable clones with expression of various Myc-tagged ABCG2 constructs, we 

first transfected the pcDNA 3.1(+) plasmid containing different Myc-tagged ABCG2 

constructs or the vector control into HEK293 cells using LipofectAMINE according to the 

manufacturer’s instructions. Forty-eight hours following transfection, the transfected cells 

were diluted and selected with 0.8 mg/mL G418 for 3 weeks. Stable clones with expression 

of Myc-tagged ABCG2 were verified by Western blot and were maintained in the presence 

of 0.3 mg/mL G418.

Chemical Cross-Linking, Cell Lysate, and Plasma Membrane Preparations.

Chemical cross-linking using DSS was performed as previously described.9,15 Briefly, 

confluent cells in 150 mm dishes were washed three times with KCl/Hepes buffer [90 mM 

KCl and 50 mM Hepes (pH 7.5)] and incubated with 2 mM DSS in the KCl/Hepes buffer for 

45 min at room temperature. Tris-HCl (pH 7.4) was then added to a final concentration of 2 

mM to quench the reaction. The cells were then collected for plasma membrane preparation 

as described previously with minor modifications.9,13 Briefly, cells were washed with ice-

cold PBS and resuspended in hypotonic buffer [10 mM KCl, 1.5 mM MgCl2, 10 mM Tris 

(pH 7.4), and 2 mM PMSF] at a density of 106 cells/mL followed by homogenization and 

centrifugation at 1000g for 10 min. Plasma membrane fractions were prepared by layering 

the 1000g supernatant on top of a 35% sucrose cushion containing 10 mM Tris (pH 7.4) and 

1 mM EDTA, followed by centrifugation at 100000 g for 1 h. The membranes at the 

interface between the supernatant and the sucrose cushion were collected, mixed with STBS 

buffer [250 mM sucrose, 150 mM NaCl, and 10 mM Tris (pH 7.5)], and pelleted by 

centrifugation. The final membrane pellets were resuspended in STBS buffer and stored at –

80 °C.

For the preparation of lysates, cells were harvested and lysed in ice-cold lysis buffer [150 

mM NaCl, 25 mM Tris (pH 7.4), 1 mM EDTA, and 1% Triton X-100, with freshly added 2 

mM PMSF and 1 mM DTT before use] and then passed through 26 gauge needles and 

incubated on ice for 30 min. The lysates were then centrifuged at 12000g for 15 min. Protein 

concentrations were determined with the Bio-Rad protein assay kit.

Co-Immunoprecipitation and Western Blot Analyses.

Co-immunoprecipitation (Co-IP) was performed as previously described.9,15 Briefly, 500 μg 

of fresh cell lysates was mixed with 2 μg of normal mouse IgG, diluted to 1 mL with ice-

cold lysis buffer, and incubated for 2 h at 4 °C, followed by addition of 40 μL of protein G-

PLUS agarose beads and incubation for 2 h at 4 °C. After centrifugation at 500g for 1 min to 

preclear the lysate, the supernatants were transferred to new tubes and precipitated with 

monoclonal anti-Myc or anti-HA antibodies for 4 h at 4 °C. After centrifugation at 10000g 
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for 15 min at 4 °C, the supernatants were transferred to fresh tubes and incubated with 40 μL 

of protein G-PLUS agarose beads overnight at 4 °C with constant agitation. Agarose beads 

were then collected by centrifugation and washed five times with lysis buffer before being 

used for Western blot analysis as previously described.9

Indirect Immunofluorescence Imaging.

Indirect immunofluorescence imaging was performed as previously described.13,16,17 

Briefly, HEK293 cells transfected with various ABCG2 constructs were cultured on 

coverslips and washed with phosphate-buffered saline, fixed with an acetone/methanol 

mixture, blocked with bovine serum albumin, and probed with an anti-Myc antibody at room 

temperature for 1 h followed by incubation with an FITC-conjugated secondary antibody at 

room temperature for 30 min. The coverslips were then mounted on slides before being 

viewed with a confocal microscope.

MTT and Drug Accumulation Assays.

The MTT assay was performed as previously described9 using different concentrations of 

adriamycin and mitoxantrone. EC50 is defined as the concentration of the drug required to 

kill 50% of the cells in the control condition without any drugs. Relative resistance factors 

were determined by dividing median EC50 values of stable clones with expression of 

ABCG2Myc-WT by that of cell clones transfected with other constructs.

The drug accumulation assay was performed as previously described11,18 with minor 

modifications. Briefly, 106 cells were trypsinized, resuspended in 1 mL of DMEM with 20 

μM mitoxantrone, and incubated at 37 °C for 30 min. Cells were then collected by 

centrifugation at 500g and washed three times with ice-cold DMEM. The cells were then 

resuspended in 1 mL of DMEM and subjected to analysis by flow cytometry using a BD 

FACSCalibur APC Analyzer. The data were analyzed using Cell Quest Pro (BD 

Biosciences).

RESULTS

ECL3 Has Oligomerization Activity.

Previously, it was found that the oligomerization activity of ABCG2 is located in its C-

terminal domain consisting of three segments, TM5, ECL3, and TM6.11 To determine which 

segments of this domain have oligomerization activity, we first engineered a construct by 

replacing ECL1 with ECL3 in the Myc-tagged ABCG2Myc-TM1–2 construct that has 

previously been shown to have no oligomerization activity11 (Figure 1B). The newly created 

construct, ABCG2Myc-TM1–2/L1*, was then transfected into HEK293 cells that stably express 

HA-tagged full-length ABCG2 (ABCG2HA-WT) to determine if it interacts with 

ABCG2HA-WT using Co-IP with an anti-Myc antibody followed by Western blot analysis. 

As shown in panels C and D of Figure 1, ABCG2Myc-TM1–2/L1* successfully coprecipitates 

with ABCG2HA-WT, like the positive control ABCG2Myc-TM5–6, which has been shown 

previously to interact with ABCG2HA-WT 11 On the other hand, the negative control 

construct ABCG2Myc-TM1–2 failed to coprecipitate with ABCG2HA-WT as expected (Figure 

1C,D). Thus, replacing ECL1 with ECL3 in ABCG2Myc-TM1–2 generated oligomerization 
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activity in this construct. These findings suggest that ECL3 may contain oligomerization 

activity.

To further confirm the oligomerization activity of ECL3 and to eliminate the potential 

problem of using truncated constructs in the studies described above, we engineered a new 

construct by replacing TM5 and TM6 with TM1 and TM2, respectively, in full-length 

ABCG2 (Figure 2A). As discussed above, the TM1—ECL1—TM2 domain has been shown 

previously to have no oligomerization activity.11 The new construct, ABCG2Myc-TM5*6*, 

was then transiently transfected into HEK293 cells with stable expression of ABCG2HA-WT 

followed by Co-IP using the HA or Myc antibody and Western blot analysis using both Myc 

and HA antibodies. Panels B—D of Figure 2 show that ABCG2Myc-TM5*6*, like wild-type 

ABCG2 (ABCG2Myc-WT), coprecipitates with ABCG2HA-WT. However, the negative control 

ABCG2 without the TM5-ECL3-TM6 domain (ABCG2Myc-TM1–4) does not coprecipitate 

with ABCG2HA-WT, as we previously demonstrated.11 This finding confirms our conclusion 

that ECL3 likely contains oligomerization activity.

The Conserved Cysteine Residues and the Putative QYFS Motif in ECL3 Are Not Essential 
for the Oligomerization Activity of ECL3.

It has been shown previously that the conserved cysteine residues in ECL3 of ABCG2, 

Cys603, Cys592, and Cys608 (Figure S1 of the Supporting Information), are responsible for 

the formation of inter- and intramolecular disulfide bonds and, thus, possibly dimerization of 

ABCG2.19,20 To investigate if the oligomerization activity of ECL3 observed using Co-IP in 

the experiments described above is possibly due to formation of an intermolecular disulfide 

bond, we created Cys-less ECL3 in the ABCG2Myc-TM5*6* construct by site-directed 

mutagenesis. This new construct, ABCG2Myc-TM5*6*CL (Figure 2A), was then tested for its 

interaction with ABCG2HA-WT using the same method that was used for 

ABCG2Myc-TM5*6*. As shown in Figure 2B–D, ABCG2Myc-TM5*6*CL, compared with 

ABCG2Myc-TM5*6*, could coprecipitate equally well with ABCG2HA-WT. Thus, the 

conserved cysteine residues in ECL3 may not contribute to the observed oligomerization 

activity of ECL3. This finding is consistent with our previous observation that the cysteine 

residues in ECL3 do not contribute to ABCG2 oligomerization.9

Sequence analysis of ECL3 also shows a conserved QXXS motif [569QYFS (see Figure S1 

of the Supporting Information)], which has been shown to facilitate interactions between 

membrane proteins.21 To determine if this motif is possibly responsible for the 

oligomerization activity of ECL3, we mutated the 569QYFS motif to 569AYFA in the Cys-

less mutant construct ABCG2Myc-TM5*6*CL and created a new one named 

ABCG2Myc-TM5*6*CLM (Figure 2A). This construct was then tested for its ability to 

coprecipitate with ABCG2HA-WT as described above. Panels B—D of Figure 2 show that 

elimination of the motif by mutation had no effect on its ability to oligomerize. Thus, the 

putative 569QYFS motif is unlikely to be involved in ABCG2 oligomerization.

TM5 and TM6 Also Contain Oligomerization Activity.

Next, we determined if TM5 and TM6 also have oligomerization activity. For this purpose, 

we first engineered a construct by replacing ECL3 with ECL1 in full-length ABCG2 and 
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created ABCG2Myc-ECL3* (Figure 3A). ABCG2Myc-ECL3*, along with the negative control 

construct ABCG2Myc-TM1–4 and the positive control construct ABCG2Myc-WT, was then 

transiently transfected into HEK293 cells with stable expression of ABCG2HA-WT followed 

by Co-IP and Western blot analysis as described above. As shown in Figure 3B–D, 

ABCG2Myc-ECL3*, like ABCG2Myc-WT, coprecipitates the ABCG2HA-WT, whereas the 

negative control construct does not, suggesting that TM5 and TM6 likely also contain 

oligomerization activity.

We further dissected TM5 and TM6 to determine if both are equally important by creating 

two more constructs, ABCG2Myc-TM5*L3* and ABCG2TM6*L3* (Figure 4A), by replacing 

the TM5—ECL3 and ECL3—TM6 domains with TM1—ECL1 and ECL1—TM2 domains, 

respectively. These constructs along with negative control ABCG2Myc-TM1—4 and positive 

control ABCG2Myc-WT were tested for their ability to interact with HA-tagged full-length 

ABCG2 as described above. Panels B—D of Figure 4 show that both constructs have only 

~50% of the oligomerization activity of wild-type ABCG2 (ABCG2Myc-WT). Thus, both 

TM5 and TM6 may each contribute ~50% of the oligomerization activity.

Previously, we found that the TM segments involved in ABCC1 dimerization are 

hydrophobicity-dependent.22 To determine if the hydrophobicity of TM5 and TM6 is also 

possibly important for their oligomerization activity and replacing them with TM1 and TM2 

may change the hydrophobicity and, thus, oligomerization activity, we performed a sequence 

analysis of TM5 and TM6 as well as their respective replacements TM1 and TM2. As shown 

in Table 1, while replacing TM5 with TM1 does not change the hydrophobicity, replacing 

TM6 with TM2 drastically reduces the hydrophobicity. However, both replacements 

generated an ~50% reductions in ABCG2 oligomerization activity. Thus, it is possible that 

the hydrophobicity of TM5 and TM6 may not play important roles in their oligomerization 

activity.

ECL3 Is Not Essential for Supporting ABCG2 Function.

To determine the importance of each segment of the TM5—ECL3—TM6 domain in 

ABCG2 function, we first established stable cell lines transfected with vector control, 

ABCG2Myc-WT, ABCG2Myc-TM5*6*, and ABCG2Myc-ECL3* (Figure S2 of the Supporting 

Information) and tested their ability to resist mitoxantrone and doxorubicin treatments using 

the MTT assay. All ABCG2 mutants appear to be localized on plasma membranes as 

determined using immunofluorescence staining (Figure S3 of the Supporting Information). 

Panels A and B of Figure 5 show that the relative resistance factor of ABCG2Myc-TM5*6* 

following normalization to its expression level is dramatically reduced compared to that of 

ABCG2Myc-WT. However, the function of ABCG2Myc-ECL3* did not significantly change. 

Next, we performed a mitoxantrone accumulation assay using flow cytometry. As shown in 

Figure 6, ABCG2Myc-ECL3* can significantly reduce the level of mitoxantrone accumulation, 

like ABCG2Myc-WT, whereas ABCG2Myc-TM5*6* cannot. Hence, it is possible that TM5 and 

TM6 are functionally important whereas ECL3 is not.
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TM5 Is a Major Contributor of ABCG2 Function.

To further determine the importance of TM5 and TM6 in ABCG2 function and if they make 

equal contributions, stable HEK293 cell lines transfected with ABCG2Myc-TM5* and 

ABCG2Myc-TM6* were established and tested for their drug resistance function using 

mitoxantrone and doxorubicin in the MTT assay. Panels C and D of Figure 5 show that the 

drug resistance function of ABCG2Myc-TM5* is significantly reduced when compared with 

that of ABCG2Myc-WT. However, the drug resistance function of ABCG2Myc-TM6* was not 

significantly reduced versus that of ABCG2Myc-WT. Similar observations were also made 

with stable cell lines transfected with ABCG2Myc-TM5*L3* and ABCG2Myc-L3*TM6* (Figure 

5E,F). Using the drug accumulation assay, we also found that replacing TM5 significantly 

compromised ABCG2 activity in eliminating the accumulation of mitoxantrone in HEK293 

cells (Figure 6). Thus, TM5 may be more important than TM6 in ABCG2 function, although 

they both play similar roles in ABCG2 oligomerization.

All Mutant Forms of ABCG2 Can Form Homo-Oligomers.

Because replacing TM5 appears to significantly reduce ABCG2 function and reduce its 

ability to interact with wild-type ABCG2, it is possible that ABCG2 missing the correct 

TM5 could not form correct homo-oligomeric complexes. To test this possibility, we next 

determined if the mutant ABCG2 with alterations in TM5, ECL3, and TM6 can form homo-

oligomers with itself. For this purpose, we performed chemical cross-linking of live 

HEK293 cells expressing ABCG2Myc-WT, ABCG2Myc-ECL3*, ABCG2Myc-TM5*6*, 

ABCG2Myc-TM5*, ABCG2Myc-TM6*, ABCG2Myc-L3*TM6*, or ABCG2Myc-TM5*L3* followed 

by Western blot analysis of isolated membranes as previously described.9,15 Figure 7 shows 

that oligomeric ABCG2 molecules can be detected for all wild-type and mutant ABCG2 

molecules, although the distribution of cross-linked oligomeric ABCG2 is different between 

the wild-type and mutant molecules (Table 2). All ABCG2 mutants could successfully form 

homo-oligomeric complexes, and there is no correlation between formation of oligomers and 

function of ABCG2 (Table 2). Thus, the loss of function in TM5 mutants may not be due to 

its loss of formation of homo-oligomeric complexes. These observations also suggest that 

the existence of any single element in the TM5—ECL3—TM3 domain is enough to support 

formation of homo-oligomeric ABCG2 complexes with itself.

DISCUSSION

ABCG2 has previously been shown to exist as a high-order homo-oligomer, and the 

oligomerization activity is located in a domain including TM5, ECL3, and TM6.6 In this 

study, we further dissected this domain and investigated the contribution of each segment in 

the TM5—ECL3—TM6 domain to ABCG2 oligomerization and function. We found that 

while ECL3, TM5, and TM6 each have oligomerization activity, each segment alone is not 

essential for ABCG2 oligomerization. The existence of any single segment is sufficient to 

support ABCG2 oligomerization. However, TM5 is essential for ABCG2 function, whereas 

TM6 and ECL3 are replaceable.

ECL3 is the longest extracellular loop of ABCG2 with potential N-linked glycosylation sites 

and cysteine residues involving formation of potential intra- and intermolecular disulfide 
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bonds.14,23 While ECL3 has full oligomerization activity and its presence is sufficient to 

support ABCG2 oligomerization, the cysteine residues in ECL3 are not essential for ABCG2 

oligomerization. This observation is consistent with our previous finding that the formation 

of higher-order oligomers is not dependent on disulfide bond formation.9 These cysteine 

residues have also been shown to be unessential for ABCG2 function.14

The short polar QXXS motif was first identified in the bacterial Tar-1 homodimer TM 

domain and has been found to be sufficient for inducing stable TM—TM interactions.24 The 

two polar residues (Q and S) are crucial for the dimerization of the Tar-1 TM domain in 

vivo, creating symmetric hydrogen bonds that promote and/or stabilize dimeric Tar-1. 

Substitution of these two polar residues with nonpolar residues markedly impaired the self-

association ability of the Tar-1 TM domain. The QXXS motif is common in TMs of 

bacterial membrane proteins, suggesting a general role for this motif in TM assembly.21 

However, the existence of this motif (569QYFS) in ECL3 of ABCG2 does not appear to 

contribute to the oligomerization activity of ABCG2. This observation may be due to the 

existence of this motif in the hydrophilic loop but not in the TM segment of ABCG2.

Although both TM5 and TM6 contribute equally to ABCG2 oligomerization in the Co-IP 

assay with wild-type ABCG2, TM5 and TM6 together have more activity than each does 

alone. Because any dimerization between the wild-type and mutant ABCG2 could be 

detected using the Co-IP study, TM5 and TM6 may be important in dimerization as each one 

contributes to ~50% of their oligomerization activity. On the other hand, ABCG2 mutants 

with TM5, TM6, or both replaced with TM1 and TM2, respectively, could be efficiently 

cross-linked, suggesting that the mutant may have a higher affinity for itself than for the 

wild-type protein and that TM5 and TM6 may not be as important in oligomerization as in 

dimerization. It is also tempting to speculate that TM5 in one molecule may interact with 

TM5 in another while TM6 interacts with TM6 (Figure 8). It can be further suggested that 

ECL3 in one molecule may interact with ECL3 in another. This arrangement of interactions 

fit well with the dodecameric complex model.9 Currently, it is unknown if the 

oligomerization activity of TM5 and TM6 is sequence-dependent. However, their 

oligomerization activities do not appear to depend on the hydrophobicity of these TM 

segments, which is different from the TM segments involved in ABCC1 dimerization.15

While the exact drug-binding sites in ABCG2 are unknown, early studies have suggested 

that the interactions of the substrate with ABCG2 involve multiple binding sites in the 

protein.25 For example, Arg482 has been shown to affect substrate specificity.26 All our 

constructs have the same R482G mutation that provides a gain of function in recognition of 

more substrates. In this study, the only mutant that shows a significant loss of function is 

replacement of TM5 with TM1, suggesting that TM5 may be important in substrate 

recognition and binding. This conclusion is consistent with previous reports that TM5 

contains several amino acids that are essential for the transport activity of ABCG2. For 

example, it has been shown that the L554P mutation in TM5 reduces the drug resistance 

function of ABCG2.27 TM5 has also been found to contain a steroid binding element,28 

further suggesting that TM5 may be important in substrate recognition and binding. It is 

unknown if replacing TM5 with TM1 significantly affects ABCG2 conformation, which 

results in a loss of function. However, the finding that the mutant can form homo-oligomers 
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with itself in chemical cross-linking studies although replacing TM5 with TM1 weakened 

the ability of the mutant to oligomerize with wild-type ABCG2, suggests that a major 

conformational change may not have occurred. Furthermore, replacing TM6 with TM2 did 

not affect ABCG2 function and also reduced its oligomerization activity with wild-type 

ABCG2. In addition, replacing ECL3 with ECL1 has no effect on ABCG2 function or 

oligomerization, which further suggests that the mutations likely have no significant impact 

on ABCG2 conformation. Thus, we conclude that the functional effect of replacement of 

TM5 with TM1 is unlikely due to its effect on oligomerization or conformation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Schematic presentation of ABCG2 topology. (B) Schematic presentation of HA-tagged 

full-length and Myc-tagged ABCG2 constructs. The solid circle and ovals represent HA and 

Myc tags, respectively. The numbered boxes and lines represent transmembrane (TM) 

segments and loops (L), respectively. Abbreviations: ECL, extracellular loop; NBD, 

nucleotide-binding domain; MSD, membrane-spanning domain. (C) Co-IP. HEK293 cells 

with stable expression of ABCG2HA-WT were transiently transfected with 

ABCG2Myc-TM5–6, ABCG2Myc-TM1–2, or ABCG2Myc-TM1–2/L1* followed by 

immunoprecipitation with the Myc antibody and Western blot analysis of the precipitates 

with HA and Myc antibodies. (D) Quantitative analysis of Co-IP. The expression and Co-IP 

level of constructs from three independent experiments as shown in panel C were quantified 

using ScnImage and calculation of the relative ratio of Co-IP to the expression level 

followed by normalization to that of the positive control construct ABCG2Myc-TM5–6.
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Figure 2. 
(A) Schematic presentation of HA-tagged full-length and Myc-tagged ABCG2 constructs. 

The triplet dots represent cysteine mutations, while the arrowheads indicate mutation of the 

QXXS motif. Other symbols are the same as described for Figure 1. (B) Co-IP. HEK293 

cells with stable expression of ABCG2HA-WT were transiently transfected with 

ABCG2Myc-TM1–4, ABCG2Myc-WT, ABCG2Myc-F-TM5*6*, ABCG2Myc-F-TM5*6*CL, or 

ABCG2Myc-F-TM5*6*CLM followed by immunoprecipitation with the HA or Myc antibody 

and Western blot analysis of the precipitates with both HA and Myc antibodies. (C and D) 

Quantitative analysis of Co-IP. The expression and Co-IP level of constructs from three 

independent experiments as shown in panel B were quantified using ScnImage and 

calculation of the relative ratio of Co-IP to the expression level followed by normalization to 

that of the wild-type positive control construct.
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Figure 3. 
(A) Schematic presentation of HA-tagged full-length and Myc-tagged ABCG2 constructs. 

The symbols are the same as described for Figure 1. (B) Co-IP. HEK293 cells with stable 

expression of ABCG2HA-WT were transiently transfected with ABCG2Myc-ECL3*, 

ABCG2Myc-WT, or ABCG2Myc-TM1–4 followed by immunoprecipitation with the HA or 

Myc antibody and Western blot analysis of the precipitates with both HA and Myc 

antibodies. (C and D) Quantitative analysis of Co-IP. The expression and Co-IP level of 

constructs from three independent experiments as shown in panel B were quantified using 

ScnImage and calculation of the relative ratio of Co-IP to the expression level followed by 

normalization to that of the wild-type positive control construct.
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Figure 4. 
(A) Schematic presentation of HA-tagged full-length and Myc-tagged ABCG2 constructs. 

The symbols are the same as described for Figure 1. (B) Co-IP. HEK293 cells with stable 

expression of ABCG2HA-WT were transiently transfected with ABCG2Myc-TM5*L3*, 

ABCG2Myc-L3*TM6*, ABCG2Myc-WT, or ABCG2Myc-TM1–4 followed by 

immunoprecipitation with the HA or Myc antibody and Western blot analysis of the 

precipitates with both HA and Myc antibodies. (C and D) Quantitative analysis of Co-IP. 

The expression and Co-IP level of constructs from three independent experiments as shown 
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in panel B were quantified using ScnImage and calculation of the relative ratio of Co-IP to 

the expression level followed by normalization to that of the wild-type positive control 

construct.
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Figure 5. 
Drug resistance function of wild-type and mutant ABCG2. HEK293 cells with stable 

expression of ABCG2Myc-WT, ABCG2Myc-ECL3*, ABCG2Myc-TM5*6*, and vector-

transfected control (Vec) were subjected to treatment with mitoxantrone (A) and doxorubicin 

(B) followed by the MTT assay for relative resistance factors (RRF) as described in 

Materials and Methods. (C—F) Analysis of RRF to mitoxantrone (C and E) and doxorubicin 

(D and F) of HEK293 cells with stable expression of ABCG2Myc-TM5* and 
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ABCG2Myc-TM6* (C and D) or ABCG2Myc-TM5*L3* and ABCG2Myc-L3*TM6* (E and F) 

using the MTT assay as shown in panels A and B. **p < 0.01.
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Figure 6. 
Effect of mutations in ABCG2 on drug efflux function. HEK293 cells with stable expression 

of ABCG2Myc-WT, ABCG2Myc-TM5*6*, ABCG2Myc-ECL3*, ABCG2Myc-TM5*L3*, 

ABCG2Myc-L3*TM6*, and vector-transfected control cells (Vec) were subjected to 

mitoxantrone (MTZ) accumulation analysis using flow cytometry as described in Materials 

and Methods. The relative accumulation of mitoxantrone was calculated after normalization 

to the expression level of ABCG2 and then to that of the vector-transfected control from 

three independent experiments. **p < 0.01.
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Figure 7. 
Chemical cross-linking of wild-type and mutant ABCG2. HEK293 cells with expression of 

ABCG2Myc-WT, ABCG2Myc-ECL3*, ABCG2Myc-TM5*6*, ABCG2Myc-TM5*, 

ABCG2Myc-TM6*, ABCG2Myc-L3*TM6*, and ABCG2Myc-TM5*L3* were treated without or 

with DSS followed by isolation of plasma membranes and Western blot analysis of ABCG2 

using the Myc antibody. The molecular weight of each cross-linked oligomer was estimated 

on the basis of linear regression of native protein markers used. The number of asterisks 

indicates the number of subunits cross-linked.
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Figure 8. 
Schematic model of ABCG2 interactions. Three different possible interaction sites 

contributed by TM5, TM6, and ECL3 are shown. The minimal stable tetrameric unit is 

shown in a box with dashed lines. The empty circles with numbers represent TM segments.

Mo et al. Page 21

Biochemistry. Author manuscript; available in PMC 2021 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mo et al. Page 22

Table 1.

GRAVY Scores of TM Segments of ABCG2

TM no. of amino acids sequence GRAVY score
a

TM1 21 IAQIIVTVVLGLVIGAIYFGL 2.400

TM5 21 VATLLMTICFVFMMIFSGLLV 2.505

TM2 20 LFFLTTNQCFSSVSAVELFV 1.260

TM6 21 VALACMIVIFLTIAYLKLLFL 2.581

a
GRAVY (grand average of hydropathicity) indicates the solubility of the proteins29 (http://www.expasy.ch/tools/protparam.html).
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