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ABSTRACT. ABCG2 is an ATP-binding cassette half-transporter conferring resistance to chemotherapeutic
agents such as mitoxantrone, irinotecan, and flavopiridol. With its one transmembrane and one ATP-
binding domain, ABCG2 is thought to homodimerize for function. One conserved region potentially in-
volved in dimerization is a three-amino acid sequence in transmembrane segment 5 (resieh&s1552
Mutations in the corresponding residues in BDr@sophilawhite protein (an orthologue of ABCG2) are
thought to disrupt heterodimerization. We substituted glycine 553 with leucine (G553L) followed by
stable transfection in HEK 293 cells. The mutant was not detectable on the cell surface, and markedly
reduced protein expression levels were observed by immunoblotting. A deficiency in N-linked glycosylation
was suggested by a reduction in molecular mass compared to that of the 72 kDa wild-type ABCG2.
Similar results were observed with the G553E mutant. Confocal microscopy demonstrated mostly ER
localization of the G553L mutant in HEK 293 cells, even when coexpressed with the wild-type protein.
Despite its altered localization, the G553L and G553E mutants were cross-linked using amine-reactive
cross-linkers with multiple arm lengths, suggesting that the monomers are in the proximity of each other
but are unable to complete normal trafficking. Interestingly, when expressed in Sf9 insect cells, G553L
moves to the cell membrane but is unable to hydrolyze ATP or transport the Hoechst dye. Still, when
coexpressed, the mutant interferes with the Hoechst transport activity of the wild-type protein. These data
show that glycine 553 is important for protein trafficking and are consistent with, but do not yet prove,
its involvement in ABCG2 homodimerization.

The ATP-binding cassette (AB&ransporter family, with transporters are also thought be responsible for the so-called
48 known human members classified in seven subgroups,multidrug resistance phenomenon in antimicrobi#l §nd
constitutes one of the largest families of membrane transport-anticancer %) therapy; the most extensively studied ex-
ers present in all species)( These proteins are involved in  ample of the latter is resistance attributed to P-glycoprotein
the energy-dependent transport of a wide variety of substrategP-gp/ABCB1) ). ABCG2, also called BCRP/MXR/ABCP,
and play an important role in numerous genetic disorders is a member of the G subfamily of human ABC transporters
(2), a well-characterized example of which is cystic fibrosis, and has been demonstrated to confer resistance to multiple
caused by mutations of the cystic fibrosis transmembranecancer chemotherapeutic agents, such as mitoxantrone,
conductance regulator (CFTR/ABCCY) protei8).(ABC flavopiridol, methotrexate, and the camptothecin derivatives
SN-38 and topotecary{10). In addition to a potential role
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in cancer chemotherapy resistance, ABCG?2 is expressed in(BioFluids, Rockville, MD), and 100 units/L penicillin/
the placenta, liver, small intestine, colon, bledatain barrier, streptomycin (BioFluids) at 37C in 5% CQ. Transfected
and stem cells, suggesting a physiologic role in the protectioncell lines were grown in 2 mg/mL G418 (Invitrogen).
against xenobioticsl(). Mutagenesis.The G553L and G553E mutants were

The canonical structure of a functional ABC transporter, generated by site-directed mutagenesis in the pcDNA3.1/
exemplified by P-gp and CFTR, consists of two transmem- Myc-HisA(—) vector (Invitrogen) as previously described
brane domains (TMDs), typically with 12 transmembrane (23). The mutations were confirmed by sequencing the
a-helices, and two nucleotide-binding domains (NBD)( vectors initially, and then cDNA from HEK 293 cells stably
In contrast, members of the G Subfam”y are Comprised of transfected with the mutants was also Sequenced for full-
only one transmembrane domain and one nucleotide-binding!€ngthABCG2
domain and are considered half-transporters thought to either TransfectionStable transfectants were generated in HEK
homo- or heterodimerize to generate functional transporters.293 cells as previously described. Transfections were per-
Interestingly, the domain organization of the G subfamily formed using TransFast transfection reagent (Promega,
(ABCG1, ABCG2, ABCG4, ABCG5, and ABCG8) is Madison, WI). Colonies were selected in 2 mg/mL G418
reversed compared to those of most other human ABC With frequent removal of dead cells and were expanded prior

transporters, having an N-terminal NBD and C-terminal to study. Cells previously transfected with wild-type ABCG2

transmembrane helices. ABCG2 is presumed to form aWwere used as control24).
homodimer to function, though the mechanism of this process Membrane Preparation and PNGase F Treatmevii:

is largely unknown. Chimeric fusion proteins containing two
ABCG2 monomers either with or without a flexible linker
peptide were shown to be functiondl3j, supporting the
idea of homodimer formation. In addition, co-immunopre-
cipitation experiments using two different tags on the
ABCG2 monomers also suggested homodimer formation
(31). A disulfide bridge formed between the cysteine 603

crosomal membrane preparation was performed as described
previously @3). Briefly, cells were disrupted by nitrogen
cavitation (Parr Instrument, Moline, IL) in a hypotonic lysis
buffer, and membranes were obtained by ultracentrifugation
at 40 000 rpm.

For treatment with the PNGase F enzyme, the Glyko
N-Glycanase kit was used (ProZyme, San Leandro, CA). One

residues of the monomers in the predicted extracellular loop hundred micrograms of membranes was incubated with 3
connecting TM5 and TM6 was described as being nones-uL of PNGase F overnight at 37C followed by immuno-

sential for trafficking and transportl§). Unlike ABCG2,
ABCG5 and ABCGS8 are obligate heterodimers5)( in
forming a sterol transporter, mutations of which result in
sitosterolemia 16). There is evidence suggesting that
ABCG1 and ABCG4 can form both homo- and heterodimers
(17) and are also candidates for lipid/sterol transpa8).(
Examples of other ABC half-transporter homodimers include
the bacterial transporters MsbA9) and LmrA 20). MsbA
provides an interesting insight into how a homodimer is
formed, given that high-resolution crystal structures from
both Escherichia coli(19) and Vibrio cholerae (21) are
available.

One of the most widely studied groups of non-human ABC
half-transporters is thérosophila white subfamily, an
orthologue of the human ABCG subfamily. TBeosophila
white and scarlet proteins heterodimerize to form a tryp-
tophan transporter responsible for brown eye color, while

the white and brown heterodimer transports guanine, the

precursor of red eye pigment. Mutations of amino acids-588
590 in TM5 of the white protein were shown to significantly
reduce red pigment levels, presumably by disrupting the
white—brown heterodimer, with a weaker effect on brown
pigments 22). In the study presented here, we report that
mutating amino acid 553 in TM5 of ABCG2, a well-
conserved residue corresponding to glycine 589 of the
Drosophilawhite protein, disrupts function and trafficking,
implying a similar role in the dimerization of the human
transporter.

EXPERIMENTAL PROCEDURES

Cell Culture.Human embryonic kidney (HEK) 293 cells
(ATCC, Manassas, VA) were maintained in Minimal Es-
sential Medium (Invitrogen, Carlsbad, CA), supplemented
with 10% fetal bovine serum (Invitrogen), 2 mM glutamine

blotting as described below.

Immunoblottinglmmunoblotting was performed as previ-
ously described?3). Briefly, microsomal membrane proteins
were loaded onto precast 7.5% (w/v) SBi®lyacrylamide
gels (Bio-Rad, Hercules, CA), subjected to electrophoresis,
and electrotransferred onto PVDF membranes (Millipore,
Bedford, MA). Blots were probed with a 1:250 dilution of
the monoclonal anti-ABCG2 antibody BXP-21 (Kamiya
Biomedical, Seattle, WA) and visualized with ECL (Amer-
sham). Membranes were stained with 0.1% Ponceau S
(Sigma, St. Louis, MO) and checked for comparable loading.

Northern Blotting.RNA was extracted from cells using
RNA STAT-60 (Tel-Test Inc., Friendswood, TX) according
to the manufacturer’s instructions. Northern blot analysis was
performed by standard methods. Labeling of cDNAs was
accomplished using Riboprobe in Vitro Transcription Sys-
tems (Promega). To compare the quality and quantities of
RNA, 20ug of total RNA was electrophoretically separated
in a 1% agarose, 6% formaldehyde gel and transferred onto
a nitrocellulose membrane. Gels were stained with ethidium
bromide and checked for comparable loading. Northern blot
labeling was performed using a riboprobe generated from
the first 662 bp ofABCG2 subcloned in a pCRII-TOPO
vector (Invitrogen).

Cross-Linking.Chemical cross-linking was performed in
vivo on intact cells 25). After incubation at room temper-
ature for 3 min with the cross-linking agentsmaleimido-
benzoyIN-hydroxysuccinimide ester (MBS) (Pierce, Rock-
ford, IL) or disuccinimidyl glutarate (DSG) (Pierce) at a final
concentration of 1 mM, the reaction was terminated by the
addition of Tris-HCI (pH 8) to a final concentration of 20
mM and cells were immediately harvested as described
above.

Flow Cytometry.Flow cytometry with the anti-ABCG2
antibody, 5D3 (eBioscience, San Diego, CA), was performed
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as previously describe@3). Briefly, cells were trypsinized
and resuspended in DPBS with 2% bovine serum albumin
(BSA) to which phycoerythrin-conjugated 5D3 or phyco-

erythrin-conjugated mouse IgG was added. The cells werexzcas

incubated with antibody for 30 min at room temperature,
washed twice with DPBS, and kept in the dark until they
were analyzed.

Immunofluorescencémmunofluorescence studies were
performed as previously describe2B). Briefly, cells were
cultured for 3 days followed by fixation with 4% paraform-
aldehyde and permeabilization with prechillee20 °C)
methanol. After being blocked in a buffer containing 2
mg/mL BSA, 0.1% Triton X-100, and 5% goat serum,
samples were incubated with a 1:100 dilution of the mouse
monoclonal anti-ABCG2 antibody, BXP-21 (Kamiya Bio-
medical), and with a 1:1000 dilution of the rabbit polyclonal
anti-calnexin antibody (Abcam, Cambridge, MAY fb h at
room temperature.

Generation of GFP-Tagged ABCG&-Terminally GFP-
tagged wild-type (wt) ABCG2 and ABCG2-G553L con-
structs were generated by cloning the XhBlamHI fragment
of pAcUW21-L/WtABCG2 or pAcUW21-L/ABCG2-G553L
into the corresponding site of the pEGFP vector (Clontech,
Mountain View, CA). HEK 293 cells were transfected with
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Ficure 1: Sequence alignment for members of the ABCG
subfamily. Glycine 553 in TM5 of ABCG2 is well-conserved in
the human G subfamily, the murine ABCG3, and fmsophila
white and brown proteins.

cytometer with 488 nm excitation and 585/42 nm emission
wavelengths.

Hoechst 33342 Dye Accumulation Assay. study the
function of wt ABCG2 when coexpressed with the G553L
mutant, 4 x 10° Sf9 cells were transfected with the
combination of different volumes of recombinant baculovi-
ruses (as indicated in Figure 9) containing wt ABCG2,
G553L, K86M, orj-galactosidase. After transfection for 40
h, accumulation of Hoechst dye was assessed in a fluores-
cence spectrophotometer at 350 nm (excitation) and 460 nm
(emission), by using 5« 10° Sf9 cells in 2 mL of HPMI
(120 mM NaCl, 5 mM KCI, 40QuM MgCl5,, 40 uM CaCl,

the pPEGFP-wtG2 or pEGFP-G553L vector using the FuGene 10 MM HEPES, 10 mM NaHC§ 10 mM glucose, and 5

reagent (Roche, Indianapolis, IN). Seventy-two hours after
transfection, cells were either natively analyzed for GFP
fluorescence using an Olympus IX70 laser scanning micro-
scope or immunostained with the BXP-21 antibody. Stable

cell lines were generated by selecting the transfected cells

in 0.5 mg/mL G418 (Invitrogen).

Generation of Sf9 Cells Expressing the Wild Type or the
K86M or G553L Mutant.Generation of transfer vectors
containing wt ABCG2 or K86M has been described previ-
ously 6, 27). The transfer vector carrying the G553L mu-
tant was generated by cloning the Sacl fragment of pcDNA
3.1/G553L into the corresponding site of the pAcUW21-L
vector. Recombinant baculoviruses carrying the different
human ABCG2 cDNAs were generated with the BaculoGold
transfection kit (Pharmingen, San Diego, CA) according to
the manufacturer’s instructions. Sf®godoptera frugi-
perdg cells were infected and cultured as described previ-
ously 28).

Individual virus clones, expressing high levels of the
different human ABCG2 variants, were obtained by end point
dilution and subsequent amplification. ABCG2 protein

mM NaHPQ,) solution. Cells were preincubated at 32
in HPMI for 4 min and further incubated with;AM Hoechst

dye for 10 min. Subsequently, the inhibitor Ko14341\)

was added to the cells. The increase in cellular fluorescence
was determined in the presence of Kol43 completely
inhibiting the transport function of ABCGZ{q) and in the
absence of any inhibito~¢). The dye transport activity of
ABCG2 was equal tORloo - FO)/F:LOO x 100.

ATP Hydrolysis.Sf9 membranes containing wild-type
ABCG2, G553L, or K86M were harvested, and membranes
were isolated and stored &80 °C according to the method
of Sarkadi et al. 9). ATPase activity was measured as
described previously by assessing the liberation of inorganic
phosphate from ATP with a colorimetric reactid80y.

RESULTS

ABCG2 is a half-transporter associated with multidrug
resistance that is widely thought to homodimerize for
function. In this study, we examined the potential role of
glycine 553 in TM5 of ABCG2 in the dimerization process,
given that the corresponding residue in Br@sophilawhite

expression was assessed by immunoblotting and immunoflowprotein is presumed to be important in the heterodimerization

cytometry.
Membrane Preparation and Immunodetection of ABCG2
in Sf9 Cells After being infected with virus for 3 days, Sf9

of this ABCG2 orthologue 242). Figure 1 represents an
alignment for TM5 of the members of the human ABCG
subfamily as well as for th®rosophilawhite and murine

cells were harvested, and membranes were isolated. Mem-Abcg3 proteins with a well-conserved glycine at position

brane protein concentrations were determined by the modi-

fied Lowry method as previously describe2ZB). Immuno-
blotting was performed as described for the HEK 293 cells
with a 1:2000 dilution of the monoclonal BXP-21 antibody.

Flow cytometry was performed by labeling the Sf9 cells
at 37°C using a final concentration of Ag/mL of the anti-

553 in ABCG2. In theDrosophilawhite protein, mutations
of the residues neighboring this glycine are also known to
interfere with dimerizationZ2) and are highly conserved as
demonstrated by this alignment.

To begin to characterize the residue, HEK 293 cells were
stably transfected with ABCG2 carrying a glycine to leucine

ABCG2 monoclonal antibody 5D3. Binding was visualized substitution at amino acid 553 (G553L) using a pcDNA3
by the addition of a secondary phycoerythrin-conjugated anti- vector. We selected leucine because it is, like glycine, a
mouse 1gG (Immunotech, Marseille, France) at a final neutral amino acid. As an initial screening step, flow
concentration of Jug/mL. Flow cytometric determination  cytometry with the 5D3 antibody recognizing an extracellular
of the antibody reaction was carried out using a FACSCalibur epitope of ABCG2 81) was performed on 24 clones, which,



5254 Biochemistry, Vol. 45, No. 16, 2006 Polgar et al.

2. S s
2 G553L-1 2 GS553L-2 2 G553L-6
= [?
=] i T T T T T i T T T T T AR Gyt vt i) S
i wild-type 0 200 400 600 00 1000 0 200 400 600 800 1000 0 200 400 600 80O 1000
. p : ] .
A 2 FL2Height FL2-Height FLZ-Height
=
8 I’ e "L = 3. s
= Aoy T T T = il i
0 200 400 600 00 1000w 3 G5S3L-13 | & GSS3L-14 | w GS553L-15
FL2-Height £ 4% 5 H
o E o E o E
S Ky T AR LA ) = | AN LA | AR i T T AR T
0 200 400 600 200 1000 0 200 400 600 800 1000 0 200 400 600 200 1000
FL2-Height FLZ2Height FLZ-Height
MX500 GS53L-1 2 6 14 13 15 GS553L-13 15
B - ' «— 72kDa C o «— 72kDa
-— i
wt  peDNA  GSS3L-1 2 6 13 14 15

D I w-—
e - <“—ABCG2

Ficure 2: Surface expression and protein and RNA levels of the G553L mutant transfected to HEK 293 cells. (A) Flow cytometry with
the 5D3 surface antibody for six of the G553L clones. Stably transfected HEK 293 cells were incubated for 30 min in phycoerythrin-
labeled negative control antibody-J or 5D3 antibody { — —). The G553L mutant is not detectable on the cell surface, while the wild-
type protein is localized to the surface. (B) Membrane proteins from the same G553L clonaglé2fe) were separated by SBBAGE,
transferred onto a PVDF membrane, and probed with the monoclonal anti-ABCG2 antibody BXP-21. Membranes from the mitoxantrone-
selected SF295/MX500 cell line with high levels of ABCG2 expression used as a positive conglgde) (exposure for 10 min). (C)
Overnight exposure of the blot shown in panel B. (D) Northern blot showing RNA levels of the same clones compared to those of wild-
type (wt) and empty vector-transfected cells (pcDNA). Total RNA gB0ane) from each transfectant was electrophoresed and transferred

to a nitrocellulose membrane. The membrane was hybridized with a riboprobe generated from the first 662 bp of ABCG2.

N-Glycosidase F + + +

+— 72 kDa

G553L-2 wild-type MCF-7/FLV1000

Ficure 3: N-Glycosidase F treatment. One hundred micrograms of membranes was incubated:witfi BNGase F overnight at 37C
followed by SDS-PAGE separation and immunoblotting with the BXP-21 monoclonal anti-ABCG2 antibody, resulting in a clear shift to
a lower-molecular mass band in the wild-type ABCG2-transfected and the flavopiridol-selected MCF-7 control cell lines (MCF-7/FLV1000),
while there is no significant shift in the case of the G553L mutant.

unlike the wild-type protein, revealed no surface expression nonglycosylated protein, isolated membranes from cells
for the G553L mutant (Figure 2A, six of the 24 clones bearing wild-type or mutant vectors were treated with the
shown). Next, immunoblotting with the monoclonal anti- PNGase F enzyme to remove N-linked glycans. In the case
ABCG2 antibody BXP-21 was performed, demonstrating a of the G553L mutant, no significant shift in molecular mass
very low protein expression level in three of the clones was observed after PNGase F treatment (Figure 3), indicating
(Figure 2B,C). As shown in Figure 2D, RNA levels on that, indeed, the G553L mutant is underglycosylated, while
Northern blot for five of the six clones were equal to, or a clear shift to a lower-molecular mass band was seen in
even considerably higher than, RNA levels of the wild-type membranes extracted from HEK 293 cells transfected with
transfectant. For clones 1 and 6, higher-than-expectedwild-type ABCG2 or from flavopiridol-selected MCF-7 cells
molecular mass RNA was seen, most probably due to used as controls26).
alternate insertion sites. Since the G553L mutant did not demonstrate normal
As illustrated in panels B and C of Figure 2, the G553L surface localization by flow cytometry with the 5D3 anti-
mutant was represented by a double band on immunoblotbody, immunofluorescence studies were carried out with the
with the majority of the protein running lower than the BXP-21 antibody on the clone with the highest expression
normal molecular mass of 72 kDa. To investigate whether level (clone 2 in Figure 2B). Figure 4 demonstrates that wild-
this lower-molecular mass band was representative of thetype ABCG2 is localized to the cell membrane, while the
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ER (calnexin) BXP-21 overlay

Ficure 4: Localization of the G553L mutant in HEK 293 cells. Confocal microscopy of stably transfected HEK 293 reveals that the
G553L mutant colocalizes with the ER marker calnexin, while the wild-type protein localizes to the cell surface. Cells were cultured for
3 days followed by fixation with paraformaldehyde and permeabilization with methanol. Staining was perfortédatooom temperature

with the BXP-21 monoclonal anti-ABCG2 antibody (red) and the anti-calnexin polyclonal antibody (green).

G553L

wild-type

G553L mutant is predominantly intracellular. Parallel staining psG.74) + +

with the anti-calnexin monoclonal antibody revealed that the .
‘ ‘ 250 kDa

G553L mutant colocalizes with the endoplasmic reticulum
| +—160 kDa

(ER) chaperone, calnexin. These results suggest that the -
G553L mutant is not able to complete normal folding or _
processing to move to the cell surface in mammalian cells.

These findings correspond to data obtained with the ABCG5
and ABCGS8 half-transporters; these proteins have been
shown to require heterodimerization to leave the endoplasmic e
reticulum and move to the cell surfacg?. To investigate :

whether mutating glycine 553 in ABCG2 leads to retention

in the ER due to interference with homodimerization, cross-
linking experiments serving as indirect measures of dimer-
:czatl?_n Wlere performet(_i. Unexpelc_:tekdly, lIJ\/Slg]Sg tgeghngbl_ intact cells at room temperature for 3 min with the cross-linking
unctional amine-reactive cross-linkers MBS (9. arm  5gentsnrmaleimidobenzoyN-hydroxysuccinimide ester (MBS) or

length) and DSG (7.7 A arm length) on intact cells, the disuccinimidy! glutarate (DSG), followed by membrane preparation,
G553L mutant could be cross-linked as indicated by the SDS-PAGE separation, and immunoblotting with the BXP-21 anti-
appearance of higher-molecular mass bands corresponding*BCG2 antibody. Cross-linking is observed with both amine-

. . . reactive cross-linkers in HEK 293 cells transfected with either wild-
to dimers and higher-order multimers of the 72 kDa ABCG2 type ABCG2 or the G553L mutant as suggested by dimers and

monomer (Figure 5). The same results were achieved with yigher-order multimers. The molecular mass of monomeric wild-
DSS (11.4 A) and under nonreducing conditions (data not type ABCG2 is 72 kDa.

shown). In the cross-linking experiments presented in this
paper (Figures 5 and 9B), a stronger signal was observedthe G553L mutant in Sf9 insect cellS (frugiperdaovarian
upon immunoblotting in the samples treated with the cross- cells), which might be more tolerant of an aberrant protein
linking agents compared to the nontreated ones. Thisand typically yields higher levels of protein expressid#)(
phenomenon has not been explained, although it has beernterestingly, we found that the G553L mutant migrates to
reported by other investigators and in our previous studiesthe cell surface in the insect cells as demonstrated by flow
as well 1, 33). cytometry with the 5D3 antibody (Figure 6A). Despite its
As the lower protein expression levels seen upon immu- normal localization in Sf9 cells, the mutant exhibited no
noblotting and the lack of surface expression might be the significant ability to hydrolyze ATP. The ATPase activity
result of abnormal folding and/or dimerization, using the was comparable to that of the nonfunctional K86M mutant
baculovirus heterologous expression system, we expressed26) (Figure 6B).

MBS (9.9 A) +

wild-type G553L-2
Ficure 5: Cross-linking studies. Cross-linking was performed on
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Ficure 6: G553L mutant in Sf9 insect cells. (A) Wild-type ABCG2 and the G553L mutant are detectable on the surface of Sf9 cells with
the 5D3 monoclonal anti-ABCG2 antibody on flow cytometry (as detailed in Figure 2). (B) The G553L mutant displays basal ATPase
activity similar to that of the nonfunctional K86M mutant in Sf9 membranes. ATPase activity was measured by assessing the liberation of
inorganic phosphate from ATP with a colorimetric reaction. Ko143 is a specific inhibitor of ABCG2.

To further investigate whether the G553L mutation heterodimerization2?2). Figure 9 shows that, like the leucine
interferes with dimerization, we transiently expressed a GFP- mutant, the G553E mutant did not move to the cell surface
tagged G553L mutant together with the wild-type protein in as verified by no staining with the 5D3 surface antibody on
HEK 293 cells and performed confocal microscopy. We flow cytometry (Figure 9A). However, this mutant could also
reasoned that if the mutation at position 553 interfered with be cross-linked with the amine-reactive cross-linking agent
function rather then dimerization, the wild-type protein could DSG, which has a 7.7 A arm length, demonstrated by the
“rescue” the mutant and bring it to the cell surface. As shown appearance of higher-order multimers on immunoblots
in Figure 7, the GFP-tagged G553L mutant is localized to (Figure 9B). The G553E mutant, like the G553L mutant, is
the ER as before and the nontagged wild-type protein represented by a double band on immunoblots, suggestive
trafficked to the surface, suggesting that the mutant was of impaired glycosylation, and in fact, following treatment
unable to form competent dimers with the wild-type protein. with PNGase F, only one lower-molecular mass band was
Coexpression studies were also performed in Sf9 cells. Figurevisible upon immunoblotting (data not shown).

8 represents Hoechst 33342 transport activities for Sf9 cells

coinrf)ected with a constant amount%f recombinant baculovi- P/SCUSSION
rus carrying wild-type ABCG2 together with varying amounts ~ Composed of only one ATP-binding domain and one trans-
of the G553L and K86M mutants. In case of the 50:400 ratio, membrane domain, ABCG2 is considered a half-transporter
which represents approximately equal protein expressionand is presumed to function as a homodimer. In this study,
levels upon immunoblotting for the wild-type and the G553L we have explored the potential role of a conserved glycine
mutant (data not shown), ar35% decrease in transport in the fifth TM helix near the extracellular surface in ABCG2
activity is seen and suggests some interaction between thedimerization. We found that substitution of glycine 553 with
wild-type and mutant proteins. However, the impact is much either leucine (G553L) or glutamic acid (G553E) followed
smaller than that observed with K86M, a mutation in Walker by transfection into HEK 293 cells resulted in a markedly
A that has been reported to retain dimerization with a reduced level of protein expression with impaired glycosy-
functional dominant negative effec3y). lation and predominant ER retention. In SF9 insect cells,

Evaluating the effect of a charged residue at position 553, the G553L mutant trafficked to the cell surface but,
we replaced the glycine with glutamic acid (G553E) and nevertheless, was unable to hydrolyze ATP. Although the
transfected HEK 293 cells. In the case of theosophila wild-type protein was unable to rescue the mutant from its
white protein, the corresponding, X-ray-induced G589E ER localization in the mammalian cells, chemical cross-
mutation was described as presumably interfering with linking studies indicated that the two G553L monomers are
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Ficure 7: Coexpression of wild-type ABCG2 and the G553L mutant in HEK 293 cells. Confocal microscopy results of HEK 293 cells
transiently transfected with either the GFP-tagged G553L mutant (first row) or the GFP-tagged wild type (third row) or cotransfected with
the GFP-tagged mutant and nontagged wild type (second row) are presented. Seventy-two hours after transfection, cells were either natively
analyzed for GFP fluorescence or immunostained with the BXP-21 antibody (shown in red). The cotransfection images (second row) show
that despite the presence of the wild-type protein the G553L mutant is retained intracellularly, while the wild-type protein localizes to the
cell surface. A control transfection with nontagged wild-type ABCG2 is also shown (bottom row).

close to each other. When Sf9 insect cells were coinfected In the case of the human ABCG subfamily, the ABCG5
with the G553L mutant and the wild-type protein, the and ABCGS8 heterodimer is the most extensively character-
Hoechst transport activity was reduced by approximately ized. There is a strong line of evidence suggesting that these
35%. Taken together, these studies suggest that this residueyroteins are obligate heterodimei®). The genes encoding

understood to impair dimerization Drosophila is critical ABCG5 and ABCGS8 are located head to head on chromo-
for normal trafficking and positioning of the protein on the some 2 and have similar expression profiles, and mutations
cell surface. in either of them result in sitosterolemia. Furthermore,

ABCG2 belongs to the G subfamily of human ABC expression of both proteins is required for trafficking to the
transporters, members of which, like half-transporters from cell surface. Dimer formation is thought to take place in the
other species, are generally expected to either homo- orER and is required for surface expressi@g, (37).
heterodimerize. Overall, little is known about the exact Misfolded proteins and subunits of oligomeric complexes
mechanism and residues involved in the dimerization processthat fail to properly assemble are known to be retained in
Accurate structural information could be obtained from a the ER and targeted for degradation. The fact that the
high-resolution crystal structure, but crystallization has so ABCG2 G553L mutant protein does not leave the ER in
far proven to be very challenging for integral membrane mammalian cells suggests that it is recognized by the ER’s
proteins. To date, the crystal structure of only a small number quality control system and is degraded, explaining the low
of such proteins is available, including three ABC transport- observed expression level8gj. This finding is consistent
ers from bacteria that have been crystallized with their with a failure to dimerize but could also be the result of
transmembrane domains: the lipid A transporter MsbA from improper folding, although the mutant’s ability to cross-link,
Escherichia coliand fromVibrio choleraeand the vitamin its cell surface localization in insect cells, and the interference
B12 transporter BtuCD fronf. coli (19, 21, 36). Unlike with wild-type function argue against major defects in
BtuCD with its 20 transmembrane segments, MsbA is similar conformation.
to ABCG2 in being a half-transporter with six transmembrane  In addition to the above-mentioned aberrant localization
helices, although its domain organization is reversed whenin the mammalian cells, the glycosylation pattern of the
compared to that of ABCG2. G553L and G553E mutants was also altered. Interestingly,
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Ficure 8: Hoechst transport assay in Sf9 cells. Sf9 cells were infected with a combination of the indicated volumes of recombinant
baculoviruses containing wild-type ABCG2, G553L, K86M, /1galactosidase. Hoechst fluorescence was measured in a fluorescence
spectrophotometer 40 h post-transfection. The increase in cellular fluorescence was determined in the presence of the ABCG2 inhibitor
Ko143 completely inhibiting the transport function of ABCG2 ¢ and in the absence of any inhibitd¥oj. The dye transport activity of

ABCG2 was equal toRigo — Fo)/F100 x 100. Each column represents the average of three measurements (except for the 56t200 wt
K86M column, where only one measurement was performed). An immunoblot showing expression levels with the BXP-21 monoclonal
anti-ABCG2 antibody is shown at the bottom of the figure (bands on the immunoblot are aligned with the corresponding columns of the
Hoechst transport activity assay). The G553L mutant shows no transport of Hoechst 33342 (second column) and at the 50:400 ratio (fifth
column), representing approximately equal protein expression levels for the mutant and the wild type, results in a 35% decrease in activity,
while in case of the K86M mutant, the same ratio (last column) almost completely abrogates Hoechst transport.
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FIGURe 9: Surface expression of the G553E mutant in HEK 293 cells and cross-linking with DSG. (A) The G553E mutant (six clones are
shown) is not detectable on the cell surface with the 5D3 antibody by flow cytometry performed as described in the legend of Figure 2:
negative control antibody—=) or 5D3 antibody  — —). (B) Cross-linking (as detailed in Figure 5) is observed following treatment of
transfected HEK 293 cells with DSG in case of both the wild type§0f protein) and the G553E mutant (129 of protein).

N-linked glycosylation of only ABCGS8 is essential for mutant proteins in the ER of mammalian cells, as would be
trafficking of the ABCG5/ABCGS8 dimer from the ER to the  expected if the wild-type and mutant formed stable dimers.
plasma membrane, though ABCG5 was also found to be While the two proteins may not form a stable dimer, they
glycosylated 87). In the case of ABCG2, previous studies may come in contact (note that the two do associate in Sf9
have shown that the protein is glycosylated at asparaginecells), and after failing to dimerize, wild-type ABCG2 finds
596 and that the glycosylation is not necessary for cell surfaceanother wild-type molecule with which to form a stable dimer
localization B9) or function, suggesting that the G553L and move to the cell surface. The absence of colocalization
mutant is not retained in the ER merely due to failure to or rescue of the mutant by the wild-type thus argues against
undergo glycosylation. the presence of stable wild-typenutant dimers in the
The fact that we found no evidence of colocalization on mammalian cells.
confocal microscopy when the G553L mutant was coex-  While several studies have presented evidence of chemical
pressed with wild-type ABCG2 in HEK 293 cells suggests and disulfide cross-linking as a surrogate for dimerization
that there is no stable interaction between wild-type and (40), we would argue that these results are evidence of
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physical proximity and not of a functional interaction. We cells cotransfected with the mutant and wild-type proteins,
would define dimerization as an interaction that results in a a result implying that residue 554 is critical for function,
properly localized, functional unit. We believe this distinction yet mutating this residue does not prevent dimerization.
to be important because in the millieu of the ER or the Nevertheless, all these findings support an important role
plasma membrane, two ABCG2 molecules could be in for this region of TM5 predicted to be near the extracellular
sufficiently close proximity to be linked chemically but yet surface.
not constitute a functional unit. Though the G553L mutant  Taken together, these studies are consistent with a role
is confined to the ER, it must be near another mutant proteinfor glycine 553 in the formation of a stable, functional
because chemical cross-linking of two mutant proteins even ABCG2 homodimer. It is most interesting that the proximity
at a distance of 7.7 A was observed. We believe that our of the monomers, indicated by both chemical cross-linking
results suggest that in the case of ABCG2 chemical cross-and disulfide bridge formation in the mammalian cells, is
linking is more appropriately a marker of proximity in the not sufficient to allow correct trafficking and glycosylation,
ER rather than functional dimerization. or proper functioning of ABCG2. Therefore, we would argue
In contrast to the results in mammalian cells, the evidence that the results presented here are consistent with an
indicates that in insect cells the mutant is not held up in the impairment of dimerization in the sense of formation of a
ER, reaches the cell surface, and can interfere with wild- fully functional dimeric protein that moves normally to the
type function. However no ATP hydrolysis could be detected cell surface. Note that in ABC transporters the dimer interface
for the mutant in the insect cells. Although this finding is almost certainly involves multiple residues from more than
compatible with either an isolated effect on dimerization or one TM. We are suggesting that G553 in TM5 of ABCG2
a broader abnormality in protein folding, the ability of the might be one of these. It is hoped that as more data accrue,
mutant to reach the cell surface and interfere with wild-type precise models such as those obtained by crystallography
transport activity argues against misfolding. In coexpression can be generated that will provide a better understanding of
studies, a dominant negative effect due to mutavitd-type how the ABCG2 dimer is formed.
dimer formation would be expected to provoke an ap-
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