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(Srikant, FEBS Lett, 2020)

Evolutionary History of ABC Proteins



shown to be homologous to members of the ABC1 family

(Table 1). Fifty percent of the ABC exporters in the TCDB

are of this type. These proteins proved to have arisen from
a two-TMS hairpin precursor by intragenic triplication, as

shown schematically in Fig. 1a and demonstrated statisti-

cally, first using the IC and GAP programs (Table 2) (Zhai
and Saier 2002; Zhou et al. 2003) and subsequently using

four additional programs (Table 3).

The sequence similarities of the three hairpin repeat
elements in these six TMS proteins are demonstrated in

Fig. 2a–c and Table 2 (rows A–C) where the superfamily

principle (Doolittle 1981) is invoked to establish homology
of the repeat units in all members of this ABC1 family.

These membrane domains are often fused to ABC domains

to form ‘‘half-sized’’ ABC transport proteins with the
membrane (M) and cytoplasmic (C) (ATP hydrolyzing)

domains fused, most frequently in the order M–C. Partic-

ularly (but not exclusively) in eukaryotes, these can be
duplicated to yield full-length ABC transport systems, with

a total of 12 TMSs, in an MCMC arrangement in a single,

large, polypeptide chain. Additional domains can be fused
to this basic structure, as occurs frequently in eukaryotes

but seldom in prokaryotes (Higgins 1992, 2007). However,

in all of our studies, only the six-TMS transmembrane
domains were analyzed. These porters actively expel all

kinds of substrates, from simple ions and sugars to drugs

ABC1: 

ABC2: 

ABC3: 

A

C

B

Fig. 1 Three topological types of ABC exporters, illustrating the
types of internal repeats present in each one. In all cases, vertical
dashed lines separate the repeat units. a ABC1: a six-TMS topology
resulting from intragenic triplication of a primordial two-TMS-
encoding genetic element. The three hairpin repeats have the same
orientation in the membrane. b ABC2: a six-TMS topology resulting
from intragenic duplication of a primordial three-TMS-encoding
genetic element. The two three-TMS repeats have opposite orienta-
tion in the membrane. c ABC3: an eight-TMS topology resulting from
intragenic duplication of a primordial four-TMS-encoding genetic
element (Khwaja et al. 2005). The two four-TMS repeats have the
same orientation in the membrane
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6 B. Wang et al.: Polyphyletic ABC Porters

123

(Wang et al, J Membr Biol, 2009)

Mouse ABCB1 (MDR1 ortholog)

Human ABCG5

?

Evolutionary Origin of ABC Exporter TMD



(Srikant, FEBS Lett, 2020)

Evolutionary History of ABC Proteins



Human ABC proteins: 48 members, 44 transporters

(Xavier et al, BCB, 2019)

Transporters
§ B, C, D
§ A, G

Non-transporters
§ E, F

ABC1

ABC2



ABC transporter structures have come a long way …

Crystal structure of HisP
- ATP-binding subunit
- Right structure, wrong model

(Hung et al, Nature, 1998)

Crystal structure of Rad50
- ATP-binding cassette
- Right structure, right model

(Hopfner et al, Cell, 2000)



ABC transporter structures have come a long way …

Crystallographic dimer ≠ biological dimer

(Yuan et al, J Biol Chem, 2001)



ATP sandwich model

(Smith et al, Mol Cell, 2002)

ABC transporter structures have come a long way …



ABC transporter structures have come a long way …
Crystal structure of MsbA
- Full transporter structure
- Wrong model

Crystal structure of BtuCD
- Full transporter structure
- Correct model

(Chang & Roth, Science, 2001; 
retracted 2006)

(Locher et al, Science, 2002)



ABC-coupled transport: a simple idea

(Locher, Nat Struct Mol Biol, 2016)



ABC-coupled transport: not that simple!



ABC-coupled transport: not that simple!

(Thomas et al, FEBS Lett, 2020)



• High-degree of structural diversity in the 
transmembrane domains of ABC transporters.

• The structural variability (likely) determines the 
functional diversity of ABC transporters.

• Transport mechanism is (likely) individually distinct.

So, …



STRUCTURAL STUDIES OF MULTIDRUG 
RESISTANCE TRANSPORTERS

Part II:



Multidrug Resistance (MDR) in Mammalian Cells
Biochimica et Biophysica Acta, 455 (1976) 152--162 
C) Elsevier/North-Holland Biomedical Press 
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A SURFACE GLYCOPROTEIN MODULATING DRUG 
IN CHINESE HAMSTER OVARY CELL MUTANTS 

PERMEABILITY 

R. L. JULIANO a. c and V. LING b, 

aReseareh Institute, The Hospital Jor Sick Children, 555 UniversiO: Avenue, Toronto, Ontario, 
bThe Ontario Cancer Institute, 500 Sherbourne Street, Toronto, Ontario and CThe Department o f  
Medical Biophysics, University o f  Toronto, 500 Sherbourne Street, Toronto, Ontario (Canada) 

(Received April 23rd, 1976) 

SUMMARY 

Chinese hamster ovary cells selected for resistance to colchicine display 
pleiotropic cross-resistance to a wide range of amphiphilic drugs. The drug-resistant 
phenotype is due to a membrane alteration which reduces the rate of drug permeation. 
Surface labelling studies reveal that drug-resistant Chinese hamster ovary cell mem- 
branes possess a carbohydrate-containing component of 170 000 daltons apparent 
molecular weight which is not observed in wild type cells. Through studies of the 
metabolic incorporation of carbohydrate and protein precursors, and through the 
use of selective proteolysis, this component is shown to be a cell surface glycoprotein. 
Since this glycoprotein appears unique to mutant cells displaying altered drug per- 
meability, we have designated it the P glycoprotein. The relative amount of surface 
labelled P glycoprotein correlates with the degree of drug resistance in a number of 
independent mutant and revertant clones. A similar high molecular weight glyco- 
protein is also present in drug-resistant mutants from another hamster cell line. 
Observations on the molecular basis of pleiotropic drug resistance are interpreted 
in terms of a model wherein certain surface glycoproteins control drug permeation 
by modulating the properties of hydrophobic membrane regions. 

1NTROD UCTION 

We have isolated from Chinese hamster ovary tissue culture cells, colchicine- 
resistant ( C H  R) m u t a n t s  which exhibit reduced permeability to colchicine [i ]. The 
degree of resistance observed in independently selected lines correlates strongly with 
the reduction in drug permeability. One distinguishing feature of these membrane- 
altered mutants is their pleiotropic cross-resistance to a wide range &apparently unrelat- 
ed compounds such as vinblastine, colcemid, daunomycin, puromycin, cytochalasin B 
and others [1-3]. Several observations provide evidence that the mutation resulting 
in reduced colchicine permeability also results in a pleiotropic reduction in perme- 
ability to a wide variety of compounds. First, CU R cells display reduced uptake of 
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Daunorubicin-resistant Chinese Hamster Ovary Cells Expressing Multidrug
Resistance and a Cell-Surface P-Glycoprotein1

Norbert Kartner,2 Michael Shales,3 John R. Riordan, and Victor Ling

Ontario Cancer Institute, Princess Margaret Hospital and Department of Medical Biophysics, University of Toronto, Toronto M4X 1K9 [N. K., M. S., V. L.J, and Research
Institute, The Hospital for Sick Children and Departments of Biochemistry and Clinical Biochemistry, University of Toronto, Toronto M5G 1X8 [J. R. R.Â¡,Ontario, Canada

ABSTRACT

Independent lines of Chinese hamster ovary cells resistant to
the antineoplastic drug, daunorubicin, were obtained by clonal
isolation in increasing drug concentrations. A single daunorubi-
cin-resistant phenotype typified by reduced cellular drug accu
mulation was observed. These mutants displayed a complex
phenotype of resistance to a variety of unrelated drugs. Such
properties are similar to those of membrane-altered colchicine-
resistant lines (V. Ling and L. H. Thompson, J. Cell. Physiol., 83:
103-116,1974.). Analysis of the plasma membrane components
of the daunorubicin-resistant clones by gel electrophoresis re
vealed a prominent cell surface glycoprotein with a molecular
weight of about 170,000. This component was immunologically
cross-reactive with the cell surface P-glycoprotein of about the
same molecular weight, previously identified in colchicine-resis-
tant cells. Thus, it appears that the mechanism of resistance
characterized by P-glycoprotein expression could be the basis
of many drug-resistant phenotypes.

INTRODUCTION

In the treatment of neoplastic disease, especially disseminated
cancers, chemotherapy often fails after initial success and ap
parent remission. Frequently, the recurring tumor is unresponsive
to a number of apparently unrelated drugs to which the patient
had not been exposed previously. Although the basis of this
nonresponse is not well understood, one possible explanation is
that drug-resistant subpopulations of tumor cells arise sponta
neously, survive, and proliferate during the course of treatment
(14).
Model systems for the study of drug resistance have been

developed both in vivo and in vitro (for reviews, see Refs. 5 and
14). It is significant that pleiotropic cross-resistance to numerous
drugs, including many which are structurally dissimilar and have
distinct cytotoxic targets, is frequently observed. This pleiotropic
phenotype has been studied in detail in CHO4 cells in the colchi-
cine-resistant (CHn) mutants originally isolated by Ling and
Thompson (16). These cells have been shown to be cross-
resistant to a variety of antineoplastic drugs as a consequence
of an alteration of the plasma membrane, which results in re-

1Research was supported by the National Cancer Institute of Canada and by
the Medical Research Council of Canada.

2To whom requests for reprints should be addressed.
3Present address: Banting and Best Department of Medical Research, University

of Toronto, Toronto, Canada M5G 1L6.
4The abbreviations used are: CHO, Chinese hamster ovary; PAGE, pdyacryla-

mide gel electrophoresis; SDS, sodium dodecyl sulfate; PCS, fetal calf serum; Â«-
MEM, Â«-modified Eagle's minimal essential medium; 1CÂ»,drug concentration at
which cell growth in vitro is inhibited by 50%; PBS, phosphate-buffered saline;
BSA, bovine serum albumin.

Received December 16, 1982; accepted June 10, 1983.

duced permeability to the drugs involved (2, 12, 16). A M,
170,000 plasma membrane glycoprotein (the P-glycoprotein) is
expressed concomitantly with the colchicine-resistant phenotype
(10, 11, 20), and it has been postulated that the P-glycoprotein
modulates the cell surface membrane, by some mechanism not
yet understood, to limit the permeation of drugs into the cell (12).
This multidrug-resistant phenotype may be particularly relevant
to the clinical situation, in that it would render tumor cells uniquely
resistant to combination chemotherapy.
In an effort to elucidate further the mechanism of drug resis

tance, we describe here the isolation and characterization of
CHO cells resistant to the clinically important, antineoplastic
drug, daunorubicin. We were especially interested in determining
whether CHO cells selected for resistance to daunorubicin could
express a pleiotropic cross-resistance to unrelated drugs. We
also asked whether, by analogy with colchicine-resistant CHO
cells, such multidrug-resistant isolates would elaborate a cell
surface glycoprotein alteration.

MATERIALS AND METHODS

Materials. Daunorubicin (Cerubidine) and rubidazone were obtained
from Poulenc, Ltd. (Montreal, Canada); colchicine, puromycin, and eme
tine were from Sigma Chemical Co. (St. Louis, Mo.); and vinblastine
sulfate (Velbe) was from Eli Lilly (Columbus, Ohio). Polyethylene glycol
1000 was obtained from J. T. Baker Chemical Co. (Glen Ellyn, III.);
ultrapure sucrose, from Schwarz/Mann (Spring Valley, N. Y.); fluoresca-
mine (Fluram), from Roche Diagnostics (Hoffmann-La Roche Ltd., Vau-
dreuil, Quebec, Canada); and Staphylococcus aureus protein A, from
Pharmacia (Don/al, Quebec, Canada). Reagents for PAGE were obtained
from Bio-Rad Laboratories Ltd. (Mississauga, Ontario, Canada), except
for SDS, specially purified for biochemical work, which was from
Schwarz/Mann. Na125l(15 mCi//ig) was from Amersham Corp. (Oakville,
Ontario, Canada), and [3H]colchicine (12.5 mCi/mg) was from New
England Nuclear (Dorval, Quebec, Canada). Nitrocellulose filter paper
(pore size, 0.45 //m) was obtained from Schleicher and Schuell, Ltd.
(Keene, N. H.).

PCS was obtained from Flow Laboratories (Maclean, Va.). Calf serum
was obtained from Grand Island Biological Co. (Grand Island, N. Y.); Â«-
MEM (22), containing asparagine monohydrate at 50 mg/liter, was ob
tained as a commercially prepared powder (Grand Island Biological Co.)
and was supplemented with streptomycin sulfate (100 mg/liter; Pfizer
Canada, Inc., Kirkland, New Brunswick, Canada), potassium penicillin G
(100 mg/liter; Ayerst Laboratories, Ltd., Montreal, Canada), and sodium
bicarbonate (2.2 g/liter); Â«-special medium was formulated as Â«-MEM,
but was lacking glycine, nucleosides, and deoxynucleosides (18).

PBS consisted of 137 mM NaCI, 2.7 mw KCI, 8.1 HIM Na2HPO4, 1.3
rriM KH2PO4,0.9 mM CaCI2, and 0.3 mw MgCI2. Tris/0.9% NaCI consisted
of 10 mw Tris-HCI, pH 7.4; 0.9% NaCI; and 0.01% NaN3. BSA/0.9%
NaCI buffer consisted of 3% bovine serum albumin (Fraction V; Sigma)
in Tris/0.9% NaCI buffer.
Cells and Culture Conditions. The daunorubicin-resistant CHO cell

lines DNR"5 and DNRR51 were selected from the drug-sensitive parent
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Multidrug resistance 

V. Ling, J. Gerlach, and N. Kartner 
Department of Medical Biophysics, University of Toronto and the Ontario Cancer Institute, 500 Sherbourne 
Street, Toronto, Ontario, Canada M4X1K9 

Keywords: collateral sensitivity, combination chemotherapy, cross-resistance, mutation, P-glycoprotein 

Summary 

Mutations resulting in a complex phenotype of cross-resistance and collateral-sensitivity are frequently 
observed in mammalian cell lines. A cell surface 170 000 dalton glycoprotein (P-glycoprotein) has been 
identified to be intimately associated with this multidrug resistance phenotype. We speculate that such 
mutations also occur in advanced cancers and play a major role in contributing to the non-response to 
combination chemotherapy. In this context, P-glycoprotein may be a useful molecular marker for diagnostic 
and therapeutic applications. 

Introduction 

Failure in chemotherapeutic management of ad- 
vanced metastatic cancers is a common and frus- 
trating clinical problem. This non-response is often 
wide-ranging, extending to unrelated drugs, or 
combination of drugs, with which the patient had 
not been treated previously. The recent discovery 
that mutations resulting in multidrug resistance are 
common in tumor cell lines provides new insights 
into this problem (1-4). This finding supports the 
currently held view that tumor cells acquiring drug 
resistance mutations could play a major role in the 
development of a non-responsive disease (see 
Refs. 1, 5-7 for reviews). In addition it provides a 
rational explanation for the non-response to com- 
bination chemotherapy so frequently encountered 
in cancer therapy. Thus it is postulated that multi- 
drug resistance mutations occur spontaneously in 
the malignant stem cell population. These variant 
cells, initially present in low numbers, would have 
a selective growth advantage during chemo- 

therapeutic treatment and would eventually domi- 
nate, contributing to a therapy-resistant disease. 

The objective of the present article is to review 
aspects of the multidrug resistance phenotype, and 
to speculate on implications of this phenotype for 
cancer chemotherapy. 

The multidrug resistance phenotype 

The multidrug resistance phenotype has been stud- 
ied most extensively in tumor cell lines in culture 
(1). In all cases, a pleiotropic expression of cross- 
resistance to structurally and functionally unrel- 
ated drugs is observed, and in some instances in- 
creased sensitivity (collateral sensitivity) is also 
found. 

Several features of this phenotype are illustrated 
in Table 1. 
1. As mentioned above, there are no obvious struc- 

tural or functional relationships among the drugs 
to which the mutant cells are resistant. Correla- 

Multidrug Resistance (MDR) in Mammalian Cells



P-glycoprotein (Pgp/MDR1/ABCB1): the first 
mammalian ABC transporter reported.92 

Fig. 1. Immunofluorescent detection of multidrug-resistant CHO cells. (A) Mixture of sensitive (AuxB1) and resistant (CHRC5) CHO 
cells photographed using phase contrast microscopy. (B) The same field using fluorescence microscopy revealing resistant cells heavily 
labeled with an antibody specific for multidrug-resistant CHO cells. The antibody was produced by injecting rabbits with plasma 
membranes from CHRC5 cells. It was then extensively absorbed with glutaraldehyde-fixed, sensitive (AuxB1) cells. Binding to azide- 
poisoned cells was detected with a fluorescein-labeled, swine antibody to rabbit immunoglobulins. 

nent in the 170 000 dalton region was observed (4). 
The identical molecular weight and immunological 
cross-reactivity observed in mammalian cells from 
different species indicated that P-glycoprotein is a 
highly conserved membrane component. In ad- 
dition, it demonstrates that increased expression of 
P-glycoprotein is a good indicator of the multidrug 
resistance phenotype. 

The intimate association of P-glycoprotein with 
multidrug resistance is also demonstrated by other 
studies. The level of P-glycoprotein expression cor- 
relates with the degree of drug resistance (1-4). 
P-glycoprotein expression is greatly reduced in re- 
vertant cells (4, 24) and is expressed in cells trans- 
fected with DNA from multidrug-resistant cells 
(12). Furthermore, increased expression of 
P-glycoprotein correlates with increased numbers 
of DMs and increased multidrug resistance in a 
mouse line (16). We speculate, therefore, that gene 
amplification results in over-expression of 
P-glycoprotein and expression of the multidrug re- 
sistance phenotype. 

Whether or not over-expression of P-glycopro- 

tein alone is sufficient to mediate the multidrug 
resistance phenotype is still not known. Molecular 
cloning of the P-glycoprotein gene and transfer of 
the purified gene into drug-sensitive cells to test for 
function may provide a definitive answer to this 
question. Different changes associated with multi- 
drug resistance have been reported (10, 15, 19). 
How these changes relate to over-expression of 
P-glycoprotein is not known. At present, P-glyco- 
protein is the best molecular indicator of the multi- 
drug resistance phenotype. 

Concluding remarks 

The questions of whether or not multidrug resis- 
tance mutations do in fact occur in human cancers, 
and whether they play a role in the development of 
therapy-resistant disease are important ones with 
wide implications. For example, if chemotherapy 
with the current repertoire of antineoplastic agents 
is indeed limited by the occurrence of multidrug 
resistance mutations, then new drugs will be re- 

(Ling et al, Breast Cancer Res Treat, 1984)

Drug-sensitive

Drug-resistant Drug-resistant

(phase contrast) (fluorescence w/ Ab)



P-glycoprotein (Pgp/MDR1/ABCB1): the first 
mammalian ABC transporter reported.

quired. As  no ted  above,  the mul t idrug resistance 
pheno type  is wide-ranging.  Its part icular  pa t te rn  of  
resistance m a y  be affected by a variety of  factors  
and cannot  be predic ted a priori. Clinically useful 
drugs not  affected by this pheno type  or  those in the 
ca tegory of  being collaterally sensitive will need  to 
be identified. A t  present ,  this has been  explored by 
empirical  means  in defined mode l  systems. Exten-  
sion of  this work  to h u m a n  cancers poses an impor-  
tant  challenge. 

Despi te  the complexi ty  of  the mul t idrug resis- 
tance pheno type  it is gratifying that  a constant  
feature of  this pheno type  is the expression of  a 

Fig. 2. Immunoblots (Western blots) of plasma membranes. 
Membrane proteins (50 gg per lane) from colchicine-resistant 
CHO cells, CHRC5 (lane a) or from drug-sensitive parental line 
AuxB1 (lane b) were fractionated by gel electrophoresis and 
replica electroblotted onto nitrocellulose paper. The 'Western' 
blots were overlaid with rabbit antiserum (raised against 
CHRC5 plasma membrane), washed, probed with I25I-labeled S. 
aureus protein A, washed, and exposed to X-ray film as pre- 
viously described (3). In blot A, unabsorbed antiserum was 
used, and in blot B, antiserum preabsorbed with membrane 
proteins from AuxB1 cells was used (3). Preimmune rabbit 
serum yielded no labeled components under the same condi- 
tions. The P-glycoprotein region and approximate molecular 
sizes in kilodaltons are indicated. 

93 

highly-conserved cell-surface antigen,  the P-glyco- 
protein.  It  is likely that  this marke r  will facilitate 
investigation of  the role of  mult idrug resistance in 
advanced malignancies.  Recen t  results obta ined  in 
our  labora tory  are relevant.  We  observed  by im- 
munob lo t  analysis, that  cells obta ined  directly f rom 
ascites fluid of  some non-responsive  ovarian pa- 
tients conta ined significant amounts  of  P-glyco- 
prote in  (Bell, Ger lach,  Kar tner ,  Evernden-Por -  
elle, Buick,  and Ling,  unpubl ished observat ion) .  
The  implications of  this finding will need  to be 
fur ther  de termined,  however ,  it indicates the po- 
tential of  P-glycoprote in  as a marker  that  may  be 
exploited for  diagnostic and therapeut ic  appli- 
cations. 
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922, 1983 

2. 

4. 

6. 

7. 

(Ling et al, Breast Cancer Res Treat, 1984)



MDR1 (ABCB1), MRP1 (ABCC1) and BCRP (ABCG2)

(Liu et al, Oncotarget, 2016)



MDR1 (ABCB1), MRP1 (ABCC1) and BCRP (ABCG2)

(Gomez-Zepeda et al, Pharmaceutics, 2019)
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C 

ATP 

Drug .,.~ ~ , ~,~'~ PI 

N C N C 

ADP 

W 
Fig. 2. Postulated alternating catalytic sites cycle of ATP hydrolysis by 
P-glycoprotein. Rectangles, represent the two Pgp TMD (trans-mem- 
brane domains); Circles, squares, and hexagon, represent different con- 
formations of the N- and C-catalytic sites (NBSI and NBS2, respec- 
tively). (Top left) The N-catalytic site is empty, the C-catalytic site has 
bound ATE drug is bound at inside-facing transport site. (Top right) 
We suggest that ATP binding at the N-site allows ATP hydrolysis at 
the C-site, inducing a conformation at the C-site which prohibits hy- 
drolysis at the N-site. The conformation at the C-site immediately after 
bond-cleavage is a high chemical potential state with bound ADP. Pi, 
shown as a hexagon. (Bottom right) Relaxation of the C-site conforma- 
tion occurs, coupled to drug movement from inside-facing, higher- 
affinity to outside-facing, lower-affinity, and P~ is released. (Bottom left) 
Drug and ADP dissociate. Drug binds at the inner side and in top I~/t 
N- and C-sites have now reversed their relationship. In the next cycle. 
ATP hydrolysis will occur in the N-site. 

which incorporates also a proposal for coupling of drug trans- 
port to ATP hydrolysis. Pgp differs from other transport 
ATPases in that it shows no high-affinity binding site tbr Mg- 
ATP, nor does it utilize a covalent E - P  catalytic intermediate. 
Changes in free energy associated with such species during the 
catalytic cycle are thought to be coupled to conformational 
changes at transport substrate binding sites in other transport 
ATPases [42]. In Pgp, P, binding occurs with relatively weak 
affinity (above), implying that a large lYee energy change occurs 
during catalysis before the stage of Pi release. We postulate 
therefore that the ATP hydrolysis step itself generates a 
Pgp' Mg-ADP" Pi conformation of high chemical potential. Re- 
laxation of this conformation, probably through intermediates. 
could be coupled to movement of a drug-binding site from 
inside-facing aspect of higher affinity to outside-facing aspect 
of lower affinity. 

8. Conclusions 

(1) Pgp is an ATPase and ATPase activity is obligatorily 
linked to conferral of MDR phenotype in cells. Both predicted 
nucleotide-binding sites bind Mg-ATP with approximately the 
same affinity, and both hydrolyze Mg-ATP. The two catalytic 
sites interact strongly and cannot  hydrolyze Mg-ATP inde- 
pendently. A minimal reaction scheme for ATP hydrolysis is 
presented, and an alternating catalytic sites cycle is proposed. 

(2) Understanding coupling of ATP hydrolysis to drug trans- 
port is a major goal. We postulate that drug transport  is cou- 
pled to relaxation of a high energy catalytic site conformation 
which is generated by the hydrolysis step. (3) It is not  unreason- 
able to speculate that several, perhaps most, of the ABC trans- 
porters have nucleotide-binding and ATP hydrolysis character- 
istics similar to those of Pgp. The designation of the ABC 
transporter family is based on similarity of predicted structure; 
it is important  to find out whether there are also basic func- 
tional similarities. The experimental approaches reviewed here 
may prove valuable in this regard. (4) Work on Pgp under- 
scores the concept that transport  ATPases gain a key advantage 
from the use of multiple, highly-cooperative catalytic sites re- 
acting sequentially. What  the key advantage is, however, re- 
mains to be clarified. 
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P-glycoprotein as the model system for MDR



P-glycoprotein as the model system for MDR

(Sharom, Front Oncol, 2014)



P-glycoprotein as the model system for MDR

(Rosenberg et al, J Biol Chem, 1997)

Low-resolution EM models:



(Lee et al, J Biol Chem, 2002)

P-glycoprotein as the model system for MDR



(Aller et al, Science, 2009)(Lee et al, J Biol Chem, 2008)

P-glycoprotein as the model system for MDR



Conformational Landscape of P-glycoprotein
(Bacterial homolog MsbA)

(Szöllősi et al, Biochim Biophys Acta Biomembr, 2018)



Conformational Landscape of P-glycoprotein

(Frank et al, Mol Pharmacol, 2016)



Conformational Landscape of P-glycoprotein



Dynamics of P-glycoprotein
hydrogen-deuterium exchange mass spectrometry (HDX-MS)

(Kopcho et al, Sci Rep, 2019)



Dynamics of P-glycoprotein

Double electron 
electron resonance 
(DEER) spectroscopy

(Dastvan et al, Science, 2019)



P-glycoprotein Inhibition-based Drug Discovery

(Dong et al, Drug Resist Updat, 2020)



Beyond P-glycoprotein

ABCC1/MRP1ABCG2/BCRP/MXR

(Robey et al, Nat Rev Cancer, 2018)



STRUCTURAL STUDIES OF LIPID 
TRANSPORTERS

Part III:



Canalicular ABC Transporters

(Saad et al, Int J Mol Sci, 2021)



ABC Transporters in the Brain

(Pereira et al, J Alzheimers Dis, 2018)



ABCG5/G8
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ABCA1, G1Apolipoproteins
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LDLR
LDLR
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Transporting Cholesterol (A Simple View)



Cholesterol: a Risk Factor of Cardiovascular Diseases



ABCG5/G8: patients, genetics, animal model



ABCG5/G8: human nutrition

Cholesterol

Animal (60%) Plant (40%)

ABSORPTION: ~50% < 5%

b-Sitosterol

Campesterol

Dietary sterols



ABCG5/G8: patients

Sitosterolemia

TABLE 1. Plasma sterol concentration 

Patient Age Sex Cholesterol Cholestanol Campesterol Campestanol Sitosterolb Sitostanol 

Y7 mg/dl 

Ki. C. (n = 10)” 
Ke. C. (n = 10) 
T .  C .  (n = 10) 
R.  C. (n = 10) 
c .  L. 
M. M. 
L. H. 0. 
R. H. 
P. M. 
P. z. 
M. 2. 
R .  S. 
L. B. 
J.  B. 

24 F 
18 F 
22 F 
16 M 
52 M 
7 M  
32 F 
30 F 
41 F 
22 M 
20 M 
32 F 
24 F 
38 F 

245 f 39 
202 f 25 
233 f 12 
249 f 39 

134 
202 
207 
368 
169 
324 
271 
256 
482 
336 

6.7 1.1 
4.7 f 1.0 
3.8 f 1.4 
7.5 f 2.4 

1.6 
1.2 
2.5 
3.6 
1.2 
3.9 
3.8 
3.1 

4.9 
1 1  

12 f 1.1 
8 f 3.1 
10 f 5.1 
13 f 1.5 

13 
12 
10 
29 
18 
27 
19 
15 
24 
20 

2.3 f 0.4 
1.4 f 0.2 
1.9 f 1.0 
2.6 f 0.9 

1.5 
1.6 
1.9 
9.0 
7.0 
3.0 
2.0 
1 .o 
4.0 
1.2 

20 f 2.3 
14 f 4.1 
21 f 8.3 
20 f 5.5 

27 
26 

65 
42 
60 
42 
29 
56 
45 

28 

4.2 f 1.1 
2.2 f 0.7 
5.4 f 2.5 
3.9 f 1.1 

3.0 
3.1 
2.0 
8.0 
4.0 
6.0 
4.0 
3.0 
6.0 
3.2 

Mean f SD 258 f 96 4.2 f 2.7 16 f 7 2.9 f 2.3 35 f 16 4.1 f 1.7 
% of Total sterols 80.5 1.3 5.0 0.9 1 1  1.3 
% of Respective A5-derivative 1.6 18 13 

Control (10) 187 f 29 0.4 f 0.2 0.3 f 0.3 

“Ten consecutive monthly determinations; average of two measurements given for remaining subjects. 
’Small quantities of stigmasterol (24-ethyl-5,22-cholestadien-3~-ol) accompanied campesterol and sitosterol but 

only amounted to 1-3% of the sitosterol mass. 

In separate experiments, the A5-sterols, cholesterol, 
campesterol, and sitosterol were separated from their 5a- 
dihydro derivatives cholestanol, 5a-campestanol, and 5a- 
sitostanol by argentation thin-layer chromatography, and 
were then quantitated as their trimethylsilyl ether deriva- 
tives by gas-liquid chromatography on 180 cm x 4 mm 
glass columns packed with 3% QF-1 (Applied Science 
Lab, State College, PA). The retention times relative to 
5a-cholestane of the trimethylsilyl ether derivatives are: 
cholesterol 1.73, cholestanol 1.85, campesterol 2.52, 5a- 
campestanol 2.66, sitosterol 3.03, and 5a-sitostanol 3.17. 
It is necessary to separate the unsaturated sterols from 
their Sa-saturated derivatives by argentation thin-layer 
chromatography because only small differences exist 
between the unsaturated and 5a-saturated sterol peak 
retention times on QF-1 (2). However, quantitative results 
by the two independent methods agreed within * 10%. 

Lipoproteins were separated by the method of Havel, 
Eder, and Bragdon (14). After separation of the low densi- 
ty and high density lipoprotein fractions, the proportions 
of free and esterified sterols were measured in each frac- 
tion (11). 

RESULTS 

Plasma concentrations of campesterol and sitosterol 
(Table 1) were markedly elevated in all fourteen clinically 
affected subjects, consistent with previous findings that 
this is the major biochemical determinant in establishing 
the diagnosis of this condition (1-10). Plasma cholesterol 

levels were elevated in seven of fourteen subjects, which 
was a finding of importance. Approximately 80% of the 
unsaturated sterols were cholesterol and 16% were plant 
sterols. Of the remaining plasma sterols, cholestanol con- 
centrations were increased in all subjects and the mean 

T i m e ,  m i n  

Fig. 3 Gas-liquid chromatograms of underivatized sterols present 
in plasma of control, cerebrotendinous xanthomatosis, and sitosterol- 
emic patients that illustrate the separation of the A5-unsaturated sterols 
from their 5a-saturated analogs on SP 1000 column. 
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Plant sterols

Health
y

Patient

Healthy Sitosterolemi
a

Sitosterol
(mg/dL) 0.3 ± 0.3 35 ± 16

(50-120x)
Cholesterol 

(mg/dL) 187 ± 29 258 ± 29

14 patients:

(Salen et al, J Lipid Res, 1985)

(Bhattacharyya & Conner, 1974, JCI)



ABCG5/G8: genetics

Autosomal recessive & rare genetic disorder

(2p21)

(Berge et al, 2000, Science; Lee et al, 2001, Nat Genet; Lu et al, 2001, AJMG)



A: Walker A motif
(GxxGxGKS/T)

B: Walker B motif
(jjjjDE)

Transmembrane domain

Nucleotide-binding domain

S: ABC signature motif
(jSGGQ/E)

j: hydrophobic amino 
acids

ABCG5 and ABCG8 are half ABC transporters.



ABCG5/G8: genetics

Trans-intestinal 
cholesterol efflux 
(TICE)

Last stop of reverse 
cholesterol transport 
(RCT)

ABCG5/G8

ABCG5/G8
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Enterocyte

NPC1L1

Chylomicron

Small
Intestine

Cholesterol
Plant Sterols G5G8

DIET

Hepatocyte

Liver

G5G
8

Bile Canaliculus

ABCG5/G8 promotes biliary and intestinal 
sterol secretion (liver/small intestine specific).



ABCG5/G8: animal model

(Yu et al, 2002, PNAS)
+/+-/-

G5G8-/-

mG5:

mG8:
Calnexin:

Precursor
Mature

(Graf et al, 2003, JBC)

bile extraction



ABCG5/G8: animal model

Functional asymmetry

NBS1
(inactive

)

NBS2
(active)

(Zhang et al, 2006, JBC; Wang et al, 2011, JBC)



Large-scale Purification of Human G5G8
Tandem Affinity Chromatography:
(Pichia pastoris yeast)

Ni-NTA CBP Gel filtration

CBP: calmodulin-binding peptide

(2-3 mg/L) (1-2 mg/L)

100
75

Ni
-N

TA
CB

P

Ge
l f

ilt
ra

tio
n

3C: 3C cleavage site

50



100 nm

Analytical gel filtration: Negative-stained TEM single particles:
(FEI Tecnai G2)

Void G5G8

G5G8

Stable and Monodisperse G5G8



Optimization of Protein Preparation

1°Ni-
NTA

1°
CBP

Gel filtration

Shaker culture 
(4-5 days)

Membrane 
Preparation

Solubilization
(b-DDM)

DDM

MNG

+ Endo H
+ 3C protease

Methylation
(CH3-Lys)Relipidation

Synthetic 
phospholipids 

(Avanti)

±ATPase 
inhibitor

Crystallization
(manual/robot set-up)

(cholesterol)

Crystal growth
(2 wks – 6 mths)

Ligands

±Mg/ATP

2°
CBP

2°Ni-
NTA

DDM MNG

Detergent 
Exchange

PD-10
(desalting)

Alkylation
(Cys capping)

(DoDecyl Maltoside) (Maltose Neopentyl Glycol) 



Bicelle Crystallization (Lipid Bilayers)
G5G8 bicelle preparation

Bilayer
(DMPC + 

cholesterol)

Micelle
(CHAPSO)

(DHPC)
Bicelle

G5G8

G5G8
(MNG)

Crystal growth & X-ray diffraction

100 
µm

• Long exposure
2-5 sec @ APS
30 sec @ ALS

• Radiation
damage
3-5 frames (< 5°)

• Signal (I/s = 1-
1.5 at 3.9-4Å)

3.9 Å

3.6 Å



100 µm100 µm

Optimization of Crystal Growth

100 µm

A B C

50-500 µm 100-300 µm 50-150 µm

25-30 Å 7-10 Å 3.5-4 Å

Detergent 
chain length

Cholesterol

C1
2

C1
0

(mol)0-1 % 2-5 %



Single-wavelength Anomalous Diffraction (SAD) 

W-SAD W: dodeca-tungsten cluster
(phosphotungstate: PW12O403- )

Keggin, Proc R Soc Lond A, 1934
Zhang & Wang, RSC Adv, 2012

●W
● P
●O

(Lee et al, Nature, 2016)



Crystal Packing



Model Building for the G5G8 Structure

Merge: 19 datasets (least amorphous)
(Collect: ~200 native datasets)



ABCG5 and ABCG8 share high structural similarity.

RMSD (Ca) ~ 2Å
(~28% sequence identity)

TMD: transmembrane domain
NBD: nucleotide-binding domain

ECD: extracellular domain
CnH: connecting helix
CpH: coupling helix

Domain features Structural 
similarity:



Triple Helical Bundle: Connecting the ATP-
Binding Cassette to the Transmembrane Domain

CnH: connecting helix
CpH: coupling helix
★: conserved polar 
residues

G8

G5

Walker B

Walker A

Signature

TMD

NBD



Triple Helical Bundle: Connecting the ATP-
Binding Cassette to the Transmembrane Domain

CnH: connecting helix
CpH: coupling helix
★: conserved polar 
residues

CpH/CnH/E-helix
triple helical bundle

G8

G5

Walker B

Walker A

Signature

CpH

CnH

E-helix
Q-loop

TMD

NBD



The TMD polar relay connects the triple helical 
bundle to the TMD.



TMD Polar Relays: a General Feature?

(Lin et al, Nature, 2015) (Oldham et al, Nature, 2007)
(Oldham & Chen, Science, 2011)

Polypeptide processing and 
secretion transporter:

Maltose transporter:

(Lee et al, Nature, 2016)



Co-Evolution Analysis





Fo - Fc (3.0 
s)

Vestibule
s

How do sterols move across the lipid-bilayer 
membranes on the TMD?

TM
D

NB
D

Vestibules at the TMD-membrane interface

Sterol binding/entry site?



A540

F540
＊

＊

Precursor
Mature

How do sterols move across the lipid-bilayer 
membranes on the TMD?

TM
D

NB
D

G5G8

LETTER RESEARCH

Extended Data Figure 5 | Vestibules in the membrane spanning 
region. a, b, Left: cartoon of G5G8 TMDs in transparent surface (orange 
and blue). Vestibules on opposing faces of the TMDs are highlighted in 
boxes. Middle: Fo − Fc difference electron density map contoured at 3.0σ 
showing extended features at the vestibules. TMHs are numbered. Right: 
highly conserved residues in G5 and G8 (sequence conservation ≥ 7, 
see Methods) are shown as orange (G5) and blue (G8) cartoon/sticks. 
c, Left: in vivo functional reconstitution assay using G5G8 KO mice 
(G5G8−/− mice)19. Biliary cholesterol levels from mice infected with RR 

(empty adenovirus), or with adenoviruses expressing human (h)G5:WT 
and hG8:WT, or with adenoviruses expressing hG5:A540F and hG8:WT 
are shown. Pictures of the bile are below the graph. Each experiment 
represents the mean ± s.d. from three infected mice (n = 3) in each group. 
Right: expression of hG5 and hG8 detected by immunoblotting using 
anti-hG5 monoclonal antibodies (see Methods). Connexin was used as 
the gel-loading control. As a positive control for the mouse and a negative 
control for the human anti-G5 antibody, we also immunoblotted liver 
membranes from G5G8+/− mice.

© 2016 Macmillan Publishers Limited. All rights reserved

(Lee et al, Nature, 2016)



(Ranganath & Tanuja, 1999)
“Teaching and learning genetics with Drosophila. 2. 

Mutant phenotypes of Drosophila melanogaster”



ABCG5 ABCG8

L36P

E238L/K

L596R

L572P
G574E/R
G575R

V632A

M429V

E423D

T400K

P231T

L195Q

A259V

R184H

R405H

L501P

R543S

Q604E/K

R550S

A540F

N437K

I523V

G269R

C287R

M429V

R406Q

R389H

E146Q

M622V

(Xavier et al, Int J Mol Sci, 2020)



ER-escape missense mutations
Graf et al, JBC, 2004

Non-ER-escape missense 
mutations

E146Q

R419H/P

R543S

G574R

R389H

N437K
R184H

P231T
R263
Q

L501P

G574E

L596R

G5 G5G8 G8

Location of the residues with the disease-causing 
missense mutations of sitosterolemia.

: conserved (multiple sequence alignment (MSA) value ≥ 7)
: less/non-conserved (MSA < 7) 



E146Q

R419H/P

R543S

G574R

R389H

N437K
R184H

P231T
R263
Q

L501P

G574E

L596R

G5 G5G8 G8

Polar relay
Polar relayE-helix

Sterol exit?

Sterol binding?

Disease-causing mutations cluster in the conserved 
functional domains in G5G8.



Trajectory of Domain Movement

Inward movement
(CpH/CnH/E-helix bundle)

G5 G8

CnH

CpH
E-helix

CnH

CpH E-helix

Upward movement
(TM helices)

G5 G8

4

3
16

4

3

Molecular Dynamics Simulation

(Lee et al, Nature, 2016)



A B

90°

TMD

NBD

G5 G8

(Zein et al, Biochem Soc Trans, 2019)

Trajectory of Domain Movement



(Xavier et al, Int J Mol Sci, 2020)

Using disease mutations to gain mechanistic understanding



CHS-Stimulated ATPase Activity of ABCG5/G8
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ATP Dependence of ABCG5/G8

(Xavier et al, Int J Mol Sci, 2020)

Vmax

(nmol/min/mg)
KM (ATP) 

(mM)
kcat

a (s-1) kcat/KM

(M-1s-1)

WT 677.1 ± 25.6 0.60 1.69 2.8x103

G5-E146Q 167.1 ± 0.05 0.51 0.41 0.82x103

G8-R543S 150.7 ± 3.7 0.42 0.38 0.90x103

G5-A540F 101.2 ± 4.2 0.58 0.25 0.43x103



0 1 2 3 4
0

2 0 0

4 0 0

6 0 0
W T

A 540F

E 146Q

R 543S

C H S  (m M )

S
p

e
ci

fi
c 

A
ct

iv
it

y

 (
n

M
o

l P
i m

in
-1

 m
g

-1
)

CHS Dependence of ABCG5/G8

(Xavier et al, Int J Mol Sci, 2020)

Vmax

(nmol/min/mg)
KM (CHS) 

(mM)
kcat

a (s-1) kcat/KM

(M-1s-1)

WT 702.9 ± 50.7 0.8 1.74 2.2x103

G5-E146Q 210.0 ± 33.2 1.13 0.52 0.46x103

G8-R543S 237.1 ± 33.4 2.38 0.59 0.25x103

G5-A540F 99.8 ± 11.4 0.70 0.25 0.36x103



(Xavier et al, Int J Mol Sci, 2020)

A Catalytic Model of ABCG5/G8



Beyond ABCG5/G8

ABCA1
- cholesterol

(Qian et al, Cell, 2017)

ABCA4
- phospholipid import

ABCB4
- phospholipid export

(Liu et al, eLife, 2021) (Olsen et al, Nat Struct Mol Biol, 2020)
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Polar relay Pathogenic residues:
G5G8 (red), A1 (green)

Transmembrane Domain of ABC Cholesterol 
Transporters: a Pathogenic Hot Spot

(Xavier et al, Biochem Cell Biol, 2019)



ABCG5/G8
(nf, inward)

ABCA1
(nf, outward)

Transmembrane Domain: the Dynamic Nature 
(Probably at an ATP-Prehydrolytic state) 

(Xavier et al, Biochem Cell Biol, 2019)
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Working Model of ABC Sterol Transporters
(Cellular)

(Xavier et al, Biochem Cell Biol, 2019)


