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Human ABCB6 is an ATP-binding cassette transporter 
that regulates heme biosynthesis by translocating various 
porphyrins from the cytoplasm into the mitochondria. Here 
we report the cryo-electron microscopy (cryo-EM) structures 
of human ABCB6 with its substrates, coproporphyrin III (CPIII) 
and hemin, at 3.5 and 3.7 Å resolution, respectively. Metal-
free porphyrin CPIII binds to ABCB6 within the central cavity, 
where its propionic acids form hydrogen bonds with the 
highly conserved Y550. The resulting structure has an overall 
fold similar to the inward-facing apo structure, but the two 
nucleotide-binding domains (NBDs) are slightly closer to 
each other. In contrast, when ABCB6 binds a metal-centered 
porphyrin hemin in complex with two glutathione molecules 
(1 hemin: 2 glutathione), the two NBDs end up much 
closer together, aligning them to bind and hydrolyze ATP 
more efficiently. In our structures, a glycine-rich and highly 
flexible “bulge” loop on TM helix 7 undergoes significant 
conformational changes associated with substrate binding. 
Our findings suggest that ABCB6 utilizes at least two distinct 
mechanisms to fine-tune substrate specificity and transport 
efficiency.

Keywords: ABCB6, ATP-binding cassette transporter, cryo-

electron microscopy, glutathione, porphyrin

INTRODUCTION

Heme (iron protoporphyrin IX) serves as an essential co-

factor for signal transduction, oxygen transport, regulation 

of transcription and translation, drug detoxification, and 

microRNA processing (Chiabrando et al., 2014; Mense and 

Zhang, 2006). ATP-binding cassette superfamily B member 

6 (ABCB6) translocates the heme precursor coproporphy-

rinogen III from the cytoplasm into mitochondria, where it is 

converted to protoporphyrin IX (PPIX), and ferrous iron (Fe2+) 

is added to the PPIX ring for heme biosynthesis (Krishnamur-

thy et al., 2006). In addition to its mitochondrial distribution, 

ABCB6 is also found in the Golgi apparatus (Tsuchida et al., 

2008), lysosomes (Kiss et al., 2012) and the plasma mem-

branes (Paterson et al., 2007). ABCB6 is involved in diverse 

physiological processes such as protection from oxidative 

stress, tolerance to toxic heavy metals and phenylhydrazine 

(Chavan et al., 2011; Lynch et al., 2009; Rakvács et al., 2019; 

Ulrich et al., 2012), acquired multidrug resistance (Heimerl 

et al., 2007; Park et al., 2006; Yasui et al., 2004), iron ho-

meostasis (Mitsuhashi et al., 2000), and regulation of cellular 

hemoproteins (Lynch et al., 2009). It is highly expressed in 

heart, liver, intestine, testis, skeletal muscle, and skin (Chavan 

et al., 2013; Krishnamurthy et al., 2006; Zhang et al., 2013). 
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Mutations of ABCB6 are associated with various genetic 

diseases including porphyria and dyschromatosis universalis 

hereditaria (DUH, a disorder of pigment metabolism) (Zhang 

et al., 2013), pseudohyperkalemia (chronic renal failure) 

(Andolfo et al., 2013), coloboma (a developmental defect of 

the eye) (Wang et al., 2012), and atherosclerosis (Soehnlein, 

2014). A high level of ABCB6 is also found in red blood cells 

where its absence defines the Langereis blood group system 

(Lan) (Helias et al., 2012). Overexpression of ABCB6 in vari-

ous tumor cells has been shown to confer drug resistance by 

reducing the accumulation of chemotherapeutic agents such 

as paclitaxel, vincristine, 7-ethyl-10-hydroxy-camptothecin 

(SN-38), and 5-fluorouracil (5-FU), suggesting its physiologi-

cal and clinical importance (Januchowski et al., 2013; Minami 

et al., 2014; Park et al., 2006; Varatharajan et al., 2017; Yasui 

et al., 2004).

 In humans, 48 members of the ABC transporter family 

have been identified, divided into seven subgroups, A to G 

(Dean et al., 2001; Vasiliou et al., 2009). ABCB6 is a Type IV 

homodimeric half-transporter of 842 amino acids (Thomas 

et al., 2020). Each monomer consists of a transmembrane 

domain (TMD) and a cytoplasmic nucleotide-binding domain 

(NBD) with an additional N-terminal TMD (TMD0). As ex-

pected for an ABC transporter, the two TMDs of the homod-

imer are responsible for binding various substrates and serve 

as the translocation pathway across the membrane, while the 

two NBDs are essential for ATP hydrolysis, which provides the 

energy for substrate transport (Chavan et al., 2013; Haffke et 

al., 2010; Polireddy et al., 2012). Although the exact biologi-

cal role of the TMD0 is controversial, researchers predict that 

it is involved in protein maturation (Fukuda et al., 2011) or 

subcellular localization (Kiss et al., 2015).

 Recently, cryo-electron microscopy (cryo-EM) structures of 

human ABCB6 have been reported, with the enzyme in its 

apo form and in complex with ATP (Song et al., 2021; Wang 

et al., 2020). However, understanding the mechanisms of 

substrate recognition and specificity is still challenging due to 

the lack of substrate-bound structures. Here we present the 

cryo-EM structures of human ABCB6 in the presence of the 

porphyrin substrates, coproporphyrin III (CPIII) and hemin, at 

3.5 and 3.7 Å resolution, respectively. Our structures reveal 

that ABCB6 utilizes at least two distinct mechanisms to bind 

porphyrin substrates depending on the presence or absence 

of a central metal ion in the porphyrin. Moreover, when 

taken with the results of functional analyses, our structures 

demonstrate that a long intervening loop present on TM he-

lix 7 undergoes substrate-specific conformational rearrange-

ments to assist binding and/or transport.

MATERIALS AND METHODS

Cloning, expression, and purification
The core region of human ABCB6 (ABCB6-∆TMD0, residues 

206-842) was cloned into the pVL1393 baculovirus transfer 

vector (BD Biosciences, USA) containing thrombin-cleavable 

enhanced green fluorescence protein (eGFP) and a decahisti-

dine (10XHis) tag at the C-terminus. Site-directed mutations 

were generated using overlap polymerase chain reactions, 

and verified by DNA sequencing. Recombinant virus was pro-

duced in Spodoptera frugiperda (Sf9) cells using BestBac 2.0 

linearized baculovirus DNA (Expression Systems, USA) and 

Cellfectin II transfection reagent (Gibco, USA). The proteins 

were expressed in High Five (Hi5) cells. After harvesting at 

72 h post-infection, the cells were broken by sonication in a 

lysis buffer containing 20 mM HEPES pH 7.0, 300 mM NaCl, 

10 mM MgCl2, 10% glycerol, 40 μg/ml DNase I and 1 mM 

phenylmethylsulfonyl fluoride (PMSF). Proteins were solubi-

lized with 2% (w/v) n-dodecyl-β-D-maltopyranoside (DDM; 

Anatrace, USA) and 0.2% (w/v) cholesteryl hemisuccinate 

(CHS; Anatrace) for 2 h. Insoluble cell debris was removed by 

centrifugation at 300,000 × g for 30 min and the superna-

tant was loaded onto anti-GFP DARPin-based affinity resin 

(Hansen et al., 2017). After thorough washing, the C-termi-

nal tag was removed by on-column thrombin cleavage. The 

eluted proteins were further purified with a Superdex 200 

GL 10/300 column (GE Healthcare, USA) in a buffer con-

taining 20 mM HEPES pH 7.0, 200 mM NaCl, 0.056% (w/

v) 6-cyclohexyl-1-hexyl-β-D-maltoside (Cymal-6; Anatrace) 

and 0.0056% (w/v) CHS. The ABCB6-∆TMD0 protein was 

also reconstituted into peptidisc by the on-beads method 

as previously described (Angiulli et al., 2020; Carlson et al., 

2018; Zeytuni et al., 2020). Briefly, after DDM-solubilization, 

the supernatant was loaded onto anti-GFP DARPin resin, fol-

lowed by 10 column volumes of wash buffer containing 20 

mM HEPES pH 7.0, 200 mM NaCl and 0.5 mg/ml peptidisc 

(PEPTIDISC BIOTECH, Canada). The eluate from on-column 

thrombin cleavage was further purified by Superdex 200 

gel filtration chromatography in a buffer containing 20 mM 

HEPES pH 7.0 and 200 mM NaCl. All purification steps were 

performed on ice or at 4°C. ABCB6-∆TMD0 and all other 

mutants exhibited similar expression levels and purification 

behavior (Supplementary Fig. S1).

ATP hydrolysis assay
ATP hydrolysis was assayed by the molybdate (Chavan et al., 

2013; Chifflet et al., 1988; Manolaridis et al., 2018) or NA-

DH-coupled method (Scharschmidt et al., 1979) as previously 

described, with slight modifications. Briefly, in the molybdate 

method, the reaction was initiated by addition of 1 mM ATP 

to 50 μl of reaction buffer (50 mM HEPES pH 7.0, 70 mM 

KCl, 10 mM MgCl2, 0.056% (w/v) Cymal-6 and 0.0056% 

(w/v) CHS) in the presence of the purified protein (1.3 μM). 

For substrate-stimulated ATPase assays, protein samples 

were incubated with varying concentrations of substrates 

(Sigma-Aldrich, USA) for 30 min at 37°C. The reaction was 

quenched with 50 μl of 5% (w/v) sodium dodecyl sulfate 

(SDS). A 100 μl aliquot of a solution of 5 mM ammonium 

molybdate, 2 mM zinc acetate and 5.5% (w/v) ascorbic acid 

was added to each sample and further incubated for 20 min. 

Pi release was determined by a colorimetric method at 850 

nm, with potassium phosphate as a standard.

 In the NADH-coupled assay, ATP hydrolysis was measured 

at 37°C every 10 s for 3 min by monitoring the loss of absor-

bance at 340 nm (εM = 6,220 cm
–1M

–1). Briefly, the reaction 

was initiated by adding 1 μM protein and varying concentra-

tions of substrate to 70 μl of reaction buffer containing 50 

mM HEPES pH 8.0, 60 μg/ml pyruvate kinase, 32 μg/ml lac-

tate dehydrogenase, 4 mM phosphoenolpyruvate, 0.3 mM 
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NADH, 2 mM ATP, 10 mM MgCl2, 0.056% (w/v) Cymal-6, 

and 0.0056% (w/v) CHS. The steady-state kinetic parameters 

for ATP hydrolysis were determined by fitting the observed 

initial rates of hydrolysis to the Michaelis–Menten equation 

using the program GraphPad Prism 7.0.

Proteoliposome preparation
A mixture of porcine brain polar lipid extract dissolved in 

chloroform and CHS (Avanti Polar Lipids, USA) at a ratio of 

4:1 (w/w) was dried under a gentle stream of nitrogen. The 

lipid thin film was placed under a desiccator overnight to 

completely remove residual chloroform and then hydrated in 

reconstitution buffer containing 20 mM HEPES pH 7.5 and 

100 mM KCl. After sonication, the lipid mixture was extruded 

15 times through a 200 nm polycarbonate membrane filter 

(Avanti Polar Lipids) to form unilamellar vesicles and then de-

stabilized with 0.056% (w/v) Cymal-6. The purified protein 

and lipid suspension were mixed in a ratio of 1:25 (w/w). 

After incubation at 4°C for 2 h, the detergent was removed 

with Bio-Beads SM-2 resin (Bio-Rad, USA). Proteoliposomes 

were collected by centrifugation at 200,000 × g for 1 h and 

resuspended in reconstitution buffer for transport assays. 

Protein-free liposomes were prepared in parallel.

Transport assay
Transport assay was performed based on the previous study 

with some modifications (Chavan et al., 2013; Krishnamurthy 

et al., 2006; Ulrich et al., 2012). Briefly, transport reactions 

were initiated by addition of proteoliposomes to reaction 

buffer containing 50 mM HEPES pH 8.0, 70 mM KCl, 10 mM 

MgCl2 and 2 mM ATP in the presence and absence of 0.2 

mM CPIII. After incubation at 37°C for 30 min, the reaction 

was stopped by cooling the sample to 4°C. Proteoliposomes 

were collected by centrifugation at 200,000 × g for 30 min, 

washed twice, and lysed with 10% (w/v) SDS. The fluores-

cent intensities of CPIII were measured with lasers of 405 nm 

excitation and 630 nm emission wavelengths, respectively 

(Synergy H1m; BioTek, USA). The amount of transported CPIII 

was calculated by making a standard curve with varying con-

centrations of CPIII prepared under assay conditions.

Microscale thermophoresis (MST) assay
The affinities of CPIII for ABCB6-∆TMD0 and other mutant 

proteins were measured by MST, based on the changes in 

initial fluorescence, as described previously (Krossa et al., 

2018). Briefly, 5 μM of fluorophore CPIII was added to serial 

2-fold dilutions of each protein from 66.6 μM to 2.0 nM. The 

mixtures were incubated for 20 min at room temperature 

and loaded onto Monolith NT.115 standard-treated capil-

laries (NanoTemper Technologies, Germany). Changes of 

initial fluorescence intensity were monitored with a Monolith 

NT.115 pico device, and plotted against protein concentra-

tion to calculate Kd values, and the results were analyzed with 

MO.Affinity Analysis software.

Molecular docking
To identify the mode of binding of hemin to ABCB6-∆TMD0, 

in silico molecular docking was performed, with the GLIDE 

(Grid-based Ligand Docking with Energetic) module imple-

mented in the Schrödinger Suite (release 2021-3), which 

uses the Maestro v12.9.123 graphical user interface (Friesner 

et al., 2004; 2006). As a benchmark test, we used the crystal 

structure of Pseudomonas aeruginosa hemophore HasA (PDB 

ID 4O6U, 0.8 Å resolution), which contains a heme ligand 

(Kumar et al., 2014). Model structures of protein and heme 

were prepared using the “Protein Preparation Workflow” 

menu (Preprocess → Optimize H-bond Assignments → Clean 

Up) with default options. Standard Precision (SP) and Extra 

Precision (XP) algorithms were used to dock the heme ligand 

onto the protein grid, with the flexible docking option turned 

on. The best docking poses were very similar to a co-crystal-

lized ligand (<0.2 Å RMSD [root mean square deviation] for 

all atoms), suggesting that these docking methods can pro-

vide reliable structural models. Adopting the same workflow 

(Protein Preparation and Ligand Preparation → Receptor Grid 

Generation → Docking) and options in each procedure, we 

carried out a molecular docking analysis to dock hemin onto 

the cryo-EM structure of ABCB6-∆TMD0. A receptor grid 

with an enclosing box (26 Å × 26 Å × 26 Å) was generated 

centrally between two glutathione (GSH) molecules, and the 

hemin was docked into the predicted binding site using SP 

and XP methods. After visual inspection, the top poses with 
–5.979, and –5.698 kcal/mol scores, respectively, were select-

ed.

Cryo-EM sample preparation and data acquisition
The purified protein was incubated with 0.2 mM CPIII or 1 

mM Hemin:GSH for 30 min at 4°C. Cryo-EM grids were pre-

pared by applying 3 μl of protein at 5 mg/ml onto glow-dis-

charged quantifoil 300-mesh Au R1.2/1.3 holey carbon grids 

(EM Science, USA). The grids were blotted once for 3-4 s and 

rapidly cryocooled in liquid ethane using a Vitrobot Mark IV 

(Thermo Fisher Scientific, USA) with the chamber maintained 

at 4°C and ~100% humidity.

 Cryo-EM data of ABCB6-∆TMD0 in CPIII-bound state was 

collected using a 300 kV Titan Krios cryo-electron microscope 

(Thermo Fisher Scientific) with a K3 BioQuantum direct elec-

tron detector (Gatan, USA) in super resolution mode. The slit 

width of the energy filter was set to 20 eV. A total of 5,027 

images was recorded by EPU software at a nominal magni-

fication of 130,000×, corresponding to a pixel size of 0.328 

Å (physical pixel size 0.656 Å). Each movie was dose-frac-

tionated to 50 frames with a total exposure time of 2 s. The 

electron dose rate was 15 e
–
/pix/s (1.0 e

–
/Å2/frame), leading 

to a total dose of 50 e
–
/Å2. The defocus range was from –0.8 

to –2.0 μm with 0.2 steps.

 For ABCB6-∆TMD0 in hemin:GSH-bound state, the data-

set was collected using a 200 kV Talos Arctica cryo-electron 

microscope (Thermo Fisher Scientific) equipped with a K3 

BioQuantum direct electron detector. The slit width of the 

energy filter was set to 20 eV. A total of 4,066 images was 

recorded by EPU software at a nominal magnification of 

100,000×, corresponding to a pixel size of 0.83 Å. Each mov-

ie was dose-fractionated to 50 frames with a total exposure 

time of 3.52 s. The electron dose rate was 10.36 e
–
/pix/s(1.0 

e
–
/Å2/frame), leading to a total dose of 50 e-/Å2. The defocus 

range was set to vary from –0.8 to –2.6 μm with 0.2 steps.
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Data processing
The dataset of CPIII-bound structure was processed using 

cryoSPARC v2.15.0 (Punjani et al., 2017). The recorded su-

per-resolution images were gain-normalized and motion-cor-

rected by dose weighting and binned twice by Fourier crop-

ping. Defocus values were estimated by patch-based contrast 

transfer function (CTF) estimation. Initially, a small subset of 

micrographs was used for automated particle picking in tem-

plate-free manner using blob picker, followed by extraction 

and 2D classification. Good classes were then used for tem-

plate-based particle picking from the complete set of micro-

graphs. Ab-initio models were generated from the best 2D 

classes, which were subjected to two rounds of 3D hetero-

geneous refinement. The particles from the best 3D classes 

were further subjected to homogeneous 3D refinement and 

non-uniform refinement. The final map of ABCB6-∆TMD0 

bound to CPIII was refined to 3.5 Å using C1 symmetry based 

on the gold-standard Fourier shell correlation (FSC) criterion 

of 0.143 (Henderson et al., 2012). The map was sharpened 

with automatically calculated B-factor of 85.0 Å2 (Supple-

mentary Figs. S2-S4).

 For hemin:GSH-bound structure, beam-induced motion 

corrections of movie stacks were performed using Motion-

Cor2 to generate dose-weighted micrographs (Zheng et al., 

2017). CTF parameters were estimated using CTFFIND4 (Ro-

hou and Grigorieff, 2015). Low-quality micrographs showing 

low resolution, high defocus and high astigmatism were 

removed, resulting in a total of 3,965 images for further data 

processing in RELION v3.1 (Scheres et al., 2012). Approxi-

mately 4,000 particles were picked using projections of our 

3D reference model and extracted for initial 2D classification. 

Good classes were used as templates for automated parti-

cle picking. After multiple rounds of 2D classification, best 

groups of particles were subjected to generate an initial 3D 

model, which was subsequently used as a starting point for 

3D classification. One of six 3D classes contained 44% of all 

the particles (corresponding to 374,957 particles) and gave 

stronger signals for hemin and GSH. This class was subjected 

to 3D refinement and post-processing, resulting in a 4.2 Å 

resolution map. The map was further improved by local CTF 

refinement and Bayesian polishing in RELION, yielding a map 

at a resolution of 4.0 Å. The refined particles and map were 

imported to cryoSPARC (Punjani et al., 2017), where hetero-

geneous and homogeneous 3D refinement, and non-uniform 

refinement were performed. The final maps were refined to 

3.9 Å using C1 symmetry and 3.7 Å using C2 symmetry. The 

map was sharpened with automatically calculated B-factors 

of 178.3 Å2. The local resolution was determined from the 

two half-maps in cryoSPARC (Supplementary Figs. S5-S7). All 

details regarding the two datasets are summarized in Supple-

mentary Table S1.

Model building and refinement
The initial model of CPIII-bound ABCB6-∆TMD0 structure was 

built using the crystal structures of bacterial Atm1 TMD (PDB 

ID 4MRP) (Lee et al., 2014) and human ABCB6 NBD domains 

(PDB ID 3NH6) (Haffke et al., 2010) as templates, and was fit 

into the post-processed maps using UCSF Chimera (Goddard 

et al., 2007; Pettersen et al., 2004). After a cycle of rigid body 

fitting and morphing using the phenix.real_space_refine 

program (Adams et al., 2010), a model of ABCB6-∆TMD0 

was built manually according to the density map using COOT 

(Emsley and Cowtan, 2004), and this was subsequently used 

as an initial model for the Hemin:GSH dataset. While the 

cryo-EM density of TMDs was of sufficiently high resolution 

to reveal side chains, the densities for the NBDs were poorly 

defined due to their intrinsic heterogeneity. Therefore, the 

crystal structure of human ABCB6 NBD was docked into the 

density. Models were further improved by multiple cycles 

of PHENIX real space refinement with secondary structure 

restraints, rotamer restraints, Ramachandran restraints, and 

non-crystallographic symmetry (NCS) restraints (Adams et 

al., 2010). The refined model was validated using MolProbity 

(Chen et al., 2010). All figures in the manuscript were pro-

duced using PyMOL (https://pymol.org/2/), UCSF Chimera 

(Pettersen et al., 2004), and Chimera X (http://www.rbvi.

ucsf.edu/chimera/).

Data availability
The cryo-EM density maps have been deposited in the Elec-

tron Microscopy Data Bank under accession codes EMD-

30790 (CPIII-bound state) and EMD-30791 (hemin:GSH-

bound state). The atomic coordinates have been deposited 

in the Protein Data Bank under accession codes 7DNY (CPIII-

bound state) and 7DNZ (hemin:GSH-bound state).

RESULTS

Protein preparation for structural and functional studies
For cryo-EM study of human ABCB6, the protein was ex-

pressed in Hi5 insect cells and purified in peptidisc (Angiulli 

et al., 2020; Carlson et al., 2018) or detergent micelles (6-cy-

clohexyl-1-hexyl-β-D-maltoside, Cymal-6) supplemented with 

0.0056% (w/v) CHS. We originally, expressed the full-length 

protein containing both the TMD0 and core region, but the 

accumulation of a partially proteolyzed product was detect-

ed during purification, generating a heterogeneous mixture 

of molecules (Supplementary Fig. S8A). SDS-PAGE analysis 

indicated that the molecular weight of the lower band (~75 

kDa) was roughly consistent with that of the truncated mu-

tant containing only the core region (residues 206-842). In 

a previous study, the TMD0 was shown to be essential for 

lysosomal targeting, but dispensable for the ATPase and 

substrate transport activity (Kiss et al., 2015). Therefore, to 

increase the homogeneity of the protein, we constructed a 

truncated mutant of ABCB6 in which the entire TMD0 region 

was eliminated (Supplementary Figs. S8B and S8C). In this 

article, unless otherwise specified, we refer to this truncated 

mutant protein as ABCB6-∆TMD0.

Effect of glutathione on porphyrin binding
In order to identify the best substrates for structural studies 

of ABCB6-∆TMD0, in vitro ATP hydrolysis assays were carried 

out on the detergent-purified proteins using various por-

phyrins (Fig. 1A). In agreement with the results of previous 

studies (Song et al., 2021; Wang et al., 2020), our data indi-

cated that at saturating concentrations (100 μM PPIX or 50 

μM CPIII), the metal-free porphyrins modestly stimulated the 

https://pymol.org/2/
http://www.rbvi.ucsf.edu/chimera/
http://www.rbvi.ucsf.edu/chimera/
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ATPase activity of ABCB6-∆TMD0 approximately 2- to 3-fold 

(Figs. 1B and 1C). By contrast, metal-centered porphyrins, 

such as hemin (ferric chloride heme) and cobalt (III) PPIX, 

markedly stimulated the ATPase activity of ABCB6-∆TMD0 

approximately 6-fold only when the cellular antioxidant glu-

tathione (GSH; γ-glu-cys-gly) was included in the reaction 

buffer (Figs. 1D and 1E).

 Our functional data are entirely consistent with previous 

work showing that the TMD0 of human ABCB6 can be delet-

ed without effect on the overall folding of the core domain 

and its ATPase activity (Kiss et al., 2015). The TMD0 domains 

of ABCB2/3 (TAP1/TAP2) (Koch et al., 2004), ABCB9 (TAPL) 

(Demirel et al., 2010), and ABCC1 (MRP1) (Bakos et al., 

1998) are also known to be dispensable for stability, sub-

strate binding and translocation. A recent study by Wang et 

al. (2020), however, showed that substrate‐stimulated AT-

Pase activity was completely abolished in the ABCB6-∆TMD0 

construct. This discrepancy may have been due to differences 

Fig. 1. Functional characterization. (A) The chemical structures of various porphyrins used in this study. (B) NADH-coupled ATPase 

activity of the ABCB6-∆TMD0 as a function of PPIX concentration. The Km of PPIX was found to be 4.5 ± 1.2 μM, and the maximal ATPase 

activity was 69 ± 1.5 nmol/mg/min (or 9.7 min–1). The dashed line indicates the basal ATPase activity in the absence of substrate. Data 

points represent mean ± SD of triplicate measurements. (C) ATPase activity of the ABCB6-∆TMD0 as a function of CPIII concentration. 

The Km of CPIII was found to be 19 ± 3.7 μM, and the maximal ATPase activity was 175 ± 7.5 nmol/mg/min (or 25 min–1). (D) ATPase 

activity of ABCB6-∆TMD0 as a function of hemin concentration with and without 1 mM GSH. The Km for hemin in conjunction with 

GSH was determined to be 3 ± 0.3 μM and the maximal ATPase activity was 251 ± 7.8 nmol/mg/min (or 36 min–1). (E) ATPase activity of 

ABCB6-∆TMD0 as a function of cobalt (III) PPIX (Co-PPIX) concentration with and without 1 mM GSH. The Km for Co-PPIX in conjunction 

with GSH was determined to be 3.4 ± 0.5 μM and the maximal ATPase activity was 276 ± 8.0 nmol/mg/min (or 39 min–1).

B c

A

Cobalt (III) 
protoporphyrin IX

HeminProtoporphyrin IX Coproporphyrin III

D e

Figure 1

Protoporphyrin IX (µM) Coproporphyrin III (µM)

Hemin (µM) Cobalt (III) protoporphyrin IX (µM)

C

E
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in protein purification procedure; Wang et al. (2020) purified 

ABCB6-∆TMD0 with lauryl maltose neopentyl glycol (LMNG) 

micelles, whereas we purified it with Cymal-6. This hypothe-

sis is supported by the fact that when we purified the protein 

in LMNG detergent, it had an elution profile in size-exclusion 

chromatography similar to that in Cymal-6 (Supplementary 

Figs. S9A and S9B), but exhibited 1.8-fold higher basal activ-

ity that was not significantly stimulated by substrates, as pre-

viously observed by Wang et al. (2020) (Supplementary Fig. 

S9C). Based on these biochemical results, we chose CPIII and 

hemin as model metal-free and metal-centered porphyrins, 

respectively, for cryo-EM studies of substrate-bound ABCB6.

Model building strategy of CPIII bound to ABCB6-∆TMD0
In the presence of CPIII, ABCB6-∆TMD0 has an overall fold 

similar to the apo form (Figs. 2A and 2B), but the TMDs 

swing towards each other (~4°), resulting in a somewhat 

reduced separation between the two NBDs (Fig. 2C) (Song et 

al., 2021; Wang et al., 2020). The most significant structural 

changes are concentrated near the central cavity where we 

could assess the EM density of CPIII at the inner leaflet-cytosol 

interface (Fig. 2B). Given the large diversity of substrates, one 

might expect ABCB6 to adopt a flexible and low-selectivity 

binding strategy for efficient transmembrane substrate trans-

port. In agreement with this argument, the EM density of 

CPIII was large and globular rather than planar in shape, sug-

gesting the existence of multiple substrate binding modes. 

Another possible explanation for the ambiguous substrate 

density is that CPIII is located around the two-fold axis of the 

ABCB6-∆TMD0 dimer, which would yield a molecularly av-

eraged density map. To define the optimal configuration of 

CPIII in this ambiguous density, the approach we used was 

to choose the residues within 6 Å distance of the CPIII map 

(i.e., W546, Y550, Y386, R552, and M553) and perform ala-

nine scanning mutagenesis. We assumed that if the selected 

residues were directly involved in CPIII binding, mutations of 

these residues to alanine would reduce its ability to stimulate 

ATP hydrolysis and substrate transport due to a lower affinity 

for CPIII. Based on the results of ATPase-based screening, the 

most plausible structural model for the bound CPIII molecule 

was placed into its electron density map, maximizing favor-

able interactions with the residues found to be important in 

ATPase activity, while avoiding steric clashes.Figure 2
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CPIII-bound structure
Our structure reveals that one molecule of CPIII intercalates 

into the central cavity almost vertical to the membrane, and 

the propionic acid side chains point towards the cavity surfac-

es (Fig. 3A). The key residues contributing to CPIII binding are 

W546, Y550, and M553 on TM 11; of these residues, Y550 

is located close to the propionic acids and forms hydrogen 

bonds with them, while the remaining residues form hydro-

phobic and van der Waals interactions with the porphyrin 

ring. Structural comparison demonstrates that upon binding 

substrate, all the CPIII-coordinating residues orient their side 

chains towards the bound substrate and secure it in place 

(Fig. 3B). In particular, a glycine-rich and highly conserved 

“bulge” loop on TM helix 7 move significantly towards CPIII Figure 3
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(Figs. 3B and 3C). The highly conserved T320 on TM 7 bulge 

loop is not directly involved in the coordination of CPIII, but it 

alters the orientation of W546 so that the latter avoids collid-

ing with T320 and can interact with CPIII (Fig. 3B).

 Consistent with our structural observations, the Y550A 

mutation resulted in complete loss of CPIII-stimulated ATP 

hydrolysis and its transport activity (Figs. 3D and 3E). In the 

other two mutants, W546A and M553A, there was a slight 

decrease in the degree of ATPase activation. The structure 

is consistent with previous biochemical data showing that 

W546F mutation did not affect ATPase activity for CPIII, while 

W546V displayed no stimulation (Wang et al., 2020). Two 

previous studies have described an inhibitory effect of PPIX 

on W546A activity, and no effect, respectively (Song et al., 

2021; Wang et al., 2020). Both CPIII and PPIX are metal-free 

porphyrins, but there are significant differences between 

them; CPIII contains four propionic acids, while PPIX contains 

only two (Fig. 1A). Therefore, we suppose that they may 

affect the activity of the W546A mutant by different mecha-

nisms. Despite having a large binding cavity, ABCB6-∆TMD0 

is not likely to accommodate the two CPIII molecules in a 

two-layer stacking mode, as observed in the heme-binding 

protein HmuT (Mattle et al., 2010). The main reason for that 

is that, unlike heme, which contains two propionic acids (Fig. 

1A), CPIII has four, and so could not be stacked without cre-

ating a steric collision visible in the electron density map.

The importance of the TM 7 bulge loop and positive sur-
face charges for CPIII binding
The importance of the TM 7 bulge loop for CPIII binding is 

further supported by deletion analysis. The ∆320TGS322 muta-

tion (deletion of residues 320 to 322) results in ~45% lower 

maximal ATPase activity relative to ABCB6-∆TMD0 (Fig. 3D). 

The ∆317GGG319 mutant and the five amino acid substitution 

(317GGGTG321 → 317SVTTV321) showed no substrate stimula-

tion, possibly owing to a reduction in the loop flexibility need-

ed for CPIII binding. Interestingly, a transporter with a com-

plete deletion of the TM 7 bulge loop (∆318GGTGSTG324) had 

6.6-fold higher basal activity than ABCB6-∆TMD0, with no 

detectable CPIII stimulation. We speculate that deleting the 

entire TM 7 loop may destabilize the inward-facing confor-

mation, thereby facilitating the transition to the outward-fac-

ing conformation. In addition, although the TM 7 loop does 

not participate directly in substrate binding, its complete 

deletion resulted in an approximately 1.7-fold increase in 

dissociation constant (14.1 ± 0.9 μM) for CPIII relative to 

ABCB6-∆TMD0 (8.2 ± 0.1 μM) (Supplementary Fig. S10).

 Previous studies have shown that the entrance to the 

central cavity is surrounded by a large number of arginines 

that may play critical roles in recruiting porphyrins bearing 

negatively charged propionic acids (Song et al., 2021; Wang 

et al., 2020). Indeed, we observed that a mutant with three 

arginine substitutions near the bound CPIII (R435A/R439A/

R552A) displayed functional properties similar to that of the 

∆318GGTGSTG324 mutant, that is, elevated basal ATPase activ-

ity, no substrate stimulation (Fig. 3D), and a 2-fold reduction 

in CPIII affinity (Kd of 17.8 ± 3 μM) (Supplementary Fig. S10). 

Taken together, our findings suggest that TM 7 loop, along 

with the positive charges in the vicinity of the substrate bind-

ing site, are important for substrate binding, as well as for 

stability of the inward-facing conformation.

Binding of hemin in concert with GSH primes ABCB6 for 
high ATP turnover
The molecular structure of ABCB6 in complex with hemin 

and GSH was determined at 3.9 Å and 3.7 Å resolution, 

respectively, for C1 and C2 symmetry (Fig. 4A, Supplemen-

tary Fig. S11). Binding of hemin and GSH to ABCB6-∆TMD0 

induced a global inward movement of the TM helices with 

local rearrangement of their residues, bringing the two NBDs 

very close together (Supplementary Fig. S12). As in the case 

of CPIII, one molecule of hemin was found within the central 

cavity where its binding site was the same as that of CPIII, 

but shifted slightly towards the apex (Fig. 4B). In the density Figure 4
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map, the TM helices and GSH are well resolved, enabling us 

to identify their precise locations (Fig. 5A, Supplementary 

Fig. S11). However, the density map for hemin is not clearly 

visible at the sites of the propionic acids, making it difficult to 

determine the orientation of hemin accurately. In principle, 

three representative binding modes of hemin can be envis-

aged. However, when we positioned the propionate groups 

of hemin pointing upwards towards the apex, they exhibited 

severe steric clashes with W546 (scenario 1, Supplementary 

Fig. S14A). Thus, taking into account steric factors, the two 

remaining possibilities are that the propionate groups of he-

min point downward to the cytoplasmic entrance of the cav-

ity (scenario 2, Supplementary Fig. S14B) or that they point 

towards the cavity surface (scenario 3, Fig. 5A).

 To determine the most likely binding mode, we employed 

the same mutagenesis-based modelling strategy used for 

CPIII. Of the changes predicted to affect binding to hemin, 

the W546A and Y550A substitutions led to 30% and 55% 

reductions, respectively, in hemin:GSH-stimulated ATPase ac-

tivity (Fig. 5B). In particular, the Y550A mutant had a 3.3-fold 

higher Km for hemin (10 μM) and 2-fold lower maximal AT-

Pase activity (136 nmol/mg/min) compared to ABCB6-∆TMD0 

Figure 5
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(3 μM and 251 nmol/mg/min, respectively) (Supplementary 

Fig. S15). And the double mutant W546A/Y550A exhibited 

no hemin:GSH stimulation. Unlike for CPIII, the M553A mu-

tant retained ATPase activity for hemin:GSH (Figs. 3D and 

5B). This may be because the upshifted hemin does not form 

any significant interaction with the M553 residue. In scenario 

2, the propionate group is too far away to interact with Y550 

(Supplementary Fig. S14B). Hence, our mutagenesis data are 

in best agreement with scenario 3, in which W546, located 

above the hemin, is in direct contact with its vinyl and methyl 

side groups, and Y550 forms a hydrogen bond with the pro-

pionate group (Fig. 5A). This analysis is supported by a mo-

lecular docking study that pointed to a similar binding mode 

of hemin to ABCB6-∆TMD0 with docking scores in the range 

of –5.6 to –5.9 kcal/mol (Supplementary Fig. S16). However, 

when the same docking analysis was performed with the 

W546A/Y550A mutant, the top scoring position for hemin 

(–4.8 kcal/mol) was located outside its density map, creating 

steric collisions with adjacent residues (Supplementary Fig. 

S17) (Friesner et al., 2004; 2006).

GSH functions as the primary anchoring site for the ferric 
iron in hemin
In the structure, a hemin is sandwiched by two molecules of 

GSH (Figs. 5C and 5D), and the cysteines of the two GSHs 

interact directly with the ferric ion (Fe3+) of hemin, acting as 

primary anchoring sites for the metal. This binding scheme 

is consistent with data showing that when GSH is replaced 

by ophthalmic acid, in which the cysteine moiety is replaced 

by 2-aminobutyrate, hemin has no stimulatory effect on 

ABCB6 activity (Wang et al., 2020). In addition, the GSHs 

help to stabilize the structure via additional interactions with 

ABCB6-∆TMD0. The glutamate and glycine of GSH inter-

act with a triad of basic (R435, R439, and R552) and polar 

(N498, Q501, and N545) residues, respectively, near the 

hemin (Figs. 5C and 5D). This structure provides important 

insight into the role of GSH in metal porphyrin binding; (i) 

the central cysteine residue in the GSH increases substrate 

selectivity or affinity by forming an axial coordination bond 

with the metal, (ii) The N-terminal glutamate neutralizes a tri-

ad of positive arginines to prevent electrostatic repulsion with 

the metal ions. (iii) The carboxyl and amide groups of the 

C-terminal glycine shield the metal ions from a triad of polar 

residues, so avoiding unwanted electrostatic interactions be-

tween the metal and protein. A role for GSH in hemin bind-

ing is further supported by site-directed mutagenesis. A series 

of individual alanine mutations (R435A, R439A, R552A, 

N498A, Q501A, and N545A) resulted in partial or complete 

loss of hemin:GSH-stimulated ATPase activity (Fig. 5E). We 

also observed that combined mutation of all six residues to 

alanine (R435A/R439A/R552A/N498A/Q501A/N545A) re-

sults in marked instability of the mutant, leading to high basal 

activity and lack of stimulation by hemin:GSH conjugate.

DISCUSSION

In the present study we establish a structural basis for un-

derstanding the different binding mechanisms of ABCB6 

depending on the nature of the porphyrin substrates. Our 

results suggest that the large excess of positive charge at the 

cavity entrance plays an important role not only in attracting 

porphyrin molecules, but also in stabilizing the resting state 

of the ABCB6 transporter. In particular, Y550 is crucial for 

its interaction with the propionic acid groups of porphyrins. 

However, loosely-bound metal-free porphyrin is not suffi-

cient to effectively promote the transport cycle (Fig. 6A). In 

contrast, GSH is a key regulator of the binding of metal por-

phyrins because it functions as an anchor for the positively 

charged metal ions (Fig. 6B). Binding of metal porphyrin in 

conjunction with GSH stabilizes a conformation in which the 

two NBDs are much closer and positioned to facilitate ATP 

binding and hydrolysis. During the transport cycle, the TM 7 

bulge loops would undergo significant changes in confor-

mation to promote the binding and/or transport of different 

F ig.  6.  Proposed transport 

m e c h a n i s m  o f  t h e  A B C B 6 

transporter. (A) Binding of metal-

free porphyrins does not place 

the NBDs close enough to allow 

effective ATP hydrolysis. Hence, 

ABCB6 activity is only modestly 

stimulated by the presence of 

metal-free porphyrins. (B) In 

conjunction with GSH, metal 

porphyrins prime ABCB6 for 

effective ATP hydrolysis and 

substrate translocation. TMD0 is 

omitted for simplicity.
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substrates.

 We also demonstrated the conformational dynamics of 

ABCB6 in the inward-facing state, highlighting the structural 

plasticity of the binding cavity. ABCB6 displays a remarkable 

substrate promiscuity; its substrates range from cadmium 

(112 g/mol) to hemin (651 g/mol), verteporfin (photosen-

sitizer, 718 g/mol), vincristine (anticancer drug, 824 g/mol), 

and tomatine (antimicrobial agent, 1,034 g/mol) (Supple-

mentary Fig. S18) (Minami et al., 2014; Polireddy et al., 2012; 

Rakvács et al., 2019). Therefore, a highly dynamic nature and 

flexibility in the inward-facing state may be essential to ac-

commodate an extraordinarily broad spectrum of substrates 

(Lewinson and Bibi, 2001; Loo et al., 2003; Putman et al., 

1999). Similarly, P-glycoprotein (Frank et al., 2016; Ward et 

al., 2013), MsbA (Zou et al., 2009) and BmrA (Mehmood et 

al., 2012) also show intrinsic conformational dynamics in the 

inward-facing state, in which they are able to accommodate 

one or two substrates of various sizes and shapes. Further 

studies are needed to elucidate the mechanism by which 

ABCB6 transports many different substrates, and in particu-

lar to discover how ABCB6 confers resistance to xenobiotics 

(Minami et al., 2014; Polireddy et al., 2012) and heavy metals 

such as cadmium (Cd2+) and arsenic (As3+) (Chavan et al., 

2011; Rakvács et al., 2019).

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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