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Expression, purification and structural properties of ABC
transporter ABCA4 and its individual domains

Yaroslav Tsybovsky and Krzysztof Palczewski*

Department of Pharmacology, School of Medicine, Case Western Reserve University, 10900
Euclid Ave, Cleveland, Ohio 44106, USA

Abstract

ABCA4 is a member of the A subfamily of ATP-binding cassette transporters that consists of

large integral membrane proteins implicated in inherited human diseases. ABCA4 assists in the

clearance of N-retinylidene-phosphatidylethanolamine, a potentially toxic by-product of the visual

cycle formed in photoreceptors during light perception. Structural and functional studies of this

protein have been hindered by its large size, membrane association, and domain complexity.

Although mammalian, insect and bacterial systems have been used for expression of ABCA4 and

its individual domains, the structural relevance of resulting proteins to the native transporter has

yet to be established. We produced soluble domains of ABCA4 in E. coli and S. cerevisiae and the

full-length transporter in HEK293 cells. Electron microscopy and size exclusion chromatography

were used to assess the conformational homogeneity and structure of these proteins. We found that

isolated ABCA4 domains formed large, heterogeneous oligomers cross-linked with non-specific

disulphide bonds. Incomplete folding of cytoplasmic domain 2 was proposed based on

fluorescence spectroscopy results. In contrast, full-length human ABCA4 produced in mammalian

cells was found structurally equivalent to the native protein obtained from bovine photoreceptors.

These findings offer recombinantly expressed full-length ABCA4 as an appropriate object for

future detailed structural and functional characterization.

Keywords

ABCA4; ABCA subfamily; ABC transporter; heterologous expression; monodispersity; electron
microscopy

INTRODUCTION

ATP-binding cassette (ABC) transporters comprise one of the largest and most ancient

protein superfamilies, with representatives found in all kingdoms of life [1]. They use the

energy of ATP hydrolysis to selectively transport various compounds across biological
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membranes. This universal function dictates a common general architecture, including the

presence of two nucleotide- binding domains (NBDs) responsible for nucleotide cleavage

and two transmembrane domains (TMDs) that form a path for substrate translocation [2]. In

accordance with their high substrate diversity, however, ABC transporters differ

significantly with respect to primary structure, molecular organization, and size. In

particular, their constituent elements can be incorporated into a single polypeptide chain

(full transporters), organized in two separate chains (half transporters) or be expressed as

independent proteins that assemble to form a functional transporter. Additional components

can be present in the form of substrate-binding proteins and regulatory domains. Significant

sequence similarities among unrelated ABC transporters are usually detected only in their

NBDs.

Among the seven mammalian ABC subfamilies (named A through G), ABCA contains the

largest ABC transporters known to date. Thus, five out of twelve ABCA members, ABCA1,

ABCA2, ABCA4, ABCA12 and ABCA13 exceed the molecular weight (MW) of 250 kDa.

Mutations in several human ABCA transporters have been linked to severe health disorders,

including a disruption in cholesterol homeostasis known as Tangier disease (ABCA1),

pulmonary surfactant deficiency in new-borns (ABCA3), a number of blinding retinal

dystrophies such as Stargardt disease [3, 4] and cone-rod dystrophy [5] (ABCA4), and the

fatal skin disease, harlequin type ichthyosis (ABCA12) [6–8].

ABCA4 is a member of the A subfamily predominantly localized to the outer segments (OS)

of photoreceptors, specialized neurons found in the retina (Figure 1A) [9]. Light perception

in vertebrates is associated with continuous renewal of the visual pigment chromophore, 11-

cis-retinal, in a process known as the retinoid or visual cycle [10, 11]. High chemical

reactivity of all-trans-retinal (ATR), the product of light-induced isomerisation of 11-cis-

retinal, can lead to severe retinal pathology [12]. A substantial body of evidence suggests

that ABCA4 is involved in the clearance of ATR from photoreceptors by transporting N-

retinylidene-phosphatidylethanolamine (N-retinylidene-PE), the reversible Schiff base

conjugate between ATR and phosphatidylethanolamine, from the luminal to the cytoplasmic

side of disc membranes in photoreceptor OS [13–17]. Hundreds of mutations in the ABCA4

gene have been linked to visual diseases in humans [9].

The membrane topology of ABCA4 was established based on computational prediction of

transmembrane helices and experimental determination of glycosylation and

phosphorylation sites [18, 19] (Figure 1B). Each of the two homologous but non-identical

halves of this full transporter starts with a transmembrane helix followed by a glycosylated

exocytoplasmic domain (ECD). The ~600 residue-long ECD1 and ~280 residue-long ECD2

do not show significant homology to any protein sequence outside of the ABCA subfamily.

The ECD is followed by five more transmembrane helices that complete the TMD. The

subsequent cytoplasmic domain (CD), although often called an NBD, is substantially

extended compared to the canonical NBD sequence. In particular, only the N-terminal part

of CD1 constituting about 50% of its primary structure is represented by the NBD, whereas

the C-terminal part has no sequence homologues and has not been functionally

characterized. The presence of at least five phosphorylation sites in the regions flanking

NBD1 within CD1 (Figure 1B) suggests a regulatory role for this moiety [19]. Similarly,
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NBD2 occupies only 60% of CD2. This general membrane topology is shared by ABCA1

[20] and likely other members of the ABCA subfamily.

Despite considerable effort inspired by the physiological importance of ABCA4 for

maintaining normal vision, structural studies of this transporter have been hampered by its

complexity, limited availability and transmembrane nature. In the absence of direct

structural information, many related properties of ABCA4 and other members of subfamily

A have been inferred from biochemical and biophysical characterization of the full-length

protein expressed in mammalian cells [14, 17–19, 21–23] or individual domains produced in

bacteria in the soluble form or refolded from inclusion bodies (IB) [24–30]. Whether these

recombinant analogues sufficiently recapitulate the conformation and properties of native

ABCA4 could not be tested at that time [9]. We recently used electron microscopy (EM) and

single particle analysis to determine ligand-free and ATP-bound structures of native ABCA4

purified from bovine retinas to a resolution of 18–19 Å (Figure 1C) [31]. These structures

provided a physiologically relevant reference that allowed us to investigate the qualities of

recombinantly expressed ABCA4 and its fragments. To allow for a future structural analysis

of ABCA4 mutants found in patients suffering from retinal degeneration, we expressed and

purified full-length recombinant ABCA4 and its individual domains. We then used EM and

biochemical tools to characterize the conformation of these proteins. We found that ABCA4

fragments produced in E. coli and yeast formed non-native high-order oligomers non-

specifically cross-linked with disulphide bonds. A more detailed characterization of CD2

suggested incomplete folding. In contrast, human ABCA4 expressed in HEK293 cells was

structurally equivalent to the bovine protein obtained from its native source, at least at the

currently achievable resolution.

MATERIALS AND METHODS

Materials

The pCEP4-ABCA4 plasmid encoding untagged full-length human ABCA4 was a kind gift

of Dr. Robert S. Molday (University of British Columbia). The YEpHIS plasmid was

generously provided by Dr. Vera Moiseenkova-Bell (Case Western Reserve University).

The monoclonal anti-His antibody was purchased from GeneScript. Bovine eyes were

obtained from a local slaughterhouse.

Molecular cloning and site-directed mutagenesis

Total RNA was purified from one fresh bovine retina with RiboPure Kit (Life Technologies)

according to the manufacturer’s instructions. cDNA was synthesized with the SuperScript

III First-Strand Synthesis System (Life Technologies) using oligo(dT) primers. For E. coli

expression, cDNA regions encoding the ABCA4 fragments of interest were amplified by

PCR and cloned into the pET-45b(+) vector (Novagen) or the pGEX vector (GE Healthcare,

GST-CD2 construct only). All pET-45b(+) constructs carried an N-terminal tag of 6 His

residues connected to the protein through a short linker (‘VGTG’ for his-ECD1, his-CD2,

his-CD2short, his-CD2-strep and his-NBD2; ‘VGT’ for his-ECD2 and his-CD1), whereas

the his-CD2-strep construct additionally carried a C-terminal Strep-tag II (‘WSHPQFEK’).

For yeast expression, CD2 and ECD2 domains each carrying a C-terminal 1d4
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immunoaffinity tag (‘TETSQVAPA’) were cloned into the YEpHIS plasmid using SpeI and

MluI restriction sites [32, 33]. Mutations were introduced with the QuikChange site-directed

mutagenesis kit (Agilent Technologies). All constructs were verified by DNA sequencing.

Table 1 lists ABCA4 fragments used in this study.

Bacterial expression, purification and refolding of ABCA4 fragments

Recombinant bovine ABCA4 fragments were produced in E. coli strains BL21 Star (DE3)

or Origami B (DE3) (Novagen). Cells were grown in the presence of 50 μg/ml ampicillin at

37°C until reaching an OD600 of 0.6. The temperature was reduced to 24°C and protein

expression was induced by addition of 0.1 mM isopropyl β-D-1-thiogalactopyranoside

(IPTG). For production of target proteins in the form of inclusion bodies (IB), the

temperature was maintained at 37°C after induction with 0.5 mM IPTG. Cells were pelleted

after 5 h of expression, resuspended in 50 mM Tris-HCl, pH 8.1, 250 mM NaCl, 1 mM β-

mercaptoethanol (buffer A) supplemented with Complete EDTA-free Protein Inhibitor

Cocktail (Roche) and disintegrated by sonication. The insoluble fraction was separated by

centrifugation at 35,000 g for 30 min at 4 °C.

To purify soluble his-CD2-strep from 1 L of cell culture, the soluble fraction of cell lysate

was loaded on a 2 ml Ni-NTA (Qiagen) column pre-equilibrated with buffer A at 4 °C. The

resin was sequentially washed with buffer A containing 0 and 35 mM imidazole, and bound

proteins were eluted with 200 mM imidazole in the same buffer. The eluate was applied to a

1 ml Strep-Tactin column (IBA GmbH) pre-equilibrated with 100 mM Tris-HCl, pH 8.1,

150 mM NaCl and 1 mM dithiothreitol (DTT) (buffer B). This column was washed with 20

column volumes of buffer B, and bound proteins were eluted with the same buffer

supplemented with 5 mM desthiobiotin. The eluted protein was subjected to size exclusion

chromatography (SEC) or dialysed against buffer containing 20 mM Bis-Tris propane

(BTP), pH 7.5, 100 mM NaCl and 1 mM DTT (buffer C)

To purify ABCA4 fragments from bacterial IB, the cell lysate pellet was resuspended in 100

mM Tris-HCl, pH 8.1, 100 mM NaCl, 1 mM β-mercaptoethanol (buffer D) containing 6 M

guanidine hydrochloride (Gdn) and incubated at RT for 2 h with rocking. The solution was

cleared by centrifugation and loaded on a 2 ml Ni-NTA column pre-equilibrated with buffer

D containing 5 M urea. The column was washed with the same buffer supplemented with 30

mM imidazole followed by elution with buffer D in the presence of 5 M urea and 300 mM

imidazole. Refolding was accomplished by an overnight dialysis against buffer D followed

by another dialysis against buffer C. Alternatively, a stepwise refolding scheme was applied

with the urea concentration reduced to 4 M, 2 M, 1 M and 0 M by separate dialysis steps. In

another approach, the urea concentration was reduced to 0.5 M by diluting the sample prior

to the dialysis against buffer C. For consistency, refolded his-CD2-strep was additionally

purified by Strep-Tactin affinity chromatography as described for soluble his-CD2-strep.

Expression of ECD2 and CD2 in yeast

S. cerevisiae strain BJ5457 was transformed with YEpHIS plasmids encoding ECD2 or CD2

domains of ABCA4 following the protocol described earlier [34]. Transformed colonies

were grown in 0.5 l of SD media lacking leucine (SD Medium-Leu, MP Biomedicals) in the
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presence of 10% glycerol for 36 h at 30 °C with constant agitation (225 rpm). The cells were

pelleted and resuspended in 25 ml of the ice-cold buffer containing 25 mM Tris-HCl, pH

8.1, 300 mM sucrose, 5 mM EDTA and yeast protease inhibitor cocktail (Sigma). Vortexing

in the presence of glass beads was used to lyse the cells. Insoluble material was removed by

centrifugation, and the supernatant was used for analysis.

Expression and purification of full-length human ABCA4

HEK293 cells were maintained in HyClone DMEM medium supplemented with 10% fetal

bovine serum, 50 units/ml penicillin and 50 μg/ml streptomycin. Adherent cells (one 75

mm2 flask) were transfected at 80% confluence with 20 μg of pCEP4-ABCA4 by using the

X-tremeGENE 9 DNA transfection reagent (Roche). After 48 h, cells were washed in PBS,

harvested by scraping and pelleted. All the following procedures were done at 4 °C or on

ice. The pellet was solubilized with 1 ml of 20 mM BTP, pH 7.5, 10% glycerol, 150 mM

NaCl, 3 mM MgCl2, 1 mM DTT, 2 mg/ml porcine brain polar lipids (Avanti Polar Lipids,

Alabaster, AL, USA) and 25 mM n-dodecyl-β-D-maltopyranoside (DDM) for 1 h, followed

by centrifugation at 100 000 g for 15 min. The soluble fraction was incubated for 1.5 h with

0.1 ml of the Rim3F4 anti-ABCA4 monoclonal antibody [35] conjugated to agarose. The

resin was washed 6 times with 20 mM BTP, pH 7.5, 10% glycerol, 150 mM NaCl, 1 mM

DTT and 0.5 mM DDM. ABCA4 was eluted by incubation for 15 min with 0.2 ml of the

same buffer supplemented with 0.5 mg/ml crude YDLPLHPRT peptide. Next, the eluate

was supplemented with 0.1 mM CaCl2 and 0.1 mM MnCl2 and incubated with 0.1 ml of

agarose-bound Galanthus nivalis lectin (GNL, Vector Laboratories, Burlingame, CA, USA)

for 1 h. After 5 washes with 0.5 ml of the above buffer, the resin was incubated for 1 h with

the same buffer containing 0.2 mg/ml Amphipol A8-35 (Affymetrix, Santa Clara, CA, USA)

to allow the substitution of Amphipol for the detergent. This was followed by ten 0.5 ml

washes with the buffer devoid of DDM and Amphipol. The bound proteins were then eluted

with 0.5 ml of 20 mM BTP, pH 7.5, 10% glycerol, 150 mM NaCl, 1 mM DTT supplemented

with 0.5 M methyl α-D-mannopyranoside. Finally, methyl α-D-mannopyranoside was

removed using a desalting column.

Size exclusion chromatography

SEC was done at 4 °C by using a 30 cm-long Superose 6 GL column with a diameter of 1

cm (GE Healthcare) at a flow rate of 0.3 ml/min. Sample volumes varied from 0.1–0.5 ml.

Larger samples (5 ml) were separated on a 60 cm-long HiPrep Sephacryl S-300 column (GE

Healthcare) with a diameter of 2.6 cm at a flow rate of 1.0 ml/min. Columns were

equilibrated with buffer C, which in some experiments was supplemented with 10% glycerol

or 2 mM DDM.

Intrinsic and ANS fluorescence

Measurements were done with a PerkinElmer LS-55 fluorescence spectrometer. The protein

concentration was 25 μg/ml. Intrinsic tryptophan fluorescence was excited at 295 nm and

recorded between 310–400 nm. 1-anilinonaphthalene-8-sulfonate (ANS) fluorescence was

excited at 360 nm and recorded between 400–560 nm. The ANS-to-protein molar ratio was

20:1. All spectra were corrected for the fluorescence of their corresponding buffers.
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Transmission EM and single particle analysis

Protein samples diluted to 1–10 μg/ml were applied to glow-discharged, carbon film-coated

copper grids and incubated for 2 min at RT. The grids were blotted and washed in two

droplets of distilled water. After blotting, grids were stained with 1% (w/v) uranyl acetate.

Micrographs were recorded with either a FEI Tecnai T12 or F20 microscopes (FEI,

Eindhoven, Netherlands) operated at 100 or 200 kV, respectively, and equipped with CCDs.

The magnifications were 69,400 (T12) and 70,400 (F20). Particles were picked manually by

using e2boxer from the EMAN2 software package [36]. Reference-free 2D class averages

were calculated with SPIDER [37] by using the rotationally invariant K-means reference-

free alignment and classification algorithm [38].

ATPase activity assays

For ATPase activity measurements of full-length ABCA4, the protein was purified as

described above except that the DDM detergent was replaced with 18 mM CHAPS for the

solubilization step and 10 mM for all other steps. All purification buffers contained 1 mg/ml

brain polar lipid. ABCA4 was eluted from the immunoaffinity column with 0.5 mg/ml of the

epitope peptide in the absence of Amphipol. The protein was reconstituted in lipid vesicles

by mixing 0.5 ml of the ABCA4 sample with 2 ml of 20 mM BTP, pH 7.5, 10% glycerol,

150 mM NaCl, 3 mM MgCl2, 2 mM DTT, 10 mM CHAPS, 1 mg/ml brain polar lipid

followed by a dialysis at 4 °C against 1 l of the same buffer containing no detergent and no

lipid. The basal and ATR-stimulated activities were measured after 24 h by monitoring the

hydrolysis of [γ-33P]ATP in the absence or presence of 0.1 mM ATR, respectively, as

described by us previously [19].

The ATPase activity of his-CD2-strep was measured using two different approaches. In the

first approach, the purified protein was supplemented with 1 mM MgCl2, and the ATPase

reaction was initiated by addition of 10 μl of 10x ATP stock containing 1 mM ATP and 1

μCi of [γ-33P]ATP to 90 μl of the sample followed by an incubation for 30 min at 37 °C.

The reaction was stopped by mixing with 1 ml of 10% charcoal in 10 mM HCl.

Radioactivity of the supernatant was then counted after centrifugation [19]. In the second

approach, a 9 μl sample of purified his-CD2-strep was mixed with 1 μl of solution

containing 1 mM ATP, 1 μCi of [α-32P]ATP and 10 mM MgCl2. After 30 min incubation at

37 °C, the samples were placed on ice and EDTA was added to the final concentration of 10

mM to stop the reaction. 1 μl of the reaction mixture was spotted onto a polyethyleneimine

cellulose plate (Sigma) and chromatographed in 0.7 M KH2PO4. The plate was exposed to a

storage phosphor screen and scanned with a Typhoon 9410 scanner (GE Healthcare).

Other methods

Sequence alignments were done with Clustal Omega [39].

RESULTS

Individual ABCA4 domains expressed in E. coli form high-MW, irregular oligomers

Based on the membrane topology of ABCA4 (Fig. 1B), we prepared eight constructs

encoding regions that likely correspond to its soluble domains. These fragments included
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His-tagged ECD1, ECD2, CD1, CD2, CD2short, NBD2 and a fusion of glutathione S-

transferase (GST) with CD2 (Table 1). An additional his-CD2-strep construct also carried a

C-terminal Strep-tag II to simplify purification. Strong protein expression was detected in all

cases (see Figure 2A for an example), although the yield of soluble protein differed among

constructs (Table 1). To characterize individual ABCA4 domains, we first isolated his-CD2-

strep from the soluble fraction of a cell lysate. The purification protocol consisted of Ni-

NTA and Strep-Tactin affinity chromatography steps (Figure 2B), with a typical yield of

0.5–1.0 mg of his-CD2-strep from 1 l of cell culture. As indicated by the manufacturer of the

Strep-Tactin resin, “The soluble part of the E. coli total cell extract contains no proteins

beyond the nearly irreversibly binding biotin carboxyl carrier protein (BCCP) which bind

significantly to the Strep-Tactin column” (‘Expression and purification of proteins using

Strep-tag or Twin-Strep-tag’, IBA Solutions For Life Sciences; available at http://www.iba-

lifesciences.com/technical-support.html as of January 28, 2014). We confirmed the validity

of this statement by passing the soluble part of E. coli cell lysate obtained from the culture

expressing his-CD2 without the Strep-tag (data not shown). Despite this high specificity of

the Strep-Tactin chromatography, a number of contaminating proteins were observed in the

elution fractions in addition to the major band (Fig. 2B), suggesting their specific or non-

specific interaction with his-CD2-strep. The SEC profile of the purified protein showed a

broad peak covering MWs from about 150 kDa to the exclusion limit of the Superose 6

matrix (~5 MDa), with little or no monomer present (Figure 2C, top). We then examined

these samples by negative-stain EM, an excellent tool for analysis of protein conformational

homogeneity [40]. The protein was adsorbed on a carbon-coated grid and stained with

uranyl acetate. Visualization with an electron microscope (Figure 2C, bottom) revealed non-

specific aggregates of variable sizes (note that the length of the white bar on the micrograph

corresponds to 20 nm, the largest dimension of full-length native ABCA4 [31]).

For comparison, we then obtained the same his-CD2-strep fragment by refolding from IB.

The sediment of the cell lysate was solubilized with Gdn and subjected to Ni-NTA

chromatography under denaturing conditions. The protein then was refolded before the

Strep-Tactin purification step (see Materials and Methods). This protocol typically yielded

10–15 mg of pure his-CD2-strep from 1 l of cell culture. Contaminating proteins were not

observed in Strep-Tactin elution fractions (Figure 2D, top, inset), presumably because they

were detached by Gdn and separated during the Ni-NTA step. The SEC profile was similar

to that obtained for his-CD2-strep from the soluble fraction, but the broad peak was further

shifted towards high MWs (Figure 2D, top). In agreement with this observation, large

irregular aggregates were observed in EM images (Figure 2C, bottom). his-CD2-strep

samples obtained with three different refolding approaches, including one-step and multi-

step dialysis and rapid dilution, demonstrated identical SEC profiles. We further determined

that the presence of detergent (2 mM DDM) or 10% glycerol (essential for keeping full-

length ABCA4 in solution) during refolding did not alter the non-specific oligomerization of

CD2 as assessed by SEC (data not shown).

We then used SEC and EM to determine the oligomeric state of ECD2 and CD1, the

remaining two domains of ABCA4 that were obtained in a soluble form by refolding from

IB after purification with Ni-NTA chromatography. SEC of the 280 residue-long his-ECD2
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fragment revealed a broad peak centred at about 500–600 kDa (Figure 3A). In agreement

with this, large oligomers of variable shapes were detected by EM. Similarly, the

chromatographic profile and EM images of his-CD1 indicated formation of high-MW,

heterogeneous oligomers (Figure 3B). Notably, despite massive oligomerization, ECD2,

CD1 and CD2 domains remained soluble at concentrations as high as 5–10 mg/ml. Protein

concentrations within the 0.1–10 mg/ml range did not influence the chromatogram profiles.

Bacterial expression of ABCA4 domains results in formation of non-specific disulphide
bonds

Bovine ABCA4 contains a total of 42 Cys residues (versus 43 in the human orthologue) of

which 8, 5, 12 and 7 are located in ECD1, ECD2, CD1 and CD2, respectively. It is not

currently known if disulphide bonds are present in ABCA4, except for some evidence in

favour of such a linkage between ECD1 and ECD2 [18]. Failure to form native disulphide

bonds or the presence of aberrant disulphides could be the reason for the observed

oligomerization of the individual ABCA4 domains. Thus, we used SDS-PAGE analysis of

cell lysates in the presence and absence of a reducing agent to probe for non-specific

disulphide linkages. This analysis revealed high MW bands and smears (Figure 4A–B). In

the case of CD1 and all CD2 constructs, multiple bands corresponding to the protein

monomer also were detected. Combined, these findings indicate formation of aberrant inter-

molecular as well as intra-molecular disulphide bridges in ABCA4 fragments expressed in

bacteria. Noteworthy, these non-specific bonds were equally present in proteins expressed in

BL21 and Origami B cells that provide a better environment for disulphide bond formation

in proteins (data not shown).

ECD2 and CD2 fragments expressed in yeast form non-specific disulphide bonds

To verify if the tendency to form non-specific disulphide bridges can be overcome by a

eukaryotic expression system, we produced ECD2 and CD2 fragments of ABCA4 in S.

cerevisiae using an episomal vector with constitutive promoter PMA1. The corresponding

proteins, ECD2-1d4 and CD2-1d4, were detected by Western blot with 1d4 monoclonal

antibody in soluble fractions of cell lysates (Figure 5). We found that in the absence of the

reducing agent, ECD2-1d4 (Figure 5A) and CD2-1d4 (Figure 5B) formed multiple high-

MW species, indicating non-specific cross-linking via disulphides bonds.

Replacement of Cys residues does not prevent oligomerization of CD2

We chose his-CD2 for a more detailed characterization. The seven Cys residues of CD2 are

located in the NBD. These are invariant among the ABCA4 orthologues, but show variable

degrees of conservation within the ABCA subfamily (Figure 6A) and are generally not

conserved among the members of the superfamily of ABC transporters. To determine if

aberrant disulphide bonds were the driving force of the non-specific oligomerization of his-

CD2, we used mutagenesis to replace these Cys residues with Ser residues. Because an

exhaustive search through all possible combinations would be impractical due to the

necessity of obtaining 127 mutants, the Cys residues were instead replaced sequentially. The

resulting mutants containing from six down to two Cys showed unaltered expression levels

and were refolded after purification from IB (Figure 6B, left) except for the C2135S
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mutation construct that led to protein precipitation. As expected, gradual removal of Cys

residues decreased the tendency to form non-specific inter-molecular disulphide bonds

(Figure 6B, right). Furthermore, a single SDS-PAGE band representing the protein

monomer was observed after introducing the C2015S mutation, indicating possible

involvement of C2015 in an intra-molecular disulphide bridge.

Importantly, the observed reduction in chemical heterogeneity did not alleviate the tendency

of his-CD2 to form large oligomers as determined by SEC (Figure 6C). Furthermore, the

tryptophan fluorescence spectra of refolded wild type (WT) his-CD2 and the mutant devoid

of five out of seven Cys were found to be identical, indicating the lack of gross

conformational changes (Figure 6D, left). Thus, formation of non-specific disulphide

bridges is likely to be a consequence rather than the reason for the oligomerization. The

emission maximum located at 335 nm and the red shift observed upon denaturation

suggested that the two fluorescent Trp residues present in the NBD of CD2 are protected

from quenching by the solvent as is usually observed in compact globular proteins.

However, a blue shift in the emission spectrum of ANS together with a significant increase

in its fluorescence intensity (Figure 6D, right) indicated binding of this hydrophobic dye to

both WT and mutated CD2 under normal but not denaturing conditions. This suggests the

presence of solvent-exposed hydrophobic regions, which are typically observed in partially

unfolded conformational states.

ATPase activity of CD2

The ATPase hydrolysis rate of his-CD2-strep purified from the soluble fraction of cell lysate

was found to be 19.5±4.3 nmol(ATP)/mg(protein)/min. Our concern, however, was the

presence of contaminating proteins bound to his-CD2-strep (Figure 2B). To evaluate the

contribution of these contaminants, we generated an inactive K1978M mutant [17] of his-

CD2-strep and purified it by using exactly the same protocol, which resulted in similar

protein yield and purity (data not shown). The ATPase activity of these protein preparations,

measured by two different approaches (see Materials and Methods), was found to be

identical to that of unmutated his-CD2-strep. This suggests that contaminating proteins are

mainly responsible for the ATPase activity in the samples of his-CD2-strep.

Full-length recombinant ABCA4 is structurally equivalent to ABCA4 purified from a native
source

The untagged, full-length human ABCA4 protein (89% sequence identity with the bovine

orthologue) was transiently expressed in mammalian HEK293 cells. The commonly used

protocol for purification of ABCA4 utilizes the immobilized Rim3F4 monoclonal antibody

[13, 35] (Figure 7A). In order to obtain high-quality micrographs of ABCA4 for structural

studies by single particle analysis, the detergent used in solubilization and purification steps

must be exchanged for Amphipol A8-35, an amphipathic polyacrylate-based polymer

capable of binding to transmembrane helices and stabilizing membrane proteins [41]. Such a

reconstitution, which allows to omit the detergent from sample buffer, was needed for

successful structural analysis of native bovine ABCA4 [31]. However, we found that

addition of Amphipol to ABCA4 that was bound to the immunoaffinity resin elutes the

protein in a mixture of detergent and Amphipol (data not shown), precluding structural
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studies. A possible explanation for this behaviour is that the antibody epitope is located

close to the trans-membrane region, which results in a competition between the antibody and

Amphipol for binding to the protein. To avoid this problem, we introduced a second

purification step. We showed previously that oligosaccharides decorating the ECDs of

native ABCA4 are rich in α-linked mannose [19], which results in binding to the agarose-

conjugated lectin from Galanthus nivalis (GNL) [31]. The recombinantly expressed protein

retained this property, which allowed development of the following two-step purification

scheme. First, ABCA4 was purified using the conventional immunoaffinity approach in the

presence of DDM detergent. Second, the resulting protein was bound to the GNL resin,

DDM was replaced with Amphipol, and the protein-Amphipol complex was eluted with the

competing sugar. This new isolation strategy also increased the protein purity (Figure 7A),

facilitating unambiguous structural analysis by EM. A typical protein yield was about 0.5 μg

of pure ABCA4 from a 75 cm2 flask, with significant variations expected for a transient

expression system. The basal ATP hydrolysis rate of ABCA4 after reconstitution in brain

polar lipid vesicles was 75±4 nmol(ATP)/mg(protein)/min. Addition of 0.1 mM ATR

stimulated this activity about twice, to 143±20 nmol(ATP)/mg(protein)/min. These values

are in good agreement with previously published data [14].

EM images revealed uniformly distributed particles of the expected size (~20 nm in the

longest dimension) and typical elongated shape, with only a small fraction of aggregates

present (Figure 7B). A total of 891 particles were collected from 30 micrographs and used to

obtain two-dimensional (2D) class averages (Figure 7C). These revealed distinctive features

that we observed earlier in ABCA4 purified from native bovine eyes, including the ‘ice

cream cone’-like shape of the molecule with an elongated ‘handle’ representing the ECDs

and the ‘head’ encapsulating the CDs and Amphipol-embedded TMDs [31] (Figure 7C, 1B).

The apparent quality of these 2D class averages was comparable to or better than that of 2D

class averages formed from 891 particles randomly selected from the dataset previously

used to determine the structure of native bovine ABCA4 [31] (Figure 7C). These results

strongly suggest a structural identity of recombinant ABCA4 expressed in mammalian cells

to the protein obtained from a native source.

DISCUSSION

Large membrane proteins represent especially challenging targets for structural studies.

With several members implicated in various severe human diseases, the A subclass of

mammalian ABC transporters can serve as an exemplary protein family still lacking

sufficient structural description despite significant advances in biochemical and clinical

characterization [7, 42, 43]. The intricate membrane topology, multiple posttranslational

modifications and unusual size (Figure 1B) dictate the predominant choice of mammalian

expression systems for production of these proteins, as utilized in a number of studies (see

[14, 17–23, 44, 45] for some examples). Alternatively, the presence of large regions

apparently capable of forming soluble individual domains (Figure 1B) prompted other

researchers to produce these as isolated proteins in E. coli, an attractive host that facilitates

obtaining large amounts of a target protein at a low cost [24–30, 46]. Here we used the EM

structure of bovine ABCA4 purified from its native source [31] as a reference to investigate
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the properties of its recombinant fragments produced in bacteria as well as those of full-

length human orthologue expressed in mammalian HEK293 cells.

ECD1, ECD2, CD1 and CD2 fragments of bovine ABCA4 expressed in E. coli showed a

tendency to form non-native high-order oligomers. Thus, broad SEC peaks corresponding to

an average MW on the order of 1 MDa were obtained for his-CD2-strep isolated from the

soluble fraction of cell lysate (Figure 2C) as well as for his-ECD2 (Figure 3A), his-CD1

(Figure 3B) and his-CD2 (Figure 2D) refolded from bacterial IB. In agreement with this

finding, visualization of these proteins with EM revealed structurally heterogeneous

particles with sizes far exceeding the longest dimension of native full-length bovine ABCA4

[31] (Figures 2C, 2D, 3A, 3B). These irregular soluble aggregates were observed in

conjunction with non-specific inter-molecular and intra-molecular (in the case of CDs)

disulphide bonds revealed by non-reducing SDS-PAGE (Figure 4, 5). Production of ECD2

and CD2 fragments in yeast did not alleviate this cross-linking problem. Notably, sequential

replacement of Cys residues with Ser residues in his-CD2 reduced this chemical cross-

linking (Figure 6B) but did not influence the propensity to self-associate (Figure 6C),

suggesting that formation of inter-molecular disulphide bonds is likely to be a secondary

event. Furthermore, although intrinsic fluorescence studies suggest a compact overall

conformation of CD2 with tryptophan residues shielded from the solvent, the observed

binding of ANS under physiological conditions indicates the presence of solvent-accessible

hydrophobic regions (Figure 6D). This combination is typically observed in partially

unfolded proteins [47–50]. Thus it is possible that incomplete folding of the protein

monomer initiates oligomerization of CD2.

It can be argued that the non-native conformation of recombinant ABCA4 fragments is an

intrinsic property of these proteins originating from the structural organization of the full-

length transporter (Figure 1). In particular, in the EM structure of native ABCA4 the two

ECDs form a single structural unit [31] (Figure 1C). This observation is in line with the

presence of at least one disulphide bridge between these two domains, as suggested by an

earlier study [18]. Similarly, the CDs were found to be tightly associated, with no complete

separation observed upon addition of an ATP analogue [31]. These interactions may be

critical for correct folding. Furthermore, the localization of endogenous ABCA4 in the rims

of disk membranes of photoreceptor OS [51, 52] creates a unique environment for ECDs,

which are likely to be tightly surrounded by a curved lipid bilayer [31] (Figure 1A). In

addition, ECD1 is glycosylated at three and four positions, respectively, in bovine and

human ABCA4, whereas ECD2 has four attached polysaccharides [18, 19]. It is known that

protein glycosylation can be important for attaining the native conformation [53]. In its turn,

CD1 was shown to be phosphorylated [19]. All these properties reduce the probability of

correct folding of isolated ABCA4 domains expressed in bacteria.

Several published studies have described various characteristics of individual CD1, CD2 and

ECD2 fragments of human ABCA4 produced in E. coli, with N-terminal S-tags used for

purification. In particular, it was shown that CD1 and CD2 have ATPase activity that can be

altered by introducing naturally occurring mutations [24–26, 29]. Furthermore, functional

interactions of CD1 and CD2 were proposed that regulate their activity [27]. Finally, two

recent studies suggested that ECD2 and CD1 are capable of binding ATR and 11-cis-retinal,
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respectively [28, 30]. The last three papers relied on fluorescence anisotropy, a technique

that is critically dependent on sample monodispersity. Curiously, none of these published

studies reported any data about the oligomerization state or conformational homogeneity of

the corresponding ABCA4 fragments, with protein ‘homogeneity’ assessed solely with

reducing SDS-PAGE. In contrast, a single study devoted to CDs of human ABCA1 (50%

sequence identity with ABCA4) expressed in E. coli demonstrated formation of high-MW

soluble aggregates detected by dynamic light scattering [46]. It cannot be entirely excluded

that structural homogeneity of recombinant ABCA4 fragments may depend on small

differences in defining domain boundaries, as suggested for NBDs of some other eukaryotic

ABC transporters [46, 54–57]. Another source of discrepancies could be the location and

properties of purification tags. However, the heterogeneity observed in the current study was

independent of the type (GST, His, Strep, 1d4) and position of such tags, whereas

remarkable similarities between our results and those obtained for CDs of ABCA1 suggest

that the observed abnormal conformational states could be a general artefact overlooked by

the authors of studies [24–30]. Furthermore, our functional studies indicate that the apparent

ATPase activity observed in samples of his-CD2-strep may at least in part originate from

protein contaminants, creating another disagreement. In the earlier study devoted to the

activity of CD1 of human ABCA4, detectable contaminating protein bands were attributed

to proteolytic fragments of the target protein [24], whereas the image quality does not permit

a reliable evaluation of protein purity in the case of CD2 [26]. Additional experiments would

be required to reconcile our results with these previously published data.

Studies employing full-length ABCA4 heterologously produced in mammalian cell lines

reported that this transporter localized to the endoplasmic reticulum (ER) and intracellular

vesicles [19, 23, 58], raising the possibility of incomplete or incorrect folding. This

prompted us to investigate the conformation of the full-length human protein transiently

expressed in HEK293 cells. The choice of a transient expression system, which allows

convenient production of mutated proteins, is important for future studies of disease-

associated mutations. We also chose to work with ABCA4 devoid of purification tags

because a case study in transgenic frogs reported mislocalization of the human protein

tagged with EGFP to the inner segments of photoreceptors [59]. Selective binding to GNL

agarose (Figure 7A) suggested that heterologously expressed human ABCA4 retained the

predominantly high-mannose type of N-linked glycosylation found in native bovine ABCA4

[19]. Furthermore, EM analysis revealed structural homogeneity at the level of individual

protein particles (Figure 7B), which were indistinguishable from those of the endogenous

bovine protein. After classification and averaging of collected particles, structural features

typical of native ABCA4 [31] became apparent (Figure 7C), including the elongated moiety

representing the tightly interacting ECDs, the cytoplasmic region with a discernible internal

cavity, and TMDs ‘wrapped’ in the Amphipol belt. The quality of the micrographs allows

for a reliable determination of the 3D structure using very small protein amounts

(unpublished results). Thus, recombinant ABCA4 expressed in mammalian cells is identical

to the native protein within the resolution limits of negative stain EM. We speculate that

localization of the recombinant human protein to the ER could result from the absence in the

host cell of OS or an equivalent structure which could provide the specific environment

found in OS disk membranes.
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A recent study produced full-length human ABCA4 using a baculovirus-insect cell

expression system [60]. Unlike ABCA4 expressed by us and others in mammalian cells or

purified directly from bovine photoreceptors [13, 14, 17, 19, 23], this protein showed no

stimulation of its ATPase activity by ATR, the proposed physiological transport substrate. A

structural investigation by EM suggested that ABCA4 produced in insect cells exists

predominantly in a dimeric form. It is not clear at present if this packing is physiologically

relevant, although it has been suggested that a related transporter, ABCA1, may form dimers

[44].

In summary, our results suggest that isolated domains of bovine ABCA4 produced in E. coli

or yeast will require extensive optimisation to become suitable for structural studies,

whereas biochemical and activity data obtained from these proteins should be interpreted

with care given their structural heterogeneity and possible misfolding. Strategies to remedy

the incurred problems could include co-expression of CD1 with CD2 and ECD1 with ECD2

to allow their interactions at early stages of folding and/or the use of mammalian expression

systems. In contrast, the conformational identity of full-length human ABCA4 produced in

mammalian cells to the bovine protein obtained from a native source opens the possibility to

employ powerful recombinant DNA technology tools to further advance our understanding

of structure, function and disease-related mutations of ABCA4.
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Full-length ABCA4 transporter was expressed in mammalian cells

Individual soluble fragments of ABCA4 were produced in bacteria and yeast

Individual ABCA4 domains form oligomers cross-linked with disulfide bonds

Recombinant ABCA4 is structurally equivalent to ABCA4 purified from a native

source
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Figure 1.
a, schematic representation of a rod photoreceptor cell. OS: outer segment; IS: inner

segment; N: nucleus; S: synaptic ending. ABCA4 is localized to the rims of disk membranes

populating OS. Geometrical parameters of the disk rim are from (61). b, topological model

of bovine ABCA4. Transmembrane helices are shown as cylinders. Numbers indicate

approximate boundaries of domains. NBDs 1 and 2 are shown within cytoplasmic domains

(CDs) 1 and 2. Glycosylation and phosphorylation sites are marked with triangles and stars,

respectively (three phosphorylation sites clustered at the end of CD1 (19) are shown as a

single star). ECD: exocytoplasmic domain. c, angular views of the 18 Å-resolution structure

of native bovine ABCA4 (31). The position of the lipid bilayer is shown with lines. TMDs

are colored black.
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Figure 2.
Purification and properties of CD2. a, expression of his-CD2-strep in E. coli BL21 Star

(DE3). The target protein band with an apparent MW of 40 kDa is observed after induction

with IPTG. b, Coomassie-stained SDS-PAGE gel illustrating the two-step purification

method. “35 mM” and “200 mM” refer to the concentration of imidazole. c and d, SEC

profiles (top) and EM micrographs (bottom) of his-CD2-strep obtained from soluble and

insoluble fractions of cell lysate, respectively. Inset in panel d shows SDS-PAGE result for

purified his-CD2-strep. Numbers (in kDa) above chromatograms indicate positions of

calibration peaks. White bars on the micrographs correspond to the longest dimension (20

nm) of native full-length ABCA4 under identical conditions (31).
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Figure 3.
ECD2 and CD1 form non-specific oligomers. SEC profiles (top) and EM micrographs

(bottom) of his-ECD2 (a) and his-CD1 (b) refolded from bacterial IB. Numbers (in kDa)

above chromatograms indicate positions of calibration peaks. Insets show SDS-PAGE

results for purified fragments. White bars on the micrographs correspond to the longest

dimension (20 nm) of native full-length ABCA4 under identical conditions (31).

Tsybovsky and Palczewski Page 19

Protein Expr Purif. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
Recombinant ABCA4 domains expressed in E. coli form non-specific inter- and intra-

molecular disulphide bonds. a, total lysates of cells expressing his-ECD1, his-ECD2 and his-

CD1 separated by SDS-PAGE in reducing (R) and non-reducing (NR) conditions. ABCA4

domains were detected by Western blot using an anti-His tag monoclonal antibody. b, total

lysates of cells expressing three variants of CD2 separated by SDS-PAGE in reducing and

non-reducing conditions. his-CD2s: his-CD2short. CD2 was detected by Western blot using

the monoclonal Rim3F4 antibody specific to ABCA4 (35). High MW bands and smears can

be observed in the absence of the reducing agent (DTT), whereas the monomer fraction is
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significantly reduced. In the case of his-CD1 and his-CD2 constructs, the non-reduced

monomer is represented by more than one band.
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Figure 5.
ECD2 and CD2 domains expressed in yeast form non-specific inter-molecular disulphide

bonds. Soluble fractions of yeast cells expressing ECD2-1d4 (a) and CD2-1d4 (b) separated

by SDS-PAGE in reducing (R) and non-reducing (NR) conditions. ABCA4 fragments were

detected by Western blot using the 1d4 monoclonal antibody.
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Figure 6.
Role of Cys residues in folding and non-specific oligomerization of CD2. a, conservation of

Cys residues in CD2 of bovine ABCA family members with available amino acid

sequences. Seven ABCA4 Cys residues are marked on top. b, SDS-PAGE analysis in

reducing (left) and non-reducing (right) conditions of purified his-CD2 variants with

increasing numbers of Cys residues replaced with Ser. The gels were stained with

Coomassie Brilliant Blue. The replaced Cys residues are indicated above each lane and

numbered as follows. Cys1: 1957; Cys2: 1965; Cys3: 2015; Cys4: 2086; Cys5: 2135; Cys6:

2148; Cys7: 2131. Replacement of Cys alleviates the chemical heterogeneity of his-CD2. c,

SEC of wild type his-CD2 (solid line) and the Cys 1/2/3/4/6 mutant (dashed line) on

Sephacryl S-300 (matrix exclusion limit 1.5 MDa). Numbers (in kDa) above chromatograms

indicate positions of calibration peaks. d, intrinsic tryptophan (left) and ANS (right)

fluorescence spectra of purified, refolded WT his-CD2 (solid line) and the Cys 1/2/3/4/6

mutant (dashed line) under native conditions (‘native’) and in the presence of 6 M Gdn (‘6M

Gdn’). A fluorescence spectrum of free ANS (‘ANS’) is shown for comparison.

Tsybovsky and Palczewski Page 23

Protein Expr Purif. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7.
Purification and properties of full-length human ABCA4 expressed in HEK293 cells. a,

silver-stained SDS-PAGE gels illustrating purification of ABCA4 using the agarose-

conjugated Rim3F4 monoclonal antibody only (left) and the combination of the previous

step with agarose-conjugated Galanthus nivalis lectin (GNL) (right). See Materials and

Methods for details. b, an EM micrograph of uranyl acetate-stained human recombinant

ABCA4. Individual ABCA4 particles are shown in white boxes. C, examples of 2D class

averages for human recombinant ABCA4 (top) and the native bovine protein (bottom).

Positions of CDs, TMDs and ECDs are indicated for one class.
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Table 1

Bovine ABCA4 fragments expressed in E. coli and S. cerevisiae.

Construct Fragment Soluble expressiona After refolding

E. coli

his-ECD1 44–646 Low Insoluble

his-ECD2 1396–1678 Low Soluble

his-CD1 919–1284 Low Soluble

his-CD2short 1904–2262 Significant Soluble

his-CD2 Significant Soluble

his-CD2-strep 1904–2281 Significant Soluble

GST-CD2 Significant N/A

his-NBD2 1931–2172 No Insoluble

S. cerevisiae

ECD2-1d4 1396–1678 N/A N/A

CD2-1d4 1904–2281 N/A N/A

a
The level of expression in the soluble fraction was assigned as follows. Low: expression was detected by WB but one-step Ni-NTA purification

did not produce a dominant band of expected MW as determined by Coomassie-stained SDS-PAGE. Significant: one-step Ni-NTA purification
produced a dominant band of expected MW as determined by SDS-PAGE. N/A: not analyzed.
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