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Abstract: In this review we reported and discussed the structural features of the ATP-Binding
Cassette (ABC) transporter ABCA3 and how the use of bioinformatics tools could help
researchers to obtain a reliable structural model of this important transporter. In fact,
a model of ABCA3 is still lacking and no crystallographic structures (of the transporter or
of its orthologues) are available. With the advent of next generation sequencing, many
disease-causing mutations have been discovered and many more will be found in
the future. In the last few years, ABCA3 mutations have been reported to have important
pediatric implications. Thus, clinicians need a reliable structure to locate relevant mutations
of this transporter and make genotype/phenotype correlations of patients affected by
ABCA3-related diseases. In conclusion, we strongly believe that the model preliminarily
generated by these novel bioinformatics tools could be the starting point to obtain more
refined models of the ABCA3 transporter.
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1. Introduction

ATP-binding cassette transporters (ABC transporters) constitute one of the largest known
superfamilies of proteins, that are well represented in all species, from prokaryotes to man.
These proteins are classified according to the sequence and organization of their ABC domain(s) [1].

In eukaryotes, ABC transporters are expressed in plasma membrane, in intracellular compartments
such as Golgi, in endosomes, in multivesicular bodies, in the endoplasmic reticulum, in peroxisomes,
and mitochondria [2]. In humans, 48 members of ABC transporters have been identified so far,
that have been subdivided into seven families (called ABC A—G) according to their structural features.
ABC proteins are mainly involved in molecular trafficking processes, such as the transport of vitamins,
lipids (i.e., cholesterol, phospholipids, glycolipids, etc.), bile salts, steroids, toxins, drugs, and metabolities,
across biological membranes [3]. Accumulating evidence supports the fact that the ABC transporter’s
A-subfamily have a crucial role in human physiology, as they cause various diseases when mutated or
altered [4]. Examples of ABC A-subfamily disorders include Tangier’s (ABCA1), Alzheimer’s
(ABCA2/ABCA7), Stargardt’s (ABCR/ABCA4), and Harlequin Ichthyosis (ABCA12) [5].

In this mini-review we focused our interest on ABCA3 transporter for its involvement in pediatric
diseases such as neonatal surfactant deficiency [6] and to collect information on the structural features
of this fundamental protein. In fact, we strongly believe that increasing our knowledge about
the structural features (crystallographic structure or protein bioinformatics models) of this protein
would allow researchers and clinicians to face many unresolved questions [7]. The precise localization
of genomic mutations already described would allow obtaining insight into the precise function of
the various ABCA3 sub-domains in the export process. Moreover, a definite crystallographic structure
would also allow the assessment of the interaction of ABCA3 with ATP, substrates and/or other proteins,
the presence of other intra-/inter-molecular connections, or to verify/exclude the presence of other
genetic or environmental factors concurring to disease pathogenesis.

2. Functional Features of ABC Transporters

ABC transporters (ABCs) are active transporters; that is, they require energy in the form of adenosine
triphosphate (ATP) to translocate substrates across cell membranes. ABCs bind and hydrolyze ATP,
producing energy that they use to transfer compounds across the membrane or to flip molecules from
the inner to the outer leaflet of the membranes [2]. ABC transporters are divided into three main
functional categories: importers (i.e., in prokaryotes they mediate the uptake of nutrients into the cell),
exporters (in eukaryotes and prokaryotes they export various types of molecules), and ABCs involved
in translation and DNA repair processes. ABC importers and exporters have quite similar transport
mechanisms (i.e., they open and close transmembrane domains and allow the transport of the substrate)
and this suggests that, also, the structures should be quite similar [8].

ABC transporters, subfamily A in particular, have a characteristic architecture, which consists mainly
of four domains: two transmembrane domains (TMD1 and TMD?2), spanning the membrane bilayer, and
two nucleotide-binding domains (NBD1 and NBD?2), located in the cytoplasm [1,4,9]. The TMD consists
of six a-helices able to recognize a variety of substrates that undergoes conformational changes to
transport the substrate across the membrane. At the sequence level, the superfamily of ABC transporters



Int. J. Mol. Sci. 2015, 16 19633

present highly conserved motifs within the NBDs; in contrast, the sequences and architectures of the
TMDs are quite variable, reflecting the chemical diversity of the translocated substrates. The NBD is the
site for ATP binding. Other additional regulatory elements (i.e., binding proteins) may be associated
with specific ABC transporters [10].

2.1. Mechanism of Transport

The mechanism of transport by importers supports the alternating-access model. Briefly, the resting
state of importers is characterized by an inwardly-facing conformation, where the two NBDs are kept
open by the TMDs that face outward. When the substrate enters the transporter, transmembrane domains
change their conformation and ATP can bind to NBDs. These events allow the transporter to switch into
an outward-facing conformation in which the TMDs have reoriented to receive the substrate from
the binding protein. After hydrolysis of ATP into ADP and Pi, the NBD dimer opens, the substrate is
released into the cytoplasm, and the transporter is again converted into the resting state [8,10—12].
For exporters, the transport cycle begins with substrate binding to an inward-facing, open NBD
conformation of the ABC transporter. This is followed by ATP-dependent closure of the NBDs, which
concomitantly can shift the transporter to an outward-facing conformation and exposes the substrate for
release on the other side of the membrane. Here, ATP hydrolysis leads to NBDs reopening and
the transporter returns to the initial conformation [10,13,14].

The ABCA3 protein belongs to the latter family and is involved in the export of phospholipids (i.e.,
phosphatidylcholine and phosphatidylglycerol). Specifically, ABCA3 has been localized, predominantly,
to the limiting membrane of lamellar bodies that are lipid-rich organelles associated with the production,
storage, and secretion of pulmonary surfactant through the generation of lamellar body-like
structures [15,16]. Once into lamellar bodies, these lipids interact with other surfactant proteins (i.e.,
SP-B and SP-C) and form the surfactant. Lamellar bodies are then extruded from lung epithelial type 11
cells into the alveolar lumen via exocytosis [15,17,18].

ABCA3 is highly expressed in type II alveolar epithelial cells, liver, stomach, kidney, pancreas,
and brain. A growing body of evidence during the last decade has suggested that the dysfunction of
cellular lipid transport and homeostasis is often associated with human diseases [19]. Although ABCA3 is
widely expressed, in our review we have decided to focus and discuss only the pulmonary phenotypes.

2.2. In Vitro and in Vivo Models to Study the Functional Role of ABCA3

In humans, mutation of the ABCA3 gene is the most common cause of surfactant deficiency [17],
dysfunction [20], and chronic interstitial lung diseases [21]. In 185 infants and children, more than 180
distinct mutations of ABCA3 including multiple-missense, splice-site, and frameshift have been
found associated with severe pediatric neonatal respiratory disorders and other interstitial lung
diseases [17,22-24].

To study the functional role of these mutations, several in vitro and in vivo models have been reported
in the literature. One of these in vitro studies demonstrated that the p.N568D mutation in ABCA3 impairs
choline-phospholipids uptake into intracellular vesicles in lung adenocarcinoma A549 cells [25] and
primary AT2 cells [26]. Moreover, in WT cells’ ultrastructural images confirmed the regular formation
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of lamellar bodies, whereas in the p.N568D mutant the formation of these multilamellar vesicles has not
been observed.

ABCA3 is also critical for lamellar body biogenesis in vivo [27]. Knock-out and engineered mice
models have greatly contributed to the understanding of the role of ABCA3 in surfactant biogenesis and
lamellar body formation [28,29]. Mice with a mutated or disrupted Abca3 gene display a phenotype
resembling that observed in humans with a similar genotype [28,30,31]. Homozygous Abca3™’~
knock-out mice died soon after birth [28] as a result of the inability to secrete pulmonary surfactant into
the alveolar space and probably due to the aberrant processing of surfactant proteins, as well. On the
contrary, most of Abca3 wild type and heterozygous Abca3" animals survived [27]. Alveolar type 2
cells from Abca3™~ embryos contained no lamellar bodies, and expression of mature SP-B protein was
disrupted when compared with the normal lung surfactant system of wild type embryos. Similarly,
Ban et al. engineered mice by disrupting the first nucleotide-binding domain of Abca3 protein and
observed that lung tissue showed an impaired differentiation of pulmonary epithelial cells that contained
small lamellar body-like organelles with dense peripheral inclusions [31,32]. Finally, the normal
expression of Abca3 is required to maintain lipid homeostasis and surfactant function also in adult
respiratory epithelial cells, whereas Abca3 deficiency resulted in cell injury and lung remodeling [33].

3. Structural Features of ABCA3

Adenosine triphosphate (ATP)-binding cassette A3 transporter (ABCA3) is a member of
the evolutionarily highly conserved family of ABC transporters. Twelve human ABC transporter genes
belonging to the A-subfamily (ABCAI-ABCAI10, ABCAI12, and ABCAI3) and two pseudogenes
(ABCAI11P and ABCA17P) are known so far [34,35]. The ABCA3 gene (more than 80 kb length) maps
to human chromosome 16 (16p13.3) and consists of 33 exons (30 of which are coding) encoding
a 1704 amino acid (~150 kDa) protein.

The ABCA3 protein (NP_001080.2) has a molecular weight of 191.39 kDa and is organized into two
tandem functional units (N-half and C-half), consisting in a TMD (a-helix motif) and a NBD for each
half (Figure 1) [36,37].

Both N- and C-halves of ABCA3 have been predicted to contain a TMD formed by six hydrophobic
membrane-spanning a-helices connected by a long loop (156220 aa) connecting the first and the
second a-helix, and by short hydrophilic loops (8—53 aa length) linking the remaining helices of the
TMS. The six transmembrane helices in N- and C-halves have an average length of 21 amino acids
(Figure 1). The extracellular domain (ECD) loops and the TMDs constitute the main substrate binding
site that allows the trafficking of lipid molecules.

As in other ABCA proteins, ABCA3 presents a short (~22 aa) N-terminal protein segment of
positively-charged residues, which is followed by the first a-helix of the transmembrane motif:
a domain rich in hydrophobic amino acids such as valine and leucine. The extracellular domains
(ECDs) between the first a-helix (N- and C-half) and the rest of the TMD domain protrude in
the extracellular compartment. The length of ECD1 and ECD2 is 220 and 156 amino acids in N-half
and C-half, respectively (Figure 1). However, in ABCA3 protein the function of these two extracellular
loops is still unknown. Further studies are needed to explore the possibility that other molecules may
interact with ABCA3 such as in the case of apolipoprotein (apo) A-I to ABCA1 [38]. Furthermore,
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it should not be excluded that inter-helical loops of ABCA3 might play an important structural and
functional role, in analogy to what observed for MsbA and BtuC in prokaryotes [39,40]. Most of
the members of ABC transporters have a similar domain organization except for the number of
transmembrane domains that may vary (i.e., ABCB2, ABCCI, etc.) or the different length of
the loops that connect them. The distance between the last a-helix and the NBD (for the N- and C-half)
is of 103 and 94 aa, respectively (Figure 1).
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Figure 1. Schematic representation of ABCA3 protein with domains indicated in blue
(a-helices) and green (NBDs). The N- and C-half have been indicated and the motif
sequences of Walker A and B for NBD1 and NBD2 have been reported and compared to
that of ABCA3. ABCA3: adenosine triphosphate (ATP)-binding cassette A3 transporter;
NBD: nucleotide-binding domains; TMD: transmembrane domains.

Of note, the two most common graphical representations proposed to depict the structure of ABCA3
have been obtained in different ways [36,37]. The procedures followed to determine these models
determined the small differences in the numbering used to identify the various domains (a-helices and
NBDs). Moreover, apart from the two models currently used to depict the structure of ABCA3, other
prediction algorithms such as SMART [41], JPred [42], HMMTOP [43], Porter [44], and TMpred [45]
may predict slightly different coordinates (Figure 2 and Supplementary Figure S1).



Int. J. Mol. Sci. 2015, 16 19636

TMD1
Helix 1 Helix 2 Helix 3 Helix 4 Helix5 Helix 5a Helix 6
NCBI Protein | 1 I | I 1 1
SMART | : : — : — : — : :
Bruder 2007 | | | 1 | I | —
1 1 1 1 1 1 1
N
Park 2010 | | | | | | |
Jpred | | 1 | 1 1 1
| | | 1 | I 1
HMMTOP | | | | | 1 1
Porter I 1 I I I 1 1
1 1 1 1 1 1 1
T™pred | I I | I I 1
TMD2
Helix 7 Helix 8 Helix9 Helix 10 Helix11 Helix11a Helix 12
NCBI Protein : : : : : : :
SMART 1 1 1 1 1 1 | —
Bruder 2007 ! ! I I ! ! 1 —
[} 1 1 | | | I
Park2010 1 1 1 1 1 | —
Jpred | 1 1 1 1 1 1
1 1 1 1 1 1 1
Porter I e | eeeee——— - | —— | e | —
| | | 1 1 1 1
TMpred 1 1 1 1 1 | —

Figure 2. The a-helices of the TMD1 and TMD?2 predicted by various bioinformatics

software are indicated (red blocks).

Surprisingly, NCBI Protein graphics, JPred and Porter report the presence of an additional region
where other a-helix could be present in both N- and C-half (5a and 11a in Figure 2), making a clear
depiction of ABCA3 structure very challenging. However, these regions have been suggested to have
a low prediction score and should not be considered real a-helix motifs [4]. In fact, owing to the lack of
a crystal structure determination of this protein, an exact localization of these domains and their
functional role is not yet possible.

The ABCA3 nucleotide binding domains (NBD1 and NBD?2) consist of 153 and 154 amino acids,
respectively and are generally conserved in other ABC proteins of many species (Figure 3) [46].

The NBD includes seven motifs: A-loop, Walker A motif, Q-loop, ABC signature, Walker B,
D-loop, and H-loop (Figure 1) [13]. The motif of Walker B region is hhhhD (h is hydrophobic amino
acids) which in ABCA3 is VLILD for NBD1 and VIFLD for NBD2.
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NBD2

Alicyclobacillus acidocaldarius Sulfolobus solfataricus Staphylococcus aureus

Figure 3. The Crystal structure of NBD1 and NBD2 in various organisms:
Pyrococcus furiosus, Pyrococcus horikoshii, Escherichia coli K-12,
Alicyclobacillus acidocaldarius, Sulfolobus solfataricus, and Staphylococcus aureus.

In ABCA3, the A-loop consists of hydrophobic residues, where the Phe639 and the Tyr1390 might
be involved in stacking interactions with the adenine ring of ATP [47]. The Walker A motif is
characterized by the motif GxxGxGKS/T (x is any amino acid) that in ABCA3 is GHNGAGKT for
NBD1 and GFNGAGKT for NBD2. The Q-loop is another important region for the binding of ATP in
the NBDs. The amino acids 613 and 1463 seem to have an essential role in the functionality of
the ABC protein being the site of major conformational change during the closure of NBDs [48].
The function of the D-loop in ABCA3 is not completely clear although many studies suggest that amino
acids in position 696 and 1546 could be involved in the cross-talk between the two NDBs [49] and in
the stabilization of hydrogen bonds of the Walker A loop with the y-phosphate of ATP [50]. Finally,
histidine residues of the ABCA3 H-loop in position 723 and 1574 seem to be essential in shuttling
protons between reactants during the catalysis of ATP hydrolysis [51].

Homology modelling studies suggest that NBDs of ABCA3 have a structural organization similar to
other ABC transporters [52,53], although the 3D crystal structure of this ABC transporter is not
available. We performed preliminary secondary structure comparative analyses on the ABCA3 protein
and we found that NBD1 and NBD?2 respectively have 35% and 38% similarity with the correspondent
NBDs of Thermotoga maritima, and a similarity of 28% and 23% respectively with NBDs of human
ABCBI10 [54] (Supplementary Figure S2). Moreover, NBD1 shares 39%, 36% and 28% similarity with
the Pyrococcus furiosus Rad 50 ABC-ATPase, the Pyrococcus horikoshii multiple sugar binding
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transport ATP-binding protein and the Escherichia coli K-12 MetNI methionine ABC transporter,
respectively (Figure 3) [49,55]. Similarly, NBD2 shares 31%, 26% and 22% similarity with the
Alicyclobacillus acidocaldarius ATPase subunit CysA of the putative sulfate ATP-binding cassette,
the Sulfolobus solfataricus GlcV and the Staphylococcus aureus Multidrug ABC transporter SAV1866,
respectively (Figure 3) [56-58].

To gain further insights into the structure of ABCA3, we entered the full-length sequence of ABCA3
into the web interface of Phyre2 [59] and we obtained a preliminary 3D structural model only for
a portion of ABCA3 (from Asp253 to Lys1604). The software returned the highest scoring template
used to model the ABCA3 sequence, which consisted in the ATP-binding cassette transporter protein
P-gp, a P-glycoprotein from Caenorhabditis elegans (PDB:4F4C) [60]. Up to 1061 residues (62% of
ABCA3 sequence) have been modelled with 100.0% confidence and the resulting model has been
reported in Figure 4 together with the template structure.

Without pretending to be exhaustive, the preliminary model that we presented here is only
an example of the output that can be obtained. The novel computational tools that we used in this
preliminary work will be further exploited by our group to obtain a more realistic model of this
transporter. In fact, having a reliable 3D model or a crystal structure of this protein is of paramount
importance to help determine genotype-phenotype correlations for individuals with ABCA3 mutations.

Template structure (PDB:4F4C) ABCA3 model

Figure 4. The template structure and the ABCA3 model obtained by Phyre2.

We report here some examples of the significance of this model by localizing six mutations reported
by Wambach [24] within the protein structural model. In particular, we focused on the following
mutations: p.E292V, p.E690K, p.R1333G, p.WI1142X, p.Y1515X, and p.L1553P. By using our
model (Figure 5), we were able to localize these mutations and, for some of them, to suggest their
possible role in ABCA3 functioning. The p.E292V mutation, one of the most frequently observed in
humans [61], is localized in a loop very close to the terminal part of the transporter channel and we may
hypothesize that this amino acid is involved in ATP or substrate binding. p.E690K reside in the NBD1,
whereas p.Y1515X and p.L1553P are localized in the NBD2. Intuitively, these mutations should
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contribute to impair the binding of ATP molecule. More difficult is to hypothesize a role for p.W1142X
and p.R1333G both residing in a-helices of the transmembrane domain 2 (TMD?2).

0>74 |
| — <
S~ — w

A w

Figure 5. The color-coded 3D model of ABCA3 and the localization of some of the most
frequent mutations reported in the literature [61].

4. Conclusions

Although considerable progress has been made in understanding the role of ABCA3 in pulmonary
surfactant deficiencies, phospholipid homeostasis, and respiratory distress syndromes, many experimental
issues have still to be solved. One of the most important open questions is the lack of a 3D crystallographic
structure of the ABCA3 transporter, which would help to obtain information on conformational
changes occurring during substrate transport and/or ATP hydrolysis, in physiological and pathological
conditions. Moreover, detailed modeling studies of ABCA3 might help to shed light on structure-function
relationships and to assess the role of disease-associated mutations. In conclusion, we believe that,
in the next few years, we will be committed to study the ABCA3 functional role in disease through
next-generation sequencing and structural modeling (or crystallography) techniques in order to allow
clinicians and researchers to devise novel targeted therapeutic strategies and individualized therapies.

Supplementary Materials

Supplementary materials can be found at http://www.mdpi.com/1422-0067/16/08/19631/s1.
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