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ABC transporters are polytopic membrane proteins that uti-
lize ATP binding and hydrolysis to facilitate transport across
biological membranes. Forty-eight human ABC transporters
have been identified in the genome, and the majority of these are
linked to heritable disease. Mutations in the ABCC6 (ATP bind-
ing cassette transporter C6) ABC transporter are associated
with pseudoxanthoma elasticum, a disease of altered elastic
properties in multiple tissues. Although �200 mutations have
been identified in pseudoxanthoma elasticum patients, the
underlying structural defects associated with the majority of
these are poorly understood. To evaluate the structural conse-
quences of these missense mutations, a combination of biophys-
ical and cell biological approaches were applied to evaluate the
local and global folding and assembly of the ABCC6 protein.
Structural and bioinformatic analyses suggested that a cluster of
mutations, representing roughly 20% of the patient population
with identified missense mutations, are located in the interface
between the transmembrane domain and the C-terminal nucle-
otide binding domain. Biochemical and cell biological analyses
demonstrate these mutations influence multiple steps in the
biosynthetic pathway, minimally altering local domain struc-
ture but adversely impacting ABCC6 assembly and trafficking.
The differential impacts on local and global protein structure
are consistent with hierarchical folding and assembly of ABCC6.
Stabilization of specific domain-domain interactions via tar-
geted amino acid substitution in the catalytic site of the C-ter-
minal nucleotide binding domain restored proper protein traf-
ficking and cell surface localization of multiple biosynthetic
mutants. This rescue provides a specific mechanism by which
chemical chaperones could be developed for the correction of
ABCC6 biosynthetic defects.

Pseudoxanthoma elasticum (PXE)2 is a multisystem auto-
somal recessive disease that results in the dystrophic mineral-

ization of elastic tissues putatively due to the loss of one or more
circulatory factors (1, 2). The mineralization and subsequent
degradation of elastic fibers impacts multiple organs, including
the vasculature, eyes, skin, and gastrointestinal tract (3).
Patients suffer from premature arteriosclerosis, reduced
peripheral circulation, loss of central vision, loss of skin tone,
and bleeding in the digestive tract (4). Recent work suggests
that a loss of circulating pyrophosphates, resulting from altered
nucleotide secretion and conversion by nucleotide pyrophos-
phatases in the circulatory system, is associated with ectopic
mineralization (5, 6). At present, only symptomatic treatments
exist for PXE (4, 7).

PXE is caused by mutations in the ATP-binding cassette
transporter C6 (ABCC6), a member of the multidrug resistant
group of ABC proteins (1, 8 –10). ABC transporters are active
transporters that couple the energy of ATP hydrolysis to the
directional transport of solutes (11). Although multiple puta-
tive substrates have been identified for ABCC6, the PXE-spe-
cific solute(s) and the mechanisms of ABCC6 functional regu-
lation have not been fully elucidated (5, 9, 12). ABCC6 is
composed of five domains: three transmembrane domains
(TMD0/1/2) and two cytosolic nucleotide binding domains
(NBD1/2) (13, 14). The core TMDs (TMD1/2) facilitate solute
movement across the membrane, whereas the NBDs provide
the energy for transport through nucleotide binding and hydro-
lysis. The NBDs heterodimerize in response to binding two
ATP molecules within the conserved domain-domain inter-
face. This dimerization induces conformational changes in the
NBDs that propagate through the TMDs (15–17). ATP hydro-
lysis putatively reverses these conformational changes, thereby
promoting transport cycling and multiple rounds of solute
efflux. The NBDs are physically coupled to the TMDs through
extensions of the TMD helices and intracellular loops, and
these interactions are disrupted in multiple ABC transporter
disease states (17–20). It is not known how the N-terminal
TMD (TMD0) contributes to ABCC6 function or related phys-
iology, although this domain is implicated in protein-protein
interactions in other ABCC subfamily members (21, 22).

More than 200 PXE-related ABCC6 mutations have been
identified by genetic screening in patients with varying disease
severity (4, 23). Although mutations have been identified across
all five ABCC6 domains, disease-associated mutations appear
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to be enriched within the NBD-NBD interface and the TMD-
NBD interfaces (24). The disruption of the native domain-do-
main interactions across these interfaces potentially contrib-
utes to alterations in protein biosynthesis and/or function.
Studies on CFTR, a closely related member of the C subfamily
of human ABC proteins (ABCC7), has shown that disruption
of the TMD-NBD interface is, in part, responsible for the
biosynthetic defects associated with the most common cys-
tic fibrosis mutation, F508del (20, 25, 26). Disruption of the
NBD-NBD interface by the G551D mutation has been shown
to adversely impact channel function (27). Orthologous
mutations have been identified in multiple human ABC pro-
teins and putatively give rise to similar biosynthetic and
functional defects.

The most common clusters of mutations found in the PXE
patient population lie within the conserved TMD-NBD inter-
face (24). These mutations putatively disrupt native state struc-
ture and potentially impact the folding and assembly of the
NBDs and TMDs. In addition, these mutations may also disrupt
the energetic coupling between these domains, altering trans-
port function. Several mutational “hotspots” within the TMD-
NBD interface emerge from genetic testing of PXE patients.
One such hotspot is located in NBD2. This cluster of mutations
putatively interfaces with intracellular loops from TMD1 and
TMD2 and includes the Arg-1314, Leu-1335, and Arg-1339
residues. Missense mutations at these positions are associated
with moderate to severe PXE (28).

To elucidate the molecular defects associated with this clus-
ter of mutations at the TMD-NBD interface in ABCC6, a com-
bination of cell biological and biochemical experiments was
utilized to evaluate changes in ABCC6 biosynthesis and struc-
ture. Both local domain folding and appropriate domain-do-
main assembly were required for proper ABCC6 maturation
and were disrupted by disease-causing mutations. These bio-
synthetic defects could be rescued by an intragenic second-site
suppressor mutation, and suppression was dependent on the
formation of the NBD heterodimer. Together, these data sug-
gest that ABCC6 folding is hierarchical, requiring local domain
folding and global domain-domain assembly and that stabiliza-
tion of these native domain-domain interactions facilitates bio-
synthetic rescue of multiple PXE-causing mutations. This data
provide insight into the biosynthetic pathway of ABCC6 and
suggest a single mechanism for the rescue of multiple disease-
causing alleles.

Results

Disease-causing Mutations in NBD2 Alter ABCC6 Biosyn-
thesis—The structures of multiple homologous ABC transport-
ers have been solved by x-ray crystallography and provide tem-
plates to evaluate structure-function relationships in ABCC6
(17, 29, 30). The structure of Caenorhabditis elegans Pgp was
used to model the location of mutations associated with PXE
(Fig. 1, A and B). A putative cluster of PXE-causing missense
mutations at positions Arg-1314, Leu-1335, and Arg-1339 was
identified from the PXE-patient mutation database based on
their frequency of occurrence in the patient population, their
putative location in the structure of the ABCC6 model, and
the frequency at which similar or identical mutations

were reported in other ABC-transporters (see ClinVar;
www.ncbi.nlm.nih.gov). Together, these mutations represent
�20% of PXE patients identified with missense alleles. Patients
with the R1314W, L1335P, or R1339C mutations showed
strong cardiovascular, vision, gastrointestinal, and/or epider-
mal symptoms. Structural analyses of ABCC6 homology mod-
els suggested these three sites were located in, or immediately
proximal to, the NBD2-TMD interface.

To evaluate the impact of these mutations on the biosynthe-
sis of full-length ABCC6, the wild type and mutant proteins
were transiently expressed in HEK293 cells and analyzed by
Western blotting. Previous studies have shown that ABCC6 is
glycosylated, and the post-translational modification state of
the protein can be used as an indicator of its movement through
the secretory pathway (32). The core-glycosylated protein,
which is associated with glycosylation in the endoplasmic retic-
ulum, migrates at �155 kDa by gel electrophoresis (band B).
The fully glycosylated protein, which is indicative of transit
through the Golgi, migrates at �170 kDa by gel electrophoresis
(band C). Immunoblot analysis of the wild type protein reveals
both bands, consistent with steady state expression of the
ABCC6 protein in the early and late compartments of the secre-
tory pathway (Fig. 1C). No unglycosylated protein (band A) was
detected under these conditions.

In contrast, the NBD2 mutants show reduced expression and
a decrease in the production of the fully glycosylated, band C
protein (Fig. 1, C and D). The L1335P mutant appears the least
perturbed with respect to protein maturation. Both the core
glycosylated and fully glycosylated proteins are reduced when
compared with wild type. However, the relative quantity of fully
glycosylated versus core glycosylated protein indicates a frac-
tion of the expressed protein traffics through the Golgi. The
R1314W mutant showed a similar decrease in the total quantity
of expressed protein under steady state conditions. The quan-
tity of fully glycosylated protein was reduced when compared
with the core glycosylated species. The R1339C showed the
most severe reduction in steady state protein levels of both the
core and fully glycosylated species.

To further evaluate the biosynthetic effects of these mutants,
the subcellular localization of the wild type and three mutants
was assessed using cell surface biotinylation (Fig. 1, E and F).
Consistent with the changes in steady state glycosylation seen
between the wild type and mutant proteins, the cell surface
resident ABCC6 was reduced with the introduction of the three
NBD2 mutations. Fully glycosylated wild type protein was read-
ily detected at the plasma membrane after modification with
NHS-biotin and capture using streptavidin beads. In contrast,
little to no mutant ABCC6 protein was detected at the cell sur-
face using this method. The intracellular pools of ABCC6 and
controls (PARP1) were seen in the cell lysates but not in the
labeled cell surface fractions.

Subcellular localization was visualized using confocal imag-
ing (Fig. 1G). The wild type protein appeared diffuse in the
cytosol and at the plasma membrane. The intracellular fluores-
cence was consistent with protein transiting the biosynthetic
and secretory pathways to the cell periphery. Co-staining with
wheat germ agglutinin, a marker for the plasma membrane,
demonstrated membrane localization of the wild type protein.
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Each of the mutants showed a reduction in membrane localiza-
tion when compared with wild type ABCC6. The mutants
showed strong intracellular staining, consistent with protein

localized in the endoplasmic reticulum, early in the biosyn-
thetic pathway. The apparent changes in total, plasma mem-
brane, and intracellular staining were consistent with the bio-

FIGURE 1. ABCC6 biosynthesis and trafficking. The NBD2 mutations, R1314W, L1335P, and R1339C, were assessed for their impacts on ABCC6 structure and
biosynthesis. A, a schematic representation of an ABCC6 homology model is shown. The core TMDs are colored cyan and magenta, and the NBDs are colored
green and yellow. The Arg-1314, Leu-1335, and Arg-1339 side chains are shown as blue spheres. B, a schematic and surface representation of NBD2 and the
contacting intracellular loops is shown. Intracellular loop four, from TMD1, is shown in cyan, and ICL5 (intracellular loop 5) from TMD2 is shown in magenta. The
surface of NBD2 associated with the Arg-1314, Leu-1335, and Arg-1339 residues is shown in blue. C, a representative Western blot of HEK293 cells expressing
the wild type, R1314W, L1335P, and R1339C mutants is shown. D, densitometric analysis of Western blots of steady state ABCC6 is shown. E, representative
Western blotting after cell surface biotinylation is shown. F, densitometric analysis of cell surface resident ABCC6 is shown. G, representative confocal
immunofluorescence images of HEK293 cells expressing the wild type and mutant ABCC6 proteins are shown. ABCC6 is stained in green, WGA is shown in red,
and DAPI is shown in blue. H, a representative Western blot of HEK293 cells expressing ABCC6 in the presence and absence of lactacystin is shown. I,
densitometric analysis of Western blots of ABCC6 after lactacystin treatment is shown normalized to the expression of wildtype ABCC6. Western blots and
immunofluorescence images are representative of n � 4 independent experiments. The identities of band B and C are indicated in C and H. PARP1 is shown as
a loading control in C, E, and F. Data shown are summary or representative of n � 3 independent experiments. Quantified data are mean � S.D. *, p � 0.01 using
ANOVA with Tukey’s post hoc test.
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chemical analysis of ABCC6 trafficking by Western blotting
and biotinylation.

To test whether the changes in steady state ABCC6 were the
result of intracellular localization and an increase in the rate of
protein degradation, cells were treated with lactacystin. The
addition of lactacystin to cells expressing the wild type protein
caused a reduction in the quantity of the fully glycosylated form
of the protein (Fig. 1, H and I). Although the mechanisms link-
ing proteasome inhibition to protein trafficking are not known,
the loss of mature ABCC6 after lactacystin treatment is consis-
tent with previous studies demonstrating altered trafficking of
multiple classes of transmembrane proteins by proteasome
inhibition (33–35). Lactacystin addition had minimal detecta-
ble effects on the core-glycosylated form of the wild type pro-
tein. Similarly, each of the three NBD2 mutants showed
decreased efficiency of maturation in the presence of lactacys-
tin. In contrast, the band B forms of each of the mutants
increased when compared with untreated cells. The quantity of
band B ABCC6 after lactacystin treatment was similar for the
wild type and mutant proteins, suggesting that expression and
biosynthesis of the four ABCC6 proteins was similar. These
data are consistent with increased proteasome-mediated deg-
radation of the mutant proteins underlying the changes in
steady state expression seen by Western blotting.

Impact of R1314W, L1335P, and R1339C on NBD2—Models
from other ABC transporters suggest that the biosynthesis of
these multidomain proteins is a hierarchical process (25, 26).
Mutations in the NBDs may directly affect local domain prop-
erties (stability, structure, function) or may disrupt the quater-
nary, native-state interactions between domains. To evaluate
the specific molecular consequences of the NBD2 mutations on
domain folding and structure, the wild type and mutant NBD2
proteins were expressed for analysis in isolation from other
ABCC6 domains.

A �-galactosidase folding assay was used to evaluate the sol-
ubility of the NBD2 proteins transiently expressed in mamma-
lian cells (36). This assay relies on the structural complementa-
tion of the �-fragment of �-galactosidase, fused to NBD2,
co-expressed with the complementary �-fragment. Enzymatic
activity, produced from the �-fusion and its complementation
with the �-fragment, has previously been shown to report sol-
uble protein, a surrogate for domain folding, and is measured
using fluorescent substrates in kinetic experiments. When co-
expressed with the �-fragment, the wild type ABCC6 NBD2-�
showed robust enzymatic activity (Fig. 2A). NBD2 expression in
the absence of the �-fragment or in the presence of the �-frag-
ment and the absence of the �-fusion resulted in �-galactosid-
ase signals similar to those of control cells. The effect of the
NBD2 mutations was similarly evaluated in HEK293 cells. In
each case the mutant protein showed a decrease in �-galacto-
sidase activity, consistent with a reduction in soluble protein
(Fig. 2A). When compared with the wild type protein, the mea-
sured �-galactosidase activities were: R1314W, 56% � 7%;
L1335P, 76% � 6%; R1339C, 59% � 9%. In contrast, total pro-
tein levels in the whole cell lysate showed no significant differ-
ence between wild type and mutants as measured by Western
blotting (Fig. 2A, inset). These data demonstrate that total
steady state expression of the NBD2 proteins was similar and

that the changes in �-galactosidase activity likely arose
from changes in protein conformation, solubility, aggregation,
and/or association with other cellular proteins.

As a second, independent measure of the effects of the NBD2
mutants on domain folding and solubility, the proteins were
expressed in Escherichia coli and assessed biochemically. The
NBD2 proteins were expressed as fusion proteins with an
N-terminal His6-Smt3 tag. Previous studies have shown that a
similar construct reports on the soluble production of CFTR
NBD proteins and can be used to assess the impact of disease-
causing mutations on the isolated NBD (26).

When expressed in E. coli and after centrifugal separation,
the soluble wild type protein represented a large fraction of the
total protein expressed in bacterial cells, as assessed by Western
blotting (Fig. 2B, SOL). Western blot analysis of each of the
NBD2 mutants showed a modest decrease in NBD2 solubility
(Fig. 2C, gray bars). Analysis of the whole cell lysate, which
includes both the soluble, folded NBD2 protein and any insol-
uble material, demonstrated similar levels of expression for the
wild type and mutant NBD2 proteins (Fig. 2B, WCL and Fig. 2C,
open bars). The uniform total expression seen in the whole cell
lysate suggested that the changes in soluble expression resulted
from local alterations in the NBD properties and were not the
result of decreased expression in the bacterial system. Densito-
metric analyses of the Western blots indicated the soluble pro-
duction of each of the mutants in E. coli roughly mimicked the
changes in solubility seen in mammalian cells when compared
with the wild type protein (R1314W, 69% � 17%; L1335P, 63% �
14%; R1339C, 60% � 13%). The solubility changes seen with the
mutant NBD2 in both bacterial and mammalian expression sys-
tems are consistent with a local structural alteration in NBD2
and a change in one or more intrinsic properties.

To assess the structural effects of these mutations, the NBD2
proteins were purified from E. coli for in vitro analyses. The
NBD2 proteins all expressed robustly in E. coli, and the soluble
fraction of each protein was purified using affinity and size
exclusion chromatography (Fig. 2D). The NBD2 proteins
appeared monomeric after purification with the exception of
R1339C, which spontaneously formed disulfide bonds that
were resistant to reduction in the absence of heat.

Hydrodynamic properties were assessed using analytical gel
filtration chromatography to evaluate the solution properties of
each of the purified NBDs. The wild type protein eluted as a
single symmetrical peak at �12.5 ml (Fig. 2E). The peak showed
no significant signs of tailing or asymmetry, and no protein was
found in the column void volume. Based on known gel filtration
standards, this elution volume was consistent with a mono-
meric NBD with an apparent molecular mass of �25–30 kDa.
Similarly, the elution chromatographs of L1335P and R1314W
showed no significant differences from wild type in either the
column void or outside of the monomer peak. In contrast, the
elution chromatographs of R1339C showed two predominant
peaks. A peak corresponding to the monomer and consistent
with the wild type NBD was observed. In addition, a peak cor-
responding to a dimer eluted with an apparent molecular mass
of �50 –55 kDa, as determined by gel filtration standards. The
monomer and dimer peaks measured by gel filtration in solu-
tion were consistent with the disulfide-conjugated dimers seen
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by SDS-PAGE for the R1339C protein. The R1339C monomer
could be isolated from the dimer by gel filtration and, in the
presence of reductant, remained monomeric in vitro (Fig. 2,
E–G; mR1339C).

The secondary structures of the purified NBD2 proteins were
characterized by circular dichroism (CD) spectroscopy. The
CD spectrum of the wild type NBD protein was consistent with
a mixed �/�-protein and spectra reported from similar NBD
proteins (32, 37). The spectra showed an absorbance minimum
near 205–208 nm, corresponding to �-structure, with a second
minimum and shoulder between 215 and 225 nm, correspond-
ing to both �- and �-structures in the NBD2 protein (Fig. 2F).
The purified R1314W and L1335P proteins showed CD spectra
similar to the wild type NBD2 protein, consistent with acquisi-

tion of a wild type-like native state. The R1339C showed differ-
ences from both the wild type and the other mutant NBD2
proteins in the dimeric form. In comparison to the wild type
protein, the minimum near 205–208 nm was reduced, whereas
the second minimum and shoulder between 215–222 nm was
increased. These data suggest that the R1339C mutant had an
influence on the secondary structure of the NBD2 protein and
correlated with the spontaneous disulfide formation seen in the
R1339C mutant. The CD spectrum of the monomeric R1339C
was similar to the other NBD2 proteins. It is not clear if these
changes in secondary structure led to, or are the result of, spon-
taneous disulfide formation by the R1339C substitution but
suggested domain structural properties are adversely impacted
by this substitution.

FIGURE 2. NBD2 folding and structure. The effects of the three NBD2 mutants were evaluated on the isolated NBD2 protein. A, NBD2 folding was assessed
using the �-galactosidase structural complementation assay and normalized to the wild type NBD2 signal. Inset, a representative Western blot of total NBD2
protein expression is shown. B, Western blots of the whole cell lysate (WCL) and soluble fractions of NBD2 protein expressed in E. coli are shown. C, quantifi-
cation of soluble NBD2 protein expression is shown. The open bars indicate the whole cell lysate, and the gray bars indicate the soluble fraction remaining after
centrifugation. D, representative Coomassie Blue-stained gels are shown before and after boiling in the presence of nucleotide and reductant. E, chromato-
graphs of the purified NBD2 proteins are shown after separation by analytical gel filtration. F, circular dichroism spectra of the purified NBD2 proteins are
shown. G, SYPRO Orange thermal denaturation transitions are shown for the purified NBD2 proteins. Data shown are the summary or representative of n � 3
independent experiments. Quantified data are the mean � S.D. *, p � 0.01 using ANOVA with Tukey’s post hoc test.
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Finally, to assess the impact of the NBD2 mutations on
domain stability, thermal denaturation experiments were per-
formed using SYPRO Orange binding as a fluorescent monitor
of protein unfolding (38). The stabilities of each of the purified
NBD2 proteins were assessed in the presence of 2 mM ATP. The
wild type protein showed a sigmoidal increase in dye fluores-
cence with a midpoint of 48.5 � 0.3 °C (Fig. 2G). The mutant
proteins showed qualitatively similar sigmoidal unfolding tran-
sitions with only minor variations in thermal unfolding param-
eters. The R1314W mutant unfolded with a transition midpoint
at 48.5 � 0.4 °C. Similarly, the L1335P protein unfolded with a
midpoint of 48.2 � 0.3 °C. The R1339C protein showed a slight
reduction in thermal stability with a transition midpoint of
47.4 � 0.5 °C. The similarity in thermal stability is consistent
with the high degree of surface exposure of the NBD2 substitu-
tions and suggests that surface properties, but not core
structure or stability, is more strongly perturbed by the three
mutations.

NBD Dimerization Rescues ABCC6 Trafficking Defects—The
folding and assembly of NBD2 occurs late in the biosynthesis of
the ABCC6 transporter. As such, it is possible that stabilization
of the native NBD2 interaction with other domains of the pro-
tein may serve as a means to rescue ABCC6 NBD2 biosynthetic
defects. Previous studies have shown that the NBD-NBD dimer
can be stabilized by multiple mutations to the catalytic residues
associated with ATP hydrolysis (15, 16). Substitution of the
Walker B glutamate to glutamine results in the stabilization of
multiple NBD dimers in both bacterial and mammalian systems
(Fig. 3A) (15, 39). To test the effects of these catalytic mutations,
Asn and Gln were substituted for the canonical Asp and Glu in
the NBDs (D778N and E1427Q).

The biosynthesis of the D778N and E1427Q proteins was
first assessed by Western blotting after expression in HEK293
cells (Fig. 3B). The introduction of the D778N mutant dramat-
ically reduced total expression of ABCC6. The D778N mutant
was excluded from further evaluation due to its negative impact
on ABCC6 expression. In contrast, the E1427Q marginally
increased total ABCC6 expression and had no negative effect
on the apparent levels of band C protein. The E1427Q mutation
was then introduced into the NBD2 mutant backgrounds, and
maturation was assessed using Western blotting. The inclusion
of the E1427Q mutant on the R1314W, L1335P, and R1339C
backgrounds dramatically increased the quantity of fully glyco-
sylated protein under steady state conditions (Fig. 3, C and D).
In each case, the quantity of band C protein increased
2.5–3-fold.

The subcellular localization of the E1427Q NBD2 mutants
was then assessed to evaluate changes in ABCC6 trafficking.
The redistribution of ABCC6 within the cell was first assessed
biochemically using cell surface biotinylation. The E1427Q
double mutants showed dramatically increased amounts of cell
surface ABCC6 as compared with the single NBD2 mutations
alone (Fig. 3, E and F). These data were consistent with stabili-
zation of the ABCC6 protein and redistribution from intracel-
lular compartments to the plasma membrane. To further con-
firm the trafficking of the E1427Q-rescued ABCC6 NBD2
mutants from intracellular compartments to the plasma mem-
brane, immunofluorescence was used (Fig. 3G). Cells express-

ingE1427QshowedABCC6plasmamembranelocalizationcon-
sistent with the biochemical analyses. Cells expressing the
E1427Q-rescued R1314W, R1335P, and R1339C proteins
showed a significant increase in the plasma membrane localiza-
tion, as evaluated by colocalization with agglutinin when com-
pared with the NBD2 mutations in the wild type background
(Figs. 1G and 3G). In addition, both the number of cells and
total fluorescence associated with the NBD2 mutants increased
with the E1427Q suppressor.

To further evaluate the E1427Q mechanism of rescue, PXE-
causing mutations in the NBD2 Walker A sequence were intro-
duced into the full-length protein: G1299S and S1307P. The
Gly-1299 and Ser-1307 sites are located proximal to the nucle-
otide in the NBD2 ATP composite site. The G1299S and
S1307P mutants both showed decreased steady state protein
levels and failed to mature, as assessed by Western blotting (Fig.
3H). The introduction of the E1427Q mutant had no discerni-
ble effects on either the G1299S or S1307P mutants. This indi-
cated that the E1427Q-mediated rescue was not universal for all
ABCC6 mutants.

NBD Dimerization Underlies the E1427Q-mediated Rescue of
ABCC6 —To characterize the mechanisms by which the
E1427Q mutant rescues the trafficking of the NBD2 mutants,
the effect of E1427Q was assessed in the isolated NBD2 protein.
If the mechanism underlying NBD2 correction was associated
with ligand-induced stabilization of NBD2, the E1427Q mutant
would be predicted to enhance the local domain properties.
The introduction of the E1427Q mutation into the otherwise
wild type NBD2 background resulted in a decrease in NBD2
solubility, measured in the �-galactosidase assay (Fig. 4A). Sim-
ilarly, the inclusion of the E1427Q mutation in the R1314W,
L1335P, and R1339C NBD2 backgrounds decreased NBD sol-
ubility. The relative decrease in solubility between the wild type
and mutant NBDs was similar in magnitude and suggested that
the E1427Q mutant had negative effects in each of these iso-
lated proteins. These data demonstrate that E1427Q did not
directly stabilize isolated NBD2.

The observation that the E1427Q mutant had no positive
effects on NBD2 folding in isolation but was able to rescue
ABCC6 maturation is consistent with the stabilization of
the ATP-bound NBD heterodimer. Structural analyses of these
NBD homo- and heterodimers indicate that the Walker A and
B sequence from one NBD are juxtaposed with the LSGGQ
signature sequence of the opposing protomer. Analysis of the
ABC transporter mutation database revealed a disease-causing
mutation, G755R, which is located within the LSGGQ signature
sequence of NBD1 and is identified in multiple ABC transporter-
related diseases (40). Structural modeling using ATP-bound
NBD dimers as a template for the ABCC6 NBDs demonstrates
the G755R mutation would putatively block NBD dimerization
by introducing steric and electrostatic clashes with the ATP
bound at the NBD2 composite site (Fig. 4B). This modeling
further suggests that the G755R mutant would likely not affect
protein biosynthesis but would impact the ATP-dependent
function of the native protein, consistent with the effects of
similar mutations in CFTR (27).

The G755R substitution was introduced into the NBD1 pro-
tein in isolation and in the full-length ABCC6 protein to probe
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its effect on ABCC6 biosynthesis and the potential role of NBD
dimerization in NBD2 mutant suppression. Minimal changes
in NBD1 solubility were observed using the �-galactosidase

assay described above when the G775R mutation was expressed
in mammalian cells (Fig. 4C). The G755R mutant protein
showed 110% � 8% �-galactosidase activity when compared

FIGURE 3. Rescued ABCC6 folding by domain-domain stabilization. The catalytic E1427Q mutation was used to stabilize the ATP-bound NBD dimer and to
assess the rescue of ABCC6 folding. A, a schematic showing the putative domain-domain stabilization by the E1427Q mutant is shown. The catalytic mutation,
E1427Q, putatively blocks ATP hydrolysis at the NBD2 Walker A/B composite site. The TMDs are shown in red, the NBDs are shown in blue, and the ATP is shown
as orange spheres. The ATP molecules are numbered based on their association with the NBD1 or NBD2 Walker A/B sequences. B, representative Western blots
of the NBD1 and NBD2 catalytic mutants in the otherwise wild type ABCC6 background are shown. C, representative Western blots of the E1427Q double
mutants are shown. D, densitometric analysis of Western blots of steady state ABCC6 is shown. E, representative Western blots of cell surface biotinylated
ABCC6 are shown. F, densitometric analysis of Western blots of steady state ABCC6 is shown. G, confocal immunofluorescence images of the E1427Q mutants
are shown. ABCC6 is shown in green, WGA is shown in red, and DAPI is shown in blue. Yellow indicates colocalization of the ABCC6 and agglutinin staining. H,
representative Western blots of Walker A ATP-binding site mutations are shown with Glu-1427 (E) or E1427Q (Q). Western blots and immunofluorescence
images are representative of n � 4 independent experiments. The identities of band B and C are indicated in C. PARP1 is shown as a loading control in B, C, E,
and H. Data shown are summary or representative of n � 3 independent experiments. Quantified data are mean � S.D. *, p � 0.01 using ANOVA with Tukey’s
post hoc test.
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with the wild type NBD1 protein. As with NBD2, the �- and
�-fusion controls showed background �-gal activity to be sim-
ilar to that of the HEK-293 cells alone. Steady state analysis of
the G755R mutant in the full-length ABCC6 protein revealed
no discernible changes in protein maturation, as assessed by
Western blotting (Fig. 4C). Total ABCC6 expression was
unchanged by the G755R mutant as was the relative quantities
of band B and band C protein. These data are consistent with a
putative functional defect associated with the G755R mutant
and are consistent with findings of other substitutions within
the LSGGQ signature sequence for CFTR.

The G755R mutant was then introduced into the back-
ground of the E1427Q wild type and NBD2 mutant proteins
and assessed by Western blotting. In the background of the wild
type and E1427Q mutant, the G755R mutant had no discernible
effect on full-length ABCCC6 maturation (Fig. 4, D and E). Both
the wild type and E1427Q protein showed similar glycosylation
patterns with and without the G755R mutation. Similarly, the
R1314W, L1335P, and R1339C mutants appeared to be largely
unaffected by the G775R mutation. However, the G755R muta-
tion blocked the suppressive effects of the E1427Q mutation in
the R1314W, L1335P, and R1339C proteins and reduced steady

FIGURE 4. NBD structure, dimerization, and biosynthetic correction of ABCC6. The role of NBD dimerization in the E1427Q-mediated ABCC6 rescue was
assessed. A, soluble NBD2, assessed using the �-galactosidase assay is shown normalized to the wild type NBD2 signal. B, a schematic and surface represen-
tation of the ABCC6 NBD heterodimer is shown with the G755R substitution shown in blue. C, soluble NBD1 protein, measured using the �-galactosidase assay
is shown normalized to wild type NBD1 signal. D, representative Western blots of the wild type, E1427Q, and G755R mutant ABCC6 proteins are shown with and
without the NBD2 mutations. E, densitometric analysis of Western blots is shown for the NBD2, G755R and E1427Q mutants. F, a schematic showing the trans
complementation of NBD2 co-expressed with full-length or truncated forms of ABCC6 is shown. G, a representative blot of the biosynthesis of the �NBD2
protein is shown. The core and glycosylated forms are indicated with B and C, respectively, with B� and C� indicated the core and fully glycosylated species of
the truncated ABCC6 protein. H, co-expression of NBD2 with the �NBD2 protein is assessed by the �-galactosidase assay. Data shown are summary or
representative of n � 3 independent experiments. Quantified data are mean � S.D. *, p � 0.01 using ANOVA with Tukey’s post hoc test.
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state protein and band C production in the triple mutants (Fig.
4, D and E). The loss of suppression by the G755R/E1427Q
combination suggested that the NBD heterodimerization was
blocked by the G755R mutant and that NBD dimerization was
mechanistically important for E1427Q biosynthetic rescue.

To further probe domain association as a mechanism under-
lying E1427Q-mediated rescue, a domain-domain interaction
assay was developed to probe the interactions of NBD2 with the
N-terminal domains of ABCC6 in trans (Fig. 4F). A truncated
ABCC6 protein was generated by introducing a stop codon
upstream of the NBD2 sequence (�NBD2) and for co-expres-
sion studies with the NBD2-� fusion protein. Similar trunca-
tions in CFTR have been shown to traffic through the secretory
pathway and have ATP-independent functional properties at
the plasma membrane (26, 41, 42). Stabilization of the free
NBD2 reporter by native interactions with the truncated
ABCC6 was then assessed using the �-galactosidase assay. The
�NBD2 protein expressed at low levels in HEK293 cells, as
determined by Western blotting and compared with the full-
length protein (Fig. 4G). The protein showed two distinct gly-
cosylation species, consistent with both core (band B�) and fully
(band C�) glycosylated protein and trafficking of the protein
through the secretory pathway. Thus, the steady state expres-
sion and apparent stability of ABCC6 are decreased by the
�NBD2 truncation, but NBD2 is not strictly obligatory for tran-
sit through the secretory pathway.

The NBD2-� fusion proteins were then co-expressed with
the full-length or �NBD2 ABCC6 proteins, and NBD2 levels
were evaluated by the �-galactosidase assay. Co-expression of
the wild type and E1427Q NBD proteins with the full-length
ABCC6 protein showed minimal differences to that seen when
NBD2 was expressed alone (Figs. 4, A and H). The E1427Q
mutant reduced NBD2 solubility when expressed alone or co-
expressed with full-length ABCC6. Co-expression of the
NBD2-� fusion with the �NBD2 ABCC6, in contrast, showed
an increase in soluble wild type NBD2 production as compared
with that co-expressed with the full-length protein. Co-expres-
sion of the E1427Q NBD2 protein with �NBD2 ABCC6
resulted in a further increase in NBD2 solubility when com-
pared with that expressed in the full-length ABCC6 back-
ground. Wild type NBD2 solubility increased to 142% � 5%
when co-expressed with the �NBD2 ABCC6, as compared with
its co-expression with the full-length protein. E1427Q NBD2
increased from 75% � 8% to 205% � 15%, as compared with
wild type NBD2, when co-expressed with the full-length and
�NBD2 protein, respectively.

The dramatic increase in E1427Q NBD2 solubility that was
seen in the �NBD2 co-expression was reversed when the
G755R mutant was introduced into the �NBD2 background.
The G755R mutation had minimal effect on the wild type
NBD2 solubility in the �NBD2 background (142% � 5% versus
148% � 4%). In contrast, the G755R mutant reversed the effect
of the E1427Q mutation co-expressed with �NBD2 (205% �
15% to 110% � 6%). These data are consistent with �NBD2
complementation of the NBD2-� fusion in this co-expression
system. Furthermore, these data suggest that the E1427Q
mutant can act by stabilizing the NBD heterodimer, which is
disrupted by the G755R mutation.

Domain Folding and Assembly Steps in ABCC6 Biosyn-
thesis—To further understand how changes in NBD properties
are correlated with those of the full-length protein, a direct
comparison between domain folding and ABCC6 maturation
was performed. Densitometric analyses of the fully glycosylated
ABCC6 were plotted against the �-galactosidase activity mea-
sured for the isolated NBD proteins, normalized to the wild
type proteins (Fig. 5, green circle). When plotted using this
approach, the three NBD2 mutants appeared to show a stron-
ger influence on the maturation of the full-length protein than
on the domain in isolation (Fig. 5, blue circles).

A strict correlation between NBD folding and full-length
maturation would result in clustering of the data points along
the unity axis between the origin and the wild type data point.
The NBD2 mutants appeared to diverge from this axis, suggest-
ing an uncoupling of ABCC6 biosynthetic events. These data
and structural models suggest that the R1314W, L1335P, and
R1339C mutations likely contribute to modest changes in local
structural properties of the NBD but significantly alter TMD-
NBD interactions in the full-length protein. Introduction of the
E1427Q mutation decreased NBD2 solubility in all mutants
tested but increased full-length biosynthesis dramatically for
the R1314W, L1335P, and R1339C proteins (Fig. 5, orange cir-
cles). Each of the E1427Q double mutants shifted from below
the unity line to above, despite the decrease in NBD2 solubility.
This shift suggests that the mechanisms underlying rescue are
likely associated with the stabilization of native domain-do-
main interactions and not the effect of the E1427Q mutant on
the NBD2 alone.

Discussion

The folding of polytopic membrane proteins is inherently
complicated, requiring the translation, folding, assembly, and
membrane insertion of individual domains. For ABC transport-
ers, as with many membrane proteins, mutations are often
associated with the disruption of these processes. Here we show

FIGURE 5. Relationship between NBD and full-length ABCC6 folding. The
impact of the NBD2 mutations on the production of full-length and soluble
NBD2 proteins is shown. NBD2 folding, measured as a function of soluble
NBD2 production is plotted along the x axis. Full-length ABCC6 protein pro-
duction, measured as the relative quantity of band C, fully glycosylated pro-
tein, is plotted on the y axis. Values for both are normalized against the wild
type signal, green. The R1314W, L1335P, and R1339C single mutants are
shown in red; the E1427Q variant proteins are shown in orange. The dashed
line represents the unity relationship between NBD folding and ABCC6
maturation.
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that a cluster of mutations associated with PXE in NBD2 is
associated with altered ABCC6 biosynthesis and provide a
mechanism by which these altered biosynthetic events can be
reversed.

At least two different effects of the tested NBD2 mutations
can be seen in these experiments. First, each of the mutants had
modest effects on the biosynthesis and folding of NBD2 in the
absence of other ABCC6 domains in mammalian and bacterial
cells (Figs. 2 and 5). The observation that a decrease in NBD2
solubility occurred in both systems suggested that the intrinsic
properties of the NBD itself had changed and these effects were
not cell-type specific. Biochemical and biophysical measure-
ments of the purified NBDs suggested that the variant NBD2
protein could adopt structures similar to those of the wild type,
although changes in protein yield were observed for each of the
variants (Fig. 2). With the exception of R1339C, the NBD2 vari-
ants showed similar hydrodynamic, structural, and thermody-
namic properties. The R1339C protein was unique in its
propensity to form disulfide bonds. However, when the mono-
meric R1339C NBD2 protein was isolated, it showed similar
structural properties and a modest decrease in thermodynamic
stability compared with the other NBD2 proteins. These data
suggest that all the NBD2 variants can adopt similar structures.

Second, these mutations had severe impacts on the biosyn-
thesis of full-length ABCC6. Given the location of the
mutations and their proximity to the conserved TMD-NBD inter-
face, the data suggest that the mutations likely altered domain-
domain association in the full-length protein (Figs. 1, 3, and 5).
Structural analyses of multiple ABC proteins suggest that the three
mutations are located in or proximal to the TMD-NBD2 interface
and likely contribute to domain-domain assembly. Thus, the
change in physical and chemical character for each of these muta-
tions would potentially alter the energetics of the domain-domain
interaction in this interface, uncoupling NBD2 from the TMDs.
Changes in local domain dynamics, solubility, and/or domain-do-
main association events all may contribute to the recognition of
aberrant ABCC6 by cellular quality control systems and are impli-
cated in the identification of other mutant ABC proteins (43). Fur-
ther studies are needed to resolve differences in domain dynamics
and other fine-grain structural details associated with the NBD2
variants and their handling in the cell.

Similar alterations in biosynthesis have been shown with
missense mutations at the Phe-508 locus of NBD1 in CFTR and
Pgp (18, 19). Missense mutations, located within the homo-
logous TMD-NBD1 interface, have been shown to have mini-
mal to moderate effects on NBD1 folding and moderate to
severe effects on CFTR maturation. Suppression of the F508del
and Phe-508 missense mutations, both genetically or pharma-
cologically, underlies hierarchical CFTR folding models and is
consistent with the effects of the NBD2 mutations reported
here (25, 42, 44). In CFTR, stabilization of the NBD itself is
sufficient to partially restore its biosynthesis (26, 37, 44). Simi-
larly, stabilization of the TMD-NBD interaction is also suffi-
cient to partially restore biosynthesis (26). Together, the
biosynthetic rescue associated with the stabilization of intra-
domain structure and interdomain interactions is additive and
facilitates increased CFTR maturation (25).

Given the location of NBD2 within the primary sequence of
ABCC6, its translation occurs after that of the TMDs and
NBD1, providing a potential scaffold onto which the NBD can
fold. As such, mutations that putatively stabilize native domain-
domain interactions were evaluated for their ability to rescue
mutant ABCC6 folding. The catalytic residues in the Walker B
sequences of the NBDs were selected based on prior work
showing their role in NBD dimerization. The D778N substitu-
tion in NBD1 decreased ABCC6 maturation, similar to results
with CFTR trafficking (26, 45). In contrast, the E1427Q muta-
tion in NBD2 appeared to traffic normally and rescued the
NBD2 R1314W, L1335P, and R1339C variants (Figs. 3–5). This
is consistent with functional and biochemical studies of CFTR
wherein dimer stabilizing mutations in NBD2 increase the bio-
chemical stability of the full-length protein and channel open
potential (39, 46).

In contrast to the other NBD2 mutations, neither the G1299S
nor the S1307P mutants, both proximal to the ATP binding site
in NBD2, could be rescued by E1427Q. Given the mild effects of
G1299S on NBD2 folding, this could be due to the alterations
within the ATP binding site and a subsequent loss of ATP bind-
ing and efficacy of the E1427Q mutant. In contrast, the more
severe impacts of the S1307P mutation on NBD2 folding sug-
gest that the core structure of the NBD2 protein may be per-
turbed. Further investigation of the structural consequences of
these mutations is required to identify the exact mechanisms by
which they alter ABCC6 biosynthesis. However, the inability of
the E1427Q mutation to rescue these mutations demonstrates
that the mechanism is not global for all NBD2 PXE-causing
mutations.

The observed rescue could be the result of at least two differ-
ent effects of the E1427Q substitution; that is, intradomain sta-
bilization resulting from ligand-induced stabilization via the
non-hydrolyzed ATP molecule or stabilization of the NBD het-
erodimer via decreased ATPase activity. The inclusion of the
E1427Q mutant had negative effects on the isolated NBD2 but
strong positive effects on the folding of the full-length mutant
proteins. This suggested that intradomain stability was not
increased with the E1427Q mutant and pointed to stabilization
of the NBD heterodimer as a mechanism of rescue in the full-
length protein (Figs. 3 and 5). Consistent with this, disruption of
the putative NBD heterodimer by the G755R mutant reversed
the effects of the E1427Q suppressor in full-length ABCC6.

Given the conservation of the ATPase reaction cycle and
mechano-chemistry and the location of the G755R substitution
in the LSGGQ signature sequence, it is likely that this mutant
disrupts NBD dimerization and this counteracts the effects of
the E1427Q mutant (Fig. 4). As G755R equivalent mutations
are associated with multiple ABC-transporter diseases, these
data suggest that this substitution may generally result in
altered protein function and not biosynthesis, consistent with
measurements of multiple LSGGQ mutants in CFTR (40, 47).
This result, along with those of G551D and G1349D in CFTR
also argue against a requirement for the formation of the NBD
heterodimer in normal protein biosynthesis. These functional
mutations show normal protein biosynthesis despite the puta-
tive disruption of the NBD heterodimer (48).
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The trans-complementation studies performed using
ABCC6 and ABCC6 truncations co-expressed with NBD2 fur-
ther suggest the mechanism of rescue is associated with stabi-
lization of the NBD heterodimer. Similar, hemichannel com-
plementation studies have been performed with CFTR and
demonstrated that functional channels could be reconstituted
from the assembly of multiple channel fragments in trans (49,
50). Co-expression of NBD2 with �NBD2 ABCC6, which puta-
tively provided a native docking site for the NBD2 protein
expressed in trans, led to increased NBD2 signal in the �-galac-
tosidase assay (Fig. 4). The increase in soluble NBD2 protein
was consistent with structural complementation between the
�NBD2 ABCC6 and NBD2 proteins, resulting from interac-
tions with the TMDs, NBD1, or both.

Co-expression of the wild type NBD2 with �NBD2 ABCC6
putatively facilitates assembly of the TMD-NBD interaction
with a catalytically active and transient NBD heterodimer and
would be predicted to provide some stabilization of the NBD2
protein. Co-expression of E1427Q NBD2 with the �NBD2 pro-
tein resulted in a significant and further increase in the NBD2
signal. As the TMD-NBD interface is putatively unaffected by
the E1427Q substitution, this increase in NBD2 signal likely
arises from the formation of the TMD-NBD interaction and a
stable NBD heterodimer. In contrast, the G755R substitution,
which would putatively disrupt this stable NBD heterodimer,
reversed the effects of the �NBD2 co-expressed with E1427Q
NBD2. This further suggested that the stable NBD heterodimer
formation was necessary for the E1427Q-mediated rescue of
NBD2 variants. Importantly, none of these effects was seen
when the NBD2 protein was co-expressed with the full-length
ABCC6 protein, demonstrating an available NBD2 docking site
in ABCC6 was required for these stabilization of NBD2. This
was consistent with the trans complementation of NBD2 with
the various �NBD2 ABCC6 variants.

These data suggest that stabilization of NBD domain-do-
main interactions may provide a mechanism for biosynthetic
correction of multiple disease-causing alleles. It is not yet clear
that this biosynthetic rescue would be sufficient to rescue PXE
pathophysiology, as the exact function of ABCC6 in normal and
disease pathology is incompletely understood. Moreover, stabi-
lization of the NBD heterodimer decreases specific transport
activity in other ABC proteins (51). As such, the effects of the
stable NBD heterodimer and protein trafficking would need to
be balanced with changes in protein activity. It is possible, how-
ever, that sufficient increases in transporter numbers at the
plasma membrane would overcome kinetic defects in the trans-
port cycle and restore near normal function. This dimer-medi-
ated biosynthetic mechanism suggests that small molecule
therapeutics could potentially be identified that stabilize the
NBD dimer interface and serve as folding correctors. Although
previous studies suggest the NBD dimer interface might be tar-
geted to potentiate transporter function, these studies suggest
that targeting this interface may also be useful in correcting
biosynthetic defects, a therapeutic strategy currently being
explored for both ABCC6 and CFTR (28, 39, 46, 47, 52).

The relative rarity of individual PXE-causing alleles in
ABCC6 and the distribution of these alleles are problematic for
allele-specific drug screening, however. As with other person-

alized medicine development efforts, rare diseases and rare
alleles remain a frustration both economically and practically.
Phenotypic drug development screens are often focused on tar-
geting single alleles. In contrast, the identification of mecha-
nisms that facilitate rescue of multiple alleles provides a poten-
tial strategy for therapeutic development efforts addressing a
broader population of patients. The demonstration that the
E1427Q-mediated rescue is more general to a set of mutations
establishes this mechanistically. The tested ABCC6 NBD2
mutations, with the exception of those associated with the
Walker A ATP binding sequence, were at least partially rescued
by the E1427Q mechanism. It is possible that a small molecule
that mimics this mechanism of dimer stabilization would res-
cue multiple alleles. Such a mechanism would potentially pro-
vide specificity for ABCC6, unlike general small molecule treat-
ments (28, 53, 54). By extension, similar approaches could be
utilized to correct trafficking in other ABC proteins.

Recent work with CFTR correctors and potentiators, which
are used clinically, suggests that common theratypes (classes of
mutations that respond similarly to specific therapeutics) are
likely to emerge as drug therapies are extended throughout the
patient population (55). By characterizing the mechanisms of
biosynthetic disruption and correction, rational drug discovery
efforts could leverage common mechanisms of rescue for mul-
tiple alleles. Establishing mechanisms by which multiple alleles
can be corrected reduces the practical limitations of screening
for multiple rare genotypes, thereby simplifying therapeutic
development for patients suffering from rare diseases.

Experimental Procedures

Homology Modeling of ABCC6 and the Isolated NBDs—The
structures of C. elegans Pgp (PDB 4F4C) and Staphylococcus
aureus Sav1866 were used as starting structures for homology
models of human ABCC6 (17, 29). The coding sequences were
aligned using T-Coffee and manually curated. The aligned
sequences were used to generate an initial template using the
Swiss Model server (56, 57). Models were further refined using
the Chiron server (58). Similar modeling was performed on the
NBD sequences in isolation using the human MRP1 NBD1
(PDB 4C3Z) and the human CFTR NBD2 (PDB 3GD7) as tem-
plates (59). Structural images were rendered in PyMOL.

Cloning of Full-length ABCC6 and NBDs—Full-length
ABCC6 cDNA was PCR-amplified and inserted into pcDNA3.1
for CMV-driven transient expression in mammalian cells (32).
The �NBD2 ABCC6 protein spanned residues 1–1253 and was
similarly cloned and expressed using pcDNA3.1. The NBD1
cDNA, coding residues 623– 870, and NBD2 cDNA, coding
residues 1254 –1503, was PCR-amplified and inserted into
pcDNA3.1 containing an in-frame fusion of the HA tag and the
�- fragment of �-galactosidase for structural complementation
(pcDNA3.1-NBD2-HA-�), as previously described (26, 32, 36).
The NBD coding sequences were similarly cloned into the
pSmt3 expression vector as an in-frame fusion to N-terminal
His6 and SUMO tags for expression in E. coli, as previously
described (26, 31, 32). PCR-based site-directed mutagenesis
was used to introduce sequence changes in all plasmids and was
confirmed by automated DNA sequencing.
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Cell Culture, Biotinylation, and Western Blotting—HEK293
cells (ATCC) were routinely maintained in DMEM (Gibco)
with 10% FBS (Hyclone) and 100 units/ml penicillin and strep-
tomycin (Hyclone) at 37 °C with 5% CO2. Plasmids were trans-
fected into HEK293 cells using XtremeGENE (Roche Applied
Science) following the manufacturer’s protocols and expressed
for 48 h before analysis. Cells were lysed with radioimmune
precipitation assay buffer (50 mM Tris, 150 mM NaCl, 0.1%
sodium dodecyl sulfate, 0.5% sodium deoxycholate, 1% IGEPAL
CA-630, Roche Complete Protease Inhibitors), and the cell
lysates were cleared by centrifugation (21,000 RCF, 4 °C, 15
min). For cell surface biotinylation experiments, EZ-link NHS-
SS-biotin was used to label cell surface proteins following the
manufacturer’s protocols (Thermo Scientific). Biotinylated
proteins were captured by incubation with streptavidin-aga-
rose beads at 4 °C (Thermo Scientific). Biotinylated proteins
were eluted using DTT and assessed by Western blotting.
ABCC6 was detected using the M6II-31 rat monoclonal anti-
body (Santa Cruz). The anti-PARP-1 P116/P25 antibody (EMD
Millipore) or anti-tubulin antibody (EMD Millipore) was used
for loading controls. Western blots were performed on at least
three independent transfections. Densitometric analyses were
performed on at least three independent experiments.

Immunofluorescence Staining—HEK293 cells were plated
on poly-lysine-treated glass coverslips and transfected with
ABCC6 for immunofluorescence staining (32). Briefly, cells
were washed 3 times in PBS and fixed using 2% paraformalde-
hyde in PBS for 10 min at 4 °C. Cells were blocked with BSA and
stained using the ABCC6 antibodies described above. Alexa-
Fluor secondary antibodies were used to visualize ABCC6 using
AlexaFluor-labeled secondary antibodies (Life Technologies).
DAPI (Sigma) and wheat germ agglutinin (WGA, Sigma) were
used to stain the nuclei and plasma membranes, respectively.
Immunofluorescence was visualized on a Fluoview 1000 confo-
cal microscope (Olympus). Immunofluorescence images were
collected from multiple fields from at least four independent
experiments.

Structural Complementation Assay—pcDNA3.1-NBD-HA-�
and pcDNA3.1-�-plasmids were co-transfected into HEK293
cells using XtremeGENE (Roche Applied Science), as previ-
ously described for CFTR (26). Forty-eight hours post-transfec-
tion, cells were washed twice in PBS and lysed in 1� reporter
lysis buffer (Promega). The lysates were mixed with fluorescein-
di-�-galactoside (FDG) at a final concentration of 5 �M FDG.
Fluorescence was monitored using a BioTek Synergy 4 micro-
plate reader in kinetic mode at 37 °C. Enzymatic activity was fit
using first order kinetics under steady state conditions, and
mean reaction velocity was used to quantify soluble proteins
yields. The data presented represent at least four independent
experiments for each protein variant.

In Vivo Protein Solubility—The pSmt3-NBD2 plasmid was
used for protein expression in E. coli. Soluble protein yields
were assessed after centrifugation as previously described (26).
Briefly, culture densities were assessed using A600 and adjusted
to normalize for differences in growth. Cultures were then son-
icated in lysis buffer (50 mM Tris, 150 mM NaCl, 2 mM ATP, 1
mM DTT, 10% glycerol), and an aliquot of sonicated sample was
taken for the total expression controls. The samples were then

clarified by centrifugation (40,000 RCF, 30 min, 4 °C), and ali-
quots of the supernatant were taken as the soluble fraction.
Samples were diluted with SDS-PAGE sample buffer and
assessedbyelectrophoresisandWesternblotting.Solubilitymea-
surements were taken on at least three independent expression
experiments for each protein assessed.

Protein Expression and Purification—NBD2 protein was
expressed and purified as previously described (26, 31). Expres-
sion cultures of BL21(DE3) E. coli were grown at 37 °C until
A600 � 0.7– 0.8. The cultures were then shifted to 15 °C, and
protein was induced with 1 mM isopropyl 1-thio-�-D-galacto-
pyranoside. Protein was expressed at 15 °C overnight (18 –20
h). Cells were collected by centrifugation and resuspended in
lysis buffer (50 mM Tris, 150 mM NaCl, 10% glycerol, 2 mM ATP,
and 1 mM �-mercaptoethanol and 5 mM imidazole). Cells were
lysed by sonication, and the soluble material was used for puri-
fication after centrifugation (30000 RCF, 30 min). The His6-
SUMO-NBD protein was captured using nickel-nitrilotriacetic
acid FastFlow resin (GE Healthcare). The column was washed
(lysis buffer with 60 mM imidazole), and the protein was eluted
(lysis buffer with 400 mM imidazole). Fractions containing the
protein were then concentrated using Amicon Ultra Concen-
trators (Millipore), and the protein was further purified using a
Sephacryl S-300 HR gel filtration column (GE Healthcare) in
lysis buffer. The His-SUMO tags were cleaved by incubating
with His-tagged Ulp1, which specifically cleaves the Smt3 moi-
ety from the C-terminal fusion partner. The cleaved His-Smt3
and His-Ulp1 proteins were removed with a nickel-nitrilotri-
acetic acid column. The unbound NBD2 protein was collected
and concentrated to 8 –10 mg/ml using Amicon Concentrators
(Millipore) and flash-frozen in liquid nitrogen. Protein was
stored at 	80 °C before use and cleared by centrifugation after
thawing and before analysis. Protein characterization was per-
formed on at least two independent protein preparations.

Circular Dichroism Spectroscopy—CD spectra of the NBDs
were collected using a Jasco 810 circular dichroism spectrom-
eter and a 0.1-cm quartz cuvette. Baseline spectra (buffers)
were collected and subtracted from the spectra of the NBD
containing samples. Data were converted to molar ellipticity
per residue (degree cm2 dmol	1).

Analytical Gel Filtration Chromatography—Purified NBD
proteins were injected on a Superdex S75 10/300 GL (GE
Healthcare) pre-equilibrated in lysis buffer using a Shimadzu
Prominence HPLC and monitored by UV absorbance at 220
and 280 nm. Gel filtration standards (Bio-Rad) were used to
calibrate the elution volumes by apparent molecular mass.

Thermal Denaturation Experiments—Purified NBD protein
was diluted to 1–5 �M concentration in lysis buffer including 2
mM ATP, 1 mM �-mercaptoethanol and supplemented with 5�
SYPRO Orange (Life Technologies) in a final volume of 50 �l,
essentially as described (38). Reactions were transferred to
96-well plates, sealed with optical plastic tape (Corning), and
read on an ABI 7900HT Q-PCR machine between 25 and 95 °C
at multiple ramp rates between 1 and 2.5 °C/min using the ROX
dye parameters.

Curve-fitting, Densitometry, and Statistical Analysis—Densi-
tometry, curve-fitting, and statistical analysis were performed
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using ImageJ, SigmaPlot and Prism software. ANOVA analysis
and Tukey’s post hoc test were performed in Prism.
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