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Abstract

ABCC6 mediates release of ATP from hepatocytes into the blood. Extracellularly, ATP is
converted into the mineralization inhibitor pyrophosphate. Consequently, inactivating ABCC6
mutations give low plasma pyrophosphate underlying the ectopic mineralization disorder
pseudoxanthoma elasticum. How ABCC6 mediates cellular ATP release is unknown. Mechanistic
studies are hampered because fluorophores attached to ABCC6’s N- or C-terminus result in
intracellular retention and degradation. Here we describe that intramolecular introduction of
fluorophores yields fully functional ABCC6 fusion proteins. An ABCC6 variant with the catalytic
glutamate of the second nucleotide-binding domain mutated, correctly routed to the plasma
membrane, but was inactive. Finally, N-terminal His10 or FLAG tags did not affect the activity of
fusion proteins, allowing their purification for biochemical characterization. Hence, these fusion
proteins provide excellent tools to study ABCC6 biology.
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Introduction

Inactivating mutations in ABCC6 underlie the progressive autosomal recessive
mineralization disorder pseudoxanthoma elasticum (PXE, OMIM #264800) (1-3), which
manifests with lesions in skin, eyes and vascular system. PXE is rare and affects
approximately 1 in 25,000-50,000 newborns. There is currently no specific or effective
therapy for patients with this condition (4).
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ABCC6 encodes ATP-binding cassette subfamily C member 6 (ABCC6) and is primarily
expressed in the liver (5), with lower levels found in the kidneys. Importantly, ABCCS6 is
virtually absent in the soft tissues affected by PXE. In the hepatocytes of the liver, ABCC6
mediates the release of nucleoside triphosphates, predominantly ATP, into the bloodstream
(6, 7). Notably, only a very small fraction of the total hepatic ATP pool is released into blood
circulation (0.003-0.015 %/min) (6, 8) and ABCC6-mediated ATP release will therefore not
substantially affect intracellular ATP concentrations. Outside the hepatocytes, yet within the
liver vasculature, released ATP is rapidly converted into adenosine-monophosphate (AMP)
and the calcification inhibitor pyrophosphate (PPi) by the ecto-enzyme ectonucleotide
pyrophosphatase phosphodiesterase 1 (ENPP1). In the absence of functional ABCCS,
plasma concentrations of the mineralization inhibitor PPi are reduced with approximately
60% (6, 9) and this explains the soft tissue mineralization that manifests in PXE. The
extracellular AMP that is also formed by ENPP1 activity is converted by NT5E/CD73 into
inorganic phosphate (Pi) and adenosine (6). The latter is reabsorbed by hepatocytes (10) and
erythrocytes (11) and can be used to resynthesize ATP.

Published data firmly link ABCCS to the release of ATP from cells. The mechanistic details
of ABCC6-mediated ATP efflux are, however, still elusive. Most ABC proteins belonging to
the C-branch of the ABC superfamily of membrane proteins function as efflux transporters,
and use the energy generated by intracellular ATP hydrolysis at their nucleotide-binding
domains (NDBs) to move specific substrates over the plasma membrane, often against
significant concentration gradients. There are exceptions, however, including ABCC8 and
ABCC9, which regulate the ATP-dependent gating of complex potassium channels (12) and
the chloride channel cystic fibrosis transmembrane conductance regulator (CFTR, ABCC7)
(13).

The gold standard to determine if a compound is a substrate of an ABC transporter is to
determine if it is translocated in vesicular uptake assays. Standard vesicular uptake assays
make use of vesicles generated of all cellular membranes, including plasma membrane and
intracellular membranes, of cells overproducing the transporter of interest. Several
intracellular organelles however, contain carriers for ATP (14, 15) and this is an important
source of background in ATP uptake assays. Moreover, the high concentration of ATP that
ABC transporters need at their nucleotide-binding domains to drive transport, further adds to
the high background in vesicular ATP-uptake assays. Dual-Color Fluorescence-Burst
Analysis (DCFBA) is a novel technique that allows monitoring substrate translocation by
ABC transporters at the single proteo-liposome level and intrinsically has an excellent
signal-to noise-ratio (16). DCFBA relies on the coincidence of fluorescence from spectrally
well separated fluorophores in the confocal volume of a microscope. Labeling of ABCC6
with a fluorophore and using, for instance, fluorescent ATP analogs, or an intra-liposomal
fluorescent ATP sensor (17), would allow applying DCFBA to study ATP transport by
ABCC6. Generation of functional fluorescent fusion proteins can also be used to monitor the
synthesis, intracellular trafficking and interaction with other cellular factors of ABCC6 in
real time in living cells.

Whereas many ABCC proteins remain fully functional when tagged with N- or C-terminal
fluorophores (18-20), addition of bulky amino acid sequences at these positions in ABCCS,
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results in intracellular retention and loss of functionality. Here we describe that introduction
of monomeric fluorophores with excellent spectral characteristics at several positions within
the ABCC6 amino acid sequence Yyields fusion proteins that are fully active. We anticipate
that these fluorescently labeled ABCC6-fusion proteins provide excellent tools to study
intracellular trafficking and unraveling the molecular details of ABCC6-mediated cellular
ATP release by DCFBA.

Materials and Methods

Generation of constructs encoding fluorescent rat Abcc6 fusion proteins

Uracil-Specific Excision Reagent (USER) cloning (21) was used to introduce DNA
sequences encoding fluorescent moieties and affinity tags to rat Abcc6 (rAbcc6) in the
Gateway entry vector pEntr223 (7). cDNA sequences were amplified using Phusion U PCR
master mix (Thermo Scientific). The sequences encoding the His® and FLAG tags, the HRV
C3 protease cleavage site, the fluorescent proteins and the linkers additional to the E1426Q
point mutation were introduced into- or flanking the rAbcc6 sequence to generate constructs
depicted in Figure 1B. All primers and templates used for USER cloning are listed in Table
1. cDNAs encoding the fluorescent proteins mNeonGreen (L40C-Crispr EFS.mNeon) and
mScarlet (pmScarlet-1-C1) were obtained from Addgene. PCR fragments were purified
using the Nucleospin gel and PCR cleanup kit (Macherey-Nagel) and assembled using the
USER enzyme mix (New England Biolabs), according to the instructions of the
manufacturer. Resulting circular constructs were verified by Sanger sequencing and
transformed into competent E. coli DH5alpha cells.

Cell culture and selection of cell lines overproducing fluorescent rAbcc6 fusion proteins

HEK?293 cells were cultured as described previously (22). cDNAs encoding the various
rAbcc6 fusion proteins were subcloned into a Gateway-compatible pQCXIP expression
vector (7) using LR Clonase-1l (Thermo Scientific) and transfected into HEK293 cells using
the calcium phosphate precipitation method. Levels of the various fusion proteins in clones
resistant to 2 pg puromycin/ml medium were determined by immunoblot analysis, using the
antibodies given below. Clones expressing high amounts of the rAbcc6 fusion proteins were
also selected based on the fluorescent signal detected in a Flex Station 3 microplate reader
(Molecular Devices), using the EXA/EmA of 506nm/517nm and 569nm/594nm for
mNeonGreen and for mScarlet, respectively.

In preliminary experiments we found that ABCC6-dependent ATP efflux and extracellular
PPi formation was highest when HEK293 cells had formed completely confluent
monolayers. In addition, background ATP release from HEK?293 parental cells was lowest
under these conditions. Therefore, PPi accumulation in 24-hour medium samples of
HEK?293 cells was determined in 96-well plates containing confluent monolayers.
Incubation was started by replacing the culture medium with 100 pl fresh medium. Medium
was collected 24 hours later and frozen at —20 °C until analysis. Real-time ATP efflux
assays (see below), cells were performed using confluent monolayers of HEK293 cells
grown on poly-D-lysine-coated black 96-well plates with transparent bottom as described (7,
22).
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Immunoblot analysis

Cell lysates were prepared as previously described (22). Five (5) ug of total protein was
separated on a 7.5% SDS-polyacrylamide gel (Bio-Rad) and transferred to a PVDF
membrane using the Trans Blot Turbo system (Bio-Rad). Wild type and mutant rAbcc6 was
detected with the polyclonal K14 rabbit anti-rAbcc6 antibody (kind gift of Dr. Bruno
Stieger) diluted 1:3000 and HRP-conjugated donkey anti-rabbit secondary antibody (1:5000,
SA1200, Fisher Scientific). His0 tagged rAbcc6 fusion proteins were also detected with the
anti-His® mouse monoclonal antibody (1:250, MA1-21315, Thermo Fisher), followed by
incubation with HRP-conjugated anti-mouse secondary antibody (1:5000). Anti-a-tubulin
(1:1000, Sc-23948, Santa-Cruz Biothechnology) was used as loading control, with HRP-
conjugated polyclonal rabbit anti-mouse 1gG employed as secondary antibody (1:5000,
P0161, Dako). Antibody binding was visualized by ECL (Pierce Western blotting substrate,
Thermo Scientific).

Analysis of the subcellular localization of the fluorescent rAbcc6 fusion proteins in
HEK?293 cells

HEK?293 cells overexpressing the fluorescent rAbcc6 fusion proteins were grown for 2 days
on poly-D-lysine coated Ibi-Treat 1.5 p-Slide 4 well chamber slides (80426, 1bidi). The
subcellular localization of the fluorescent rAbcc6 fusion proteins was analyzed by two point-
scanning laser confocal microscope Nikon Eclipse T/equipped with a Nikon A1R+. For live
cell imaging a temperature-controlled humidifying chamber at 37°C with 5% CO5, and a
plan ApoA 60X oil objective with a 3X optical zoom was used. For mNeonGreen and
mScarlet we used 490.1 and 561.3 nm excitation and 525/50 and 595/50 nm emission filters,
respectively. Images were acquired with the pinhole set to 1 airy unit.

Analysis of the subcellular localization of unmodified rAbcc6 in HEK293 cells

HEK293 cells overproducing unmodified rAbcc6 were seeded on ibi-Treat 1.5 p-Slide 4
well chamber slides (80426, Ibidi) as described above. Cells were fixed in 4% PFA and
subsequently in —20 °C cold methanol for 5 min. Slides were blocked with Protein Block
solution (BioGenex) for 60 min and incubated with the polyclonal rabbit anti-rAbcc6
antibody K14 diluted 1:100 for 60 min. Next, slides were incubated with A488-conjugated
anti-rabbit secondary antibody (A11008, Fisher Scientific) diluted 1:1000 for 60 min. The
intracellular localization of the wild type, unmodified, rAbcc6 was visualized essentially as
described above, but now using a Plan Fluor 40x Qil DIC H H2 objective with a 3x optical
zoom. 490.1 nm excitation and 525/50 nm emission filters were used, with the pinhole set to
1 airy unit.

Quantification of pyrophosphate in culture medium and real-time ATP efflux assays

Quantification of PPi in culture medium and real-time ATP efflux assays were performed as
described previously (22). In the real-time ATP efflux assay, firefly luciferase and luciferin
are added to the culture medium. Any ATP released by the cells will be converted by the
luciferase into a light signal that is detected by luminometry in a Flex Station Pro (Molecular
Devices). This approach allows following ATP release in living cells in real time. Any
manipulation of cells results in ATP efflux that is independent of ABCC®6. To reduce
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background ATP concentrations, cells were first incubated for 60 minutes at 27 °C, a
temperature at which there is low ABCC6-dependent ATP efflux activity, resulting in
degradation of extracellular ATP. After these 60 minutes, the temperature was increased to
37 °C, resulting in ABCC6 becoming fully active and start of cellular ATP release.

Results and discussion

Although ABCCS6 has been firmly linked to the efflux of ATP and other nucleoside
triphosphates (6, 7), the molecular details of ABCC6-mediated ATP efflux are elusive. We
set out to develop fluorescently labeled, functionally active, ABCC6 fusion-proteins for
future biochemical and intracellular trafficking studies. Rat Abcc6 (rAbcc6) was used for
our studies as in our hands it exhibited higher activity than its human orthologue. The higher
activity of rAbcc6 will especially benefit anticipated future biochemical characterization of
the protein.

ABCCS6’s closest relative, ABCC1, tolerates the addition of GFP to its C-terminus, but not to
its N-terminus (18-20). Most likely, addition of bulky groups to the extracellular N-terminus
results in intracellular routing problems and subsequent degradation. We nevertheless started
by generating constructs encoding fluorescent groups at the C- and N-terminus of rAbcc6,
but none of these expressed at reasonable levels in HEK293 cells. Nor did these fusion
proteins route to the plasma membrane and support cellular ATP release (data not shown).
From these data we concluded that, different from ABCC1, the C-terminus is crucial for
ABCCS6 function. This notion is supported by the fact that several single amino acid
mutations in the C-terminal 10 amino acids of ABCC6 are pathogenic (23). An explanation
for these results is that ABCC6 function requires complexing with other proteins, including
chaperones, for which its C-terminus is essential.

We next systematically introduced the mNeonGreen (mNG) fluorophore at several positions
within the rAbcc6 protein sequence: in 4 extracellular and 3 intracellular loops, at altogether
8 different positions (Fig. 1A). Fig. 1B shows a schematic representation and the used
nomenclature for the generated rAbcc6 fusion proteins. In addition to constructs encoding
the green fluorescent mNeonGreen fusion protein, we also generated 2 constructs encoding
rAbcc6 fusion proteins containing the red mScarlet (mSc) fluorophore. The monomeric ~27
kDa mNeonGreen (24) and ~26 kDa mScarlet (25) were chosen for our studies because of
their excellent fluorescent characteristics i.e.: high brightness, good photostability and large
Stokes shifts. Properties that, for instance, allow super-resolution optical microscopy (26).
For anticipated future purification studies, sequences encoding an N-terminal HisC or
FLAG-tag were added to some constructs (Fig 2, S2). Finally, to provide a negative control
for functional studies, an inactive variant of the rAbcc6 fusion protein with mNeonGreen
positioned after the first nucleotide binding domain was generated by changing the catalytic
glutamate in NBD2 into a glutamine (E1426Q, position in non-modified rAbcc6).

Expression of constructs encoding mNeonGreen in the extracellular loops 4 (ECL4), 6
(ECLS6) and 7 (ECL7) of rAbcc6 resulted in low abundance of the fusion proteins in the
HEK?293 cells. The extracellular loops of rAbcc6 are short. Possibly, insertion of long amino
acid sequences at these positions leads to folding- or intracellular routing problems and,
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consequently, intracellular degradation. The LO loop of ABCC6 is predicted to be highly
unstructured and it came as a surprise that insertion of mNeonGreen in this loop also yielded
low levels of protein in HEK293 cells. Several intramolecular positions in rAbcc6 did
tolerate insertion of fluorophores, however. These positions included the first intracellular
loop (ICL1) and sequences preceding or following the first nucleotide binding domain
(NBD1) of rAbcc6 (Fig. 2, S2). A construct encoding a fusion protein in which
mNeonGreen was positioned in the third extracellular loop (ECL3) of rAbcc6 also expressed
at reasonable levels. Of note, we tested several independent HEK293 clones for each
construct and show the results of clones producing highest fusion protein levels.

ABCC6 needs to be localized in the plasma membrane (27) to exert its function in cellular
ATP release. We, therefore, next studied the subcellular localization of the generated fusion
proteins in HEK293 cells. Localization was compared to that of unmodified rAbcc6 detected
with the K14 antibody (Fig. 3A). As expected, much of the unmodified rAbccé was detected
in the plasma membrane of the HEK293 cells, although there was also some intracellular
staining, similar to what has previously been published for human ABCC6 (27, 28).
Possibly, retention of unmodified rAbcc6 in intracellular compartments is related to the high
level of overexpression achieved in the HEK293 cell system (See also S1).

Live-cell confocal microscopy was used to determine the subcellular localization of the
fusion proteins (Fig. 3B-H). All rAbcc6 fusion proteins that showed reasonable expression
on immunoblot analysis, showed some plasma membrane localization. Especially fusion
proteins with mNeonGreen inserted in the first intracellular loop (rAbcc6-mNG_ICL1) or
before or after the first NBD (rAbcc6-mNG_aNBD1) showed good plasma membrane
localization. Of the two mScarlet fusion proteins, the FLAG-tagged version of rAbcc6
(FLAG-C3-rAbcc6-mSc_aNBD1) showed better plasma membrane localization than the
His10-tagged version. Plasma membrane localization was less convincing for the rAbcc6
fusion protein with mNeonGreen inserted in the third extracellular loop (rAbcc6-
mNG_ECL3). Intriguingly, although the catalytically-dead E1426Q mutant variant of the
rAbcc6 fusion protein with mNeonGreen inserted after NBD1 (rAbcc6E1426Q-
mNG_aNBD1) showed lower expression on immunoblot analysis, the relative fraction that
ended up in the plasma membrane seemed to be increased, with relatively less cytoplasmic
localization.

In conclusion, several of the rAbcc6 fusion proteins correctly routed to the plasma
membrane of HEK293 cells very similar to unmodified rAbcc6. The intracellular punctuated
signal that was detected for example for FLAG-C3-rAbcc6-mSc_aNBD1 (Fig. 3 and Video.
S1) indicates incorporation of the fusion proteins into vesicular-like structures in the
cytoplasm of as yet unknown origin.

For future biochemical studies functionality of the fusion proteins is crucial and we,
therefore, determined if the rAbcc6 fusion proteins supported cellular ATP release, just like
unmodified rAbcc6 (Fig. 4A). Four of the fusion proteins, rAbcc6-mNG_ICL1, rAbcc6-
mNG_bNBD1, rAbcc6-mNG_aNBD1 and FLAG-C3-rAbcc6-mSc_aNBD1, supported
robust ATP release and behaved very similar to unmodified rAbcc6 when produced in
HEK?293 cells. Somewhat lower ATP release was seen in cells containing rAbcc6 with

FEBS Lett. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Szeri et al.

Page 7

mNeonGreen inserted in ECL3 or if the fusion protein contained an N-terminal His10 tag, in
addition to an mScarlet fluorophore positioned after NBD1 (His10-rAbccé_mSc_aNBD1).
Low routing to the plasma membrane of these fusion proteins (Fig. 3) most likely underlies
the reduced ATP efflux. ATP release was completely absent from HEK293 cells producing
the catalytically dead walker B mutant rAbcc6E1426Q-mNG_aNBD1, despite high amounts
of this fusion protein were detected in the plasma membrane (Fig. 3F).

HEK?293 cells rapidly convert any extracellular ATP into AMP and PPi (6, 7, 22) and we
used PPi as an additional marker for ABCC6 activity. PPi concentrations were quantified in
24-hour medium samples collected from the various cell lines. The results of these
experiments mimicked our findings in the real-time ATP efflux assay, with HEK293 cells
producing rAbcc6-mNG_ICL1, rAbcc6-mNG_bNBD1, rAbcc6-mNG_aNBD1 and FLAG-
C3-rAbcc6-mSc_aNBD1 having similar levels of PPi in their culture medium as cells
containing unmodified rAbcc6. The rAbcc6-mNG_ECL3 fusion protein also exhibited
decreased activity in these experiments. The HEK293 cells overproducing the rAbcc6 fusion
protein containing the E1426Q mutation (rAbcc6E1426Q-mNG_aNBD1) had PPi levels in
their medium that were comparable to those found in medium of HEK293 parental cells,
demonstrating a complete absence of activity.

In conclusion, our data indicate fluorophores, and potentially other functional groups, can be
introduced within the rAbcc6 sequence in the first intracellular loop and before and after the
first NBD (NBD1), without compromising functionality. Insertion at these sites results in
proteins showing similar expression and activity as unmodified rAbcc6. Introduction of
mNeonGreen in the third extracellular loop of rAbcc6 resulted in reduced plasma membrane
localization and, consequently, functionality when expressed in HEK293 cells. The fusion
protein with mNeonGreen inserted in the third extracellular loop might nevertheless be
useful, for instance when a functional group is needed in an extracellular domain of ABCCS.
Notably, immunoblot analysis of rat liver and HEK293-rAbcc6 cells indicate several-fold
higher expression of rAbcc6 in our HEK293-rAbcc6 cells than in rat hepatocytes (S1). The
somewhat lower protein levels found for the rAbcc6-mNG_ECL3 construct might therefore
still allow studying ABCC6 function. There are currently no antibodies available
recognizing extracellular domains of ABCC6. Our data indicate that extracellular loop 3
(ECL3) should allow introduction of affinity tags to, for instance, reliably determine ABCC6
plasma membrane localization.

The molecular details of ABCC6-mediated cellular ATP release are unknown. Although
most of the available data indicate ABCC6 is a genuine efflux transporter (29), it cannot be
excluded that a mechanism different from direct transport underlies ABCC6-dependent
cellular ATP release. Several pathways have been described that allow cells to release ATP
into the extracellular environment, of which exocytosis is probably the best-known
mechanism (30). Exocytosis does not underlie ABCC6-mediated ATP release, as we found
that potent inhibitors of the exocytotic pathway, bafilomycin, nocodazol and Brefeldin A, do
not inhibit ATP release (data not shown).

Due to the huge concentration gradient over the plasma membrane, theoretically a channel
would do to get ATP into the extracellular environment. ABCCS6 is a specific conduit for
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NTPs, but there are no channels known that are selective for NTPs (31). Our data on the
rAbcc6E1426Q mutant also indicate ABCC6 does not function as an ATP channel. In all
known ABC transporters mutation of the equivalent catalytic glutamate residue leads to a
complete loss of ATP hydrolytic activity and completely wipes out transport function (32,
33). In contrast, the only ABC protein that functions as a channel, ABCC7/CFTR, adapts an
open conformation when this catalytic glutamate residue is mutated, resulting in a constant
flow of chloride ions out of the cell (13). Our finding that rAbcc6E1426Q despite routing to
the plasma membrane, does not support cellular ATP release, therefore provides indirect
evidence that ABCCS6 is not an ATP channel.

An attractive hypothesis is that ABCC6 functions as an ATP-dependent ATP efflux pump.
The following observations support this hypothesis: First, most members of the C-branch of
the ABC superfamily, including ABCC6’s closest homologue ABCC1, are bona fide organic
anion efflux transporters and also ABCC6 has been shown to transport a few organic anions
(5, 34), albeit sluggishly. Second, the ATP efflux rates found in HEK293-ABCCS6 cells (6)
are compatible with direct transport as these are very similar to the rates by which ABCC1
pumps morphine-3-glucuronide out of HEK293 cells (35). Third, ATP efflux from ABCC6-
containing cells can be blocked by the general ABCC inhibitors benzbromarone,
indomethacin and MK571 (data not shown). Fourth, there are intriguing differences in the
nucleotide-binding properties between ABCC6 and ABCC1 as shown by the work of Gros
and coworkers (36, 37): Under conditions that support ATP hydrolysis (i.e. the presence of
substrate, 37 °C), the nucleotide binding domains (NBDs) of ABC transporters like ABCC1
can be labeled with the photoactive ATP analogue 8-azido-ATP. Labeling depends on the
presence of phosphate analogs, such as orthovanadate or beryllium fluoride, to trap 8-azido-
ADP at the NBDs. ABCCE6 is, however, also labeled in the absence of phosphate analogues.
Moreover, although phosphate analogs increase 8-azido-ATP labeling of ABCCB, unlike
ABCCL1 this does not require the addition of a specific substrate (36, 37). An attractive
explanation for these results is that 8-azido-ATP binds not only to the NBDs of ABCC6, but
also to its substrate binding/translocation site.

Despite of the fact that most data indicate ABCC6 transports ATP, vesicular transport
experiments, the gold standard to identify substrates of ABC transporters (38), so far failed
to directly demonstrate ABCC6-dependent transport of radiolabeled ATP into inside-out
vesicles. We anticipate the fusion proteins described here can be used to study rAbcc6-
dependent ATP transport using Dual-Color Fluorescence-Burst Analysis (DCFBA), which
allows monitoring transport at the single proteo-liposome level (16). DCFBA requires
fluorescent labelling of the protein of interest to study the transport of molecules labeled
with a second, spectrally non-overlapping fluorophore. We now aim to optimize the
purification and subsequent reconstitution in liposomes of the fusion proteins, and test in
DCFBA experiments if ATP is a transported substrate of ABCC6.

We foresee that fluorescently labeled ABCCG6 not only has applicability in basic research but
can also be used in (pre)clinical studies to follow the behavior of ABCC6 containing
pathogenic missense mutations. Several of these mutations are known to negatively affect
plasma membrane targeting, without compromising ABCCG6’s intrinsic ATP translocating
activity. Chemical chaperones, such as 4-phenylbutyrate have been suggested as allele-
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specific therapies for PXE caused by these mis-localized mutants by correcting routing of
ABCCS6 to the plasma membrane (28). Fluorescently tagged ABCC6 mutants would
facilitate high-throughput screening for candidate molecules that act as pharmacological
chaperones.
Conclusion

We have generated and characterized a handful of fluorescent rAbcc6 fusion proteins for cell
biological and biochemical applications including protein purification. We have shown, that
the first intracellular loop and the loop harboring the first nucleotide binding domain are the
best intracellular sites to insert functional moieties, as they allow generation of fully
functional active fusion proteins. The generated proteins were not only expressed at
comparable levels to non-modified rAbcc6 but also routed to the plasma membrane similarly
and were fully functional, independent of the nature of the green or red fluorophore used.
Collectively, information on suitable sites to insert various functional moieties, might
provide additional tools to further studies on the intriguing, but complex, ABCC6 function.

Finally, our work also provides mechanistic insights into the operation of ABCC®6, as we
show that catalytic activity at NBD2 is needed for ABCC6 function, different at variance of
the only known ABC protein functioning as a channel, ABCC7. Of note, this suggests that
ABCCES is not a channel for ATP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PXE pseudoxanthoma elasticum

NBD nucleotide binding domain

ABCC6 ATP-binding cassette subfamily C member 6

PPi pyrophosphate

ENPP1 ectonucleotide pyrophosphatase phosphodiesterase 1
CFTR cystic fibrosis transmembrane conductance regulator
DCFBA Dual-Color Fluorescence-Burst Analysis

USER cloning Uracil-Specific Excision Reagent cloning
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Figure 1. Overview of the r Abcc6 fusion protein constructs.

FLAG-tag
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y after C-terminus with TGLAT linker

l HRV C3 protease cleavage site

%k E1426Q mutation

A: Schematic representation of the membrane topology of rAbcc6 with the locations of the
fluorophores and tags. B: Schematic overview of the generated fusion proteins indicating the
positions where the mNeonGreen or mScarlet fluorophores were introduced. His10, FLAG
and HRV C3 protease cleavage sites are also depicted as is the mutation of the Walker B

catalytic glutamate residue (E1426Q).
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Figure 2: Expression of the rAbcc6 fusion proteinsin HEK 293 cells.
Immunoblot analysis showing relative protein levels of unmodified rAbcc6 and the rAbcc6

fluorescent fusion proteins in HEK293 cells. The polyclonal K14 rabbit anti-rAbcc6
antibody (1:3000x) and HRP-conjugated anti-rabbit secondary antibody (1:5000x) were
used to detect rAbccé.
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Figure 3: Subcellular localization of ther Abcc6 fusion proteinsin HEK 293 cells.
A: representative image of the subcellular localization of the wild type, unmodified rAbcc6

protein overexpressed in HEK293 cells by immunofluorescence with an 40X objective and
3X optical zoom. B-H: representative images of the subcellular localization of the
fluorescent fusion proteins by live cell confocal microscopy Panels B-E show the
localization of the green fluorescent rAbcc6 fusion proteins with an 60X objective and 3X
optical zoom (B: rAbcc6-mNG_ICL1; C: rAbcc6-mNG_ECL3; D: rAbcc6-mNG_bNBD1,;
E: rAbcc6-mNG_aNBD1. Panel F: rAbcc6F1426Q-mNG_aNBD1). Panels G and H show
representative images of the red fluorescent rAbcc6 fusion proteins (G: His10-
rAbcc6é_mSc_aNBD1; H: FLAG-C3-rAbcc6-mSc_aNBD1). All scale bars represent 30 pm.
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Figure 4. Functional analysis of the fluorescent r Abcc6 fusion proteins.
A: ATP efflux was followed in real time for 3 hours using a luciferase/luciferin-based

detection system. Data represent the mean of an experiment performed in quadruple. B: PPi
accumulation in 24-hour cell culture medium samples are given. Data are presented as mean
+/- SE of an experiment performed in quadruple. Representative examples of at least 2

independent experiments are shown in A and B.
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