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Nat/K*-ATPase (NKA) participates in setting electrochemical gradients, cardiotonic steroid
signaling, and cellular adhesion. Distinct isoforms of NKA are found in different tissues and
subcellular localization patterns. For example, NKA al is widely expressed, NKA a3 is enriched
in neurons, and NKA a4 is a testes specific isoform found in sperm flagella. In some tissues,
ankyrin, a key component of the membrane cytoskeleton, can regulate the trafficking of NKA. In
the retina, NKA and ankyrin-B are expressed in multiple cell types and immunostaining for each
is striking in the synaptic layers. Labeling for NKA is also prominent along the inner segment
plasma membrane of photoreceptors. NKA co-immunoprecipitates with ankyrin-B, but on a
subcellular level co-localization of these two proteins varies dependent on the cell type. We used
transgenic X. laevis tadpoles to evaluate the subcellular trafficking of NKA in photoreceptors.
GFP-NKA a3 and al localized to the inner segment plasma membrane, but a4 localized to outer
segments. We identified a VxP motif responsible for the outer segment targeting by using a series
of chimeric and mutant NKA constructs. This motif is similar to previously identified ciliary
targeting motifs. Given the structural similarities between outer segments and flagella, our
findings shed light on the subcellular targeting of this testes specific NKA isoform.
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INTRODUCTION

Na*/K*-ATPase (NKA) is the ubiquitously expressed sodium pump responsible for
maintaining electrochemical gradients across cellular membranes. It is one of the major
consumers of ATP in the body; ATP hydrolysis is coupled to the active transport of three
Na™ ions out, and two K* ions into the cell. NKA also serves as a receptor for cardiotonic
steroids and neuronal agrin, thus, is involved in a number of cellular signaling pathways (1-
3). Yet another distinct role for NKA is in cellular adhesion (4). For instance, in the retina,
NKA is the receptor for the secreted factor, retinoschisin (5, 6). Retinoschisin is a protein
disrupted in X-linked juvenile retinoschisis, a progressive degenerative disease characterized
by splitting of the layers of the retina and consequently decreased neurotransmission from
photoreceptors to bipolar cells (7). Given these diverse roles, it is not surprising that there is
heterogeneity in the composition and subcellular localization of NKA throughout the body.

NKA is a heteromeric multispanning membrane protein composed of a catalytic a subunit
and a heavily glycosylated 3 subunit. NKA 3 is necessary for proper assembly and
trafficking of the enzyme. In some tissues, a third regulatory subunit (y) belonging to the
FXYD family of proteins modulates the activity of the enzyme. There are four, three, and
seven genes for the a, & beta;, and y subunits respectively. The a subunits have overlapping
but distinct expression patterns that is likely important for supporting the subtly different
functions of the NKA subunits reflected by the diseases that manifest as a result of their
mutation. NKA al (encoded by ATP1A1) is the most widely expressed catalytic subunit.
Not surprisingly, the ATP1A1 knockout mouse is embryonic lethal (8). But more discrete
mutations in this gene can lead to aldosterone-producing adenomas and hypertension (9-11).
NKA a2 is enriched in cardiac muscle, skeletal muscle, and the brain; mutations in ATP1A2
are linked to migraine (12). NKA a3 is enriched in nervous tissue and mutations in ATP1A3
cause the movement disorders, rapid-onset dystonia parkinsonism or alternating hemiplegia
of childhood, type 2 (13, 14). NKA a4 is uniquely expressed in mammalian testes and
consequently is required for fertility (15-18). Multiple transcriptional and signaling
mechanisms converge to control the differential tissue expression of NKA (19-26).

NKA can also be controlled by differential subcellular localization in a cell-type specific
manner. This phenomenon may reflect differing signaling or cellular energy demands. In
epithelial cells lining the colon, NKA is found in the basolateral membrane and its principle
functions include ensuring vectorial Na* absorption and generating the driving force for the
activity of adjacent electrolyte transporters and ion channels (27). In sperm, NKA can be
found in the mid-piece and/or principle piece of the flagellar tail. This places the pump in
close proximity to the ATP generating mitochondria that spiral around the axoneme in the
mid-piece, and the cohort of ion channels that drive motility (16, 17, 28, 29). Another place
where NKA is in close proximity to mitochondria is in photoreceptors. NKA is restricted to
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the inner segment plasma membrane adjacent to the bulk of the mitochondria which are
clustered in an apical region of the inner segment known as the ellipsoid. In light, the major
source of energy consumption is the ciliary outer segment housing the phototransduction
cascade. But in the dark, neurotransmitter release from the synaptic terminal and the activity
of NKA in the inner segment are the major consumers of energy (30). The close proximity
of NKA to the bulk of the mitochondria would seemingly limit the amount of ATP available
to the synapse, but this potential problem is minimized by having some of the energy flow
from the inner segment to the synapse in the form of phosphocreatine (31). These examples
of NKA differential subcellular localization lead one to ask what controls the trafficking of
NKA in different cell types.

What is known about the trafficking of NKA relates primarily to early events in the
endomembrane system or tethering of the pump in the plasma membrane. For instance,
processing through the ER requires assembly of the aff heterodimer (32-34). This is a
common theme among integral membrane proteins, where improper assembly of catalytic
and accessory subunits serves as a checkpoint preventing efficient ER exit. Another protein
implicated in the trafficking of NKA is ankyrin, an adaptor between membrane proteins and
the spectrin-based membrane cytoskeleton (35-37). There are three ankyrin proteins, AnkR,
AnkB, and AnkG. In epithelial cells, a two-step model has been proposed whereby AnkR
guides the ER to Golgi trafficking of NKA (by binding directly to a1), then AnkG takes
over and guides NKA al from the Golgi to the plasma membrane (38). Once at adherens
junctions in the lateral membrane, NKA is tethered in place in a manner dependent on
glycosylation of the B1 subunit (39). At the junctional membranes of T-tubules found in
mature cardiomyocytes, AnkB organizes a signaling complex that includes NKA al and a2
(40, 41). In the brain, an interaction with AnkB and other components of the membrane
cytoskeleton may again come into play to tether NKA a2 or a3 in a Ca2* signaling
microdomain known as the junctional ER (42), but see (41). In the retina, AnkB has been
proposed to regulate the expression and possibly the trafficking of NKA (43). Other
mechanisms to control the trafficking of NKA are unknown and knowledge of how different
NKA isozymes may be processed in different cell types is lacking.

We sought to begin addressing this problem by evaluating AnkB as a candidate for
regulating the localization of NKA in photoreceptors. In the retina as a whole there is an
interaction between NKA and AnkB with the most striking colocalization in the synaptic
layers of the inner retina. In photoreceptors, NKA is restricted to the plasma membrane of
the inner segment but AnkB did not colocalize in that subdomain of the plasma membrane.
Therefore, we turned to examining the subcellular localization of different NKA a subunits
expressed in Xenopus laevis photoreceptors, a model system previously used in numerous
protein trafficking studies (44). We found that NKA a3 localized properly to the plasma
membrane of the inner segment when overexpressed in transgenic Xenopus photoreceptors
while NKA a4 localized to outer segments, a ciliary organelle structurally similar to the
flagella where a4 is normally expressed. Analysis of a series of a3/a4 chimeras and mutants
revealed a VxP motif within amino acids 1-14 of NKA a4 necessary for localizing the
protein to outer segments. This work expands the repertoire of potential mechanisms
contributing to differential subcellular localization of NKA isozymes.
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RESULTS

Multiple NKA isozymes consisting of al, a2, or a3 dimerized with 1, 2, or B3 are
expressed throughout the retina. Photoreceptors express a3f2 and a3p3 and the localization
of these transporters is restricted to the plasma membrane of the inner segment (IS) (45). To
identify factors controlling the localization of NKA in photoreceptors, we began by testing
for an interaction between NKA and AnkB as they have been previously reported to co-
localize along the plasma membrane of the photoreceptor inner segment (43, 46). We found
that NKA was co-immunoprecipitated with anti-AnkB antibodies; but the reciprocal
experiment did not demonstrate pull down of AnkB with anti-NKA antibodies (Fig 1A).
Next, we separated the retina into soluble and membrane protein fractions. The soluble
fraction was enriched in actin and GAPDH, while the membrane fraction retained NKA and
HCNZ1, an ion channel expressed throughout the retina. AnkB was greatly enriched in the
soluble fraction. Given that AnkB is a component of the membrane cytoskeleton it is
surprising that the lysis conditions used here (and in the IP experiments), resulted in the
apparent differential extraction of AnkB and NKA (Fig 1B). This observation prompted us
to revisit the immunostaining of AnkB and NKA in bovine retina. Using an antibody against
NKA that detects all the alpha subunits, robust labeling of the plasma membrane in
photoreceptor IS was seen. Labeling was also present in the lower sublamina of the OPL
where horizontal, bipolar and Muller glial processes reside. NKA was evenly distributed
throughout the inner retina (INL and IPL) as well as the nerve fiber layer. AnkB robustly
labeled the OPL, sublamina 1, 3, and 5 of the IPL, and the nerve fiber layer (Fig 1C). These
morphologically distinct sublaminae of the IPL represent synaptic connections between
different subtypes of bipolar, amacrine, and ganglion cells (47, 48). Surprisingly,
immunostaining for AnkB in photoreceptor IS was present but very weak.

An approach to surveying for protein expression across different retinal layers independent
of immunohistochemistry is serial tangential sectioning followed by Western blotting (49—
51). Using sections collected through mouse retina, NKA and AnkB were found in the same
sections, including those representing photoreceptor IS, synapses and inner retinal neurons
(Fig 2A). Sections representing the 1S and OPL layers were selected based on the
distribution of protein markers (i.e. sections 4 and 9 in Fig 2A). The densities of NKA and
AnkB bands from those sections were quantified and expressed as the NKA: AnkB ratio,
which was 10-20 fold higher in the sections containing photoreceptor IS versus synapses
(20.2 + 11.3 versus 1.1 + 0.1, respectively). These data do not support NKA localization in
the 1S via a stoichiometric interaction with AnkB.

Furthermore, immunostaining for AnkB in mouse retina generated a pattern similar to that in
the bovine retina. The highest intensity signals originated from the synaptic layers, followed
by staining around the photoreceptor nuclei, along the outer limiting membrane and in a
faint diffuse pattern within the IS layer. NKA co-localized with AnkB in the synaptic layers
(Fig 2B). At higher magnification, colocalization of NKA and AnkB in photoreceptor IS
was not apparent (Fig 2C). However, AnkB did co-localize with CRALBP, a Muller glial
cell marker, along the outer limiting membrane and in the IS layer (Fig 2D). We conclude
that AnkB is expressed in Muller glia and that this could confound the interpretation of
immunostained retinas since Muller glia and photoreceptors are densely packed.
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In order to visualize the subcellular localization of NKA and AnkB in individual retinal cell
types, mouse retinas were dissociated with a combination of gentle mechanical agitation and
papain digestion (52-54). The resulting isolated cell fragments were immunostained for
NKA and AnkB and identified by morphological criteria. With this procedure we obtained
photoreceptor fragments consisting of the myoid portion of the IS still attached to the
nucleus (Fig 3A-C) that labeled for both NKA along the membrane and AnkB in the interior
of the cell. This difference in subcellular localization of NKA and AnkB is more clearly
seen in line scans, where the normalized intensity for each channel along the length of lines
drawn perpendicular to the long axis of the myoid is plotted (Fig 3D). AnkB signals were
detected throughout the fragments of Muller cells that were obtained, but NKA staining was
not detected (Fig 3E-G). Note, the Muller glia span the retina from the microvilli
interdigitated around photoreceptor inner segments to the inner limiting membrane
separating the retina from the vitreous. Since the fragments do not encompass the entirety of
the cell, NKA in Muller glia may be localized to a subcellular domain not released in this
dissociation protocol. In neurons with bipolar morphology, AnkB and NKA labeling varied
according to subcellular domain. NKA labeled the periphery of the cell consistent with its
residence in the plasma membrane, although it was largely absent from synaptic terminals.
AnkB labeled the interior of the cell from dendrites to the axon with a strikingly robust
signal filling the entire synaptic terminal (Fig 3H-J).

In conclusion, NKA and AnkB are both expressed in diverse cell populations within the
retina. But co-localization varies depending on the cell type or subcellular compartment. In
intact photoreceptors, NKA is restricted to the IS plasma membrane, while AnkB labeling is
more prominent in the adjacent Muller glia microvilli. We cannot rule out that there is
additional AnkB in the photoreceptor IS that does co-localize with NKA, but if so, the
epitope must be masked for both the monoclonal and polyclonal antibodies that we tested
using a variety of fixation conditions (data not shown). For the next phase of this study, we
turned to an independent assay to search for trafficking motifs within NKA that contribute to
its unique localization pattern in photoreceptors.

The frog retina is a valuable model system for investigating protein localization in
photoreceptors due to the large size of the cells and the established protocols for rapidly
generating transgenic animals. Immunohistochemistry was used to verify that the expression
of NKA in photoreceptor inner segments and inner retina synaptic layers is the same
between amphibian and mammalian retinas (Fig 4A, B). Note that X. laevis photoreceptors
have numerous calycal processes that, depending on the plane of section, may appear to be
the plasma membrane at the outer segment base. However, these are microvillus structures
which are continuous with the plasma membrane of the inner segment and as such they
contain NKA. To determine if the unique concentration of NKA in photoreceptor inner
segments is determined by one or more features in the alpha subunit, we expressed several
N-terminally GFP-tagged NKA alpha subunits in transgenic X. laevis rods (Fig 4,
Supplemental Fig 1). A summary of all the constructs presented in this paper is provided
(Fig 9). The X. laevis sequences of NKA al and a3 were used but a4 is specifically
expressed in mammalian testes so we used the human sequence. GFP-NKA a3 localized to
the IS plasma membrane (ISPM). Since this is where endogenous NKA is found, we
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conclude that the placement of the GFP tag did not grossly interfere with targeting of the
protein (Fig 4C). Exogenous expression of GFP-NKA al also resulted in ISPM localization
(Fig 4D). The localization of GFP-NKA a4 differed. It was expressed at particularly low
levels but found in a punctate pattern within the outer segments (OS) (Fig 4E). This
suggested that in photoreceptors sequence-specific information dictates differential
localization of NKA a3 and a4.

NKA alpha subunits are highly conserved; a4 is the most divergent yet is still 76% identical
to a3. The transmembrane domain core and catalytic domains are the most similar whereas
the cytoplasmic N-terminus is less conserved (Supplemental Fig 2B—C). Therefore, we
constructed chimeric proteins in which the N-terminus of a3 and a4 were switched and
assessed their subcellular localization in transgenic X. laevis rods. GFP-a3 (1-82)/a4 was
found in the ISPM (Fig 5A), whereas GFP-a4 (1-88)/a3 was found in the OS membranes
(Fig 5B). Many protein trafficking determinants are linear motifs within intrinsically
disordered regions (55, 56). While crystal structures of NKA al are available, they do not
include the entire N-terminus (57). Therefore, we analyzed this region of NKA a3 and a4
using meta Protein DisOrder prediction System (58) which revealed that only the first ~40
amino acids of NKA are intrinsically disordered (Supplemental Fig 2D). To test if this
region is involved in setting the differential localization, a set of chimeras with this region
exchanged were analyzed. GFP-a3 (1-38)/a4 and GFP-a4 (1-44)/a3, were localized in
patterns opposite to that of the parent constructs demonstrating that the targeting information
lies within the intrinsically disordered region (Fig 6A-B). A subsequent pair of chimeras
with only 24 amino acids substituted, GFP-a3 (1-24)/a4 and GFP-a4 (1-24)/a3, was
generated and found to also have reversed localization patterns compared to the parent
constructs (Fig 6C-D). A final pair of chimeras, GFP-a3 (1-14)/a4 and GFP-a4 (1-14)/a3,
revealed that the amino acid motif responsible for differential localization was contained
within the first 14 amino acids (Fig 6E-F).

From the chimeric proteins described above, it is not possible to determine if exchanging
amino acids 1-14 resulted in a loss-of-inner segment or gain-of-OS targeting. To address this
point we used deletion constructs. Deleting the first 14 amino acids from GFP-NKA a3 did
not alter its ISPM localization (Fig 7A). However, deleting the corresponding region from
GFP-NKA a4 resulted in ISPM localization, indicating that this region contains a gain-of-
OS targeting motif (Fig 7B). To pinpoint this motif, we examined sequence alignments of
NKA a3 and a4 for residues or patterns unique to a4. Curiously, NKA a4 includes a
sequence reminiscent of rhodopsin’s C-terminal VxPx ciliary targeting motif (59) (Fig 8A).
We made point mutants of those residues and found that GFP-a4 V10A, P12A lost OS
localization (Fig 8B). Mutating either valine or proline individually also disrupted OS
localization (Fig 8C,D). NKA a3 contains a valine in the same relative position as NKA a4
V10 but not a proline. Mutation of NKA a3 T13P to introduce a “VxP” motif was
insufficient to change the localization of GFP-NKA a3 from the ISPM (Fig 8E). This
finding, along with the observation that the GFP-NKA a4 (1-14)/a3 chimera (Fig 4E) was
the only chimera to have any detectable localization to the ISPM suggested that something
within amino acids 15-24 has a secondary influence on trafficking of NKA. NKA a4
contains a series of regularly spaced prolines (P12, P17, P21) in this region which we
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hypothesized could influence the function of the VxP motif. GFP-NKA a4 P17A, P21A
localized to the OS, indicating that those amino acids are not necessary (Fig 8F). Note, this
construct is partially localized in the interior of the IS. Another possible explanation for the
insufficiency of adding a VxP to NKA a3 is that the VxP motif is countered by the action of
ISPM targeting information elsewhere in NKA a3. We tested if such information might be
within residues 15-24 or the entire first 44 amino acids of NKA a3 by deleting those blocks
of amino acids. In either case, ISPM targeting remained intact (Fig 8G-H).

Altogether, this series of experiments reveals information regarding two different aspects of
NKA trafficking. First, a VXP motif in NKA a4, not present in NKA a3, is minimally
necessary for targeting to a ciliary organelle but there is additional sequence and/or
structural information within the first 24 amino acids of NKA a4 that influences its activity.
Secondly, there is one or more “ISPM targeting” motifs shared by both NKA a3 and NKA
a4 downstream of amino acid 44, in the more highly conserved regions of these proteins.

DISCUSSION

There are two main findings coming from this study. The first is that within the retina the
colocalization of NKA and ankyrin B varies in a cell type and subcellular domain-dependent
manner. Our results indicated that ankyrin is unlikely to play a role in the trafficking of
NKA specifically in photoreceptors. Second, we found a VXP motif in the a4 subunit of
human NKA that directs its localization to outer segments when expressed in
photoreceptors. We propose that this reveals an aspect of the normal targeting of NKA a4 in
sperm flagella because both sperm flagella and photoreceptor outer segments are ciliary
organelles. Altogether, this work emphasizes the concept that there are multiple mechanisms
used differently in specific cell types to control the subcellular localization of NKA
isozymes.

In some cell types, ankyrin plays a prominent role in the localization of NKA. Ankyrin (R,
B, and G) are large proteins with multiple isoforms and many protein binding partners. They
function as adaptors between the spectrin based membrane cytoskeleton and a large number
of diverse membrane receptors, ion channels, and adhesion molecules (60, 61). Binding
between ankyrin and NKA was first shown in kidney epithelial cells (37). NKA and AnkB
specifically, are most clearly associated in ventricular cardiomyocytes where NKA in the T-
tubule is part of a Ca2* signaling complex used to regulate contraction. Contraction requires
the activation of L-type voltage gated CaZ* channels in the sarcolemma which trigger Ca2*
release from the sarcoplasmic reticulum. In order for the muscle to relax, the Ca?* must be
cleared and this is handled by the Ca?* pump, SERCA2, and the Na*/Ca?* exchanger,
NCX1. AnkB is an organizer of this complex, tethering NKA in close proximity to NCX1 to
maintain the high extracellular Na* concentration in this microdomain that is required for
the exchanger to function. Both NCX1 and NKA are absent from the T-tubule with reduced
expression of AnkB (62). In the brain, a similar role for AnkB organizing NKA and NCX1
at junctional membranes has been debated (41, 42).

In photoreceptors, previous reports demonstrated co-localization of NKA and AnkB along
the plasma membrane of the inner segment and throughout the synaptic layers (43, 46).
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Here, using two different commercially available antibodies, we also detect AnkB in
multiple synaptic layers of the retina and in Muller glial cells, but not along the plasma
membrane of the photoreceptor inner segment. We used different antibodies to detect AnkB
compared to the previous studies. Therefore, the discrepancy could be explained if the
epitopes for the antibodies used here are masked in AnkB localized along the photoreceptor
inner segment plasma membrane. Alternatively, it is possible that a specific splice isoform
of AnkB only detectable with the antibody used in the previous studies co-localizes with
NKA in photoreceptors. To resolve this conundrum, a thorough characterization of the
AnkB splice isoforms expressed in the various retinal cells would be very helpful. The
recent demonstration that Drop-seq, a method for obtaining single-cell transcriptomes, can
be used to identify different cell types in the mouse retina provides encouragement that such
information will soon be available (63).

The consistent, robust, labeling of retinal synapses with anti-AnkB antibodies is striking
(this study and (43, 46)). AnkB labeling is present in both the OPL (site of synaptic contacts
between photoreceptors, bipolar cells, and horizontal cells) and in the IPL (site of synaptic
contacts between bipolar, amacrine and ganglion cells). Within the IPL, AnkB labeling was
seen in multiple sublaminae such that it could be present in both ON and OFF bipolar cells,
including types 1, 2, 5a, 5b, 9 and/or rod bipolar cells (47). This is supported by the
observation of AnkB labeling of synapses in isolated retinal neurons with bipolar
morphology. Ankyrin is known to participate in synaptic biology, though its exact roles
there are still being elucidated. In the Drosophila neuromuscular junction, it has been
demonstrated that a giant ankyrin is required for both synaptic assembly and stability (64—
66). In cultured mammalian neuronal cells, G stimulated neurite formation is dependent
on the presence of AnkB and AnkG (66). Furthermore, variations in AnkG are linked to
psychiatric disorders and recently AnkG has been found to have a dynamic role in shaping
dendritic spines in addition to its more well-known role in clustering voltage-dependent
sodium channels at the axon initial segment (61, 67). Future studies will hopefully elucidate
the contributions synaptic ankyrins make to vision.

In order to find new clues about the trafficking of NKA we turned to a model system that
has been particularly fruitful in elucidating various aspects of protein targeting. Xenopus
laevis tadpoles offer several advantages for studying protein targeting, including large
photoreceptors that are straightforward to image, ease of generating transgenic animals, and
rapid development. We first confirmed that GFP-tagged NKA a3 localized correctly when
over-expressed in rod photoreceptors under the control of the strong XOP promoter. GFP-
NKA a3 localized as expected to the ISPM and since trafficking to the plasma membrane in
other cells is known to be dependent on the formation of an NKAaf heterodimer, this
indicates that the GFP-tagged a efficiently co-opted endogenous {3 subunit. The only
difference between the endogenous NKA and GFP-NKA a3 was that GFP-NKA a3 was
additionally detected throughout the plasma membrane of the synapse. This may be a
consequence of overexpressing NKA. GFP-NKA al localized as did a3 consistent with
their high degree of identity. In contrast, GFP-NKA a4 exogenously expressed in
photoreceptors localized to the ciliary outer segment. There, its appearance was remarkably
punctate; often giving the outer segments a damaged appearance even though they were
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intact at the light level. Possibilities for this phenomenon include that the GFP-NKA a4
formed aggregates, was concentrated into the disc rims, or was in fact damaging to the OS
membrane as its catalytic functions were presumably intact. Regardless, this observation
provided the opportunity to search for trafficking motifs by analyzing the targeting behavior
of chimeric a subunits. With this strategy we determined that a VxP motif in the disordered
N-terminus of NKA a4 was necessary, though not sufficient, for outer segment localization.

The VxP motif in NKA a4 is similar to other ciliary targeting motifs, notably the C-terminal
VxPx motif in rhodopsin and the N-terminal RVxP motif in polycystin-2 (59, 68, 69). While
photoreceptors can serve as a good model for other ciliary structures, they do have a
uniquely elaborated membrane domain which could confound the issue. For instance, many
non-targeted membrane proteins accumulate in outer segments when exogenously expressed
in photoreceptors. This phenomenon is particularly striking in X. laevis rods, where OS
targeted and non-targeted localization patterns can appear identical (70). In the smaller OS
of mice this is less of a problem since non-targeted membrane proteins are approximately
equally distributed throughout the entire cell, including the OS (71). We conclude that the
VxP motif in NKA a4 is necessary for active targeting to this ciliary compartment because
the constructs with the VxP matif absent were found exclusively in the ISPM which would
not be the case if they had simply become non-targeted. The VxP motif in human NKA a4
is remarkably conserved across the majority of mammalian species (Supplemental Figure 3).
But it is not invariant. This is most notable in the rodents, though many just have an extra
amino acid separating the critical valine and proline (VxxP vs. VxP). Given that this is an
intrinsically disordered region, this spacing difference is unlikely to have a large impact on
subcellular targeting. Ultimately, verification of the contribution that the VxP motif makes
in flagellar targeting of NKA a4 will be challenging as there is little to no active
transcription or translation in sperm (72). The best way to test the necessity of the VxP motif
in sperm may be to replicate some of the experiments presented here using transgenic mice.

In conclusion, we predict that the identification of the VxP-dependent outer segment
targeting of NKA a4 reflects a mechanism at play in sperm flagella where NKA a4 is
endogenously expressed. This is just the tip of the iceberg when it comes to unraveling the
mechanisms controlling the differential subcellular localization of the various NKA
isoforms in all the cell types in which they are expressed, with this finding as an important
initial step.

MATERIALS AND METHODS

Protein Biology

Frozen bovine retinas (Lawson) were homogenized in IP buffer (50 mM Tris, pH 7.3, 10
mM NacCl, 0.32 M sucrose, 5 mM EDTA, 2.5 M EGTA, 1 mM PMSF) supplemented with
protease inhibitor cocktail (Complete, Roche) and clarify by centrifugation at 1,000 x g for
10 minutes. Immunoprecipitations were carried out with 1 mg of lysate and 5 ug of either
mouse a-NKA (M7-PB-E9, Santa Cruz), mouse a-NKA a3 (XVIF9-G10, Thermo
Scientific), mouse a-Ankyrin B (clone N105/13, NeuroMab), or mouse 1gG (Sigma)
incubated with 1.5 mg Protein G Dynabeads (Life Technologies) for 2 hour. The beads were
washed in PBS and eluted in LDS sample buffer. IP with each precipitating antibody were

Traffic. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Laird et al.

Page 11

replicated at least twice. For retina fractionation experiments the retinas were depleted of
photoreceptor outer segments by gentle shaking in Buffer A (50% sucrose, 10mM HEPES,
pH7.4, ImM EDTA, 5mM MgCl,) supplemented with protease inhibitor cocktail. After
centrifugation at 13,000 x g, 1hr the pelleted retina was resuspended in Buffer A without
sucrose. A centrifugation step at 750 x g for 10 min was used to clarify the lysate. The
“total” lysate was then centrifuged at 100,000 x g for 1h to separate soluble proteins from
membranes and 20 ug of total protein from each fraction were analyzed by Western blotting.
Serial tangential sectioning of mouse retinas followed by Western blotting was performed as
previously described (49, 50). Three independent sets of retinal sections were blotted for
NKA, AnkB and markers for photoreceptor OS and IS. Antibodies for Western blotting
were used as follows: mouse a-NKA (1:1000, M7-PB-E9, Santa Cruz), rabbit a-HCN1
(1:2500,(73)), mouse a-actin (1:1000, AC-74, Sigma), rabbit a-GAPDH (1:250, Abcam),
mouse a-Ankyrin B (1:1000, clone N105/13, NeuroMab), rabbit a-rod transducin, T
(K-20, Santa Cruz), rabbit a-arrestin (PA1-731, Thermo Fisher), and a-Rom-1 (a gift from
Dr Andrew Goldberg).

Molecular Biology

All transgenic constructs were created using standard PCR protocols in order to fuse GFP to
the N-terminus of the NKA isoform or mutant, then subcloned into the Agel and Notl sites
of the XOP5.5 vector. This vector contains a Xenopus rhodopsin promoter used to drive rod
photoreceptor specific expression (74). Constructs were verified with Sanger sequencing
(lowa Institute of Human Genetics, University of lowa). Sequences of plasmid inserts and
primers are available on request. The cDNAs used as templates for cloning the various
constructs included Xenopus laevis ATP1a3 (BC043743), Xenopus laevis ATPlal
(NP_989407.1), and Homo sapiens ATP1a4 (BC094801) were all purchased from Open
Biosystems.

Animals and Transgenesis

Mice (C57/BI6J) were obtained from The Jackson Laboratories. Adult Xenopus laevis were
obtained from Nasco and maintained by the Office of Animal Research at the University of
lowa. All experiments were approved by the Institutional Animal Care and Use Committee
and adhered to the ARVO guidelines for animal use in vision research. Transgenic Xenopus
tadpoles were generated using restriction enzyme mediated integration (REMI) as
previously described (75). Briefly, egg laying was stimulated with injections into the dorsal
lymph sac of 200U of pregnant mare serum gonadotropin followed 3-5 days later by 500U
of human chorionic gonadotropin (Prospect). Transgenic nuclei generated using the REMI
reaction were transplanted into dejellied eggs maintained in 6% Ficoll, 0.4x Marc’s
Modified Ringer (MMR) (1x MMR is 100 mM NaCl, 2 mM KCL, 1 mM MgCl,, 2 mM
CaCly, 5 mM HEPES, pH 7.4) through Stage 7. Embryos were switched to 4% Ficoll, 0.3x
MMR then maintained in 0.3x MMR post-gastrulation. At St 42 transgenic tadpoles were
identified by screening for GFP expression in the eye and then transitioned into 0.1% Instant
Ocean sea salt. Tadpoles were humanely euthanized between St 45 and 55 by immersion in
0.2% tricaine prior to processing for immunohistochemistry.
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Immunohistochemistry

Transgenic tadpoles were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) in
Frog Ringer (115 mM NaCl, 2 mM KCI, 1 mM CaCl,, 1 mM MgCl,, 5 mM HEPES, pH
7.4) for 45 min, cryoprotected in 30% sucrose, and frozen in Tissue-Tek O.C.T (Electron
Microscopy Sciences). Sections collected on charged glass slides were permeablilized in
0.5% Triton X-100, blocked with 5% goat serum and 0.5% Triton X-100 in PBS, incubated
in mouse a-GFP antibodies (4C9 supernatant diluted 1:5, Developmental Hybridoma
Studies Bank). Tissue sections were incubated in secondary goat a-mouse antibodies
conjugated to Alexa 568 (Life Technologies) mixed with 2 pg/mL Hoechst 33342 (Life
Technologies) to label the nuclei. Bovine or mouse retina was fixed in 4%
paraformaldehyde in PBS for 15 min or 45 min and frozen in OCT. Isolated retinal cell
fragments were obtained using the Worthington Papain Dissociation System according to
instructions from the manufactor (Worthington Biochemical Corporation). Isolated cell
fragments were fixed in 4% paraformaldehyde in PBS for 45 min, and allowed to settle onto
a chambered slide overnight at 4°C prior to immunostaining.

The following antibodies were used for immunostaining: mouse a-NKA (1:1000, M7-PB-
E9, Santa Cruz), rabbit a-Ankyrin B (1:500, H-300, Santa Cruz), mouse a-Ankyrin B
(1:100, clone N105/13, NeuroMab), rabbit a-CRALBP (1:50, H-100, Santa Cruz). Images
were collected using a Zeiss 710 confocal microscope (Central Microscopy Research
Facility, University of lowa). Manipulation of images was limited to adjusting the brightness
and contrast levels using Zen Light 2009/2012 (Carl Zeiss Microscopy) or Photoshop
(Adobe Systems Inc.). A minimum of three individual transgenic tadpoles were studied for
every DNA construct.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ONL outer nuclear layer
OPL outer plexiform layer
INL inner nuclear layer
IPL inner plexiform layer
GC ganglion cell layer
NFL nerve fiber layer
ank ankyrin
AnkB ankyrin-B
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Figure1l. NKA and AnkB in bovineretina
A) Co-immunoprecipitations from bovine retinal lysates, blotted for NKA and AnkB. Either

anti-NKA antibodies (upper panel) or anti-AnkB antibodies (lower panel) alongside IgG as a
negative control were used as the precipitating antibodies. B) Bovine retina, after depletion
of photoreceptor outer segments and nuclei, separated into soluble versus membrane
fractions. Membrane fraction verified by blotting for NKA and HCNZ1, soluble fraction
verified by blotting for actin and GAPDH. AnkB was enriched in the soluble fraction. C)
Double labeling of bovine retina with antibodies against NKA (green) and AnkB (red).
Scale bar is 20 um and nuclei labeled with Hoechst in merged images in C and D.
Abbreviations: OS, outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GC, ganglion cell
layer; NFL, nerve fiber layer.
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Figure 2. NKA and AnkB localization in mouseretina

A) Serial tangential sections through a dark-adapted mouse retina blotted for AnkB, NKA,
arrestin (marker for photoreceptor IS, soma, and synapse), transducin alpha (Ta) (marker for
0S) and Rom-1 (marker for OS). AnkB and NKA are present in the same sections
throughout the retina. B, C) Double labeling of mouse retina with antibodies against NKA
(red) and AnkB (green) or D) CRALBP (red) and AnkB (green). Scale bar is 20 pm (B-D),
abbreviations as in Fig 1; OLM is outer limiting membrane, the band of adherens junctions

between Muller glia and photoreceptor inner segments.
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Figure 3. NKA and AnkB localization in dissociated mouseretina cell fragments
Immunostaining for AnkB (red) and NKA (green) in cellular fragments identified by

morphology. The schematic in (K) places the images of the cell fragments shown in (A-J) in
context of their original location in intact retina. Al"!"—C!"!l!) Three examples of isolated
photoreceptor inner segments (myoid) attached to the soma containing the nucleus. AnkB
labeling is interior to the NKA labeling, as seen in the merged images (C'"'") and line scan
plots (D'!!") where the normalized signal intensity of AnkB (red, dashed line) and NKA
(green, solid line) along the length of lines arbitrarily drawn perpendicular to the long axis
of the photoreceptor myoid (yellow lines in C-!") is plotted. E-G) Fragment of a Muller
glial cell; identified by the thick diameter, length, and numerous small processes. AnkB
labeled the entirety of this fragment, but NKA was not detected. Asterisk indicates isolated
nuclei from broken rod photoreceptors identified by the unique central condensation of
heterochromatin (C,G,J). H-J) Bipolar neuron as identified by tufts of dendrites adjacent to
the nucleus, long axon and large synapse. AnkB labeling is interior to the NKA labeling in
the dendrites, soma, and axon; AnkB but not NKA was enriched in the synaptic terminal.
Scale bar is 5 um for each set of panels.
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Figure4. Expression of NKA in X. laevis photor eceptor s
A, B) Immunohistochemical labeling for NKA (green) in adult Xenopus laevis retina B)

higher magnification of labeled photoreceptors shown adjacent to transmitted light image.
Transgenic X. laevis tadpoles expressing C) GFP-NKA a3, D) GFP-NKA al, or E) GFP-
NKA a4 in rods. Nuclei labeled with Hoechst. Abbreviations: OS, outer segment; IS, inner
segment; CP, calycal processes; ONL, outer nuclear layer; N, nuclei; OPL, outer plexiform
layer; ST, synaptic terminal; INL, inner nuclear layer; IPL, inner plexiform layer; GC,
ganglion cell layer.
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Figure 5. The N-terminus of NKA alpha subunits contains tar geting information
A) A GFP-tagged chimera consisting of amino acids 1-82 from a3 and 89-1029 from a4

localizes to the ISPM. B) The complimentary chimera consisting amino acids 1-88 from a4
and 83-1025 from a3 localizes to OS. Nuclei labeled with Hoechst. Abbreviations: OS,
outer segment; IS, inner segment; N, nuclei; ST, synaptic terminal. Scale bars are 5 pm.
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Figure 6. Targeting information iswithin thefirst 14 amino acids of NKA
GFP-tagged chimeras containing the N-terminus of NKA a3 localize to the ISPM, A) amino

acids 1-38 from a3 and 45-1029 from a4, C) 1-24 from a3 and 23-1029 from a4, E) 1-14
from a3 and 13-1029 from a4. GFP-tagged chimeras containing the N-terminus of NKA a4
localize to the OS, B) amino acids 1-44 from a4 and 39-1025 from a3, D) 1-24 from a4 and
25-1025 from a3, F) 1-14 from a4 and 15-1025 from a3. Nuclei labeled with Hoechst,
abbreviations and scale bars as in Figure 4.

Traffic. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Laird et al. Page 24

Figure 7. Thefirst 14 amino acids of NKA a4 arerequired for outer segment localization
A) Deleting the first 14 amino acids from NKA a3 does not prevent ISPM localization. B)

Deleting the first 14 amino acids from NKA a4 results in ISPM localization. Nuclei labeled
with Hoechst, abbreviations and scale bars as in Figure 4.
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Figure 8. Identification of individual residuesrequired for outer segment localization of NKA a4
A) Alignment of the N-terminal amino acids from Xenopus NKA a3 and human NKA a4;

dashed line indicates sequence required for OS localization, triangles indicate a VxP motif,
red asterisks indicate other residues mutated in the following panels. Color coding of amino
acids: green, small polar; purple, polar; white, hydrophobic; blue, positively charged; red,
negatively charged; brown, proline. B) Mutations, V10A and P12A results in ISPM
localization of NKA a4. The individual mutations, V10A (C), or P12A (D) have the same
affect. E) The T13P mutation in NKA a3 introducing a VXP motif was insufficient to
change ISPM localization. F) Mutation of prolines 17 and 21 downstream of the VxP motif
in NKA a4 did not prevent OS targeting. Deletions of amino acids G) 15-24, or H) 1-44 in
NKA a3 did not prevent ISPM targeting. Nuclei labeled with Hoechst, abbreviations and
scale bars as in Figure 4.
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Figure 9. A summary of the design and targeting behavior of all constructs expressed in
transgenic Xenopus photor eceptors

The linear arrangement of sequence motifs in NKA are shown on top. Xenopus laevis NKA
a3 is shown in orange, human NKA a4 is shown in black, red asterisks indicate individual
amino acid substitutions. Abbreviations: TMD, transmembrane domain; ISPM, inner
segment plasma membrane; OS, outer segment.
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