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Abstract

We have previously reported that SAP97 enhancement of hKv1.5 currents requires an intact Kv1.5 N-terminus and is independent of
the PDZ-binding motif at the C-terminus of the channel [J. Eldstrom, W.S. Choi, D.F. Steele, D. Fedida, SAP97 increases Kv1.5 currents
through an indirect N-terminal mechanism, FEBS Lett. 547 (2003) 205-211]. Here, we report that an interaction between the two pro-
teins can be detected under certain conditions but their interaction is irrelevant to the enhancement of channel expression. Instead, a
threonine residue at position 15 in the hKv1.5 N-terminus is critically important. Mutation of this residue, which lies within a consensus
site for phosphorylation by protein kinase C, to an alanine, completely abrogated the effect of SAP97 on channel expression. Although
we were unable to detect phosphorylation of this residue, specific inhibition of kinase C by Calphostin C eliminated the increase in wild-
type hKvl1.5 currents associated with SAP97 overexpression suggesting a role for this kinase in the response.

© 2006 Elsevier Inc. All rights reserved.
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Precise targeting and anchoring of ion-channels and
receptor proteins to specific micro-domains of cellular
membranes are important for efficient intercellular commu-
nications and signal transduction in all excitable cells. The
underlying mechanisms which govern post-translational
sorting, trafficking, clustering, anchoring, and organization
of these molecules have only recently begun to be unrav-
eled [2-5]. Voltage-gated K" channels are the most diverse
class of ion-channels that regulate the electrical properties
of excitable cells. Different classes of Kv channels are tar-
geted differentially in their cellular environments. For
example, Kv1.1 and Kvl1.2 localize to the juxtaparanodal
regions of myelinated axons, while Kvl.4 is present on
axonal shafts of certain neurons [6,7]. Similarly, a restricted
regional distribution of Kv channels contributes to varia-
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tions in the shape and durations of the action potentials
in cardiac myocytes [8-10].

A family of PDZ-domain containing modular proteins
termed MAGUKs (membrane-associated guanylate
kinases), which includes PSD95 and SAP97, has recently
emerged as important players in the trafficking and cluster-
ing of various Kv1 channels[11,12]. Both PSD95 and SAP97
bind to the same extreme C-terminal sequence (xS/TxV) in
many Kvl subunits via their PDZ-domains. PSD95 clusters
with Kv1 channels on the cell surface but SAP97 interacts
with most Kv1 channels in the cell interior, preventing the
forward trafficking of those channels [12,13].

We have recently uncovered an additional PSD95-inter-
acting domain near the T1 domain in the N-terminal seg-
ment of hKvl.5 and found that its co-localization with
PSD95 at the surface of HEK293 cells was independent
of the canonical PDZ-binding motif [14].

We and others have previously shown that SAP97 co-
expression with Kv1.5 significantly enhanced the currents
through the channel [1,15-17]. We found also that the
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increase in currents depends on the N-terminal region of
Kvl.5 rather than on the PDZ-binding site at the C-termi-
nus [1]. In this study, we have further investigated this phe-
nomenon in order to narrow down the important residues
in the N-terminal region and to gain insight into the possi-
ble mechanisms behind this phenomenon.

Materials and methods

Generation of N-terminal hKvl.5 deletion constructs. All of the con-
structs described in this study were in the pcDNA3 vector (Invitrogen) and
were derived from the hKvl.5 cDNA. hKv1.5A92 and hKv1.5A19 were
cloned into pcDNA3 from pET42 clones previously constructed [18].
Other deletion mutants were made by standard PCR-based methods.
T7-tagged constructs were made by ligation into T7-a(+)pCDNA3 con-
structed by us as described earlier [1]. For tetracycline-induced expression
of T7-hKvl.5, the tagged channel was sub-cloned into pCDNA4/TO
(T-Rex, Invitrogen).

Cell lines, transfections, and preparation of cell lysates. A clonal
HEK293 cell line, expressing Kv1.5A92 was obtained by transfecting
(Lipofactamine 2000), selecting the G418 resistant colonies (500 pg/ml)
and serially diluting them. Cell lysates were prepared as previously
described [19]. Fifty millimolar NaF was routinely included to inhibit
phosphatases. Protein concentrations were determined by Lowry’s method
(TP0300, Sigma).

Co-immunoprecipitations and electrophoresis. All steps were carried out
at 4°C. Lysates were pre-cleared with 17 pl of 1:1 slurry of Protein
G-Agarose beads (Roche) for 4 h, centrifuged at 16,000g for 4 min and the
supernatants saved. Anti-PSD95 family-specific antibody (K28/86.2,
Upstate) was added (4 pg) to the supernatants (or without it in the con-
trols) and gently mixed overnight. The immune-complexes were collected
by adding 30 pl of Protein G-Agarose beads for 4 h, centrifuging 4 min at
16,000g, washing with 3 x 30 min with 600 ul of the lysis buffer and
spinning as above. The beads were suspended in 45 ul of SDS-containing
buffer, heated at 95 °C for 5 min, centrifuged, and electrophoresed in 10%
SDS-PAGE. The blots (Hybond, Amersham) were probed with an anti-
T7 monoclonal antibody (Novagen) (1:6667, 1 h at room temperature)
and HRP conjugated, goat anti-mouse secondary antibody at 1:10,000
(Zymed). Protein bands were visualized using an enhanced chemilumi-
niscent reagent (Perkin-Elmer).

Phosphothreonine detection. T7-tagged hKvl.5 was immunoprecipi-
tated using anti-T7 monoclonal antibody (Novagen) from cell lysates,
which included 100 nM Calyculin as a serine/threonine phosphatase
inhibitor, followed by Western blot analysis. The blots were probed with
three different anti-phosphothreonine antibodies from a Phosphothreo-
nine Detection Kit (Calbiochem) and the protein bands were visualized by
chemiluminiscence as before.

Electrophysiological procedures. Procedures were as previously descri-
bed [14]. Statistically significant differences were determined using a two-
tailed Student’s 7 test.

Results

T7-hKvl.5 co-immunoprecipitates with SAP97 after
transient co-transfection but not from stable lines

We have previously established that SAP97 enhances
Kvl.5 currents by about twofold in an HEK 293 cell line
stably expressing hKv1.5 [1]. Unlike others [15,17,20], we
could find no evidence of a direct interaction between the
two proteins. They could not be co-immunoprecipitated
from rat cardiac myocytes or HEK cells and immunocyto-
chemistry/confocal microscopy of rat ventricular myocytes

showed that while Kvl.5 was enriched at the intercalated
disks, SAP97 failed to colocalize and was instead largely
distributed along Z lines [1]. We therefore concluded that
the currents were enhanced by an indirect mechanism. In
an attempt to understand the differences between our
results and those of others, we have repeated our experi-
ments in a double transient system, wherein both SAP97
and hKvl.5 were co-transfected into HEK293 cells, in par-
allel with experiments in which SAP97 was transfected into
an HEK?293 cell line stably expressing hKv1.5. As in the
stable lines, co-transfections consistently yielded significant
increases in Kv1.5 current densities, analyzed 12-16 h after
transfection (Figs. 1A and B). Mean current densities were
about twofold higher in the presence of SAP97 compared
to control (control 0.78 +0.13 nA/pF; +SAP97 1.5+
0.032 nA/pF at +40 mV). Also as in hKvl.5 stable lines
[1], channel activation and inactivation kinetics were unaf-
fected by SAP97. These results are in agreement with pre-
vious results from a stable HEK 293 cell line, as well as
from transiently transfected CHO cells, LM6 cells, and
from Xenopus oocytes [1,15,17].

Fig. 1C (top panel) shows the expression of T7-tagged
hKvl1.5 protein in transiently transfected HEK cells (lanes
1 and 2) and from a stable line (lanes 3 and 4), when trans-
fected alone or with SAP97. Two bands straddling
~83 kDa were observed, representing differentially pro-
cessed forms of Kv1.5 as we have shown previously [14].
A widely used PDZ-domain-specific monoclonal antibody
(anti-PSD95 family, K28/86.2) that recognizes SAP97
[15,20] was used in co-immunoprecipitation experiments
from cell lysates of both transiently transfected cells with
T7-hKvl.5 and stable T7-hKv1.5 cell lines. Fig. 1C (middle
and lower panels) shows that specific co-immunoprecipita-
tion of T7-hKvl.5 with SAP97 occurred in the transiently
transfected cells but not in the stable line. Interestingly,
only the smaller of the two bands (~75 kDa), which likely
represents an unglycosylated form of T7-hKvl.5 [14], was
present in the co-immunoprecipitates.

Co-immunoprecipitation of T7-hKvl.5 with SAP97 in a
tetracycline-regulated expression system

That only transiently expressed hKv1.5 co-immunopre-
cipitates with SAP97 is surprising. Perhaps transiently
transfected cells express extraordinary amounts of the
channel and thus allow detection of a very weak or artifac-
tual interaction. To test whether the co-immunoprecipita-
tion of T7-hKvl.5 with SAP97 was related to the
expression level of the channel protein, we expressed
hKvl.5 in a tetracycline-regulated expression system
(T-Rex, Invitrogen). T7-hKv1.5 expression in freshly trans-
fected HEK cells was modulated by incubation with differ-
ent concentrations of tetracycline for 48 h and cell lysates
were then prepared and analyzed for T7-hKv1.5 expression
(Fig. 2, top panel). In the absence of tetracycline (lane 1),
very little T7-hKvl.5 expression was observed. T7-
hKvl.5 protein expression increased with increasing
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Fig. 1. SAP97 enhances the hKvl.5 currents in transiently transfected HEK293 cells. hKv1l.5+pGFP (control) or hKvl.5+SAP97-GFP were co-
transfected (1.5 pg each DNA + 3 ul of Lipofactamine 2000) and the whole cell currents were measured after 12-16 h, using a pulse protocol described
before [1]. Current traces from a representative example are given (A). Current densities (nA/pF) at +40 mV from control cells and in the presence of
SAP97 are shown as mean + SEM (B). Expression of T7-hKv1.5 in transiently transfected cells (lanes 1 and 2) and in a stable HEK293 line, which was
expressing T7-hKv1.5 (lanes 3 and 4) (C). Three micrograms of protein from lysates in the absence (lanes 1 and 3) or in the presence of co-transfected
SAP97 (lanes 2 and 4) were subjected to 10% SDS-PAGE and probed with anti-T7 monoclonal antibody. Double bands of T7-hKvl1.5 protein were
observed ~83 kDa (top panel). Co-immunoprecipitations of T7-hKv1.5 with SAP97 in these lysates (200 pg protein) were carried out by anti-PSD95

family-specific antibody and the blots probed as above.
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Fig. 2. Tetracycline-regulated expression of T7-hKvl.5 and its
co-immunoprecipitation with SAP97. T7-hKv1.5-pCDNA4/TO was
co-transfected with tetracyclin repressor (pPCDNA6/TR) and SAP97
(1:6:1). Twenty four hours later, tetracycline-HCI was added in the
medium at different final concentrations (0-1000 ng/ml) and analyzed 42—
48 h later. Expression of T7-Kv1.5 by Western blotting (3 pg protein) (top
panel) and its co-immunoprecipitation with SAP97, using the anti-PSD95
family antibody at different doses of tetracycline (lanes 1-7) (middle panel)
were carried out as described in Fig. 1. The blot in the top panel was re-
probed with anti-B-actin monoclonal antibody (Abcam, 1:20,000) as an
internal control protein (lower panel).

tetracycline, approaching saturation at about 1000 ng/ml
(lanes 2-7). Both the immature and fully processed forms
of T7-hKv 1.5 proteins were evident at higher doses (50—
1000 ng/ml), while at lower doses (2.5-10 ng/ml), only the
mature protein band was observed.

We tested whether the T7-hKv1.5 protein at the various
expression levels could co-immunoprecipitate with the
SAP97. Once again, only the smaller of the two
T7-hKvl.5 double-bands (~75 kDa) was co-immunopre-
cipitated (Fig. 2, middle panel). The blots were re-probed
with anti-B-actin monoclonal antibody to confirm equal
protein loading in lane (lower panel). Thus, the interaction

between T7-hKv1.5 and SAP97 in doubly transfected HEK
cells is a phenomenon specific to cells transiently expressing
hKv1.5 at relatively high levels. The significance of this dif-
ference in behavior between stably- and transiently
expressed hKv1.5 is unclear. It does account for the differ-
ences between the findings of our previous work [1] and
those of others [15,17,20], however.

In any case, the binding of SAP97 to hKvl.5 is not
involved in the upregulation of the channel by the MAG-
UK protein. While deletion of the C-terminal —ETDL,
the PDZ-binding sequence, was sufficient to eliminate co-
immunoprecipitation with SAP97 (Fig. 3B), all of which
expressed well in the HEK cells (Fig. 3A), it had no effect
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Fig. 3. Expression and co-immunoprecipitation of the deletion mutants
with SAP97. Cell-lysates from cells transiently expressing the deletion
mutants (3.5 pg protein) were subjected to Western blotting by 10% SDS—
PAGE and probed with anti-T7 antibody (A). Transient transfection, with
or without SAP97 was carried out (indicated above the lanes). Lysates,
including the untransfected control (200 pg protein), were co-immuno-
precipitated with anti-PSD95 antibody (4 pg) and analyzed as above (B).
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on the responsiveness of the channel to SAP97 overexpres-
sion. As we have previously demonstrated [1], SAP97 over-
expression increased hKvl.5SAETDL-encoded currents to
the same extent as it did that of the wild-type channel (data
not shown). Interestingly, both the hKvl.5 N-terminal
deletion mutant T7-hKv1.5A19, which prevented the
increase in the currents, and the T7-hKv1.5A65-93, which
did not prevent the increase in currents in response to
SAP97 co-expression, could efficiently co-immunoprecipi-
tate with SAP97 (Fig. 3B).

Identification of a specific residue in the hKvl.5 N-terminus
that is essential for SAP97-mediated increases in current
amplitude

We previously reported that the first 209 amino acids of
hKv1.5and not the C-terminal —ETDL residues (the canon-
ical PDZ-domain recognition site) were required for the
enhancement of currents by SAP97 [1]. To further define
the necessary region within the Kv1.5 N-terminus, we tested
the sensitivity of smaller hKv1.5 deletion mutants to SAP97
overexpression. Because we found that the C-terminal inter-
action with SAP97 is irrelevant to upregulation of hKvl1.5
and we can find no evidence of interaction between the two
proteins in cardiac myocytes [1], we generally employed
HEK?293 cells stably expressing the relevant Kv1.5 mutants
for these investigations. To start, we transfected a clonal
HEK 293 line stably expressing a smaller hKv1.5 N-terminal
deletion mutant, hKv1.5A92, which lacks the N-terminal
most 92 amino acids, with SAP97. As shown in Fig. 4B,
SAP97 failed to enhance the hKv1.5A92 peak current densi-
ties, demonstrating that residues within the first 92 amino
acids of hKv1.5 are necessary for SAP97 to exert its effect.
Similar results were obtained from transiently transfected
HEK cells transfected with both this mutant and SAP97

(data not shown). The deleted 92-residue segment contains
two copies of a proline-rich RPLPPLP sequence (spanning
aa 65-82; Fig. 4A), known to interact with src tyrosine kinase
SH3 domains [21] and that we have implicated in the regula-
tion of hKv1.5 endocytosis [22]. Because of its known asso-
ciation with src tyrosine kinase in myocytes and regulation
in other cell types [21,23,24], we speculated that this region
in hKv1.5 might be involved in the SAP97-effect via a phos-
phorylation-dependent mechanism. Some isoforms of
SAP97, which itself contains an SH3 domain, have been
shown to interact intra-molecularly with a proline-rich insert
and thus influence Kv1.5 currents [17]. Further downstream,
a P-X-X-P sequence (aa 88-92) is present which could also
potentially bind src kinase or other proteins.

To test whether this proline-rich region was important to
responsiveness to SAP97 overexpression, we deleted the
entire proline-rich sequence (residues 65-93) (Fig. 4A).
The resultant hKv1.5A65-93 mutant cell line was transient-
ly transfected with SAP97 and whole-cell currents were
measured. As shown in Fig. 4C, SAP97 enhanced the cur-
rent densities by about twofold, just as in wild-type (control
n="7, +SAP97, n =11, shown at +40 mV). Thus, it is
unlikely that this proline-rich domain is involved in modu-
lation of hKv1.5 expression by SAP97. Consistent with this
interpretation, we failed to detect evidence for tyrosine
phosphorylation of hKvl.5 protein when blots of hKv1.5
co-immunoprecipitated with SAP97 were probed with a
broad-range, anti-phosphotyrosine monoclonal antibody
(clone 4G10, Upstate) (data not shown).

To further narrow down the site of modulation, we
deleted the first 30 amino acid residues from hKvl.5
(hKv1.5A30) and transfected it with or without SAP97
and again measured whole-cell potassium currents. As
shown in Fig. 4C, the SAP97-dependent increase in the
mean current densities was also eliminated in this mutant
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Fig. 4. Amino acid sequence of the N-terminal 92 amino acid residues of hKvl.5 and effects of SAP97 on the currents from different mutants in this
region. The P-rich region (aa 65-93) and a possible PKC site (aa 15-17) are underlined to highlight their possible relevance in SAP97-mediated effects (A).
A clonal line, expressing the hKv1.5A92 was transfected with SAP97 and the whole-cell currents were measured as in Fig. 1. Current densities (nA/pF) at
different voltage are shown as means + SEM (B). Effect of co-transfected SAP97 on the current densities of N-terminal mutants was tested. Normalized
current densities (nA/pF) at +40 mV are expressed as means - SEM and shown here as percent of control (C). Note that a significant increase occurred

only in hKv1.5A65-93 mutant (p < 0.05).
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Fig. 5. Threonine 15 is required for SAP97-mediated increases in hKv1.5
currents. Peak current densities from HEK293 cells stably expressing
hKv1.5T15A transfected with either the empty vector (pGFP) or SAP97-
GFP. From —80 mV, cells were depolarized to between —70 and +80 mV
in 10mV steps followed by repolarization to —40 mV. Peak current
amplitudes from controls (filled symbols) and SAP97-GFP co-expressing
cells (open symbols) were normalized to cell capacitance.

(values shown at +40 mV), indicating that the region nec-
essary for the response was missing in this mutant, too.
We next deleted the first 19 amino acids (hKv1.5A19)
and tested its effect on the currents by SAP97 exactly as
above. With this mutant also, there was no increase in
the mean current densities in the presence of SAP97
(Fig. 4C, control n =22; +SAP97, n = 18, data shown at
+40 mV, not significant), suggesting that this segment con-
tained the site necessary for SAP97-mediated modulation.

The N-terminal most 19 amino acids of hKvl1.5 harbor a
TVR sequence (residues 15-17) which might be recognized
by protein kinase C (S/T-X-R). We hypothesized that the
potentially phosphorylated threonine residue in this
sequence might be important for upregulation of hKv1.5
by SAP97. To test this possibility, we converted the threo-
nine to an alanine by site-directed mutagenesis, generating
hKv1.5T15A. As shown in Fig. 5, when co-expressed in
HEK?293 cells, this mutation, like the N-terminal deletions,
eliminated the SAP97-dependent increases in current densi-
ties. Mean current densities were equivalent in the presence
or absence of SAP97 (2.74 4 0.11 and 2.57 + 0.23 nA/pF
at +80 mV, respectively).

A specific inhibitor of protein kinase C activity prevents the
increase in hKvl.5 currents associated with SAP97
overexpression

Because T15 is part of a consensus protein kinase C
phosphorylation site, we tested whether inhibition of
kinase C would influence hKvl.5 responsiveness to
SAP97 overexpression. HEK293 cells stably expressing
hKvl.5 + transient transfection with SAP97 were incubat-
ed with 100 nM Calphostin C, a specific, cell-permeant
inhibitor of protein kinase C (Calbiochem), for 6 h or over-
night. As shown in Fig. 6A, cells treated with Calphostin C
exhibited no increase in hKvl.5 functional expression in
response to SAP97 co-expression. Whereas SAP97 co-

expression increased peak current density from
0.43 £ 0.06 to 0.88 - 0.11 nA/pF at +80 mV in untreated
cells, currents in SAP97-coexpressing Calphostin C-treated
cells remained indistinguishable from control at
0.44 + 0.05 or 0.37 4 0.04 nA/pF, respectively. Calphostin
C had no significant effect on T7-hKv1.5T15A current den-
sities. Peak current density at +80 mV in control cells, sta-
bly expressing T7-hKv1.5T15A, was 5.2 + 1.5 nA/pF and
in the Calphostin C treated cells it was 3.3 & 1.3 nA/pF
(p =0.171; not significant, Fig. 6B).

Threonine 15 does not appear to be phosphorylated in control
or SAP97-co-expressing cells

To test whether the phosphorylation state of T15 in
hKvl.5 is affected by SAP97 co-expression, cell lysates
were prepared from an HEK293 cell line stably express-
ing T7-hKv1.5. Control and SAP97 co-expressing cells
were tested with or without 100 nM Calphostin C treat-
ment (5h incubation). Following immunoprecipitation
with anti-T7 antibody (Novagen), the samples were elec-
trophoresed, blotted, and probed for the presence of
phosphothreonine in T7-hKv1.5, with 3 different anti-
phosphothreonine antibodies using the Calbiochem’s
phosphothreonine detection kit. To ensure that hKvl.5
had indeed been immunoprecipitated, the blots were
probed also for hKvl.5 using the anti-T7 antibody. As
shown in Fig. 7, although T7-hKvl.5 was efficiently
immunoprecipitated, no signal was detected with any of
the anti-phosphothreonine antibodies in the region of
the blots where T7-hKv1.5 was present (left panel).

Discussion

The interactions of PDZ-domain-containing proteins
with the Shaker-like Kvl channels are of considerable
interest because of the PDZ-proteins’ abilities to regulate
the intracellular trafficking, organization, distribution,
and expression of the channels on the cell surface. The
present work deals with the question of how SAP97
enhances Kv1.5 currents in heterologous cells, a well estab-
lished phenomenon, the mechanism of which remains
uncertain [1,15,17]. The results presented here exclude a
role of SAP97 binding to Kvl.5 in effecting the current
enhancement and show that a specific N-terminal threo-
nine residue (T15) is required in this phenomenon.

T7-hKvl.5 co-immunoprecipitated with SAP97 only
when both proteins were transiently transfected, but not
in the hKvl.5-stable lines (Fig. 1C). Several high-expres-
sion stable lines were tested during the course of this study,
some expressing hKv1.5 even more abundantly than in the
transient, but in no case did hKv1.5 co-immunoprecipitate
with SAP97 in these lines. Interestingly, antibody to SAP97
co-immunoprecipitated only the faster migrating, relatively
unglycosylated [14] form of the channel from the transient-
ly transfected cells. This was true also of hKv1.5 expressed
using a tetracycline-induced expression system (Fig. 2).
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Fig. 6. Calphostin C blocks SAP97-mediated increase in hKv1.5 currents but does not affect Kv1.5T15A expression. (A) Peak currents from HEK293 cells
stably expressing hKvl.5 transfected with empty vector (pGFP) or SAP97-GFP + 100 nM Calphostin C. From —80 mV, cells were depolarized to between
—70 and +80 mV in 10 mV steps followed by repolarization to —40 mV. Peak current densities from control cells (filled circles); with co-expressing SAP97
(open circles) and after Calphostin C-treatment of the co-expressing cells for different durations (triangles). (B) Effect of Calphostin C treatment on the
peak current densities from HEK?293 cells, stably expressing hKv1.5T15A. Control (pGFP; open circles) and Calphostin C-treated cells (filled circles).
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Fig. 7. hKvl.5 is not detected by 3 different anti-phosphothreonine antibodies. T7-hKv1.5 was immunoprecipitated from cell lysates from a stably
expressing cell line with (+) or without (—) transfection with SAP97. To test the effect of Calphostin C, the cells were exposed to the drug (100 nM) for 5 h.
Equal amounts of proteins were applied in each lane. (A) Three different anti-threonine antibodies were used to probe the blots to detect hKvl1.5 (left
panel). Lane C indicates the positive control supplied with the antibody. (B) The blot on the right shows the same immunoprecipitation reactions probed
with anti-T7 antibody to detect the T7-hKv1.5 (indicated). IgGyc of the antibody used is indicated.

While evidently not relevant to upregulation of hKvl.5, We previously established that deletion of the bulk of
these differences between stable and transient expression  the hKvl.5 N-terminus (hKv1.5AN209) eliminates the
are intriguing nevertheless. There are several recent reports responsiveness of the channel to SAP97 co-expression
of differing properties of proteins expressed stably versus [1]. Initially, we speculated that the N-terminal, proline-
by transient transfection. TRPC7, for example, has been  rich sequence in hKvl.5 might be involved in the
shown to function as a receptor-operated channel if tran-  SAP97-effect via a phosphorylation-dependent mecha-
siently expressed, but as a both a receptor- and a store-  nism. We have recently shown this sequence to be impor-
operated channel if stably expressed [25]. The authors  tant for the endocytosis of hKvl.5 [22] and this sequence
speculated that cellular components necessary to couple  is known to associate with src tyrosine kinase in myo-
TRPC7 to store depletion are slowly up-regulated in the  cytes and other cell types where the kinase has profound

stable cell lines. Another study in mouse fibroblasts demon-  effects on channel expression [21,24,30]. Also, some iso-
strated that the cells were much more susceptible to apop-  forms of SAP97, which itself contains an SH3 domain,
tosis if Ras was expressed transiently as opposed to stably =~ have been shown to interact intra-molecularly with a pro-
[26]. Others, too, have found significant differences in tar- line-rich region and thus influence hKvl.5 currents [17].

get-protein expression between stable and transient lines =~ We were surprised, therefore, to find that deletion of
[27-29]. It would be very interesting to elucidate the mech-  the proline-rich segment in hKv1.5 had no effect on the
anisms of intracellular trafficking and sorting or regulation SAP97-induced increase of hKvl.5 currents (Fig. 4).
of other endogenous components that cells may utilize  Clearly, the regulation of Kvl.5 surface expression is
depending upon the expression environment. complex.
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hKv1.5A19 proved to be the most informative deletion
mutant. It was insensitive to SAP97 overexpression yet it
fully retained its ability to co-immunoprecipitate with it
in the transient lines (Figs. 3 and 4). Thus, it was clear that
the necessary and sufficient information for the increase in
currents in response to SAP97 overexpression resides in
this region. The finding that alanine substitution of a thre-
onine residue (T15) in a potential protein kinase C recogni-
tion sequence, TVR, in this region both eliminated the
response of hKvl1.5 to SAP97 co-expression and dramati-
cally increased its baseline functional expression (Fig. 5)
suggested an obvious potential means of modulation by
SAP97. That is, SAP97 may act by modulating the phos-
phorylation state of this threonine residue. Consistent with
this possibility, Calphostin C, a specific inhibitor of protein
kinase C, completely blocked the enhancement of currents
by SAP97 (Figs. 6A and B). However, we were unable to
detect phosphothreonine in the T7-hKvl.5 channel with
any of the three different anti-threonine antibodies that
we used (Fig. 7). While it is possible that the phosphothre-
onine antibodies were failing to detect phosphorylation
that was in fact present, it seems unlikely that all three anti-
bodies would fail. Thus, while it remains formally possible
that T15 phosphorylation is important to the modulation
of hKvl1.5 the more likely possibility is that SAP97 exerts
its effect by some other mechanism that requires the pres-
ence of this residue.

Collectively, our results show that while there is indeed
a specific and stable physical interaction between hKvl1.5
and SAP97 under some conditions (by virtue of the
canonical —ETDL motif located at the C-terminal end),
this interaction is not relevant to the increase in hKvl.5
currents associated with SAP97 overexpression. That
hKvl1.5 currents can be up-regulated in stable lines, with-
out any demonstrable interaction with SAP97 (Fig. 1),
and that the two proteins failed to co-localize in rat myo-
cytes or to co-immunoprecipitate from heart lysates in
our previous studies [1], are consistent with this interpreta-
tion. In a recent study, deletion of the canonical PDZ-bind-
ing site at the C-terminus of a cardiac sodium channel did
not alter the currents and other motifs were shown to be
involved in regulating the currents [31]. Our results in this
study provide evidence that the modulation of hKv1.5 by
SAP97 occurs by a novel mechanism that requires the pres-
ence of a T15 residue at the Kvl.5 N-terminus.

Acknowledgments

We are grateful to Dr. Ed Moore for helpful discussion
throughout the course of this study. We thank Grace Lu
for excellent technical assistance.

References

[1]J. Eldstrom, W.S. Choi, D.F. Steele, D. Fedida, SAP97 increases
Kvl.5 currents through an indirect N-terminal mechanism, FEBS
Lett. 547 (2003) 205-211.

[2] C. Deutsch, Potassium channel ontogeny, Annu. Rev. Physiol. 64
(2002) 19-46.

[3] J.S. Trimmer, Sorting out receptor trafficking, Neuron 22 (1999)
411-412.

[4]D. Ma, LY. Jan, ER transport signals and trafficking of
potassium channels and receptors, Curr. Opin. Neurobiol. 12
(2002) 287-292.

[5] K. Prybylowski, R.J. Wenthold, N-Methyl-p-aspartate receptors:
subunit assembly and trafficking to the synapse, J. Biol. Chem. 279
(2004) 9673-9676.

[6] K.J. Rhodes, B.W. Strassle, M.M. Monaghan, Z. Bekele-Arcuri,
M.F. Matos, J.S. Trimmer, Association and colocalization of the
Kvbl and Kvb2 b-subunits with Kv1 a-subunits in mammalian brain
K™ channel complexes, J. Neurosci. 17 (1997) 8246-8258.

[71 E.C. Cooper, A. Milroy, Y.N. Jan, L.Y. Jan, D.H. Lowenstein,
Presynaptic localization of Kvl.4-containing A-type potassium
channels near excitatory synapses in the hippocampus, J. Neurosci.
18 (1998) 965-974.

[8] D.M. Barry, J.M. Nerbonne, Myocardial potassium channels: elec-
trophysiological and molecular diversity, Annu. Rev. Physiol. 58
(1996) 363-394.

[9] K.K. Deal, S.K. England, M.M. Tamkun, Molecular physiology of
cardiac potassium channels, Physiol. Rev. 76 (1996) 49-67.

[10] D. Fedida, W.R. Giles, Regional variations in action potentials and
transient outward current in myocytes isolated from rabbit left
ventricle, J. Physiol. (Camb.) 442 (1991) 191-209.

[11] E. Kim, M. Niethammer, A. Rothschild, Y.N. Jan, M. Sheng,
Clustering of Shaker-type K channels by interaction with a family of
membrane-associated guanylate kinases, Nature 378 (1995) 85-88.

[12] A.M. Tiffany, L.N. Manganas, E. Kim, Y.P. Hsueh, M. Sheng, J.S.
Trimmer, PSD-95 and SAP97 exhibit distinct mechanisms for
regulating K channel surface expression and clustering, J. Cell.
Biol. 148 (2000) 147-158.

[13] E. Kim, M. Sheng, Differential K™ channel clustering activity of PSD-
95 and SAP97, two related membrane-associated putative guanylate
kinases, Neuropharmacology 35 (1996) 993-1000.

[14] J. Eldstrom, K.W. Doerksen, D.F. Steele, D. Fedida, N-terminal
PDZ-binding domain in Kvl potassium channels, FEBS Lett. 531
(2002) 529-537.

[15] M. Murata, P.D. Buckett, J. Zhou, M. Brunner, E. Folco, G. Koren,
SAP97 interacts with Kv1.5 in heterologous expression systems, Am.
J. Physiol. Heart Circ. Physiol. 281 (2001) H2575-H2584.

[16] D. Godreau, R. Vranckx, S.N. Hatem, Mechanisms of action of
antiarrhythmic agent bertosamil on hKvl.5 channels and outward
potassium current in human atrial myocytes, J. Pharmacol. Exp.
Ther. 300 (2002) 612-620.

[17] D. Godreau, R. Vranckx, A. Maguy, C. Goyenvalle, S.N. Hatem,
Different isoforms of synapse-associated protein, SAP97, are
expressed in the heart and have distinct effects on the voltage-gated
K" channel Kv1.5, J. Biol. Chem. 278 (2003) 47046-47052.

[18] D. Cukovic, G.W.K. Lu, B. Wible, D.F. Steele, D. Fedida, A discrete
amino terminal domain of Kvl.5 and Kvl.4 potassium channels
interacts with the spectrin repeats of a-actinin-2, FEBS Lett. 498
(2001) 87-92.

[19] R. Mathur, J. Zhou, T. Babila, G. Koren, Ile-177 and Ser-180 in the
S1 segment are critically important in Kv1.1 channel function, J. Biol.
Chem. 274 (1999) 11487-11493.

[20] D. Godreau, R. Vranckx, A. Maguy, C. Rucker-Martin, C. Goyen-
valle, S. Abdelshafy, S. Tessier, J.-P. Couétil, S.N. Hatem, Expres-
sion, regulation and role of the MAGUK protein SAP-97 in human
atrial myocardium, Cardiovasc. Res. 56 (2002) 433-442.

[21] T.C. Holmes, D.A. Fadool, R. Ren, I.B. Levitan, Association of Src
tyrosine kinase with a human potassium channel mediated by SH3
domain, Science 274 (1996) 2089-2091.

[22] W.S. Choi, A. Khurana, R. Mathur, V. Viswanathan, D.F. Steele, D.
Fedida, Kvl.5 surface expression is modulated by retrograde
trafficking of newly endocytosed channels by the Dynein motor,
Circ. Res. 97 (2005) 363-371.



8 R. Mathur et al. | Biochemical and Biophysical Research Communications 342 (2006) 1-8

[23] M.N. Nitabach, D.A. Llamas, R.C. Araneda, J.L. Intile, I.J.
Thompson, Y.I. Zhou, T.C. Holmes, A mechanism for combinatorial
regulation of electrical activity: potassium channel subunits capable
of functioning as Src homology 3-dependent adaptors, Proc. Natl.
Acad. Sci. USA 98 (2001) 705-710.

[24] M.N. Nitabach, D.A. Llamas, 1.J. Thompson, K.A. Collins, T.C.
Holmes, Phosphorylation-dependent and phosphorylation-indepen-
dent modes of modulation of Shaker family voltage-gated potassium
channels by Src family protein tyrosine kinases, J. Neurosci. 22 (2002)
7913-7922.

[25] J.P. Lievremont, G.S. Bird, J.W. Putney, Canonical transient receptor
potential TRPC7 can function as both a receptor- and store-operated
channel in HEK-293 cells, Am. J. Physiol. Cell Physiol. 287 (2004)
C1709-Cl1716.

[26] P.H. Ma, M. Magut, X.B. Chen, C.Y. Chen, p53 is necessary for the
apoptotic response mediated by a transient increase of Ras activity,
Mol. Cell. Biol. 22 (2002) 2928-2938.

[27] M.T. Le, J.P. DeBacker, L. Hunyady, P.M.L. Vanderheyden, G.
Vauquelin, Ligand binding and functional properties of human

angiotensin AT (1) receptors in transiently and stably expressed
CHO-K1 cells, Eur. J. Pharmacol. 513 (2005) 35-45.

[28] H.M. Sadeghi, G. Innamorati, M. Birnbaumer, Maturation of
receptor proteins in eukaryotic expression systems, J. Recept. Signal
Transduct. Res. 17 (1997) 433-445.

[29] N. Lambrecht, Z. Corbett, D. Bayle, S.J.D. Karlish, G.
Sachs, Identification of the site of inhibition by omeprazole
of a alpha-beta fusion protein of the H,K-ATPase using site-
directed mutagenesis, J. Biol. Chem. 273 (1998) 13719—
13728.

[30] M.N. Nitabach, D.A. Llamas, R.C. Araneda, J.L. Intile, LJ.
Thompson, Y.I. Zhou, T.C. Holmes, A mechanism for combinatorial
regulation of electrical activity: potassium channel subunits capable
of functioning as Src homology3-dependent adaptors, Proc. Natl.
Acad. Sci. USA 98 (2001) 705-710.

[311J.S. Zhou, H.G. Shin, J.X. Yi, W.Z. Shen, C.P. Williams, K.T.
Murray, Phosphorylation and putative ER retention signals are
required for protein kinase A-mediated potentiation of cardiac
sodium current, Circ. Res. 91 (2002) 540-546.



	A specific N-terminal residue in Kv1.5 is required for upregulation of the channel by SAP97
	Materials and methods
	Results
	T7-hKv1.5 co-immunoprecipitates with SAP97 after transient co-transfection but not from stable lines
	Co-immunoprecipitation of T7-hKv1.5 with SAP97 in a tetracycline-regulated expression system
	Identification of a specific residue in the hKv1.5 N-terminus that is essential for SAP97-mediated increases in current amplitude
	A specific inhibitor of protein kinase C activity prevents the increase in hKv1.5 currents associated with SAP97 overexpression
	Threonine 15 does not appear to be phosphorylated in control or SAP97-co-expressing cells

	Discussion
	Acknowledgments
	References


