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The voltage-gated potassium channel Kv1.5 plays important
roles in atrial repolarization and regulation of vascular tone. In
the present study, we investigated the effects of mechanical
stretch on Kv1.5 channels. We induced mechanical stretch by
centrifuging or culturing Kvl.5-expressing HEK 293 cells and
neonatal rat ventricular myocytes in low osmolarity (LO)
medium and then recorded Kvl1.5 current (I, 5) in a normal,
isotonic solution. We observed that mechanical stretch in-
creased Iy, 5, and this increase required the intact, long, pro-
line-rich extracellular S1-S2 linker of the Kv1.5 channel. The
low osmolarity—induced Iy, 5 increase also required an intact
intracellular N terminus, which contains the binding motif for
endogenous Src tyrosine kinase that constitutively inhibits
Iiv1.5- Disrupting the Src-binding motif of Kv1.5 through N-
terminal truncation or mutagenesis abolished the mechanical
stretch-mediated increase in Iy, 5. Our results further showed
that the extracellular S1-S2 linker of Kv1.5 communicates with
the intracellular N terminus. Although the S1-S2 linker of WT
Kv1.5 could be cleaved by extracellularly applied proteinase K
(PK), an N-terminal truncation up to amino acid residue 209
altered the conformation of the S1-S2 linker and made it no
longer susceptible to proteinase K-mediated cleavage. In sum-
mary, the findings of our study indicate that the S1-S2 linker of
Kv1.5 represents a mechanosensor that regulates the activity of
this channel. By targeting the S1-S2 linker, mechanical stretch
may induce a change in the N-terminal conformation of Kv1.5
that relieves Src-mediated tonic channel inhibition and results
in an increase in I, 5.

The voltage-gated potassium channel Kv1.5 mediates the
ultra-rapid delayed rectifier potassium current (I,.,,)* in atrial
myocytes (1), which is critical for atrial repolarization (2). Kv1.5
also contributes to the regulation of vascular smooth muscle
tone (3, 4). The Kv1.5 channel is composed of four a-subunits;
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each subunit contains six transmembrane segments and cyto-
plasmic N and C termini. The extracellularly localized S1-S2
linker of Kv1.5 is unusually long, containing 54 amino acid res-
idues compared with 5—44 amino acid residues for most other
Kv channels (UniProt: P22460). We have previously demon-
strated that extracellularly applied proteinase K (PK) cleaves
Kv1.5 channels at a single site in the S1-S2 linker, separating
the channel into an N-fragment (N terminus to S1) and a
C-fragment (S2 to C terminus) (5). The N-fragments of Kv1.5
were found to interact with the rest of the channel to accom-
plish specific tasks related to channel function (6).

Dysfunction of I, has been linked to atrial fibrillation, an
arrhythmia prevalent in the elderly and patients with chronic
heart failure (7-9). Atrial fibrillation also develops from patho-
logical conditions such as heart failure, hypertension, and
dilated cardiomyopathy, conditions which involve myocardial
stretch (10-12).

Cardiomyocytes are exposed to mechanical forces, including
stretch, compression, and shear. Alterations of mechanical
forces may modify cardiomyocyte electrical, mechanical, met-
abolic, and structural properties. In this regard, mechano-gated
ion channels have been identified as cardiac mechanoreceptors
solely activated by a mechanical stimulus. They convert
mechanical stimuli into electrical and biochemical signals, reg-
ulating various cellular processes in response to extracellular
mechanical forces (13). In addition, some ion channels that are
activated by nonmechanical stimuli can be mechanically mod-
ulated, leading to altered channel activity (13). In this regard,
the voltage-gated Kv1.5 channel has been shown to be regulated
by mechanical stretch. Guo et al. (14) reported that application
of mechanical force by 48-h cyclic stretch at 0.5 Hz with 20%
elongation in length increases voltage-gated Kv1.5 channel
expression by 48% in cultured neonatal rat ventricular myo-
cytes. Boycott et al. (15) found that the Kv1.5 channel is mod-
ulated by shear stress through mechanically induced redistri-
bution of intracellular Kv1.5 into the sarcolemma of rat atrial
myocytes. Nonetheless, the molecular mechanisms underlying
the effects of mechanical force on Kv1.5 channel activity are not
well-understood. In the present study, we demonstrate that
mechanical stretch mediated by cell swelling and centrifugation
increases Kv1.5 current (I, 5). We show that the S1-S2 linker
may serve as a mechanosensor, mediating stretch-induced
increase in Iy, 5 because of enhanced channel density in the
plasma membrane through altered Src-interaction with the N
terminus of the channel.
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Figure 1. Centrifugation increases |, s. Kv1.5-HEK cells were centrifuged
(CENTR) at 70 X g for 5 min. Cells were then re-suspended in normal culture
medium for 20 min prior to I, s recordings. Kv1.5-HEK cells without centrif-
ugation were used as control (CTL). Representative current traces along with
the voltage protocol (top) and summarized |-V relationship (bottom) are
shown. CTL, n = 29; CENTR, n = 38; **, p < 0.01 at 20 mV and above.

Results
Mechanical stretch by centrifugation increases |, 5

During an experiment that involved centrifuging Kv1.5-ex-
pressing HEK (Kv1.5-HEK) cells, we unexpectedly discovered
that centrifugation caused an increase in I, 5. We centrifuged
Kv1.5-HEK cells at 70 X gfor 5 min, and then suspended cells in
minimum essential medium (MEM) for 20 min prior to whole-
cell voltage clamp recordings. The centrifugation led to an
increase in Iy, 5 compared with control (CTL, without centrif-
ugation) (Fig. 1). Because relatively low-speed centrifugation
allows Kv1.5-HEK cells to experience mechanical stretch from
gravitational-force accelerations, this result suggests that chan-
nel activity is altered by mechanical force.

LO treatment increases I.,,; s

To further evaluate the effect of mechanical stretch on Kv1.5
activity, the osmotic potential of the cell culture medium was
altered to induce cell swelling (16 —18). Specifically, standard
MEM cell culture medium was mixed with purified distilled
water at a 2:1 ratio, thus decreasing the osmolarity from 315 to
211 mOsm/liter (33% reduction). The degree of membrane
stretch was examined using live cell imaging of Kv1.5-HEK cells
cultured in isotonic (CTL) or hypotonic (LO) medium. Kv1.5-
HEK cell size increased significantly after 30-min treatment
with LO culture medium compared with control (Fig. 24).

To examine the LO treatment on I 5, Kv1.5-HEK cells were
cultured in LO medium for various periods. The cells were then
transferred to a perfusion chamber bathed with isotonic Tyrode
solution, and I, 5 was recorded. LO-induced I, 5 increase
occurred after 10 min (data not shown), reached maximum at 30
min (Fig. 2B), and did not develop further at 60 min (data not
shown). The LO-induced increase in I, ; at 30 min was not
associated with a change in the activation curve (Fig. 2B, bottom
right). The voltages of half-maximal activation (V, ,,) were —7.6 +
0.7 mV for controland —7.7 = 0.7 mV for LO (p > 0.05). The slope
factors were 6.1 = 0.2 for control and 6.6 = 0.2 for LO (p > 0.05).
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To examine whether LO increased I, 5 can recover upon
re-culture in normal (isotonic) medium, we cultured multiple
plates of Kv1.5-HEK cells in LO medium for 30 min. The cul-
ture media were then changed to normal (isotonic) medium.
After various periods of culture, cells were collected and I 5
was recorded. LO-induced I, 5 increase was reversible; The
increased Iy, s was significantly recovered after 2 h and
returned to control level after 4 h of re-culturing cells in normal
medium (Fig. 2C).

To determine whether the mechanical stretch-induced
increase in Iy, 5 also occurs in native cardiac myocytes, we
studied Kv1.5 channels expressed in neonatal rat ventricular
myocytes. The endogenous Kv1.5 current in cardiac myo-
cytes is small and complicated by the coexistence of other K™
channels. To overcome this issue, we transfected neonatal
rat ventricular myocytes cultured on glass coverslips with
human Kv1.5 plasmid. Twenty-four h after transfection, we
treated the myocytes with LO media for 30 min. The cells
were then transferred to the recording chamber and currents
were recorded in isotonic Tyrode solution. As shown in Fig.
3, LO treatment for 30 min also significantly increased Iy, 5
in neonatal rat ventricular myocytes.

LO treatment-mediated current increase is specific to Kv1.5

To determine whether LO treatment—mediated current
increase observed in Kv1.5 also exists in other Kv channels,
we treated HEK cells stably expressing Kvl.4, Kv4.3, Kv7.1+
KCNEL], Kv10.1, or Kv11.1, respectively, with LO medium in cul-
ture for 30 min. After treatment, various currents were recorded in
normal isotonic Tyrode solution. Although LO treatment slightly
and nonsignificantly increased Iy, it did not affect I,
Ly 1 +xener Licvio1r OF Iiwi1.1 (Fig. 4). Thus, LO treatment selec-
tively increased I, ; .

The S1-S2 linker of Kv1.5 is involved in LO-induced current
increase

Compared with other Kv channels, the extracellular S1-S2
linker of the Kv1.5 channel is long and proline-rich, and uniquely
contains an N-linked glycosylation site (Fig. 54). To investigate
whether the S1-S2 linker is involved in the mechanical stretch-
induced increase in I, 5, we used the following strategies.

First, we examined whether an intact S1-S2 linker is required
for LO-meditated I, 5 increase. We previously demonstrated
that extracellularly applied PK precisely cleaves cell-surface Kv1.5
proteins at a single site in the S1-S2 linker, separating the 75-kDa
channel protein into a 42-kDa N-fragment and a 33-kDa C-frag-
ment (5, 6). In the present study, we pretreated Kv1.5-HEK cells
with PK (200 ug/ml, 20 min) and cultured cells in LO or normal
(control) medium for 30 min. Cells were then transferred to the
perfusion chamber to record I, 5 in isotonic Tyrode bath solu-
tion. PK pretreatment prevented the LO-mediated increase in
Iiy1.5 indicating that an intact S1-S2 linker is necessary for LO-
mediated effect (Fig. 5B).

Second, proline residues play important structural and func-
tional roles for channel activity (19-22). The Kv1.5 channel
uniquely possesses 12 proline residues in the S1-S2 linker. To
characterize the functional importance of these residues in the
LO-mediated I, ; increase, we created a mutant Kv1.5 chan-
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Figure 2. LO medium treatment increases cell size and reversibly increases I, s. A culture of Kv1.5-HEK cells with LO medium for 30 min increased cell
size (n = 13; **, p < 0.01). B, culture of Kv1.5-HEK cells with LO medium for 30 min increased I, s. Representative current traces are depicted above the
summarized |-V relationships (left) and activation curves (right). Activation curves were fitted to the Boltzmann function to determine V, ,, values and slope
factors.CTL,n = 47;LO,n = 31;**,p < 0.01 at 20 mV and above for I-V curves; and tail currents at —30 mV following 50 mV depolarization for activation curves.
G, LO-treatment mediated increase in |y, 5 recovered (Recv) with time upon re-culture of cells in normal (isotonic) medium. Summarized I-V relationships at
various time points were obtained from 7-27 cells. *, p < 0.05; **,p < 0.01 versus CTL at 20 mV and above; #, p < 0.05; ##, p < 0.01 versus LO at 20 mV and above.
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Figure 3. LO medium treatment increases I, , s in neonatal rat ventricu-
lar myocytes transfected with Kv1.5. Representative current traces are
depicted above the summarized I-V relationship. CTL, n = 32; LO, n = 32. %,
p < 0.05 at 20 mV and above.

nel, Kv1.5-12PA, in which all 12 nonconserved prolines (P) are
replaced with alanines (A). LO treatment failed to affect Kv1.5—
12PA current (Fig. 5C). Furthermore, we created another
mutant Kv1.5 channel, Kv1.5-A282-300, in which amino acid
residues from 282 to 300 in the S1-S2 linker were deleted. This
led to removal of seven nonconserved prolines in the S1-S2
linker. Kv1.5-A282-300 current was also unaffected by LO
treatment (Fig. 5D). Thus, an intact S1-S2 linker containing the
nonconserved proline residues plays a role in the mechanical
stretch-induced effect on Kv1.5 channel function.

Third, Kv1.5 channels are glycosylated and N-linked gly-
cosylation occurs at a site (Asn-299) located in the S1-S2
linker (5). To investigate the role of glycosylation in LO-me-
diated increase in Iy, 5, we treated Kv1.5-HEK cells with
tunicamycin (10 ug/ml) for 36 h, which led to a complete
inhibition of N-glycosylation, as reported previously (5, 6).
LO treatment failed to affect I, 5 of channels treated with
tunicamycin (Fig. 5E). Thus, glycosylation at a site in the
S$1-S2 linker plays an important role in LO-mediated Kv1.5
increase.

SASBMB

The Kv1.5 channel N terminus is involved in the LO-mediated
|1 sincrease

The N terminus of Kv1.5 is an important target region for
channel regulation. To investigate the involvement of the intra-
cellular N terminus of the Kv1.5 channel in the LO-mediated
effect, we deleted residues 1-209 of the N terminus, creating
the AN209 mutant Kv1.5 channel, which was stably expressed
in HEK293 (AN209 Kv1.5-HEK) cells. Truncation of the N ter-
minus abolished LO-mediated current increase seen in WT
Kv1.5 channels (Fig. 6, A and B). Thus, the N terminus of Kv1.5
plays a role in the LO-mediated increase in I 5.

In contrast to Kv1.5, Kv1.4 was insensitive to LO treatment
(Fig. 6C), and has a different N-terminal amino acid sequence
(Fig. 6E). To validate the role of the Kv1.5 N terminus in LO-
mediated increase in I ; -, we created a mutant Kv1.5 channel
Kv1.5-Kv1.4NT, in which the N terminus of Kv1.5 is replaced
with that of Kv1.4. The LO-mediated increase in I, 5 seen in
WT Kvl1.5 channels was not observed in the Kv1.5-Kv1.4NT
mutant channel (Fig. 6, A and D). This result further confirms
the importance of the Kvl.5 N terminus in LO-induced
increase in Iy, 5.

Disruption of Src-binding sites abolishes LO-induced increase
inlg,;s

It has been shown that Src tyrosine kinase interacts with
Kv1.5, leading to an inhibition of I, 5 (23). The Src homology
3 (SH3) domain of Src binds to the proline-rich motif
RPLPXXP in partner proteins (24). The N terminus between
amino acid residues 65 and 82 of Kv1.5 contains two repeats of
the SH3 domain- binding motif RPLPPLP (23). However, Kv1.4
does not contain such a motif (Fig. 6E). To examine whether
Src-mediated regulation of the Kvl.5 channel is involved in
LO-induced increase in I, 5, we disrupted Src-channel inter-
action by deleting the Src-binding motifs from the Kv1.5 chan-
nel. Specifically, we deleted amino acids 64—82 of the Kv1.5
channel, creating Kv1.5-APro (Kv1.5 with deletion of proline-
rich Src-binding domains, Fig. 7A). Unlike WT Kv1.5 channels
(Fig. 7B), Kv1.5-APro mutant channels were unaffected by LO
treatment (Fig. 7C).

J. Biol. Chem. (2020) 295(14) 4723-4732 4725
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Figure 4. Mechanical stretch induced by LO medium culture selectively increases I, , s. Currents from Kv1.5, Kv1.4, Kv4.3, Kv7.1+KCNET1, Kv10.1, and
Kv11.1 channels were recorded from HEK 293 cells stably expressing the respective channels in control cells and cells treated with LO medium for 30 min.
Representative current traces are depicted above the summarized I-V relationships. For I, s, CTL, n = 47; LO, n = 31 (same set of data shown in Fig. 2B). For
lw1.4 CTL, n = 43;LO, n = 46; for l,.4 5, CTL, n = 42; LO, n = 42;for Iy, 1 + kenerr CTL 1 = 15;LO, n = 12; for lyyq0.4, CTL, n = 18,LO, n = 18; for lyq; 1, CTL, n = 23,

LO,n = 19.** p < 0.01 at 20 mV and above.

Cells such as HEK 293 cells and native cardiac myocytes
express endogenous Src (23, 25, 26). We believe that Kv1.5
channels are under tonic inhibition by Src kinases. LO treat-
ment may cause a relief of such tonic inhibition, leading to an
increase in I, 5. To this end, we examined the effects of Src
kinase inhibitor PP1 (27) and LO treatment on the expression
and function of Kv1.5 channels. On Western blot analysis,
Kv1.5 channels from whole-cell lysate display as a 68-kDa and a
75-kDa band (5, 6). The former represents the core-glycosy-
lated immature protein inside the cell, and the latter represents
the fully glycosylated mature protein normally localized in the
plasma membrane (5). Our results revealed that neither LO
treatment (30 min) nor PP1 treatment (10 um, 1 h) affected the
total amount of mature (75-kDa) channel expression in whole
cell lysate (Fig. 8, A and B, left lanes). It has been reported that
mechanical stretch leads to redistribution of Kv1.5 channels
toward the plasma membrane (15). To address this possibility,
we isolated cell surface protein using biotinylation (5). LO
treatment as well as PP1 treatment increased the density of
cell-surface 75-kDa channels (Fig. 8, A and B, right lanes).
Indeed, incubation of Kv1.5-HEK cells with Src inhibitor PP1
(10 um) for 1 h led to an increase in I, 5, similar to the LO-
mediated I, 5 increase (Fig. 8C). Furthermore, after pretreat-
ment with Src inhibitor PP1, LO treatment no longer increased
Iiv1.5 (Fig. 8C). These results suggest that LO increases I, 5 by
disrupting Src interaction with the channel, which leads to
accumulation of Kv1.5 channels on the plasma membrane.

4726 J. Biol. Chem. (2020) 295(14) 4723-4732

The Kv1.5 S1-S2 linker communicates with the N terminus

Our data so far indicate that both the S1-S2 linker and the N
terminus are involved in the mechanical stretch-mediated
increasein I, ;. We propose that mechanical stretch increases
membrane channel density and I, 5 through a conformational
change in the N terminus mediated via the S1-S2 linker, which
releases Src-channel interaction. To test this notion, we exam-
ined the communication between the S1-S2 linker and N
terminus.

To investigate whether the extracellular S1-S2 linker confor-
mation can be affected by a modified N terminus, we used the
N-terminal truncation channel AN209 that is functional (Fig.
6B). Compared with WT channel proteins, Kv1.5 AN209 has a
smaller molecular mass. Western blot analysis of AN209 dis-
plays a 50-kDa band, representing the mature channel protein,
and a 45-kDa band, representing the immature protein. We
have previously demonstrated that extracellularly applied PK
(200 wg/ml, 20 min) cleaves the 75-kDa protein of WT channels
at a site in the S1-S2 linker, generating an N-fragment and a
C-fragment (5, 6). Consistently, PK treatment selectively
cleaved the cell-surface 75-kDa band (without affecting the
intracellularly localized 68-kDa band), generating a 33-kDa
band detected with a C-terminal antibody (Fig. 94). However,
despite the fact that the 50-kDa AN209 protein is also located in
the cell-surface to generate current, PK treatment could not
cleave it (Fig. 9B). Thus, shortening of the intracellular N ter-
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Figure 5.The unique S1-S2 linker of Kv1.5 isinvolved in LO-mediated increasein I, s. A,amino acid sequences of the S1-S2 linker of various Kv channels.
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the summarized I-V relationships (bottom). CTL, n = 24;LO, n = 24.

minus causes a conformational change in the extracellular
S1-S2 linker of the channel, making the linker resistant to
cleavage by PK (Fig. 9). These data provide direct evidence that
the S1-S2 linker communicates with the N terminus in a con-
formational manner.

Discussion

Although ion channels can be activated by a single primary
stimulus, some are polymodal and can be activated by mul-
tiple types of stimuli such as voltage and temperature (28).
Because Kvl.5-expressing atrial myocytes and vascular
smooth muscle cells are exposed to mechanical forces that
may change in various conditions, investigating the role of

SASBMB

mechanical force on Kvl.5 is an important step toward
understanding the regulation and role of this channel in
pathophysiological conditions.

Our results revealed that I, - was increased by centrifuga-
tion (Fig. 1) and LO treatment (Figs. 2 and 3), and LO-mediated
current increase was specific to the Kv1.5 channel among Kv
channels tested in the present study (Fig. 4). Centrifugation
exerts gravitational force on cells causing membrane stretch
against the interior of the centrifugation tube, leading to an
increase in I, 5. Membrane stretch induced by hypotonic
solution is an established strategy to study the effect of mechan-
ical force on ion channels (29-31). In our study, Kvl.5-HEK
cells were cultured with LO media for 30 min, then currents

J. Biol. Chem. (2020) 295(14) 4723-4732 4727
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Figure 6. The N terminusis involved in LO-mediated increasein I, , 5. A, LO treatment for 30 minincreased l.,; 5. Schematicillustration of WT Kv1.5 channel
(top) and representative current traces (middle) are depicted above the summarized I-V relationships (bottom). CTL, n = 47;LO,n = 31;**,p < 0.01 at 20mV and
above (same set of data shown in Figs. 2Band 4 for Kv1.5). B, N terminus truncation mutant AN209 abolished LO-induced increase in I, 5. Schematicillustration
of Kv1.5-AN209 mutant (top) and representative current traces (middle) are depicted above the summarized I-V relationships (bottom).CTL,n = 13;LO,n = 11.
G, LO treatment for 30 min had no effects on I, ,. Schematic illustration of WT Kv1.4 channel (top) and representative current traces (middle) are depicted
above the summarized |-V relationships (bottom). CTL, n = 43; LO, n = 46 (same set of data shown in Fig. 4 for Kv1.4); D, replacement of the N terminus of Kv1.5
with the N terminus of Kv1.4 prevented LO-induced increase in |y, 5. Schematic illustration of Kv1.5-Kv1.4NT mutant (top) and representative current traces
(bottom) are depicted above the summarized I-V relationships (bottom). CTL, n = 32; LO, n = 30. E, amino acid sequence alignment of the N termini of Kv1.5

(1-247, UniProt: P22460) and Kv1.4 (1-304, UniProt: P22459), with Kv1.5 SH3-binding motifs shown in blue.

were recorded in normal, isotonic Tyrode solution. This LO
treatment increased I, 5 (Fig. 2). However, LO treatment dur-
ing whole-cell voltage clamp recordings did not affect I, 5
(data not shown). These observations are consistent with our
finding that intracellular Src signaling (Figs. 6 and 7) and asso-
ciated protein trafficking (Fig. 8) are involved in LO-mediated
i1 5 increase. The disturbance of the intercellular environ-
ment by the whole-cell patch clamp configuration (32) likely
prevented the LO treatment—mediated I, 5 increase.
Detecting mechanical forces exerted on cells requires a sen-
sor. Transmembrane cytoskeletal proteins are able to detect
changes in membrane lipid structure and are involved in trans-
duction of mechanical force (33-35). As well, proline (Pro) res-
idues, which provide rigidity to the polypeptide chain, are pro-
posed to play important structural and functional roles for
channel activity (19-22). This led to our investigation of the
uniquely long and proline-rich extracellular S1-S2 linker of
Kv1.5 channels. The LO-mediated increase in I, ; was abol-
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ished by cleavage of the S1-S2 linker using PK treatment,
replacement of 12 nonconserved prolines in the S1-S2 linker
with alanines, or deletion of residues 282—300 from the S1-S2
linker (Fig. 5, B—D). Furthermore, the N-linked glycosylation is
located in the middle (Asn-299) of the extracellular S1-S2
linker. Our results showed that inhibition of glycosylation abol-
ished LO-mediated increase in I}, 5 (Fig. 5E). Thus, the bulky,
extracellular exposed glycan also plays a role in sensing
mechanical forces. Overall, our results revealed a novel role of
the extracellular S1-S2 linker as a sensor, capable of converting
membrane stretch into biochemical signals that affect channel
function. In line with this, the atypical structure of the Kv1.5
S1-S2 linker provides an explanation for how mechanical
stretch is specific to the Kv1.5 channel among various Kv chan-
nels examined (Fig. 4).

Our results also revealed that the N terminus is involved in
the LO-mediated increase in I, 5 (Fig. 6). The current of the
N-terminal truncation mutant, AN209, was unresponsive to
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Figure 7. Removal of Src-binding sites abolishes LO-mediated increase
in I, .5- A amino acid sequences showing the two consensus SH3-binding
motifs (RPLPPLP, shown in blue) in the N terminus of Kv1.5 as well as the
mutant Kv1.5-APro, in which amino acids 64 -82 were removed. B, effects of
LO treatment on WT |, 5. CTL, n = 36; LO, n = 27;**,p < 0.01 at 20 mV and
above. C, removal of the Src-binding sites in Kv1.5 prevented LO-induced
increase in Iy, 5. Representative current traces (top) are depicted above the
summarized I-V relationships (bottom). CTL, n = 26; LO, n = 28.

LO treatment (Fig. 6B). The involvement of the Kv1.5 N termi-
nus was further determined by creating a Kv1.5 mutant channel
Kv1.5-Kv14NT, in which the N terminus of Kvl.5 was
replaced by the N terminus of Kv1.4, a Kv channel that is unaf-
fected by LO treatment (Fig. 6C). Kv1.5-Kv14NT channels
were not affected by LO treatment (Fig. 6D). The N terminus of
the Kv1.5 channel contains a proline-rich motif for binding of
Src kinase, and the Src-channel interaction leads to a suppres-
sion of I, 5 (23). Endogenous Src exists in HEK cells and car-
diac myocytes (23, 25, 26), and association between Kv1.5 and
native Src has been demonstrated in human myocardium tissue
lysates (23). Our results revealed that inhibition of Src tyrosine
kinase by PP1 increased Iy, 5 to an extent similar to LO treat-
ment. Furthermore, after PP1 pretreatment, LO treatment no
longer increased I, 5 (Fig. 8C). To confirm the role of Src
tyrosine kinase binding in mechanical stretch, we created a
Kvl.5 mutant channel, Kvl1.5-APro, by deleting the SH3
domain-binding motifs within the N terminus (Fig. 7).
Removal of the Kvl.5 channel Src-binding sites led to an
increase in I, 5 (note the current amplitude between Fig. 7, B
and C), consistent with the notion that Kv1.5 channel activity is
constitutively inhibited by endogenous Src kinases. Deletion of
Src-binding sites abolished the LO-mediated current increase
(Fig. 7C). These results suggest that LO treatment is likely to
increase I, 5 by relieving the constitutive inhibition caused by
endogenous Src tyrosine kinase.

We then investigated how LO treatment affects the interac-
tion of the N terminus with Src kinase. Our results revealed that
the N terminus communicates with the S1-S2 linker. Although
PK completely cleaved the mature protein of WT Kv1.5 chan-
nels, it could not cleave the mature protein of the N-terminal
truncation mutant, Kv1.5 AN209 (Fig. 9). The S1-S2 linker of
Kvl.5 is exposed extracellularly, whereas the N terminus is
localized intracellularly. Thus, the resistance of Kv1.5 AN209 to
PK cleavage provides direct evidence that shortening the intra-
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cellularly localized N terminus affects the conformation of the
extracellularly localized S1-S2 linker, preventing cleavage by
PK. Inversely, we believe that a change in the S1-S2 linker
induced by mechanical forces may lead to conformational alter-
ation of the N terminus. Such a change may cause Src dissoci-
ation and relief of tonic inhibition of the channel, leading to an
increase in I, 5. It remains to be elucidated which and how
extracellular matrix molecules are coupled to the S1-S2 linker
of Kv1.5 channels to affect channel function. Nonetheless, our
study raised the possibility that a mechanical stimulus can act
on the extracellular S1-S2 linker that allosterically couples to
an intracellular event (e.g. Src dissociation and relief of inhibi-
tion). Because Kv1.5 plays an important role in atrial repolar-
ization (1, 2) and atrial stretch is associated with atrial fibrilla-
tion (36), the role of Kv1.5 in this association warrants further
investigation.

It is not well-understood how Src binding to the channel
causes an inhibition of channel currents. Our results showed
that the LO-induced increase in I, s was not associated with a
change in the activation-voltage relationship of the channel
(Fig. 2B). Boycott et al. (15) reported that shear stress triggers
plasma membrane insertion of Kv1.5 channels from intracellu-
lar compartments in atrial myocytes. Consistently, our results
showed that LO and PP1 treatment increased the cell surface
Kv1.5 expression without affecting the total amount of Kv1.5
proteins from whole-cell lysate (Fig. 8, A and B). This result
suggests that disruption of the endogenous Src-channel inter-
action enhances the longevity of Kv1.5 channels on the plasma
membrane, leading to accumulated membrane expression and
increased I, 5.

In summary, by subjecting cells to centrifugation and hypo-
tonic solution, our study revealed mechanical stretch as a novel
pathway for Kv1.5 channel regulation. Mechanical stretch is
detected by the S1-S2 linker of the Kv1.5 channel, which com-
municates with the N terminus, relieving Src-mediated tonic
inhibition, leading to an increase in I; 4 5.

Experimental procedures
Molecular biology

WT human Kv1.5 cDNA was provided by Dr. Michael Tam-
kun (Colorado State University, Fort Collins, CO). Human
ether-a-go-go related gene (hRERG) cDNA was provided by Dr.
Gail Robertson (University of Wisconsin-Madison). Human
ether-a-go-go gene (hEAG) was provided by Dr. Luis Pardo
(Max-Planck Institute of Experimental Medicine, Gottingen,
Germany). Human KCNQI1 and KCNE1 cDNAs were provided
by Dr. Michael Sanguinetti (University of Utah, Salt Lake City,
UT). Human Kv4.3 was provided by Gui-Rong Li (University of
Hong Kong, Hong Kong, China). Kv1.4 cDNA was purchased
from GenScript. Mutations in Kv1.5 channel, including Kv1.5-
AN209 (deletion of amino acids 1-209), Kv1.5-A282-300
(deletion of amino acids 282—300 in S1-S2 linker), Kv1.5-APro
(deletion of amino acids 64—82 which contains Src-binding
motifs), Kv1.5-12PA (mutating all 12 prolines to alanines in the
S1-S2 linker), and Kv1.5-Kv1.4NT (the N terminus of Kv1.5
replaced by the N terminus of Kv1.4) were generated by PCR
cloning of the corresponding constructs from WT Kv1.5 and
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Figure 8. Effects of LO-treatment and Srcinhibitor PP1 on Kv1.5 expression and function. A, LO treatment did not affect the total amount of Kv1.5 proteins
butincreased the cell surface mature channel expression. The density of the 75-kDa band in LO-treated cells was normalized to that of control cells in the same
gel and shown in the scatter plots (n = 5). B, PP1 treatment did not affect the total amount of Kv1.5 proteins but increased the cell surface mature channel
expression. The density of the 75-kDa band in PP1-treated cells was normalized to that of control cells in the same gel and shown in the scatter plot (n = 5). For
Aand B, boxes representinterquartile ranges, horizontal lines represent medians, whiskers represent 5-95% ranges, and gray boxes represent means. **,p < 0.01
versus CTL. C, Srcinhibitor PP1 treatment increased |y, , s and prevented LO-mediated increase in l,, 5. Representative current traces (top) are depicted above
the summarized I-V relationships (bottom). CTL, n = 32; PP1,n = 35;LO, n = 26; PP1+LO, n = 28.*,p < 0.05 at 20 mV and above, compared with control (CTL).

There was no significant difference among PP1, LO, and PP1+LO groups.
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Figure 9. The Kv1.5 S1-S2 linker communicates with the N terminusin a
conformational manner. Truncation of N terminus altered the susceptibility
of the S1-52 linker to PK cleavage. WT Kv1.5 displays 75-kDa and 68-kDa
bands on Western blot analysis. The 75-kDa band represents the mature, fully
glycosylated channel protein in the plasma membrane, whereas the 68-kDa
band represents the immature channel protein inside the cell. AN209 Kv1.5
also presents as two bands; the 50-kDa band represents mature protein in the
plasma membrane, the 43-kDa band represents immature protein inside the
cell. Although PK completely cleaved the mature (cell surface) channel pro-
teins of WT Kv1.5, it failed to cleave the mature (cell surface) channel proteins
of AN209 Kv1.5 (n = 6).

Kv1.4 template and using BamH1 and EcoR1 restriction en-
zymes in the pcDNA3 vector. All sequencings were verified by
GENEWIZ (South Plainfield, NJ). Human embryonic kidney
(HEK) 293 cell lines stably expressing Kv1.5, Kv1.4, Kv4.3,
KCNQ1 (Kv7.1) + KCNE1, hEAG (Kv10.1), hERG (Kv11.1), or
each of the mutant Kv1.5 channels were created using Lipo-
fectamine 2000 to transfect the respective plasmid into HEK
293 cells, followed by G418 for selection (1 mg/ml) and main-
tenance (0.4 mg/ml). Cells were cultured in MEM supple-
mented with 10% FBS, 1 mMm sodium pyruvate, and 1% nones-
sential amino acids (Thermo Fisher Scientific).

Neonatal rat ventricular myocyte isolation and culture

Neonatal rat experiments were approved by the Queen’s
University Animal Care Committee. Ventricles of Sprague-
Dawley rats of either sex at 1 day old were used to isolate ven-
tricular myocytes using enzymatic dissociation (37). Isolated
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ventricular myocytes were initially cultured in 10% FBS-con-
taining DF medium for 45 min to allow fibroblasts to adhere to
the bottom of the plate. Unadhered ventricular myocytes were
then transferred to culture plates with glass coverslips and
cultured overnight. Kv1.5 and GFP plasmids at a 4:1 ratio were
transfected to ventricular myocytes using Lipofectamine 2000.
Twenty-four h after transfection, GFP-positive cells were used
to record I, 5 using the same voltage protocols and solutions
as in HEK cells.

Mechanical stretch induced by centrifugation and LO
treatment

To induce mechanical stretch, Kv1.5-HEK cells were
detached from plates with trypsin, placed in tubes, and centri-
fuged at 70 X g for 5 min. The centrifuged cells were then
resuspended and transferred for patch clamp recordings. Con-
trol cells were collected in the same way, but without centrifu-
gation (detached with trypsin and placed in tubes). We also
induced mechanical stretch in Kv1.5-HEK cells with LO
medium culture for 30 min. LO media were created by diluting
standard cell culture medium (MEM with 10% FBS) with puri-
fied water at a 2:1 ratio, decreasing the osmolarity of the
medium from 315 to 211 mOsm/liter (33% reduction).

Extracellular cleavage of cell surface proteins

To cleave the extracellularly localized S1-S2 linker of Kv1.5
channels, the cells were treated with the serine protease PK
(200 pg/ml in MEM) for 20 min at 37 °C. PBS containing 6 mm
PMSF and 25 mm EDTA was then used to terminate the reac-
tion. Biochemical and electrophysiological experiments were
performed to detect the channel protein expression and cur-
rent. Kv1.5-HEK cells treated with 250 ug/ml trypsin in PBS for
20 min at 37 °C were used as control.

Western blot analysis

Whole-cell protein lysates were used for Western blot anal-
ysis using the procedure described previously (5, 6). Cells were
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washed and collected with ice-cold PBS and centrifuged for 4
min at 100 X g. Cell pellets were then lysed in ice-cold lysis
buffer containing 1 mm PMSF and 1% protease inhibitor mix-
ture using sonification. Next, the cell lysates were centrifuged
for 10 min at 10,000 X g, and supernatants containing proteins
were collected. A protein assay kit (Bio-Rad) was used to deter-
mine protein concentrations. To create 0.3 ug/ul protein sam-
ples the appropriate amounts of double-distilled water and
loading buffer containing 5% 3-mercaptoethanol were added to
the protein. Proteins samples of 15 ug were loaded and sepa-
rated on 8% SDS-polyacrylamide gels and transferred onto
PVDF membranes. To prevent nonspecific protein interac-
tions, membranes were blocked with 5% nonfat skim milk and
0.1% Tween 20 in TBS for 1 h at room temperature. The blots
were incubated with a C terminus—specific rabbit anti-Kv1.5
primary antibody (APC-004, Alomone) for 1 h at room temper-
ature and then with goat anti-rabbit HRP-conjugated second-
ary antibody for 1 h. The blots were visualized with Fuji X-ray
films (Fyjifilm, Tokyo, Japan) using an enhanced chemilumi-
nescence detection kit (GE Healthcare).

Isolation of cell surface proteins

Cell membrane proteins were isolated using biotinylation
method with a Cell Surface Protein Isolation Kit (89881,
Thermo Fisher Scientific). Specifically, cells at 90% confluence
on 100-mm plates were treated with a membrane-impermeable
thiol-cleavable amine-reactive biotinylation reagent, Sulfo-
NHS-SS-biotin (250 pg/ml) for 30 min at 4 °C. Quenching solu-
tion was then added, and cells were lysed. After centrifugation
at 10,000 X g for 2 min at 4 °C, biotin-labeled proteins were
isolated using NeutrAvidin agarose columns and eluted with
SDS-polyacrylamide sample buffer containing DTT. The iso-
lated cell surface proteins were analyzed using Western blot
analysis to detect Kv1.5 membrane expression. To ensure equal
loadings, Na*/K* ATPase expression was detected with a
mouse anti-Na*/K"-ATPase a-1 antibody and a horse anti-
mouse HRP-conjugated secondary antibody.

Electrophysiological recordings

All currents were recorded using whole-cell voltage clamp
method. Cells collected were allowed to settle on the bottom of
a 0.5 ml perfusion chamber in bath solution. The glass pipettes
were pulled using thin-walled borosilicate glass (World Preci-
sion Instruments, Sarasota, FL). The pipettes had inner diame-
ters of ~1.5 wm and resistances of 2 M{) when filled with solu-
tion. Series resistance (Rs) was compensated by 80%, and leak
subtraction was not used. An Axopatch 200B amplifier and
pCLAMP10 (Molecular Devices, San Jose, CA) were used for
data acquisition and analysis. Data were sampled at 20 kHz and
filtered at 5 kHz. The bath solution contained (in mm) 135
NaCl, 5 KCl, 10 HEPES, 10 glucose, 1 MgCl,, and 2 CaCl, (pH
7.4 with NaOH). The pipette solution contained (in mm) 135
KCl,5EGTA, 5 MgATP, and 10 HEPES (pH 7.2 with KOH). For
whole-cell voltage clamp recordings, currents were elicited
from a holding potential of —80 mV by depolarizing steps to
voltages between —70 and +70 mV in 10-mV increments. The
membrane was then clamped to —50 mV (—30 mV for Kv1.5)
prior to returning to the holding potential. Current amplitudes
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were normalized to the cell capacitances and expressed as cur-
rent density (pA/pF). For current-voltage relationships of all
channels, currentamplitudes upondepolarizing steps were mea-
sured and plotted against voltages. For the Kv1.5 activation
curve, peak tail currents during the —30 mV repolarizing step
were measured, and plotted against the depolarizing voltages;
the tail current-voltage relationships were fitted to the Boltz-
mann equation to obtain half-activation voltages (V;,,) and
slope factors. Patch clamp experiments were performed at
room temperature (22 = 1 °C).

Live cell microscopy

WT Kv1.5-HEK cells were cultured on glass-bottom plates
(35 mm) (World Precision Instruments, Sarasota, FL).
Before and after culture with LO medium for 30 min at 37 °C,
cell images were obtained using a 63X oil objective on a Zeiss
7.1 AxioObserver inverted microscope (Zeiss, Oberkochen,
Germany). To quantify cell size, Zeiss AxioVision software
was used.

Reagents and antibodies

A C terminus—specific rabbit anti-Kv1.5 antibody (APC-004)
was purchased from Alomone Labs (Jerusalem, Israel). A
mouse anti-Na™ /K" -ATPase a-1 (sc-21712) primary antibody
was purchased from Santa Cruz Biotechnology (Dallas, TX).
Horse anti-mouse (7076) and goat anti-rabbit (7074) HRP-con-
jugated secondary antibodies were purchased from Cell Signal-
ing Technology (Danvers, MA). MEM, EBS, trypsin, sodium
pyruvate, minimal essential amino acids, Lipofectamine 2000,
and Opti-MEM were purchased from Thermo Fisher Scientific.
G418, PMSEF, protease inhibitor mixture, B-mercaptoethanol,
proteinase K, Triton X-100, BSA, and all chemicals/electrolytes
used in the patch clamp experiments were obtained from Sig-
ma-Aldrich. The BLUeye Prestained Protein Ladder (Gene-
Direx) was purchased from FroggaBio (Toronto, Ontario, Can-
ada). An enhanced chemiluminescence detection kit was
purchased from GE Healthcare. X-ray films were from Fujifilm
(Tokyo, Japan).

Statistical analysis

All data are expressed as the mean = S.E. For experiments
with multiple groups, a two-way analysis of variance with Bon-
ferroni post hoc test was used. For experiments between two
groups, a two-tailed unpaired Student’s ¢ test was used, except
for Fig. 2A where a two-tailed paired Student’s ¢ test was used. A
p value = 0.05 was considered statistically significant.

Data availability

All the data are in the manuscript.
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