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Abstract

Although Cavl1.2 CH channels are modulated by reactive oxygen spe@e3S), the
underlying mechanisms are not fully understoodthis study, we investigated effects of
hydrogen peroxide (#D2) on the C4 channel using a patch-clamp technique in guinga-pi
ventricular myocytes. Externally applied® (1 mM) increased Cachannel activity in the
cell-attached mode. A specific inhibitor of aalmodulin-dependent protein kinase I,
(CaMKIll) KN-93 (10 uM), partially attenuated the 202-mediated facilitation of the channel,
suggesting both CaMKII-dependent and independetitwagys. However, in the inside-out
mode, 1 mM HO:2 increased channel activity in a KN-93-resistannna. Since kD2-
pretreated calmodulin did not reproduce th#Heffect, the HO: target was presumably
assigned to the Gachannel itself. A thiol-specific oxidizing agentmicked and occluded the
H20: effect. These results suggest thaDHfacilitates the Cd channel through oxidation of

cysteine residue(s) in the channel as well ashéataMKII-dependent pathway.
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I ntroduction

An alteration in the cell’s redox state such asréased reactive oxygen species (ROS)
production is associated with patholddy3]. In the heart, ROS as highly reactive compounds
accumulate in tissues during myocardial ischempefrieision and cause peroxidation of lipids
and proteing4], which play an important role in the pathogenegissohemia/reperfusion
abnormalities, including myocardial stunning, iresible injury, and reperfusion arrhythmias
[5]. ROS-induced Ca overload is one of the major causes of cardiomgoayjury during
ischemia/reperfusiofi6]. C&* overload induced by oxidation is thought to be iaed by
increased Cdrelease from the sarcoplasmic reticulum (SR) thinoilg C3" release channel
(ryanodine receptor 2, RyR2) and decreased Qatake by inhibiting Ca-ATPase (SERCA)
activity [7].

L-type (Cavl.2) C& channels (LTCCs) in the myocardium sarcolemmatiagemain
route for C&" influx into cells. Different from skeletal muscl# cardiac myocytes, Ga
influx through LTCCs triggers Garelease, determining the €alynamics in the cardiac
myocytes. Accumulating evidence shows that bassaVigc of LTCCs is modulated by
cytoplasmic factors including protein kinase-meetiaphosphorylationi8, 9], phosphatase-
mediated dephosphorylation (8-9) and the interactith C&* and Md* [10], lipids[11] and
proteins[12, 13] Recent studies suggest that the function of LT€€rucially modulated by
ROS during ischemia/reperfusi¢i4, 15} Exposure of myocytes to a high concentration of
H20z results in alteration of Gachannel activity and cellular €shomeostasifl6]. However,
the mechanism underlying the effects of oxidat®sa far controversial since both inhibition
and facilitation of LTCCs by oxidation have beemgested17-20] The mechanism of the
ROS effect on LTCCs also remains elusive. For exenpO2 has been suggested to facilitate
LTCCs by activation of G&/CaM-dependent protein kinase Il (CaMKIl) throughidation of
methionine residues in CaMKIl or increasing?Ceelease through RyR (20). On the other
hand, Tanget al. [19] have reported that #2-induced facilitation of LTCCs is mediated by
glutathionylation of LTCCs.
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To explore the effect of oxidation on cardiac LTC&£wl the underlying mechanisms, the
inside-out mode of patch-clamp technique is berafgince the internal side of LTCC can be
well controlled. We have previously found that LT@€tivity is maintained with calmodulin
(CaM) and ATP without run-down of the channel ie thside-out patchd42, 21-26] In this
study, using this method we have investigated ftifiecteof H:O2 on the current through
LTCCs. HO- was found to increase &achannel activity both in the cell-attached modd an
the inside-out mode. The specific CaMKII inhibitdN-93 partially attenuates the facilitation
effect in the cell-attached mode, but had no efiet¢he inside-out mode. Our results suggest

H202facilitates LTCCs through CaMKII-dependent and meiledent pathways.

Materialsand methods

Materials

MgATP, hydrogen peroxide @@:) tablet and 5,5'-dithiobis (2-nitrobenzoic acid)NTB)
(cysteine residue oxidation reagent) were purchdsmd Sigma-Aldrich (St. Louis, MO,
USA), KN-93 (CaMKIll inhibitor) and KN-92 (inactiveanalog of KN-93) were from
Calbiochem (San Diego, CA, USA) and Bay K 86442(@dannel agonist) was from Wako
(Osaka, Japan).

Preparation of single cardiac myocytes

Single ventricular myocytes were isolated from &adglinea-pig hearts by collagenase
dissociation as described previougly]. In brief, a female guinea pig (weight 300-500gs
anesthetized with pentobarbital sodium (30 mg/km),iand the aorta was cannulated in situ
under artificial respiration. The dissected heaaswnounted on a Langendorff apparatus and
perfused with Tyrode solution for 3 min, then witbminally C&*-free Tyrode solution for 5
min, and finally with C&'-free Tyrode solution containing collagenase (@@ml; Yakult)

for 7-15 min. The collagenase was washed away avitigh K', low C&* solution (storage

solution). The single ventricular myocytes wergdised and filtered through a stainless steel
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mesh (105um). 0.05 mg/ml protease (Type XIV, Sigma) and 0n@®ml DNase | (Type IV,
Sigma) were incubated with the myocytes to impriheesuccess rate in attaining a gigaohm
seal. The enzyme-treated myocytes were then waslied by centrifugation (800 rpm for 3
min) and stored at°C.

The experiments were carried out under the approf/ahe Committee of Animal

Experimental, Kagoshima University.

Solutions

Tyrode solution contained (in mM) 135 NaCl, 5.4 KGI33 NaHPQs, 1.0 MgCh, 5.5 glucose,
1.8 CaCl, and 10 HEPES-NaOH buffer (pH 7.4). The storadetism was composed of (in
mM) 70 KOH, 50 glutamic acid, 40 KCI, 20 KAQs, 20 taurine, 3 MgGJ 10 glucose, 10
HEPES, and 0.5 EGTA and the pH was adjusted towitd KOH. The pipette solution
contained (in mM) 50 Bag 70 tetraethylammonium chloride, 0.5 EGTA, 0.008vEK 8644,
and 10 HEPES-CsOH buffer (pH 7.4). The basic ikesolution consisted of (in mM) 90
potassium aspartate, 30 KCI, 10 #y, 1 EGTA, 0.5 MgCJ, 0.5 CaCl, and 10 HEPES-
KOH buffer (pH 7.4; free G480 nM, pCa 7.1). CaM and MgATP were dissolved isiba

internal solution in the inside-out patch mode.

Preparation of CaM

The cDNA of human CaM cloned into the pGEX6P-3 wedGE Healthcare Bioscience,
Uppsala, Sweden) was expressed as a glutathiores§fdrase (GST) fusion protein in
Escherichia coli BL21 and purified using glutathione—Sepharose @& (Healthcare). The
GST region was cleaved by PreScission ProteaseH&dthcare). The purity of CaM was
confirmed by SDS-PAGE and quantified by the Bradforethod (Thermo Fisher Scientific,

Rockford, IL, USA) with bovine serum albumin as #tandard and a correction factor of 1.69.

Patch clamp and data analysis
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Barium current through LTCCs was recorded in théateached and inside-out mode using
the patch-clamp technique. For the recording indékattached mode, the myocytes were
perfused with the basic internal solution at 31€353sing a patch pipette (2—4 (M
containing 50 mM B% and 3uM Bay K8644. Bay K8644, a Gachannel agonist, was used
to prolong the open time of the channel to fadiitdne experiments. Barium currents through
LTCCs were elicited by depolarizing pulses from t8® mV for a 200 ms duration at a rate
of 0.5 Hz. The currents were recorded with a patemp amplifier (EPC-7; List, Darmstadt,
Germany) and fed to a computer at a sampling ra&3kHz. The mean currentl () was
measured and divided by the unitary current angidit() to yield NPo, based on the equation

I = N x Po xi, whereN is the number of channels in the patch &ods the time-averaged
open-state probability of the channels. Data aegsguted as the mean = S.E. Studdftest or
ANOVA with post-hoc Tukey HSD test was used toraate statistical significance and values

of P < 0.05 were considered as significant.

RESULTS
H20. facilitated Ca?* channel in the cell-attached mode via CaMKII-dependent and
independent pathways
We first examined the effect of2B82 on the current through LTCCs in the cell-attachestie
in guinea-pig ventricular myocytes. After recorditing current for 2 minutes as a control, 1
mM H20. was applied in the perfusion solution. As showrFig. 1A and B, C& channel
activity was rapidly increased without a changehe unitary current amplitude. Taking an
average of six patches, the?Cahannel activity was increased to 2082 % of the control
(Fig. 1D). This result confirmed the facilitatinffext of HoO2on LTCCs.

Facilitation of LTCCs by glutathionylatiod9] or phosphorylation mediated by activated
CaMKII [20] during oxidative stress has been proposed. Tauaisalthe possible CaMKII-
dependent effect of 42, we incubated the cardiomyocytes with IRl KN-93, a specific

CaMKIll inhibitor, for 10 minutes before recordinget current. Under this condition, it has
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been reported that activity of CaMKIl is nearly qaetely inhibited by KN-9328, 29] As
shown in Fig. 1C, KN-93 significantly attenuatedQ#mediated facilitation (132 15 %
(n=9) vs 206+ 32 % with no drug, P<0.05), while KN-92, an ingetianalog of KN-93,
partially attenuated the facilitation but it wag statistically significant (15& 13 % (n=5) vs
206+ 32 % with no drug, P=0.30). These results sugdeasiat not only CaMKII-dependent

but also independent pathways were involvedi@2mediated facilitation of LTCCs.

H20: facilitated Ca?* channel in the inside-out mode independently of CaMKI|

To explore the mechanism of CaMKIl-independentlii@ation of LTCCs produced by 4>,

we investigated the 4 effect on LTCCs in the inside-out patches in whiok C&* channel
activity was maintained by application oM CaM together with 3 mM ATPL2, 21-26] In

the inside-out patch mode, LTCCs were disconnewatiéidl cytoplasmic factors and perfused
with an artificial solution with known compositiofhis was quite beneficial to examine direct
effects of external reagents on LTCC. After thechawas excised and moved to a small inlet
in the perfusion chamber which was connected toi@omjection system, CaM/ATP was
immediately applied to induce €achannel activity, the single channel current wesorded
for 3 minutes as a control current, then 1 mbOkHwas added into the CaM/ATP solution. As
shown in Fig. 2A, HO:z significantly increased the CaM-induced?Cehannel activity in the
inside-out mode. This facilitatory effect ok® was concentration dependent up to 1-2 mM,
and higher concentrations of2Bk conversely inhibited CGa channel activity presumably
because of a non-specific deteriorating effect gDHFig. 2B). These results suggested that
H202 (<2 mM) facilitated C& channel activity in the inside-out patches via ieed
modification of LTCC and/or its closely-located tims such as CaM and CaMKII. To assess
the possibility that CaMKIl was still located neae channel and modulated channel activity
in the excised patches, we examined the effectNOR in the inside-out patches. As shown
in Fig. 2C, KN-93 had only a small effect on theC#mediated facilitation of LTCCs in the
inside-out mode. In summary, channel activity wasdatated by HO2 from 144+ 32 %
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(control) to 272+ 70 % in the absence of KN-93 (n=5), and from 38 % to 23k 29 % in
the presence of KN-93 (n=6). Although KN-93 seenedlightly attenuate the increasing
effect of HO2 on channel activity, this difference was statatic insignificant. Thus KN93
did not significantly affect the ¥D.-mediated facilitation of the Gachannel in the inside-out
mode.

H-0> may also able to oxidize CaM and modulate thecefté CaM on C& channel
activity. To assess this possibility, we examinieel éffect of oxidized CaM pretreated with 1
mM H20: at room temperature for 30 minutes. As shown @ BA and B, after C4 channel
activity was maintained by intact (untreated witfOz) CaM + ATP in the inside-out patches,
we substituted the oxidized CaM for the untreatedMCChannel activity did not change
significantly, suggesting that CaM was not oxidizzdoxidized CaM, if any, had similar
potency as the untreated CaM on activity of LTC@(RC). This result suggested that
oxidation of CaM was not involved in thexBb-mediated facilitation of LTCCs, and thus a
direct oxidation of LTCCs might be a possible megsian for the facilitation in the inside-out

mode.

Cysteine residuesin the Ca?* channel are involved in H20.-mediated facilitation

The a1C subunit of LTCC contains 38 cysteine residuas$ 26 methionine residues in the
cytoplasmic chains, which are potentially subjeciokidation modification. To identify the
amino acid residue which was oxidized byCGA and responsible for the 282-mediated
facilitation of LTCCs, a specific oxidizing agenf aysteine residues 5,5'-dithiobis-(2-
nitrobenzoic acid) (DTNB) was applied in place of04d As shown in Fig. 4, 1 mM DNTB
significantly increased Gachannel activity maintained by CaM (from 1222 % up to 184

+ 21 %, n=5), suggesting that oxidation of cysteresidue(s) was responsible, at least
partially, for the HO2-mediated facilitation of LTCCs. Since there is specific oxidizing
agent of methionine residues available, we examihedeffects of HO2 on LTCC after

application of DTNB. Application of ED2+ CaM after DTNB + CaM only slightly increased
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C&* channel activity and was statistically insignifitgFig. 5). These results suggested that
oxidation of cysteine residue(s) was the major eaofkthe HO2-mediated facilitation of

LTCCs in the inside-out patches.

Discussion

In the present study, we investigated the effechyafrogen peroxide (#D2) on the L-type
C&* channel (LTCC) of cardiac myocytes in the celaelied and the inside-out mode. We
found that HO: facilitates cardiac LTCCs through two pathways:diect oxidation of
cysteine residue(s) of the channel; 2) indirechyalys via activation of CaMKII.

Changes of the redox state in the cardiac myocgtag an important role in heart
diseases. LTCC as a major regulator of cardiactimmds subject to redox modification.
Although there is accumulating evidence supportingt reactive oxygen species (ROS)
modulate the function of LTCCs, the results of thesudies are controversial: Oxidizing
agents are reported to inhibit the human and radasdiac LTCC expressed in HEK293 cells
[17, 18] In isolated guinea-pig ventricular myocytes, @tidn decreased the current through
LTCC [30]. On the other hand, a decrease in cellular supkr@nd HO: is associated with a
decrease in the current of nati{&l, 32] and expressed LTC(J47, 33] while the thiol-
specific oxidizing agent DNTB increases the LTCG@rent[34]. The complicated interactions
between LTCC and uncontrolled cytoplasmic factorsy e partially responsible for the
uncertainty surrounding the effects of oxidationL@iCCs. The present study took advantage
of the inside-out mode of patch-clamp techniqueviich most of the cytoplasmic factors
were washed oytl2, 21-26] Our results show that2B: facilitates LTCC at concentrations
up to 2 mM and inhibits the channel at higher catregions. This finding may partly account
for the diverse results in the previous studies.

The underlying mechanisms of modulation of thé*@hannel by KOz are not completely
clear. Songet al. [20] have reported that 2@>-mediated facilitation of the & channel

through activation of CaMKII can be activated eitbg C&*/CaM or oxidation of methionine
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residues in CaMKII. Thus, #D: is involved in both activation processes: Okl enhances
C&* release from SR by increasing RYR activity; 2) @tion of methionine residues in
CaMKIl protein (amino acid numbers: 281 and 282rinuse) sustains the kinase activity
independent of C&CaM [3]. However, Tangt al. [19] suggest that D2 facilitates the C4
channel through direct glutathionylation of the el protein. It is difficult to distinguish the
direct effect of HO2 from an indirect one when examining whole celistHe present study,
we employed a method to record LTCC current in itteede-out mode in which channel
activity was maintained by CaM/ATP in the intersalution [12, 21-26] Our results show
that the CaMKII specific inhibitor KN-93 did not owpletely attenuate #D>-mediated
facilitation of LTCC in the cell-attached mode, gegting that EO2-mediated facilitation is
mediated by not only a CaMKII-dependent pathwaydisd CaMKII-independent pathways.
The finding that KN-93 does not inhibit the®t effect in the inside-out mode indicated that
the CaMKII-mediated facilitation is absent in theside-out mode, and hence implies that
CaMKIl might not be attached to LTCC or, if presehtmight not be in a state sensitive to
oxidation in our inside-out patches.

Thus our results indicate that, in addition to @eVKII-dependent pathway, there is an
additional CaMKIll-independent pathway for the@4-mediated facilitation of LTCC. Since
most intracellular proteins are washed out in th&de-out patches, it is likely that direct
oxidation of LTCC or its associated proteins byOelmight be involved in the facilitation of
LTCC. Since HO2z-pretreated CaM does not mimic the facilitatoryeeffof HO2, oxidation of
CaM does not account for the mechanism of fadiitatThis is consistent with the fact that
human CaM does not contain any cysteine residumss,Tit seems most likely that the®Ca
channel protein itself undergoes direct oxidatignHaO: as the CaMll-independent pathway
of the LTCC facilitation.

Both cysteine and methionine residues are subgeaxidation by HO.. The pore-
forming subunitalC of cardiac LTCC is rich in cysteine and methieniresidues in the

cytoplasmic chainf35]. Our findings that the specific cysteine oxidizexgent DTNB mimics

— 10_
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the HO2 effect and that the effect of subsequently apptie@: is largely occluded suggests
that cysteine residue(s) are involved in th®©#mediated facilitation. However, this does not
exclude a possible involvement of a methioninedwes(s). Future work should determine the
oxidation sites responsible for the®t-mediated modulation of LTCC. In conclusion, LTCC
may undergo ROS-mediated modification via the di@ddation of LTCC as well as the

indirect pathways involving CaMKII activation. Thigould be relevant for the understanding
of ROS-mediated regulation of ion channels and" @aerload and arrhythmogenesis during

oxidation stress on the heart.
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Figurelegends

Fig. 1 H.0; facilitates L-type Ca?* channel activity in cell-attached mode. A Time course
of channel activity NlPo) recorded in cell-attached mode before and afipli@ation of 1 mM
H202. B Examples of current traces of the?Cehannels before (a) and after (b) application of
H20: taken at the times indicated in &. Effect of 1 mM HO2 on channel activity NPo)
recorded in the cell-attached mode in the presafick0 pM KN-93.D Summary of the
normalized activity of the Cachannel treated with 4. with no drug (n=6), and with 10 uM
KN-93 (a specific CaMKII inhibitor) (n=9) or KN-9Zan inactive form of KN-93) (n=5).
Mean channel activity (60 traces) in each patch m@asnalized to the corresponding control
value, averaged in the same group, and shown as m&E. * P<0.05 and ** P<0.01 vs.
control (Student’s t-test), and # P<0.05 and NSsigptificant vs. HO2 without drug (ANOVA
and Tukey HSD test).

Fig. 2 H20.-mediated facilitation of Ca?* channel activity in inside-out mode. A andC
Time course of channel activityNPo) recorded in cell-attached (c.a.) mode followed by
inside-out (i.0.) mode, in which channel activitasvmaintained with tM CaM + 3 mM ATP,
and then 1 mM kD2 without (A) or with (C) 10 uM KN-93 was additiomalapplied as
indicated by the boxes in each graph. ATP was deduthroughout the experiments in the
inside-out modeB Concentration-dependent effect afd4. Normalized channel activity was
plotted against concentration of:®b. Data (n=4-6) were fitted with a combined Hill's
equation as:

(200 +A[H202)"ns /(Kds ¢ + [H202)"ns ) [IKd:n;/(Kd;”n; + [H202]"n;),
where [HOz] is the concentration of 22, A the extent of facilitation, Kidand Kd apparent
dissociation constants, andamd n Hill's numbers for facilitation and inhibition, spectively.
The fitted curve was drawn witA=147, Kd =0.68 mM, n=2, Kd; =3.11 mM and n=3

(r>=0.983).D Summary of the normalized channel activity in ginesence of CaM + ATP in
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i.0. mode before and after addition of®4 + KN-93 (n=5-6). Data are shown as mea8.E.
* P<0.05 vs. CaM (t-test), NS not significant (ANGV

Fig. 3 Facilitation of Ca?* channel by H2O2is not because of oxidation of CaM. CaM was
pre-incubated with 1 mM #D2 for 30 min and then applied to the X&hannelsA Time
course of channel activity recorded first in cathahed (c.a.) mode followed by inside-out
(i.0.) mode with 1 uM non-treated (intact) CaM B/ ATP, followed by substitution with
H202-treated CaM (1 uM)B Example of current traces for the control in comde (a), with
CaM + ATP in i.o mode (b) and2B-treated CaM + ATP (c), at the time period indickite A.

C Summary of normalized channel activity inducedGaM + ATP (n=7) and kD2-treated
CaM + ATP (n=6). Data are shown as mea&.E. *** P<0.001 vs. control (c.a.), NS not
significant (ANOVA and Tukey HSD test).

Fig. 4 DTNB, a specific oxidant of cysteine residues, facilitates Ca?* channel activity in
inside-out mode. A Time course of channel activity recorded firstetl-attached (c.a.) mode
followed by inside-out (i.0.) mode. After patch &ton, 1 uM CaM + 3 mM ATP was applied
to maintain channel activity, and then DTNB (1 migs additionally appliedB Example of
current traces for the control in c.a. mode (ajhv@aM + ATP in i.o mode (b) and with CaM
+ ATP + 1 mM DTNB (c) at the time period indicatedA. C Summary of normalized channel
activity in the presence of CaM + ATP and CaM + AFDTNB (n=5). Data are shown as

meant S.E. * P<0.05 vs. control (t-test).

Fig. 5 A Time course of channel activity recorded firstell-attached (c.a.) mode followed
by inside-out (i.0.) mode. After patch excisionuyM CaM + 3 mM ATP was applied to
maintain channel activity, then DTNB (1 mM) was addand finally HO2 (1 mM) was
additionally appliedB Summary of channel activity induced by CaM + AFTBTNB (n=5)

and CaM + ATP + ED2 (n=6), normalized to the activity values obtained ¢onditions of
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CaM + ATP. Data are shown as mea8.E. NS not significant (t-test).
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