J. Membrane Biol. 172, 193-201 (1999) The Journal of

Membrane
Biology

© Springer-Verlag New York Inc. 1999

A 59 Amino Acid Insertion Increases C&* Sensitivity of rbslol,a Ca?*-Activated K*
Channel in Renal Epithelia

K. Hanaoka, J.M. Wright, I.B. Cheglakov, T. Morita, W.B. Guggino
The Johns Hopkins University School of Medicine, Department of Physiology, Baltimore, MD 21205, USA

Received: 23 August 1999

Abstract. We previously cloned a MaxiK channel al., 1987; Merot et al., 1989; Ling, Hinton & Eaton,
a-subunit isoform,rbslol, from rabbit kidney with an  1991; Morita et al., 1997). However, the role of Ca
amino acid sequence highly homologous nislo but  activated K channels in renal function is still unre-
with a 59 amino acid insertion between S8 and S9solved. We have shown in cultured kidney cells thz
(Morita et al., 1997.Am. J. Physiol273:F615-F624). forskolin and ADH can activate G&activated K chan-
rbslol activation properties differed substantially from nels probably via phosphorylation of the channel protei
mslowith much greater C4 sensitivity, half-activation  (Guggino et al., 1985). This suggests that under son
potential of ~49 mV in 1um C&*. We now report stimulated conditions C-activated K channels may
single-channel analysis abslol and delA, a construct  indeed play a role in transcellular transport. Two suk
produced by removal of the 59 amino acid insertion atynits of maxi K~ channels have been cloned (Butler e
site A. delAis identical tomslofrom upstream of S1to 4| 1993: Knaus et al., 1994). Thesubunit is the func-
downstream of S10 with the exception of 8 amino acids4jona| unit that is inhibited by iberiotoxin (IBTX). Thp
Slope of the steady-state Boltzmann \{oltage ac'ti_vatiorgubunit does not produce any current when it is e
curve was 8.1 mV per e-fold change in probability of pressed inKenopusoocytes. However, co-expression of
opening for botitbslolanddelA The apparent [Ca];  the o and B subunits inXenopuspocytes produces cur-
properties indelAwere more likemslobut the voltage-  rants with increased G4 and voltage-sensitivity, com-

activation properties remained distinctipsiol Ca’* ared with the current produced by expressiom aiub-
affinity decreased and transmembrane voltage effects OBnit alone éeeMcManus et al. (1995) for a discussion).

apparent C# affinity increased irdelA The differences Although maxi K channels are known to exist in severa

betw_eenrbslt_)l anql oth_er clone_d channels appear to benephron segments, the distribution and the abundance
localized at insertion site A with both the insertion se-

i ! - : ~ these channels at protein level in each cell type has n
quence and amino acid substitutions near site A bein P yp

) o $een reported nor has the cellular localization been e
important. The steeper activation slope makes the cha b

. . Nablished.
nel more responsive to small changes in transmembrane . .
We previously cloned and reported a MaxiK channe

;’ﬂg?oengh;te ptrT;silgi)egritéc;rI] lz\e;vqll“le?/r;s g;a[lléeas the Chann%!-subunit isoform,rbslol, from rabbit medullary thick
i.

ascending limb cell line (mTAL cell) (Morita et al.,
) 1997). The amino acid sequencerbs§lolis highly ho-
Key words: Potassium channel — BK channel — Gat- yojogous to MaxiK channels cloned from other specie
ing — Single-channel recording such agnslo, hsloandcslo. Sequences betweehslol
and hslol are very similar except for an additional 44
amino acid group at the C-terminal and alternative splic
ing site A (Morita et al., 1997). At site AsgeFig. 1A),

Large conductance (maxi). &aactivated K channel rbslolhas a sequence of 59 amino acids which differs k
arge conductance (maxi), cliva ¢ €IS g amino acids from an insertion found at the same site

are expressed in several nephron segments (Guggino Fe{t PC-12 cells (Fig. B) (Saito et al., 1997).

We have used two expression systeiker{opuso-
I cytes and CHO cells) to characterize the channels. T!
Correspondence to.B. Guggino unique feature ofbslolis greatly enhanced €4 and

Introduction
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A
59 Amino Acid Insertion
rbslo1 S0 S1 5253 S4 S5 H5 S6 S7 s8 | S9 sio0
NH. H { + |_| COOH
delA S0 S1 S2S3 S4 S5 H5 S6 S7 s $10
NH, COOH
B
620 630 640 650 660 670 580 590 700
rbslol KACHDDITDPERIKKCGCKR-PEMSIYRRMRRACCFGCGRSERDCSCMSGRVRGHVDTLGRAFPLSSVSVSDCCTRFRAFEDEQPSTLSPE
pcl2 KACHDDVTDPKRIKKCGCrR - PEMSIYERMsRACCFICGRSERDCSCMSGRVRGNVDTLeRNFPLSSVSVNDCsTsFRAFEDEQPDTLSPK
delAd FKACHDDITDPERIEKCGCEKR e e EDEQPSTLSPK
mslo KACHDDVTDPERIKKCGCrR1 IY FEDEQPpTLSFK

Fig. 1. (A) Schematic drawing of the MaxiK channetsubunit from rabbit kidneyrpslol) and the deletion mutationdélA) used in these
experiments. The hydrophobic segments (S0-S10) and pore-forming loop (H5) are indicated with filled boxed. The 59 amino acid sequenc
in rbslolwas deleted to produaielA The location of alternative splicing site A is indicated indelA Hydrophobic regions drawn and numbered
after Wallner, Meera & Toro (1996) and Meera et al. (199B).I0sertion sequence data (underlined) comparigio1 with rslo from PC-12 cells
anddelA with mslo.

voltage sensitivities compared to previously cloned made by a protocol previously described (Devidas, Yue & Gugginc
subunits. For example, the membrane potential tol998).rbslol andd_eIA pl_asmid DNAs were prepared by cesium tri-
achieve a half-maximal conductanc¥, ) for rbslol f'uorogﬁ?tate Eem”ftugat'on mlf:tLhOdIi (CHO cell) ained

. : inese hamster ovary—K1 cells cells) were obtained fror
expressed in CHO cells is 61 mV at Quis C&f* and -33

T . + American Type Culture Collection (Rockville, MD) and grown in a
mV at 1um Cain symmetrlcal 150 m [K ] In com- culture flask containing: 90% Ham'’s F-12 medium (Mediatech, Hern

don, VA) and 10% fetal bovine serum (Hyclone, Logan, UT). Cells
were replated on glass coverslips (Belleco Glass, Vineland, NJ) 24

parison, for thehslo channel (hbr5),Vy, at 2.4 um
[C&a?"]; with symmetrical 110 m [K*] is about 0 mV

(Tseng-Crank et al., 1994) much more positive than whabefore transfection. Calcium phosphate precipitation method was el

we observed for thebslol channel §éeeMorita et al.,

ployed to transfect plasmids into CHO cells. An expression constru

1997). This raised the intriguing possibility that splice containing the murine T-lymphocyte-specific surface protein CD4, wa

variants of C&*-activated K channels with enhanced
Ca*-sensitivity do play a role in distal tubule*Krans-

cotransfected (Morita et al., 1997) and cells expressing CD4 we
identified by attachment of CD4 antibody-coated beads (Dynail, Lak
Success, NY). G- and voltage-activated Kcurrents were found in

port under normal circumstances and in disease statesgsy of cells with attached CD4 antibody-coated beatislolor delA
Because other studies indicated that alternativesurrents were recorded in 24-72 hr after transfection only from cel

splicing at site A modified channel sensitivity to [€}

(Lagrutta et al., 1994; Saito et al., 1997; Xie & McCobb,
1998), we hypothesized that the insertion sequence at si

A altered the C& sensitivity of rbslol Therefore we
created a mutatiorelA, where the 59 amino acids from

site A were removed (Fig. 1). Our results indicated tha
deletion of the 59 amino acid sequence at site A resulte

in functional changes in the sensitivity to [€3.

Materials and Methods

ExPrESsION INCHO CtLLS

rbslol cloned from cDNA library of rabbit medullary thick ascending

with attached beads.

tELECTROPHYSIOLOGY

tSingle-channel recordings from inside-out patches were performed
aescribed by Hamill et al. (1981) using an EPC-7 patch-clamp ampl

er (List Electronic, Darmstadt, Germany) with pClamp version 6.0.?
software (Axon Instruments, Foster City, CA). Patch pipettes wer
pulled from borosilicate glass (15-2(); WPI, Sarasota, FL), coated
with Sylgard® and fire-polished. Recordings were initially filtered at
10 kHz through the low-pass Bessel filter in the EPC-7 amplifier
digitized and recorded on videotape (VR-10B, Instrutech, Great Nec
NY). Data were replayed and refiltered through an 8-pole low-pas
Bessel filter at 1 kHz (Model 902, Frequency Devices, Haverhill, MA)
digitized at 5 kHz (ISC-16, RC Electronics, Goleta, CA) for analysis

The pipette (extracellular) solution contained (imn150 KClI,

limb cell line (MTAL cells) was expressed in mammalian cells using 1 MgCl,, 10 HEPES, and 1 EGTA (pH 7.4); 1184 CaCl, was added

pGFP-N1 vector (Clontech, Palo Alto, CA) (Morita et al., 1997). In to bring the free C& to 10 m as calculated by the program Bound and
brief, Xbal restriction site was created in place of Ndel restriction site Determined (Brooks & Storey, 1992). The bath solution contained (i
after stop codon ofbslol Sall and Xbal were used to cut out the mm): 150 KCI, 1 MgCl,, 10 HEPES, and 1 EGTA (pH 7.4). The free
fragment of cDNA coding for GFP protein, then cDNA coding for Ca&" concentration was adjusted by adding Ca@ Ca*-selective
rbslol was introduced into the vector. Deletion mutadglA, was electrode sensitive to 04im free C&* (Okada, Hazama & Oiki, 1988)
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was manufactured and calibrated against reference solutions (WPI, A

Sarasota, FL) to check free €aconcentration of the solutions. A

multibarrel perfusion system was used to quickly change bath solu-

tions. Experiments were performed at room temperature (23-26°C). Vin (MV) rbslo1 delA

—Q0—
DATA ANALYSIS 60 U l U«——c—-

Data analysis was done using software previously described (Wright, —_O—

Kline & Nowak, 1991). In brief, threshold of channel opening was set 30 | [ ~—C— ll' “ “

at 50% of the unit single-channel current. Mean open time was ob-

tained from an open-time histogram constructed from an event list.

Burst analysis was done only on recordings that had a clear separation 3 | 1 :8:W
between short and long closed time; bursts were defined as described

by Colquhoun and Sakmann (1985). Open-, closed- and burst-time

._.C_.
data were fitted by maximum likelihood method before binning as 60 |

described by Colquhoun and Sigworth (1995). Most experiments were ~ -—Q0—

performed on patches containing a single MaxiK channel. Patches con- <
taining 2 or 3 channels were used only for open probabiky) @nd ;
mean open-time analysis. ALLFIT (DeLean, Munson & Rodbard, 25 msec

1978) was used for evaluating concentration-response curves by simuB
taneous fitting of the data set. The Excel statistical package was used
for t-tests. Boltzmann function model fitting was done in Origin (Mi-
croCal, Andover, MA). Data are reported as measet; differences

are regarded as significant fér< 0.05.

Results r
-100

SINGLE-CHANNEL PROPERTIES OFrbslol AND delA

This is the first detailed report on the activation proper-
ties of rbslol and delA produced by analysis of single- _ _
channel properties of the channels. Figure 2 shows redag. 2. Single-channel conductandeV plot. (A) Single channel cur-

. . . rents fromrbslol anddelArecorded in the presence ofu [Ca?"]; at
resentative recordmgs obslol and delA in 1 pMm of -60, —30, +30 and +60 mV membrane potential. Channel open ai

[Ca2+]i’ at d?fferent h0|ding VOltageS' In 0.3 to Am closed states are indicated as O and C, respecti@l\sifigle-channel
[Ca™"]; the single-channel conductancerbblol (245.3  conductances were 245.3 + 4.2 pS 6) for rbsloland 248.3 + 5.6

* 4.2 pS,n = 6) was not significantly different from ps @ = 7) for delA Filled and open circles indicate mean current
delA (248.3 + 5.6 pSn = 7; Fig. B). amplitude at each membrane potentialtoslolanddelArespectively.
Changes in mean open time, burst duration andars indicatesew.
number of events per burst at different membrane poten-
tials are shown in Fig. 3. All of the data were recorded
at 1 um [Ca?"];. Typical of C&*-activated K channels, among patches at the same holding potential (Fizx- 3
the mean open time, burst duration and number of eventg). The data show that at equivalent valuesRyffor
per burst ofrbslol (filled circles) increases as transmem- rbslol anddelAthere is no difference between the chan
brane voltage becomes more positive (Fi§—3). This  nels in mean open time, burst duration and number
is consistent with previous data that Cactivated K events per burst. Thus, although it takes more positi\
channels have a sensor that detects transmembrane volisltages fordelAto achieve the same open probability a:
age (Cui, Cox & Aldrich, 1997). Similar tobslol,the  rbslol,oncedelAachieves the same open probability, a
mean open time, burst duration and number of events pabslol there is no difference in channel behavior.
burst fordelA (open circles) also increases as transmem-  Looking at the individual parameters more closely
brane voltage becomes more positive (Fig—B). In it is evident that burst duration abslol and delA in-
contrast, however, théelA(open circles) channel had an creased fourfold from 5.7 msec to 23.2 msecRas
almost parallel shift to the right in all of the parameters changed eightfold from 0.1 to 0.8 (FigER An increase
measured (Fig. &C). Compared torbslo, delA,re-  in mean open time as well as number of openings p
quires more positive voltages for activation to occur.  burst contributed to extend burst duration at depolarize
To determine how thdelAconstruct affects channel membrane potentials.
gating kinetics, we plotted the mean open time, burst  Closed times were fit with two exponential compo-
duration and number of events per burst againstRhie nents in a wide range &, (data not showp The closed
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Fig. 3. Single-channel gating properties plotted as a function of voltagB(Q andP, (D, E, F). Variability of P, in individual patches contributed
to variability of measurements for mean open timé, purst duration B), and number of events per bur€)( Despite differences in activation
threshold voltages, mean open tini® (burst durationE) and number of openings per burk) (vere unaffected inlelAwhen plotted as a function
of P,. Data were recorded in the presence qix Ca*. Filled circles arabsloland open circles argelA Each point represents the mean of at
least 3 patches and bars indicatav in A, B, C.Individual data points shown iD, E, F.

time of the interburst interval decreasedRdncreased.
Within the burst, closed times did not significantly
change with voltage dP, (0.46 £ 0.06 msec at —80 mV, ) ) )
n = 3:0.39 + 0.05 msec at -60 mi, = 3: and 0.42 + WhereV,, is the membrane potential at which half of
0.03 msec at —40 m\f) = 5 for rbslol). And, there was channel activation is_ obserngl; V, RandT have their
no significant difference in short closed times betweenusual thermodynamic meanings. The amount of char
rbslol and delA (0.44 + 0.03 msecp = 21vs.0.46 + Moving between opposite sides of the membrane is tl
0.05 msecn = 35). Analysis of closed times was con- 9ating chargez, and governs the change iy with volt-
sistent with the finding that changes in interburst interval@9€- o |
transmembrane voltage. by a single Boltzmann at all tested [€% (Fig. 4). Gat-
ing charge was not significantly different betweer
rbslol1(2.91 + 0.41n = 6) anddelA(2.98 +0.2n = 7)

in 1 wm [Ca®"];. Fromz,we calculated the e-fold change
of P, against membrane potential fdosslolas 8.1 £ 0.8
mV (n = 6) and 8.9 £ 1.1 mVi{ = 7) for delA Hence,
there was no indication that insertion of 59 amino acid

P, = 1/[1 + exp V"VizF/RT 1

VoLTAGE-DEPENDENT ACTIVATION OF rbslol AnD delA

The voltage-dependent behavior of open probabifty) (
was modeled with the Boltzmann function:
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V (mV) Fig. 5. Vy,, vs.[Ca®*];. The shift in the membrane potential at which

half-maximal channel activation occurred was not parallel. Fillec
circles arerbslol, open circles arelelA Bars indicatesem. Data are
from Boltzmann fittings shown in Fig. 4.

was graphed against [€3,, it was apparent that the shift
was not parallel over the ranges of fChtested (Fig. 5).
When [C&"]; was increased from 0.3 to [lm, rbslol
V,,, shifted almost 90 mV to -49.3 £ 3.5 mV (Fig. 5).
Yet, for the same [C&]; changeV,,, for delA changed
less than 60 mV to 1.2 £ 6.1 mV (Fig. 5).

There were no indications of changes in the volt
age sensor or single-channel properties, yet there we
significant differences inv,,, at the same [CH],.
Therefore, we next examined the effects of the deletic
on apparent [CH]; affinity using the Hill equation:

— . . P, = 1/(1 + K[Ca&T)" (2)
-100 -50 0 50 100

V (mV) wheren is the Hill coefficient, andK, is the apparent
Cé&" dissociation constant.
Fig. 4. Boltzmann fitting of steady-state voltage-dependent channel 1 he Hill coefficient ) is often used to estimate the
activation datarbslol (A) activated at more negative potentials than minimum number of bound G4 required to fully acti-
delA(B). Tested [C&']; were 1pm (circle), 0.65um (diamond) and 0.3 vate the channels and is highly dependent upon the ¢
MM (_upper triangle). antinuous curves are best fits of Boltz_manngree of cooperativity among binding sites in producing
functlhons. Each data point was the average of at least 3 experiment$agsyrable effect (McManus & Magleby, 1991; Cui e
bars indicatesen al., 1997). The relationship between fCp and P, for
rbslolanddelAis plotted in Fig. & andB respectively,
at site A ofrbslolhad direct influence on the response of v_vhere continuous_lin(_as_ indicatg the fit with the Hill equa
the voltage sensor to changes in voltage. tion. The n, for individually fitted rb;lol data sets |
ranged from 4.9 to 6.6 (Table). Immediately apparent |
the difference between the, in each data set and the
EFFecTsCa" ACTIVATION change imy, with voltage in thedelAprotein. The fam-
ily of concentration-response curves fiaslol could be
Although the slopes of the activation curves were un-it using anny of 5.7 + 0.4 at all voltages without sig-
changed, there were two substantial difference¥,jn  nificantly degrading the goodness of fiP (> 0.84).
betweenrbslol anddelA First, rbslol was much more There was considerable variability fdelA(Table) and a
sensitive to [C&"]; than delA with a V,,, in 0.3 um of  substantial reduction iny at more negative holding po-
39.7 + 4.3 mV forrbslol and 60.6 + 2.6 mV fodelA  tentials. ThedelAfamily of curves could not be fit with
(Figs. 4 and 5). Second, when tig, for the two clones  a singlen, (P < 0.01).

1.0 4

0.5

open probability (P )

0.0 -
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Table. Hill coefficient (ny) andKg

A rbslo1

1.04 Vot rbslol delA
5 0.8 Kg (M) Ny Kg (1M) Ny
T 1 -20mV  0.75+<0.01* 6.58+0.02 214+ 0.09 2.32+0.17
2 0.6- -10mvV 0.60x 0.02 495+0.8 158+ 0.04 2.30x0.08
e 10mvV 049+ 0.02 6.07+£0.92 0.88+ 0.03 4.94+0.69
g 20mV 043+ 0.02 6.09+0.06 0.71+<0.01 3.6 £0.27
o 0.4 30mV 035+ 0.01 571+1.12 052+ 0.04 4.45+1.2
a 40mVvV 032+ 001 559+2.04 045+ 0.02 5.06+0.44
S 0.2 )
o *Values given as mean sem.
o 0.0 ] t Transmembrane potential.

0.1 1 10
log[Ca®"], (LM)

studied in a variety of expression systems and recordit
configurations. Despite the differences in experiment:
conditions, there is little variation in results. For ex-
ample, the C& sensitivity and voltage-dependent acti-
vation of MaxiK channel clones have been studied i
macropatches pulled frofrenopusoocytes expressing
mslo (Cui et al., 1997)hslo (Tseng-Crank et al., 1994;
McCobb et al., 1995), orslo (Saito et al., 1997; Xie &
McCobb, 1998). In the oocyte expression system|o
results are consistent whether using single-channel (B
ler et al., 1993) or macropatch (Cui et al., 1997) con
figurations. While it is possible our mammalian cell ex:
pression system is partially responsible for some of tt
altered dynamic characteristic obslol, the voltage-
activation characteristics tislo1.1are the same whether
expressed in CHO cells or oocytes (McCobb et al
1995). Also, MaxiK channels in rat muscle behav
much like mslo, with the native rat channel having a
2t [C&?"]; affinity of 9 to 14 um (McManus & Magleby,
log[Ca™]; (nM) 1991).

Because of substantial difficulty in controlling and
Fig. 6. Concentration-response curvesRyfvs.[Ca?"]; for rbsloland measuring [Cé*]i in an intact cell, only recently has
delA The re_Iatic_)nshipPO for rbslol (A) and_deIA(B) vs._[Caz*_i Wa_s there been an in depth study of ?Ca;ensitivity andnH
plotted for six different membrane potentials on semi-logarithmic co- from on-cell patches of intact mammalian cells (\oan

ordinates. Results indicated a reduction in the apparefit Rlading . L
affinity for delA Changes in slope do not account for the differences inGarCIa & Guerrero-Hernandez, 1998)' By Combmm!

K,. Values are listed in the Table. The membrane potentials testedUra-2 imaging, single-channel recording, and ionomy
were: —20 mV (square), ~10 mV (circle), 10 mV (up triangle), 20 mv Cin-induced changes in [€4;, Mufioz et al. (1998) were
(down triangle), 30 mV (diamond), and 40 mV (star). Continuous lines able to document MaxiK channels with a 10-fold greate
are Hill equation fits. sensitivity thanmsloto [C&];, and n,, with more than
double the typicamslovalues. In an excised patch, our
cloned rabbit MaxiK channel with the insertion se-
) ) quence, has [G4]; sensitivity andn,, values similar to
Discussion those reported by Mioz et al. (1998) for intact cell
recordings. Removal of the insertion created a chann
rbslolhas a 59 amino acid insertion created by alternatelelA,with properties more like those previously reportec
splicing at site A and has single-channel properties witHfor MaxiK channels studied in excised patches.
two major functional differences when compared with The steepness of the Boltzmann activation curve
other cloned MaxiK channelgbslol exhibits a much not related to the insertion because bdiklol anddelA
greater sensitivity to [Gd]; and has a much steeper Bolt- have the same slope of 8.1 + 0.8 mV per e-fold chang
zmann voltage activation curve than clones not havingn P,. The closest value reported is from single-channe
the insertion. Clones not having the insertion have beetiecordings of native MaxiK channels in cultured rat cell:

open probability (Po)
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with an e-fold change iR, for 12 mV increment (Roth- [Ca®"]; from 0.3 to 1um. In delA, the shift inV,,, was
berg & Magleby, 1999). In expressed clones, the slopgeduced to 60 mV for the same 3-fold change. In cor
of the activation curve was 17 mV per e-fold change intrastmslo \{,, shifted only 42 mV for a 10-fold change
rslo (Xie & McCobb, 1998) andll5 mV per e-fold in [C&"]; (Butler et al., 1993). AlthougkdelAwas more
change formslo (Butler et al., 1993; Cui et al., 1997). like msloin that it was less sensitive to [E3, manipu-
Although therbslol P, sensitivity to voltage is about lations thanrbslol, there were still substantial differ-
double the previously reported values of other clones anénces between it anaislo. Again indicating that small
greater than values reported for native channels, this idifferences in the highly homologous proteins were im
well within the upper limit of (4 mV per e-fold change portant in regulation of [CH]; response.
estimated by Cui et al. (1997). The reduced steepness of MaxiK channel a-subunits form homotetrameric
the mslovoltage-activation curve compared withslol  channels (Shen et al., 1994) and are modeled with fo
would be consistent withmslo having fewer positive Ca&* binding sites, one on each subunit (Cox, Cui &
charges in the S4 segment (Hille, 1992). Yet,thsglol  Aldrich, 1997). However, Schreiber and Salkoff (1997
S4 region is identical with thenslo S4 region. Hence, have reported evidence for 2 €abinding domains in
differences in voltage-dependent gating must be due teach subunit. The reportex, in both native and cloned
changes outside the voltage sensor region and indepeiaxiK channels have generally ranged from 2 to 3 (Ba
dent of the insertion. Given the very high homology of rett, Magleby & Pallotta, 1982; Cornejo, Guggino &
rbslolandmslo(Morita et al., 1997), the critical differ- Guggino, 1987; Oberhauser, Alvarez & Latorre, 198¢
ences are likely to lie in the 8 amino acid substitutionsMcManus & Magleby, 1991; McManus, 1991; Cui et al.,
near site A. 1997). Muioz et al. (1998) recently reported ap of 8
The difference inV,,, betweenrbslol and other from cell attached patches of guinea pig smooth musc
clones was substantial and modulated by the insertiorand aK, of 1 um [Ca?*];. One suggested mechanism tc
At 1 um [Ca?*;, rbslol V;,, was —49 mV, a difference of account for observed differences between the intact ci
almost 130 mV from theslo V, ,, of +80 mV at the same and other studies was the loss of regulation by cytopla

concentration (Saito et al., 1997). Removal of the insermic proteins in the native cell (Migz et al., 1998). The

tion lessened [CH]; sensitivity withdelAhavingV, , of
-2 mVin 1 um [Ca®*];. Because of the large difference
in sensitivity to [C&"];, studies of other clones have
usually been conducted at the higher fgaof 10 uwm.
Even in higher [C&'];, their V,,, values did not approach
the values forbslol V,,, for mslowas reported as 23.4
mV (Butler et al., 1993) to 29.9 (Cui et al., 199%);,,
for rslo was reported in the range of -2.3 (Xie & Mc-
Cobb, 1998) to —-10 (Saito et al., 199%klo V,,, was 12
mV (Wallner et al., 1996). A shift itv,,, has previously

highn, we report forrbsloland the reduction in theéelA
form strongly suggests that the insertion plays a role i
the C&" sensitivity of the voltage sensor.

In native channels from rat skeletal muscle additio
of 10 mv Mg?* to the cytoplasmic surface increasec
Ca&* affinity and then,, increased from 2 to 4.5 (Golo-
wasch, Kirkwood & Miller, 1986). Other divalent cat-
ions, CG*, Mn?*, Ni?*, CP*, also increased Gaaffin-
ity and increased, when applied to the cytoplasmic
surface (Oberhauser et al., 1988). The increased coc

been reported for variety of insertions at site A. A 29 erativity was thought to be due to binding of modulaton
amino acid insertion in human atrial smooth musclesites on the protein because surface charge screen
MaxiK channels results in a 10-fold higher sensitivity to effects would affect the apparent €avinding but not
[C&?"]; (McCobb et al., 1995). Saito et al. (1997) found changen,, (Oberhauser et al., 1988). Saito et al., (1997
that the 59 amino acid insertion at site Atislo from demonstrated that even though an insertion at site
PC-12 cells increased [€4; sensitivity and shifted the shifted activation by 20-30 mV, addition of Mgshifted
activation curves 20 mV leftward. This insertion se- V,,, an additional 60 mV. This implies that the Kfgand
quence from PC12 cells differs by only 8 amino acidsthe insertion act at different sites, but it is possible the
from therbslolinsertion (Fig. B) yet, produced a much their insertion had lower efficacy than Mgat a single
less pronounced shift i, . modulatory site. Thus one possibility is that the differ
The MaxiK B-subunit is also capable of shifting,,  ences inrbslol occur at the M§* regulatory site.

100 mV when co-expressed wittslo (Meera et al., In summary, the splice variantyslolis highly ho-
1997). rbslol has the 41 amino acid sequence atthe mologous with other clonedlo channels yet exhibits
terminus necessary f@-subunit regulation of Cd ac-  profound differences in activation characteristics whe
tivation. Itis possible but very unlikely that the insertion compared to clones expressed in other experimental s
interacts with the N-terminal modulatory site becausetems such aXenopusoocytes (Butler et al., 1993; Mc-
there is no sequence homology between Bhgubunit  Cobb et al., 1995; Cui et al., 1997; Saito et al., 1997; Xi
and the insertion sequence. In addition to the shift in& McCobb, 1998). C&" affinity and n,, for rbslol in
V,,» rbslolwas extremely sensitive to changes infJa  excised patch are very similar to values reported frot
with a shift of almost 90 mV for a 3-fold increase in cell attached recordings of native channels in guinea p
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smooth muscle (Muoz et al., 1998). The channel gating Forskolin_ and antidiu_retic hormone stimula_te a?Gactivated K
exhibited by delA is similar to that of other cloned channel in cultured kidney cellé&m. J. PhyS|oI249:F448—F455
MaxiK channels recorded from a variety of expression™amill. O-P., Marty, A., Neher, E., Sakmann, B., Sigworth, F.J. 1981
systems and recording configurations The differences Improved patch-clamp techniques for high-resolution current re
! cording from cells and cell-free membrane patclfkiegers Arch.
betweenrbslol and other cloned channels appear to be 39185 100
localized at msemon S'te A W|.th t_)Oth the ms_ertlon S€-Hille, B. 1992 lonic Channels of Excitable Membranes. 607 pp
guence and amino acid substitutions near site A being Sinauer Associates, Sunderland, MA
important. The insertion plays a critical role in channelknaus, H.G., Folander, K., Garcia-Calvo, M., Garcia, M.L., Kaczo:
function by allowing the channel to activate at very low  rowski, G.J., Smith, M., Swanson, R. 1994. Primary sequence a
[Ca2+]_ while the steep activation curve increases the immunological characterization of beta-subunit of high conduc
i . : ). . .
channel responsiveness to small membrane depolariza- té‘;‘g; ggg_lgzg\fffngscr‘a””e' from smooth muscld. Biol.
t|c;r21; Iden_tl_fl(_:atlon qfrbSIOI Wh,ICh has a mUCh higher Lagrutta, A., Shen, K.-Z., North, R.A., Adelman, J.P. 1994. Functioné
Ca™ sensitivity and is more active at negative me_mbrane differences among alternatively spliced variantsstéwpoke,a
voltages raises the possibility that splice variants of prosophila calcium-activated potassium channél. Biol. Chem.
Ca*-activated K channels expressed in kidney do play ~ 269:20347-20351
a role in renal K transport. Ling, B.N., Hinton, C.F., Eaton, D.C. 1991. Potassium permeable cha
nels in primary cultures of rabbit cortical collecting tubutédney
Int. 40:441-452
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