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Using n cDNA library (rom boving udrenal medulla, we have isolated cDNAs eading for o potassium channel, These cDNAs encode a &60-amino
acid protein that has a molecular weight of 73,288 kD ead ne amina-terminal signal peptide. We have culled it BAK4, Analysis of its scquence
reveals elose similurity (94% homolagy) with a recently described potussium channel fram rut brain (RCK4) and heart (RHR1). Neuroblastoma
eells {Ncure-2n cell ine) were stubly iransfecied with BAKd DNA, Expression af the DNA was under the control of a heat-sheck promoter. Several
clones, that were isoluted by neomyein resistunce selection. had inlegrated the plasmid BNA in g stble form. Upon heat induction. these cells
produced BAKS RNA und 4 potsssium outward current, not present in control nonstranstected cells. The currenl, which was trinsient and decayed
murkedly during the duration ol 200 ms-pulses, can be described as a 1,4, potassium eurrent, The expression of Lhese types of chunnels in brain
{RCKARHKI). heart (RHE1) and udrenal medulla {BAR4) suggest their possible invplication in important funstions for the <ell.

Bovine adrenal medulla: cDNA cloning: Transicnt outward potassium current: Stable transfestion: Neuroblusioma

1, INTRODUCTION

Potassium channels are molecules involved in the
control of the electrical potentinl acress the cell mems
brane and, therefore, can regulate the flux of informa-
tion between cells [1], This is particularly true in the
nervous system, where potassium channels are responsi-
ble for an enormous diversity of ionic currents, underly-
ing a wide repertoire of neuronal firing patterns [2].

The cloning of the Shaker, Shal, Shab and Shaw genes
in Drosaphila [3-7] and of related genes in the mammal-
ian brain [8~14] has shown that the encoded potassium
channels share similar structures, at the same time re-
sembling one of the four repeated domains of sedium
and caleium channels subunits [15). In fact, different or
identical potassium channels polypeptides may co-as-
semble in tetrameric structures to give rise 10 an aimost
unlimited amount of channel proteins [16-18). This fact,
together with the multiple possibilities of regulation of
potassium channels [19-23], could constitute the molec-
ular ground where the functional variety of potassium
channels is based. However, the ubiquity and diversity
of potassium channels, together with the cell heteroge-
neity found in the nervous system, makes the molecular
analysis of potassium currents difficult. For this reason
we chose to study potassium channels in a more accessi-
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ble and homogenous system, the adrenal medulla. This
tissue includes neuronal, interstitial and vascular com-
ponents. but the secretory chromaflin cells are predom-
inant (65% of total eell volume in the adult rat [24)).
These celis are of neural origin and fire action potentials
which are the result of voltage-dependent Na, Ca and
K ¢urrents, similar to those found in neurones and nius-
¢le fibres [25-27]. In addition, they are being used to
study neuronal processes such as neurosecretion [28]
and neuronal plasticity and development [29]. In the
present paper. we report the molecular cloning of a fast
inactiving potassium channel, probably eapressed in
chromaffin cells, its permanent transfection in a neuro-
blastoma cell line, and its electraphysiclogical characier-
ization.

2. EXPERIMENTAL

2.1, Molecular eloning and seqiencing of hovine cONA clancs

The Agt 10 ¢<DNA librarics, construsied from poly(A)* RNA frem
adrenal medulla were a gilt from Dr, P, Sesburg (ZMBH, University
of Meideiberg, Germany}. Sereening of the libraries was carried oul
al low stringensy [3G) with a Sacl fragment frem a cDNA coding for
the RCK3 polassium chanael [12]. This probe, kindly provided by Dr.
O. Pongs (University of Mamburg, Germany}. codes for the central
care of the protein that conlains the putative transmembrane sep-
menis.

Chromaffin cells were isolated firom bovine adrenal medullary tissue
{311 and their RNA purified by uding a kit (Pharmucia LKB). Purified
RINA (20 43} was separaled on 1% agarose gels containing 2.2 M
formaldehyde, transferred to Nytran nylon membranes {Schicicher &
Schill) and erosslinked with UV light. Prehybridization of Northern
blots was performed for 4«6 h at 42°C in 50% formamids., 5x S5C,
0.19% bovine terum albumin, 0.1% polyvinylpirrollidone, 0.1% Ficall,
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Q.05M sodium phosphate, plt 2.0, 0.1% SDS und 10O pugrmil sonicnted
salmon sperny DNA, Aller hybridization in the sume salution. blots
were washed in 3=« SSC, 0.1% SDS at room remperatuse und 42°C,
and 0.2= S8C, 0.1% SDS wt 42, 50 und $5°C,

Lubelling of cRNA, probes was currisd aut with (g-"PRCTP using
the maltiprime DNA labelling systemy of Amersham. Sequencing ol
DNA was perfarmed by the dideaxy meihod [33] with Sequenuse (US
Biochemicals). Both DNA stronds were sequenced, Templates for
sequencing were prepared in the Blueseript vector alter DNusel dele-
Lions [33]

2.2, Coll vransfectivn amd selection of pusitive clones

The heut-shosk expression vector pl 78Prso [34.38], u kind gilt of
Dr. M. Dreuno (Batelle Research Institule, Geneva), was used for
tranafzetion, This vedlor contiaing the neomicin resistinee gene driven
by SY40 regulation, the heut-shack promater, hsp?0, and an SY40
polyudenylution site dawnstream frons the polylinker sequence, The
<oding region of the BAKA potussium ehannel, as well as the fanking
5 and ¥ untranslated regions were isalited by Dral--Ryal digeition
and inseried into the Simel site of Bluesgript vegior, The right orientu-
tion of the cDNA was thes digested with Sell and BumHi and inseried
in the corresponding Safl und Bumkl sites of pi T9Pneo. Newras2y
<ells (ATCC CCL 131) ware maintained in minimun essentinl medium
{Engle's) supplemented with 10% fetal calf’ serum. Two duys betore
Leanstection cellx were pluted at a density of 10* cells'ml in 4 G-well
Plate, Between 1-4 ug of plusmid DNAAwell were used (or transfestion
mediated by Transiectum (18F) uccording 10 suppliers insiructions,
Qne day after transfection, the medium wus supplemented with 0.4
mp/ml geneticin {Sigma Co.). Foci were isolated, and sell clones ex.
punded for further churacteriztion. Genomic DNA of selected eell
lines wiik isoluted und used for PCR detestion. Talal RNA was pre-
pitred gither from heat-shock created or untreated control cells. Heat.
shash activation wax perfonned by incubiting cells at A2°C for 2 b
while maintaining controls al the usual culture tempsruture of 37°C.
BARS4 transeripts were detected by a combined reverse tranxeription-
PCR assay [16]. Further detnils gun be found it the corresponding
figure legends,

3.3 Elecirophysiologicat methads

Whole-cell cutwaurd R* surrents were recarded under voltuge elamp
uging the nystatin-perforaied patch-clump technigue [37). About 6 =
10' Newro-2a cells were plated in 35 mm diamerer Petri dishes (Carn-
ing) the duy before induction, Alter heut shock, cells were incubated
a1 37°C uniil electrephysislogicu! recording, Then. cells ware washed
several tinies with } ml buth solution composed of (in mmol): NuCl
140; CuCly 2.5: MgCl: 10 KCI & HEPES 10: Glucose 10: pH 7.4, The
pipetie solution cantained (in mmol):KCl 70; potassium asparate 70;
MyCly 1: Mg-ATP 2.5 HEPES 10: nysiatin 200 gg/ml: pE 7.2, Cupae.
ily transients were cancelled using the built«.n cireuitey of the putch.
<lamp amplifier (EPC-7, List, Darmstadt, Germuny) nisd the gipetie
potentind sel nt —EG m¥., Shortly after giguseal formation. small capac-
ity trangients appenred, indicating eletricul continuily between the
cell interior and pipette solution. The size of'these transients stabilized
aboul 7 mip after gigaseal formation. At this moment. currant trun-
sients were clicited every 10 5 by increasing depolarizing steps (10 mYV,
200 mx) to a maximal membrane potentisl of 100 mY. Voltage pulses
were under computer conlrol. Current transients were acquired ul &
sumpling rate of § kHz The linsur somponent of the capissity transient
wits subtracted using u P/8 protocol {38]. Nouslineir companents wese
digitally subtracted [39].

3. RESULTS AND DISCUSSION

3.1, Cloning of patassivm channels from adrenal medutta

The sereening of 10° recombinants led to the isolation
of fourteen cDNA clones. Most of them reucted in
Southern blots with probes coding for RCK.1, RCK3,
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RCK4 and RCKS potasiium channels [12]. Sequence
anulysis of these clones showed that all of them were
appurently coding for the sume protein. with only one
exception. Since nane of these clones encoded the full
protein coding region, a second librury from adrenal
medulla was screcued with a prabe corresponding to the
5 region of the longest clone previously isoluted. Three
clones were vbtained, one of them extending into the §
untranslated region of the mRNA (clone 52), The de-
duced amino acid sequance contuined in clone 52 en-
codes one long open reuding frame of 660 amino acid
residues with a moleculur weight of 73,288 kDa nucleo-
tides 420-2,399 of sequence submitted to the EMBL
data library under sccession number X57033). The 3°
non<oding region. beginning afier the TGA stop
cadon, is 632 bp long. A cunonical AATAAA polyad-
enylation signal [40] was found 176 bases downstream
of the stop codon. Interestingly, several clones found
during the first screening contained polyadenylation
sites at two different positions, 19 and 30 buses down-
streamn of the polyadenylation signal,

‘The deduced amino acid sequence is shown in Fig. 1.
We huve designated this protein BAK4 to distinguish it
from previously described potussium chunnels, An unal-
ysis of the amino ucid sequence of BAK4 for locul hy-
dropathy reveals the presence of typical membranes
spanning segments (desiguated 81 to 86 in Fig. 1), al-
rendy found in other potassiumi ¢hunnels and in the
repeited domains of sodium and culeium channels, The
sequences of the proposed trunsmembrine {rugiments
51-86 ure highly conserved between all potussium chan-
nels sequenced to date, including the BAK4 polypep-
tide. This protein is particularly homologous (949%) o0
the designated RCK4 potassium channel from rat brain
[12)(zee Fig. 1) and its highly homologous RHK | found
in heart [41]. Thus, the care structure of both polypej-
tides, i.e. the 81-86 fragments and the regions immedi-
ately adjacent to them, are almost identicu! {(Fig. 1). The
C-terminal segment is also very simitar, with only one
insertion and two non-conservative substilutions,
whereas the N-terminal region shows more differences,
The most notable differences ure frumeshifts (residues
84-88) leuding to RRRRP (BAK4) and RRRRQ
(RHK1) vs. EEEAT (RCK4). Of relevance is also an
insertion of six glycines and one serine in BAKS {resi-
dues 167-173), not present in RCK4 and RHKI. On the
other hand, the homology to other potassium channels
is considerably reduced, For instance, with RCKI1 {9]
therve is 31% homology (sce Fig. 1)

Blot hybridizution analysis of RNA from bovine ad-
renal medulla and fractionated chromaffin cells were
performed and compared. Fig. 2 shows a Northern blot
of the mentioned RNAs, visuulized by hybridizution to
a “P randomelubelled frugment of BAK4, This frag-
ment codes for the region between amino acids | and
148, not present in other potassium channels, with the
exception of RCK4 and RHK!L. A predominant band
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Fig. 1, The deduced BAK4 amino ucid sequence compitred with RCK4 und RCK1 sequences, Identical amino acid residues have been indicated

by points, whereas gaps (*) have been intreduced for maxima! alignment. Putative trunsmembrane segments (5 1-86) are indicated by ditshed lines,

Notice the lengih of the N-terminal region of the RCK ! protein. which is much shorter than the ones of BAK4 and RCK4, but similar 1o the rest
of potussium channels sequenced Lo dute, The BAK4 nuclestide sequence is available from the EMBL database (accession number X57033),

of approximately 3,100 bases is observed. In rat brain,

a single mRNA species for the homologous RCK4 has

been identificd which has a size of 4.600 nucleotides
[42].
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Fig. 2. Norihern biot analysis of RMNA from bevine sdrenat medulla
und chromafTin cells. Total RNA was isoluled fram bovine udrenal
medulla or ructienated chromalfin cells, sepurated in formuldehyde-
agarose pais and blotted onte Nytran membranes, Qrigin of the gel
and ribosomal RNA bunds (1.6 und 3.9 kb ure indicated, {A) Hybrid-
ization of 20 ug of ndrenal medulln ANA, (B) Hybridization of 20 ug
of shrumuflin cells RNA. In both eases hydridization wais surried aut
with a Sipf frugment of clone 52 (cading for amino acids residues
1«146). The blot was sutoradiographed on Kodak XA RS Xeray film
with intensifying screen for 44 b,

3.2, Transfection af neuroblustoma cells with BAKS
DNA

Neuro-2a cells were transfected with BAK4 DNA.
Several clones were selected with geneticin and ex-
panded. Incorporation of BAK4 DNA into the gerome
of these lines was tested by PCR using specific primers
for the BAK4 sequence. All tesied cell lines showed the
presence of the BAK4 sequence, whereas in the parent
Neuro-2a cells the signal was absent (Fig. 3A). As &x-
pected the amount of amplified DINA varied from clone
ta clone, probably indicating differences in copy nums
ber of plasmic integrated into the geneme. For further
studies we chose clone |, which seemed to have inte-
grated more DNA copies and yet was growing very well.

Total RNA from clone 1 cells was extracted at vari-
cus times after heat shock and BAK4 mRNA levels
analyzed (Fig. 3B). The signal is highest 1 h after heat
shock and declines rupidly 1o control levels within 12 h
following heat shock. This fact decay has also been
observed with other transfected DNA controlled by the
heat-shock promoter [43]. It is interesting te note that,
in the absence of heat shock, clone | cells express low
levels of BAK4 mRNMA (Fig. 3B, lane ¢). The level of
protein expression was only tested by clectrophysiologi-
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A
Clones 1 3 4s8t.56 7 8

B Hours aftsr haat shock
C 1 3 6 12 st.

L]

Fig. 3, DNA and RNA analysis of cell lines transfested with BAKS
DINA. {A) Cenemic DNA analysis by amplification of an umino-
terminul segment of the BAKA channcl with primers comprising
amino acid residues 1-180, Template genomis DNA (0.85 ug) ox-
tractest fram cach selecied clone (designated by aumbers) and from
non-transfected Neuro-2u cells {not shawn) was processed in a stand-
atd PCR umplifieation for 31 eycles at the following emperiture
profile: § min st 24*C: | minat 82°C: | minat 72°C. (B) RNA anulyzis
by & reverse ranscriptase-polymeriase chain reaction assuy. Clone |
cells were submitted to a1 hent shoek for 2 h at 42°C {except for lune
C, coentrnl maintained at 37°C all the time) and their RNA cxtracied
after the indicated times, Samples of total RNA (0.8 1g) were reverse
sranseribed (10 min, 50°C), then PCR was performed lor 25 eycles (!
min 94°C; 2 min 55°C; .5 min 72°C) according 1o [16]. The produsts
from the PCR woere scpuraled by clectraphoresis, transferred to
aylon membrane and hybridized wiih a digoxigenin-labeled BAK4
probe. The antisense primer used in reverie trunseription and PCR
was oligo d{T),y with & wil containing several restriction enzyme sites,
and the sense primer wis 'CCATACCTCCCTTCTAAT (umino acid
residucs 595-600).

<ol methods (see below). Potassium channels were de-
tected 2 h after heat shock (the earliest time tested) and
24 h later the measured current was still high.

3.3, Functional properiies of BAK4 chaunels in rrans-
Jected celts

Depolarization of control Neuro-2a cells from a hold-
ing potential of —80 mV evokes the appearance of in-
ward currents that reached a maximum value around
~500 pA at =10 mV membrane potential. The inward
current was followed by a very small outward current
(Fig. 4A) that disappeared when tetraethylammenium
(TEA, 40 mM) was present in the incubatien bath (data
not shown), The ion responsible for the inward current
wis Na* because substitution of Na* by choline in the
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Fig. 4, Currenis evaked in Newro-2u cells translested or not with the BAKA DNA. Current vvansients in control, non-trunsfesied (A) or transfected
(B} Weuro-24 selis ware oblnined by depoiarization from a holding potential of ~80 mV as indicaied in section 2, For the suke of elarity enly currents
evokied at certain potentinls nre represented. Aller establishing o high resistunce seal between the cell und the pipette. and once nystatin treatment
provided clesirical cantinuity between the cetl interior and the pipsite, current transients were clicited every 10 s by depolarizing steps (10 mV.
200 mis) from a Bolding o =80 mV. (€} Potassium curreni-vellage relatisnship for eentrel (O) or transfectad Neuro-2a cells in the absence (@)
arthe prescnce (A) of 40 mM TEA. (D) Ingetivation time constant as a functian of membrane potential for trunsfecied Neuro-2it eellx in the absence
(®) or presenee {A) of 40 mM TEA. Time constanis were culeulated By fitting the decaying eurrent, from the puuk to the end of the pulse, ta the
following equation I, =1 expiu,).

kath solution completely suppressed the inward current
{data not shown).

After heat shock of Neura-2a cells transfected with
BAK4 DNA (clone 1), the inward current was still pres-
ent, but its duration was markedly decreased by the
appearance of 4n outward current that amounted about
5 nA (Fig. 4B) at 100 mVY membrane petential. This
current was transient and decayed murkedly during the
duration of the pulse (200 ms), so it can be considered
as an [ya, potassium-type current [44). The current-
voltage relationship indicates that the peak current ip-
creases monotonically as a function of membrane po-
tential (Fig, 4C). It is important to note that this current
is not sensitive to TEA (40 mM) (Fig. 4C). This lack of
TEA sensitivity contrasts with what has been observed
in chromaffin cells in culture: | mM TEA blocks about
80% of total K* eurrenis [27] and 30 mM blocks almost
100% of total K* currents (Gonzdlez-Garcia, Keiser,
Reojas and Ceila, unpublished results), The only inacti-

vating K~ current described so far, in bovine chroiag fin
cells, is the large conductance Ca"-dependent K* cur-
rent (Kic,,) [27] and this current should be completely
blocked by the high TEA concentrations (40 mM) used
in these experiments. A possible explanation for this
discrepancy is that the BAK4 channel is not expressed
in chromaffin cells, but in fibreblasts or endothalial
cells, also present in the adrenal medulla although at a
lower concentration. A Northern blot of RNA from
highly purified chromaffin cells shows a band hybridiz-
ing with a BAK4 prebe (sec Fig. 2B). suggesting that
this channel is expressed in chromaffin cells, However,
even in this preparation. the presence of low levels of
contaminating cells cannot be excluded. An zlternative
explanation is that in chromaffin cslls the BAK4 pol-
ypeptide would form beteromultimeric struciures upon
assembling with other polypepiides. The resulting chan-
nel molecule would bave different pharmacological and
elecirophysiclogical srofiles from the ones observed for
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Fig. 5. Time-cnurxe ol expression of the K- current. Neura-2a:truns.

fected ¢olls were subjected to 2 I hent shosk for BAKY channel exprese

sion. At different times after heat shock, outwird K™ curremts were

mensured and the peak current at 40 mV membrane patentinl was
platted s o funclion of tme.

the BAK4 channe! expressed in NeurosJa cells. Both
possibilities are being tested at the present time. On the
other hand. it is interesting to note that in PC12 pheo-
chromogcytoma cells it has not been possible to find a
simple correlation between homomuitimeric channels
expressed in oacytes and the native potassium chunnels
recorded in PCL2 cells [45)].

Current inactivation time constants wers independent
ol voltage, as can be observed in Fig. 4D. Presence of
TEA does not affect the rate of inactivation of the cur-
rent. The observed inactivation time constant, around
40 ms. and its volinge independence is similar to that
deseribed for 3 homologous channel in cocytes [12]
Single channel recordings (data not shown) indicate
that the unitary conductance at 0 mVY pipetie potential
in outside-out patches was of 1.6 pA. If un estimuted
reversil potential of =90 mV is assuined, then the chord
conductunce is about 5 pS. This chord conductance,
together with the inactivation kinetics and TEA insensi-
tivity, are similur to the ones found for the RCK4 chan-
nel expressed in cocytes [12].

Finally. the time-course of appearance of K* follow-
ing heat-shock transcription activation was studied. To
normalize the data, the peak current obtained from a
pulse from a holding potential of ~80 to 40 mV was
plotied as a function of time after heat shock (Fig. 5).
Ascun be observed. there is a substantial increase in the
size of the current with time, reaching a plateau at about
8 h. At 24 h ¢data not shown) after heat shock. a robust
K™ current is still observed, in cantrast with the instabil-
ity observed for the BAK4 mRNA (Fig. 3B).

In summary, a potassium channel, called BAK4 by
analogy to a similar ¢hannel from rat brain (RCK4),
has been cloned from bovine adrenal medulla. An ex-
pression system was developed. based in: (i) a neuros
blastemna cel line (Neuro-24) with very low potassium
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channel activity, and (ii) regulation of exogenous K”
channel expression by a heat-shack promoter, The per-
manent expression of BAK4 in this system generated a
transient oulward potussium current insensitive to
TEA. The fuct that similar channels are found in brain,
heart and adrenal medulla, and that their function may
be related to the metubolic state of the cell [46], suggest
a cruciul role for these molecules in excitable cells.
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