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sium concentrations (22) and reactivity to
specific antibodies (26), are not shared by
U2AF®. Finally, studies reporting protein-
protein interactions among SR proteins
failed to detect interactions between the
U2AF% RS region and other splicing fac-
tors (23, 27). Taken together, these obser-
vations suggest that there are two distinct
classes of RS domains.

The orchestrated formation and disrup-

tion of short RNA-RNA helices is a com-

mon theme in pre-mRNA splicing (28) and

probably in other processes that involve
RNA. Here we have described a mechanism
by which a spliceosomal RNA-RNA base-
pairing interaction can be regulated by a
protein.
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Small-Conductance, Calcium-Activated
Potassium Channels from Mammalian Brain

M. Kohler, B. Hirschberg, C. T. Bond, J. M. Kinzie,
N. V. Marrion, J. Maylie, J. P. Adelman*

Members of a previously unidentified family of potassium channel subunits were cloned
from rat and human brain. The messenger RNAs encoding these subunits were widely
expressed in brain with distinct yet overlapping patterns, as well as in several peripheral
tissues. Expression of the messenger RNAs in Xenopus oocytes resulted in calcium-
activated, voltage-independent potassium channels. The channels that formed from the
various subunits displayed differential sensitivity to apamin and tubocurare. The distri-
bution, function, and pharmacology of these channels are consistent with the SK class
of small-conductance, calcium-activated potassium channels, which contribute to the
afterhyperpolarization in central neurons and other cell types.

Action potentials in vertebrate neuronsare
followed by an afterhyperpolarization
(AHP) that may persist for several seconds
and may have profound consequences for
the firing pattern of the neuron. The AHP
has several components. The fast compo-
nent (fAHP) helps to repolarize the action
potential and regulates spike interval,
whereas subsequent slow components
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(sAHP) underlie spike-frequency adapta-
tion (1=5).

Each component of the AHP is kineti-
cally distinct and is mediated by different
Ca?"-activated K* channels. The large-
conductance (100 to 200 pS), voltage- and
Ca?*-activated K channels (BK channels)
underlie the fAHP (6, 7), which develops
rapidly (1 to 2 ms) and decays within tens
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of milliseconds. The channels underlying
the sAHP are SK channels, which differ
from BK channels in that they are more
Ca’*-sensitive, are activated in a voltage-
independent manner, and have a smaller
unit conductance (8, 9). The sAHP varies
considerably in different cell types, activat-
ing slowly (10 to 1000 ms), and it may
decay over several seconds (6, 9-11).

The fAHP is blocked by low concentra-
tions of external tetraethylammonium and
charybdotoxin, in accord with the pharma-
cology of BK channels (6, 7, 12). In con-
trast, the sAHP is insensitive to these
agents but exhibits one or the other of two
classes of behavior regarding sensitivity to
the bee venom peptide toxin apamin. In
hippocampal pyramidal neurons the sAHP
is insensitive to apamin (4), whereas in
hippocampal interneurons it is blocked by
nanomolar concentrations of the toxin
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tains three positively charged amino acids,
separated by six and seven residues. Multi-
ple consensus targets for phosphorylation by
several protein kinases are found in all
clones; however, each clone contains po-
tential phosphorylation sites not conserved
among all members. There are no conserved
N-linked glycosylation sites (NXXS/T)
(19) in predicted extracellular domains and
no consensus nucleotide or Ca?* binding
domains (E-F hands). Although related in
topology to voltage-dependent K* chan-
nels, including a P region and S4 segment,
the clones reside on a distinct evolutionary
branch within the K channel superfamily
(Fig. 1C).

Sequences distinct for each of the rat
clones were used as probes for in situ hy-
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bridizations on sections prepared from rat
brain (20). The mRNAs are broadly distrib-
uted throughout the central nervous system,
in characteristic but overlapping patterns
(Fig. 2, A through C). The rSK1 and rSK2
probes were also used on Northern (RNA)
blots prepared with mRNA isolated from
total brain and several peripheral tissues.
The rSK1 probe detected mRNAs of differ-
ent sizes in brain (3.2 kb) and heart (4.4
kb), whereas the rSK2 mRNA was detected
in brain and adrenal gland as two bands of
2.2 and 2.4 kb (Fig. 2D) (21).

In vitro-synthesized mRNAs were in-
jected into Xenopus oocytes, and two-elec-
trode, voltage-clamp recordings were per-
formed 2 to 5 days later (22). Voltage pro-
tocols failed to evoke currents different

A (o
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(C) Dendrogram of represen-
tative mammalian members
of the K* channel superfamily (78). The horizontal branch length is inversely proportional to the similarity
between sequences.
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from control oocytes. Because of the similar
mRNA distribution in brain of rSK2 and
mGluR 13, a metabotropic glutamate recep-
tor (23, 24), mGluR1a mRNA was injected
with or without the SK mRNAs. The ap-
plication of glutamate to oocytes expressing
only mGluR1a evoked a transient inward
current due to activation of endogenous
Ca’*-activated Cl~ channels after the re-
lease of intracellular Ca?* (Fig. 3A) (23,
24). In oocytes coexpressing mGluR 1a with

rSK2, application of glutamate evoked the
same Cl~ current, which was followed by an
outward current (Fig. 3B). Similar results
were obtained with rSK3 and hSK1. Intra-
cellular injection of the Ca’* chelator
EGTA (~10 mM, final concentration)
(25) abolished both current responses
evoked by subsequent application of gluta-
mate (Fig. 3C), indicating that both com-
ponents are Ca’*-activated. The ion selec-
tivity of rSK2 was examined in oocytes

injected with only the tSK2 mRNA (26).
The current activated by injection of Ca?*
(~1 mM final concentration) reversed near
the K* reversal potential in ND96 solution.
The reversal potential of the currents shift-
ed with increasing extracellular K* with a
slope of 55.4 mV for a 10-fold change in K*
concentration (2 to 20 mM K*, substituted
for Na*), confirming that the channels are
selective for K* over Na*.

Macroscopic currents were also recorded

D

Ad Br HeBr
7.5
- 4.4

a -
' 2.4
B 14

Fig. 2. In situ hybridization and Northern blot analysis for rSK mRNAs. (A) Autoradiogram of in situ hybridization with an antisense rSK1
RNA probe. Hybridization was found in the hippocampus (CA3), the dentate gyrus (DG), the subiculum (S), the anterior olfactory nucleus
(AON) and olfactory tubercle ( Tu), the cerebellum (Cb), and the cortex (Ctx). (B) Autoradiogram of in situ hybridization with an antisense ISK2  rSKi

rSK2 RNA probe. Of the SK mRNAs, rSK2 mRNA was the most widely expressed and was highest in the hippocampus (not labeled),

with lower levels of expression in the olfactory bulb and the anterior olfactory nucleus, the granular layer of the cerebellum (not labeled), the reticular nucleus
of the thalamus ( Th), and the pontine nucleus (Pn). (C) Autoradiogram of in situ hybridization with an antisense rSK3 RNA probe. Hybridization was seen in
the lateral septum and ventral tegmental area, the olfactory tubercle (not labeled), the caudate-putamen (Cp), the nucleus accumbens (Acb), the supraoptic
nucleus (SO), many nuclei of the thalamus and hypothalamus (not labeled), and the substantia nigra pars compacta (SNC). Scale bar, 5 mm. (D) Northern blot
analysis of rSK1 and rSK2 mRNAs. Polyadenylated [poly(A)*] mRNA (3 ng) from rat whole brain, heart, lung, spleen, adrenal gland, liver, kidney, and skeletal
muscle was prepared as a Northern blot and probed with riboprobes specific for either rSK1 (right) or rSK2 (left); rSK1 mRNA was detected in rat brain (Br)
and heart (He), and rSK2 mRNA was detected in brain and adrenal gland (Ad). Neither rSK1 nor rSK2 mRNA was detected from lung, liver, kidney, thymus,
spleen, or skeletal muscle. Molecular sizes are indicated in kilobases.

Fig. 3. Expression of rSK2 and hSK1 in Xenopus oocytes. In (A) through (C), the
metabotropic glutamate (Glut) receptor mGluR1a was expressed with or without rSK2
in Xenopus oocytes. Whole cell currents were measured from oocytes superfused with
ND96 solution 2 to 3 days after mRNA injection. The holding potential was —80 mV. (A)
Addition of glutamate (1 mM) to an oocyte injected with mGluR1a mRNA alone evoked
a transient Ca?*-activated Cl~ current. Similar results were obtained in six other
oocytes injected with mGluR1a. (B) Addition of glutamate (1 mM) to oocytes coinjected
with mGluR1a and rSK2 mRNA evoked the transient Ca?*-activated Cl~ current
observed with mGluR1a-injected oocytes, followed by a large transient outward cur-
rent. Similar results were obtained in 14 other oocytes coinjected with mGluia and
rSK2. (C) Injection of EGTA (final concentration, ~10 mM) abolished the response to
subsequent addition of glutamate in oocytes coinjected with mGluR1a and rSK2
mRNA. Similar results were obtained in three other oocytes coinjected with mGluR1a
and rSK2. (D and E) Currents evoked by voltage steps from inside-out macropatches
excised from an oocyte expressing rSK2 (D) or hSK1 (E). With 5 uM Ca?* in the
intracellular solution, the membrane was stepped from a holding potential of —80 mV
to test potentials between —100 and 100 mV and then repolarized to —50 mV.
Currents activated instantaneously and showed no inactivation during the 500-ms test
pulses. (F and G) Current traces (/) elicited by 2.5-s voltage ramps (V,,) from —100 to
100 mV from inside-out macropatchs excised from oocytes expressing rSK2 (F) or
hSK1 (G). The traces were obtained in the presence of the indicated concentrations of
intracellular Ca2*; current amplitudes increased as the Ca2* concentration was in-
creased. (H and 1) The relation between Ca2* concentration and response obtained
from the patches shown above for rSK2 (H) or hSK1 (l) channels. The slope conduc-

C

EGTA Glut
| |

tance, G, at the reversal potential is plotted as a function of Ca2* concentration. The H . | s
data were fitted with the Hill equation, yielding a K, 5 of 0.43 pMand 0.71 pM and a Hill
coefficient of 4.8 and 3.9 for rSK2 and hSK1, respectively. @ 3 —10
Eoly f:’,
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from excised patches (27). Application of
Ca’" to the cytoplasmic face of inside-out
macropatches from oocytes expressing rSK2
or hSK1 evoked substantial currents that
were not detected in the absence of Ca?™",
nor were they detected from control oo-
cytes. Voltage steps to potentials between
—100 and 100 mV evoked time-indepen-
dent currents (Fig. 3, D and E) that were

SRR T

not obviously voltage-dependent. The
Ca?" sensitivity of rSK2 and hSK1 was
determined. Currents evoked by voltage
ramps from an inside-out macropatch were
dependent on the concentration of Ca?* on
the intracellular face of the membrane (Fig.
3, F and G). The slope conductance at the
reversal potential was plotted as a function
of Ca?* concentration, and the data points

A
0 Ca?+ 0.2 uM Ca?* 0.4 uM Ca2* 0.6 UM Ca?* 0 Ca?*
500 ms
1 pA

B C
YAl A A "‘MMW“‘GO mV 1.07

0.5

i i i -80 mV /
! WWWW " MW 100 -50 50 100
. Vip (mV)
WWWMW WWW T -100mv, -1.01
oome 150 1(pR)
. D

Fig. 4. Single-channel recordings of rSK2. (A) Continuous recording at different internal Ca®*
concentrations from a representative inside-out patch containing rSK2 channels. Addition of 0.2 pM
Ca?* elicited openings to a single amplitude. Increasing Ca?* to 0.4 uM increased channel activity,
and openings to several levels are apparent. Upon addition of 0.6 wM Ca?*, channel activity
increased such that discrete amplitudes could not be resolved. Channel activity ceased when Ca®*
was removed. Gaps represent breaks in the continuously acquired recording. The baseline (zero
current level) of the segment recorded in 0.6 wM Ca®* has been aligned by eye. For display, data
were digitally filtered at 300 Hz. (B) Channel activity from a representative patch recorded in the
presence of 0.4 uM Ca?* at —60, —80, and —100 mV. The patch contained more than one channel,
and double openings are apparent. For display, traces were digitally filtered at 300 Hz. (C) Single-
channel current-voltage relation for the patch presented in (B). Data points were derived from the
fitting of amplitude histograms at each membrane potential. Linear regression yielded -a single-
channel conductance of 10.8 pS, with a reversal at =6 mV.

Fig. 5. Pharmacology of rSK2 and A
hSK1. (A and C) Macroscopic rSK2
currents were recorded in 5 pM
Ca?* from inside-out macro-

patches with either O or 60 pM
apamin (AP) (A) or 0 or 2 pM d-
tubocurare (dTC) (C) in the extracel-
lular solution. (B and D) Dose-re-
sponse curves for block by external
apamin [shown in (B) for rSK2] or c
d-tubocurare [shown in (D) for
rSK2, closed circles, and hSK1,

open circles]. Block was deter- 400 5
mined from multiple inside-out
macropatches with or without drug.
Each data point represents the
fractional current (drug per control)

at —100 mV from the average of six e

control patches and six subsequent
patches with drug. Currents were
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elicited by voltage ramps as in (A). The continuous lines represent nonlinear least squares fits to the data
for a 1:1 stoichiometry, giving a K; of 63 pM for AP and 2.4 uM (rSK1) or 76.2 pM (hSK1) for dTC.
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were fitted with the Hill equation (Fig. 3, H
and I). For tSK2 the average K, 5 (concen-
tration for half-maximal activation) for
Ca?* was 0.63 + 0.23 pM (n = 8), and for
hSK1 it was 0.70 * 0.06 uM (n = 4). The
steep dependence on Ca’* seen from the
plots was reflected by a Hill coefficient of
4.81 = 1.46 for rSK2 and 3.90 *+ 0.45 for
hSK1, which suggests that at least four
Ca’* ions were involved in channel gating.
These results identify this family as Ca?™*-
activated K* channels.

We examined single channels using in-
side-out patches excised from oocytes express-
ing 1SK2 or hSK1 (28). Addition of Ca?™ at
submicromolar concentrations induced chan-
nel activity not seen in controls. The repre-
sentative patch from an oocyte expressing
1SK2 (Fig. 4A) shows that 0.2 pM Ca?™*
applied to the cytoplasmic side of the patch
induced openings to a single amplitude.
Channel activity increased as the Ca?* con-
centration was increased, such that, in 0.6
uM Ca?*, unitary openings could no longer
be resolved. Upon washout of Ca?*, channel
activity ceased. At 0.4 pM Ca’*, channel
open probability was not obviously voltage-
dependent, similar to macroscopic ramp re-
cordings (Fig. 4B). Unitary openings mea-
sured at several voltages were used to con-
struct a single-channel current-voltage rela-
tion (Fig. 4C). Results obtained from three
patches yielded a mean single-channel con-
ductance for rSK2 of 9.9 = 0.9 pS. Similar
experiments with hSK1 yielded a single-chan-
nel conductance of 9.2 = 0.3 pS (n = 3).

The functional characteristics of the
cloned channels are reminiscent of those of
the SK class of Ca?*-activated K" channels
described in neurons (6, 8, 29), skeletal
muscle (14), adrenal chromaffin cells (16,
30), and T lymphocytes (17). Native SK
channels present a distinct pharmacology.
Many but not all SK channels are blocked
by apamin and the plant alkyloid, d-tubo-
curare (dTC) (13, 16, 31). The rSK2 cur-
rents were potently blocked by picomolar
concentrations of extracellular apamin with
an inhibition constant K, of 63 pM (Fig. 5,
A and B). In contrast, application of 100
nM apamin did not affect hSK1 currents
(n = 8). The rSK2 currents were also
blocked by extracellular dTC with a K| of
2.4 uM; hSK1 was ~30-fold less sensitive,
with a K, of 76.2 pM (Fig. 5, C and D).

Activation of SK channels underlies the
sAHP in central neurons. Distinguishing fea-
tures of endogenous SK channels are their
activation by submicromolar Ca?*, lack of
voltage-dependent gating, and unit conduc-
tance (8, 14, 16). The sAHP in many neu-
rons is blocked by picomolar concentrations
of apamin, whereas in others it is not affected.
Cloned members of this family exhibit these
features. Indeed, the pattern of in situ hybrid-
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ization for tSK2 mRNA is coincident with the
pattern of radiolabeled apamin binding in rat
brain (32).

The cloned SK subunits contain no sig-
nificant amino acid homology to other
cloned K* channel subunits except for a
12-residue stretch within the putative pore
domain. Hydrophobicity plots predict that
these subunits contain six transmembrane
domains, a topology shared with members
of the voltage-gated class of K* channels
(33). Like the cyclic nucleotide—gated
channels, the cloned SK channels contain
an S4 domain with positively charged resi-
dues but are not gated in a voltage-depen-
dent manner (34). It has been proposed
that the charged residues in the S4 segment
may form salt bridges with other residues in
different regions of the channel, imparting
structural stability, even when the charged
residues do not participate in voltage sens-
ing (35, 36). In some cells, such as hip-
pocampal pyramidal neurons, the sAHP is
regulated by transmitters that act through
protein kinases (8, 37). Although it is un-
clear whether the kinases influence the
sAHP through direct phosphorylation of
native SK channels or through intermedi-
ary effectors, the primary sequences for all
of the cloned SK subunits contain many
potential phosphorylation sites.

Several hypotheses have been advanced
to account for the differences in the sSAHP
among different cell types (11, 29). The
complement of expressed SK subunits, their
subcellular distribution, and regulation all
may be responsible for differences in the
sAHP after an action potential. The shared
characteristics of the SK channels responsi-
ble for the sSAHP were faithfully recapitulat-
ed by the clones presented here. The molec-
ular mechanisms underlying variability in
sAHPs will likely be understood as this K*
channel family is further characterized.
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A BLAST search of the expressed sequence tag
(EST) database, using the query sequence FX-
SIPXXXWWAXVTMT TVGYGDMXP (79) and allowing
for mismatches, retrieved known K* channel se-
quences and GenBank entry M62043. Oligonucleo-
tides corresponding to nucleotides 6 to 36 (sense)
and 258 to 287 (antisense) of M62043 were synthe-
sized (Genosys), radiolabeled with polynucleotide ki-
nase (BRL) and 32P-labeled adenosine triphosphate
(DuPont  Biotechnology Systems), and used to
screen ~108 recombinant phage from the human
hippocampal cDNA library [40% formamide; 1 M
NaCl, 1% SDS, 37°C; washed with 1X standard
saline citrate (SSC) (150 mM NaCl, 15 mM sodium
citrate, pH 7.2) 50°C]. We purified double positively
hybridizing phage by rescreening at reduced densi-
ties. The cDNA inserts were subcloned into M13,
and the nucleotide sequences were determined with
T7 DNA polymerase (Sequenase, United States Bio-
chemical). A fragment of this clone containing the
pore domain (amino acids 325 to 522) was radiola-
beled with random primers (Boehringer) and used to
screen arat brain cDNA library (30% formamide, 1 M
NaCl, 1% SDS, 37°C; washed with 2x SSC, 50°C).
Positively hybridizing phage were purified and the
nucleotide sequences of the inserts determined. We
performed computer analyses using the GCG soft-
ware suite (Genetics Computer Group; version 8.1).
We generated the dendrogram using the PILEUP
multiple sequence analysis program with full-length
coding sequences for the listed subunits. The gap
penalty was 3, and the gap extension penalty was
0.5. Specific members of subfamilies, and their ac-
cession numbers are as follows: K1 (hK 1.1;
L02750); K2 (mshab; M64228); K,3 (MK 3.3;
X60796); K,4 (mshal; M64226); K, 1 (RomK1;
X72341); K2 (Irk1; X73052) K3 (Girk1; U01071);
K4 (K4.1/Bir10; X83585); K5 (K;5.1/Bir9;
X83581); K, 6 (K, 6.1/uKatp; D42145); hK, Ca (hslo;
U11717); and mK Ca (mslo; L16912).
Abbreviations for the amino acid residues are as
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly;
H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q,
GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr, and
X, unknown.

Care and handling of adult female Sprague-Dawley
rats were in accordance with institutional guidelines.
Rats were deeply anesthetized with pentobarbital
and perfused transcardially with ice-cold saline and
then with ice-cold 4% paraformaldehyde in 0.1 M
sodium borate (pH 9.5). The brains were removed
quickly and fixed overnight at 4°C in 4% paraformal-
dehyde in borate buffer (pH 9.5) containing 10%
sucrose. Cryostat microtome sections (25 pm) were
mounted onto gelatin- and poly-L-lysine-coated
glass slides and incubated for 15 min in 4% parafor-
maldehyde in 0.1 M phosphate-buffered saline
(PBS), washed twice in 0.1 M PBS, and treated for
30 min at 37°C in proteinase K (10 mg/ml) in 100 mM
tris, 50 mM EDTA (pH 8) and then with 0.0025%
acetic anhydride (w/w) in 0.1 M triethanolamine at
room temperature. The sections were then washed
in 2X SSC, dehydrated in increasing concentrations
of ethanol, and vacuum-dried at room temperature.
Templates for probe synthesis represented se-
quences unique to each of the clones. 3°S-labeled
antisense cRNA probe was heated to 65°C for 5 min
and diluted to 107 cpm/ml in hybridization buffer:
66% formamide, 260 mM NaCl, 1.3x Denhardt so-
lution (13 mM tris, pH 8.0, 1.3 mM EDTA, 13% dex-
tran sulfate). Sections in the hybridization mixture
were covered with siliconized glass cover slips and
sealed with DPX mountant. After the slides had been
incubated at 58°C for 20 hours, they were soaked in
4x SSC to remove cover slips, then rinsed in 4x
SSC (four times, 5 min each) before treatment with
ribonuclease A (20 mg/ml for 30 min at 37°C). The
slides were then rinsed in decreasing concentrations
of SSC containing 1 mM dithiothreiotol (DTT) to a
final stringency of 0.1x SSC, 1 mM DTT for 30 min
at 65°C. After the sections had been dehydrated in
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increasing concentrations of ethanol, they were vac-
uum-dried and exposed to DuPont Cronex-4 x-ray
film for 7 days. The film was scanned by a Microtek
ScanMaker 18508 at a resolution of 728 pixels per
centimeter, and the images were analyzed with Im-
age'v1.55 software (NIH) and Photoshop (Adobe).
Total RNA was extracted [J. M. Chirgwin, A. E.
Przybyla, R. J. MacDonald, W. J. Rutter, Biochem-
istry 18, 5294 (1979)] from rat brain, adrenal gland,
thymus, spleen, skeletal muscle, heart, kidney, liver,
and lung of 3-week-old Sprague-Dawley rats. Poly-
adenylated [poly(A)*] mRNA was purified by oligo
d(T) cellulose chromatography (Collaborative Re-
search), and 3 g from each tissue was prepared as
a Northern blot by electrophoresis through a 1%
agarose-formaldehyde gel and transfer to Gene-
screen (DuPont Biotechnology Systems) nylon
membranes. Antisense riboprobes were synthe-
sized from linearized DNA templates with 32P-la-
beled uridine triphosphate (DuPont Biotechnology
Systems). Blots were hybridized in 50% formamide,
5% SDS, 400 mM NaPO, (pH 7.2), 1 mM EDTA at
60°C for 12 hours; then they were washed in 0.05x
SSC at 65°C and visualized with a Phosphorimager
445 S| (Molecular Dynamics) after 15 hours.

In vitro mRNA synthesis and oocyte injections were
performed as described in [J. P. Adelman et al.,
Neuron 9, 209 (1992)]. Xenopus care and handling
were in accordance with institutional guidelines.
Frogs underwent no more than two surgeries, sep-
arated by at least 3 weeks, and well-established
techniques were used for the surgeries. Frogs were
anesthetized with an aerated solution of the ethyl
ester of 3-aminobenzoic acid. Oocytes were studied
2 to 5 days after injection with 2 ng of mRNA. We
measured whole cell currents using a two-electrode
voltage clamp with a CA-1 ampilifier interfaced to a
Macintosh Quadra 650 computer. Data were simul-
taneously acquired through Pulse (Heka Electronik)
at 500 Hz and Chart (AD Instruments) at 10 Hz.
During recording, oocytes were continuously super-
fused with ND96 solution containing 96 mM NaCl, 2
mM KCl, 1.8 mM CaCl,, 1 mM MgCl,,, 5 mM Hepes
(pH 7.5 with NaOH) at room temperature. To mini-
mize ClI~ currents, some oocytes were soaked and
studied in CI~-free ND96 solution (96 mM sodium
gluconate, 2 mM potassium gluconate, 2.7 mM cal-
cium gluconate, 1-mM magnesium gluconate, 5 mM
Hepes, pH 7.5 with NaOH). .

K. M. Houamed et al., Science 349, 760 (1991).

Nakanishi, Nature 349, 760 (1991).

After establishment of the two-electrode voltage
clamp, the oocyte was impaled with a third electrode
containing 200 mM EGTA, pH adjusted to 7.2 with
KOH. We monitored the input resistance during im-
palement to ensure oocyte viability. At the indicated
time, 50 nl of the EGTA solution was injected into the
oocyte. If we assume an oocyte volume of 1 pl, the
predicted final concentration of EGTA was 10 mM.
Two days after injection, the oocytes were soaked
for >24 hours in Cl~-free ND96 solution to minimize
CI~ currents. In the two-electrode recording mode,
currents were activated by injection of 5 nl of 200
mM CaCl, through a third electrode, resulting in a
final intracellular concentration of ~1 mM Ca?*. This
procedure resulted in a longer lasting activation of
the K* current than that activated by glutamate in
oocytes coinjected with mGluR1a and rSK2.
Oocytes were injected as described for two-elec-
trode, voltage-clamp recordings. At 2 to 9 days after
injection, inside-out macropatches were excised into
an intracellular solution containing 116 mM potassi-
um gluconate, 4 mM KCI, 10 mM Hepes (pH 7.25,
adjusted with KOH) supplemented with CaCl, or
EGTA or both. To obtain nominally Ca2*-free solu-
tion, we added 1 mM EGTA. Altematively, CaCl, was
added to the cytoplasmic solution to give free Ca?+
concentrations (1 to 10 wM). In this case, the pro-
portion of Ca?* binding to gluconate was deter-
mined by a computer program (CaBuf) (we used a
stability constant for calcium gluconate of 15.9 M—1)
[R. M. C. Dawson, D. C. Elliot, W. H. Elliot, K. M.
Jones, Data for Biochemical Research (Oxford Univ.
Press, New York, 1969)]. To obtain Ca?* concentra-
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tions below 1 uM, we added 5 mM EGTA to the
cytoplasmic solution and added CaCl, as calculated
using the CaBuf program and published stability
constants [A. Fabiato and F. Fabiato, J. Physiol.
(London) 75, 463 (1979)]. For experiments in which
Mg?* was added to the cytoplasmic solution, MgCl,
was added to the total concentrations stated in the
text. Under these conditions, binding of Mg®™* to
gluconate is negligible (stability constant, 1.7 M~1).
Electrodes were pulled from thin-walled, filamented
borosilicate glass (World Precision Instruments) and
filled with 116 mM potassium gluconate, 4 mM KClI,
10 mM Hepes (pH 7.25). Electrode resistance was
typically 2 to 5 megohms. Membrane patches were
voltage-clamped with an Axopatch 200A amplifier
(Axon Instruments). The data were low-pass-Bessel
filtered at 2 kHz and were acquired with Pulse soft-
ware (Heka Electronik). In the analysis we used
Pulse, Kaleidograph (Abelbeck), or IGOR (Wave-
metrics) software. All experiments were performed at
room temperature from a holding potential of —80
mV. Voltage ramps (2.5 s) from —100 to 100 mV
were acquired at a sampling frequency of 500 Hz.
The currents recorded from macropatches showed
small inward rectification in the absence of cytoplas-
mic cations other than K* and Ca?* (5 uM). In the
hippocampus, SK channels exhibit significant inward

rectification in the presence of intracellular Mg2™* (8).
When different concentrations of Mg2* (0.1 to-3 mM)
were added to the intracellular face of inside-out
patches, outward currents were reduced. Apamin
was from Calbiochem, and d-tubocurare was from
Research Biochemicals International.

Solutions used were the same as for macropatch
recordings. Electrodes were pulled from Corning
7052 glass (Garner) and had resistances of 9 to 13
megohms. Data were filtered at 1 kHz (Bessel), ac-
quired at 10 kHz with Pulse (Heka Electronik), and
stored directly on a Macintosh Quadra 650. Single
channels were analyzed with MacTac (SKALAR In-
struments). The “50% threshold” technique was
used to estimate event amplitudes. The threshold
was adjusted for each opening, and each transition
was inspected visually before being accepted. Am-
plitude histograms were constructed using Mac-
Tacfit (SKALAR Instruments), and the single channel
conductance was determined from a Gaussian dis-
tribution. Channel open probability was estimated
from NP(0), the product of the open probability mul-
tiplied by the number of channels; NP(o) was calcu-
lated as the sum of the (dwell time multiplied by level
number) divided by the total time, and N was esti-
mated as the number of simultaneously open chan-
nels at 0.4 pM Ca?*.
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A Cyclin-Dependent Kinase—Activating Kinase
(CAK) in Budding Yeast Unrelated to
Vertebrate CAK

F. Hernan Espinoza, Alison Farrell, Hediye Erdjument-Bromage,
Paul Tempst, David O. Morgan*

Progress through the cell cycle is governed by the cyclin-dependent kinases (CDKs), the
activation of which requires phosphorylation by the CDK-activating kinase (CAK). In
vertebrates, CAK is a trimeric enzyme containing CDK?7, cyclin H, and MAT1. CAK from
the budding yeast Saccharomyces cerevisiae was identified as an unusual 44-kilodalton
protein kinase, Cak1, that is only distantly related to CDKs. Cak1 accounted for most CAK
activity in yeast cell lysates, and its activity was constant throughout the cell cycle. The
CAKT1 gene was essential for cell viability. Thus, the major CAK in S. cerevisiae is distinct
from the vertebrate enzyme, suggesting that budding yeast and vertebrates may have
evolved different mechanisms of CDK activation.

The activation of CDKs requires associa-
tion with a cyclin subunit and phospho-
rylation by CAK at a conserved threonine
residue (1). The major CAK activity in
vertebrate and starfish cells is a heterotri-
mer composed of CDK7, cyclin H, and
MATI1 (2-4). The homologous CDK-cy-
clin complex in fission yeast also has CAK
activity (5). However, in the budding
yeast Saccharomyces cerevisiae, the closest
CDK7 homolog (Kin28) does not have
CAK activity (6, 7), and the enzyme re-
sponsible for CDK activation in this or-
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ganism is unknown.

To explore the nature of CAK in bud-
ding yeast, we used conventional chromato-
graphic methods to purify the major CAK
activity in yeast lysates (Fig. 1). We mea-
sured CAK activity by testing the ability of
column fractions to activate the histone H1
kinase activity of purified human CDK2-
cyclin A complexes, which are more readily
prepared in large quantities than are yeast
Cdc28-cyclin  complexes. Peak fractions
also activated Cdc28-Clb2 (8). We esti-
mate that CAK activity was purified over
1000-fold after six chromatographic steps.
In the last steps of purification, CAK activ-
ity comigrated with a single protein of ~44
kD on polyacrylamide gels (p44) (Fig. 1, B
and C). We were unable to purify p44 to
homogeneity; however, in multiple prepa-
rations, p44 was the only protein that con-
sistently copurified with CAK activity, sug-
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gesting that p44 alone was responsible for
the activity. This conclusion is supported by
results from gel filtration analysis of CAK
activity in crude yeast lysates (8) or partial-
ly purified CAK preparations (Fig. 1A), in
which the apparent molecular size of native
CAK was ~45 kD.

Ttyptic peptides from p44 were subject-
ed to mass spectrometry and amino acid
sequencing. Comparison of peptide se-
quences with the Saccharomyces Genomic
Database (Stanford University) revealed
that the amino acid sequences of two pep-
tides matched predicted sequences in a pre-
viously uncharacterized open reading frame,
YFL029¢, on chromosome VI (9). In addi-
tion, the masses of these two peptides, as
well as those of two additional peptides
from p44, matched the theoretical masses of
tryptic peptides in the predicted sequence
of YFL029¢ (Fig. 2). The YFL029c open
reading frame encodes a protein with se-
quence similarity to protein kinases and a
molecular size of 42,183 daltons. We con-
clude that this open reading frame encodes
p44, which we call Cakl.

Cakl is only distantly related to other
protein kinases. Its closest known relative in
any species is yeast Cdc28, with which it
shares limited similarity (~23% identity)
(Fig. 2). It is even less similar to yeast Kin28
(17% identity) and is therefore not closely
related to the CDK7 subfamily. Cakl is also
distinct from most other protein kinases in
that it lacks a highly conserved NH,-terminal
cluster of glycine residues that contributes to
the adenosine triphosphate (ATP) binding
site (10). Cakl has large amino acid inserts
between conserved kinase subdomains. On
the basis of studies of protein kinase structure
(11, 12), we predict that these inserts are
located in loops between conserved secondary





