
The EMBO Journal Vol.16 No.16 pp.4817–4825, 1997

Random mutagenesis reveals a region important for
gating of the yeast KF channel Ykc1

2-transmembrane K1 channels (Zhouet al., 1995). OutsideStephen H.Loukin1, Brian Vaillant1,
its P regions Ykc1 shares little primary sequence homologyXin-Liang Zhou1, Edgar P.Spalding2,
with other channels.Ching Kung1,3 and Yoshiro Saimi1,4

When expressed in oocytes,YKC1 produces a K1-
1Laboratory of Molecular Biology and Departments of2Botany and selective, outwardly rectifying current with properties
3Genetics, University of Wisconsin, Madison, WI 53706, USA similar to those of natively expressedYKC1. These proper-

ties include a high degree of K1 selectivity, strong outward4Corresponding author
rectification and a characteristic flickery open channel
behavior. There is disagreement as to whether the outwardYKC1 (TOK1, DUK1, YORK) encodes the outwardly

rectifying K F channel of the yeast plasma membrane. rectification ofYKC1 is a function of the electrochemical
driving force for K1 (∆µK1) (Ketchumet al., 1995; LesageNon-targeted mutations of YKC1 were isolated by

their ability to completely block proliferation when et al., 1996) or the absolute membrane voltage (Vm) (Zhou
et al., 1995; Reidet al., 1996). We agree with Ketchamexpressed in yeast. All such mutations examined

occurred near the cytoplasmic ends of the transmem- et al. (1995) and Lesageet al. (1996) that the rectification
of oocyte-expressedYKC1 is primarily determined bybrane segments following either of the duplicated P

loops, which we termed the ‘post-P loop’ (PP) regions. ∆µK1 (Loukin et al., in preparation). It was originally
reported that the rectification of Ykc1 was due to aThese PP mutations specifically caused marked defects

in the ‘C1’ states, a set of interrelated closed states blockage by external cations (Ketchumet al., 1995), but
other investigators have failed to confirm such a divalentthat Ykc1 enters and exits at rates of tens to hundreds

of milliseconds. These results indicate that the Ykc1 ion dependence of Ykc1 rectification (Zhouet al., 1995;
Lesageet al., 1996). Activation of Ykc1 is modeled as aPP region plays a role in determining closed state

conformations and that non-targeted mutagenesis and
C1↔C2↔Omicrobial selection can be a valuable tool for probing

structure–function relationships of ion channels. transition (Lesageet al., 1996), where C2 is an
Keywords: gating/K1 channel/TOK1/yeast/YKC1 instantaneously activating state and C1 is slowly activat-

ing states.
In this report we describe the novel application of non-

targeted mutagenesis and classical microbial selection
Introduction towards a structure–function study ofYKC1. Mutations

of functional consequence were isolated from randomlyPatch–clamp recordings of theSaccharomyces cerevisiae
mutagenized alleles ofYKC1 by their ability to blockplasma membrane reveal an outwardly rectifying K1

growth. These alleles were expected to result from losscurrent (Gustinet al., 1986; Bertlet al., 1993), a stretch
of regulatory function, such as gating or ionic filtration,activated current (Gustinet al., 1988) and a less prominent
since deletion ofYKC1does not affect proliferation underinward K1 current conducted through a K1 transporter
standard conditions. The advantage of this non-targeted(Bertl et al., 1995). The gene encoding the outwardly
strategy over standard targeted mutagenesis is that it doesrectifying K1 channel, YKC1 (also known asTOK1,
not require nor makea priori assumptions about eitherDUK1 andYORK), was identified from the yeast genomic
the physiological relevance of channel functions or thesequence (Miosgaet al., 1994) by virtue of its conserved
location of the mutational target. These mutants haveP regions (Ketchumet al., 1995; Zhouet al., 1995; Lesage
furthered our understanding of C1 and C2. In the light ofet al., 1996; Reidet al., 1996). Deletion ofYKC1 results
localizations of the gating function in V and CNG channelsin complete elimination of the outwardly rectifying plasma
(Gordon and Zagotta, 1995), our results appear to indicatemembrane K1 current (Zhouet al., 1995; Reidet al., 1996).
that the PP region may be part of a conserved gatingYkc1 has two P regions embedded in a predicted
structure of V and CNG channels.topology of M1-M2-M3-M4-M5-P1-M6-M7-P2-M8. The

first M1–M6 topology is reminiscent of many voltage- or
cyclic nucleotide-gated (V or CNG) channels, including Results
K1, Na1, Ca21 and non-selective cation channels. The
second P region appears to have arisen by a tandemIsolation of YKC1 mutations that block growth

As reported previously (Zhouet al., 1995; Reidet al.,duplication of the P1 region (Reidet al., 1996). Interest-
ingly, there are now several ‘two pored’ channels found 1996), deletion ofYKC1eliminates the outward rectifying

K1 current of the yeast plasma membrane. Ykc1 channelto have an M1-P1-M2-M3-P2-M4 motif (Finket al., 1996;
Goldsteinet al., 1996; Czempinskiet al., 1997; Lesage activity can be restored in such deletion strains by

expressingYKC1 from plasmid pGALYKC1, which con-et al., 1997). The P regions of Ykc1 are more similar to
the 6-transmembrane K1 channels than to the IRK-type tains theYKC1open reading frame (ORF) inserted down-
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selected for the presence of the plasmid while repressing
mutagenizedYKC1. The resultant colonies were replica
plated onto a similar medium with glucose replaced by
galactose (SG), which induced expression of mutagenized
YKC1 in plasmids. Replica that failed to grow on the SG
plate were isolated from the SD plate. These galactose-
sensitive strains were further plated onto SG containing
uracil to test whether the cells which spontaneously lost
their plasmids and hence the mutatedYKC1 gene (~1%
per division under non-selective conditions; Ausubel
et al., 1993) could grow. Figure 1B (right) shows that
the galactose-sensitive phenotype was indeed plasmid
encoded.

From ~40 000 colonies screened, 14 were isolated
containing plasmids that stop growth in galactose (Figure
1B, three mutants shown). Those causing slower growth
were not included in this report. The plasmids were
recovered from these strains and theseYKC1alleles were
namedYKC1-xxx where the first x indicates which of
the four mutagenized plasmid pools they came from to
delineate mutational independence. TheYKC1ORFs from
two of these plasmids were also subcloned into identical
but unmutagenized vectors from which they also conferred
the galactose-sensitive phenotype to transformed yeast,
verifying that this phenotype was caused by mutations in
the YKC1ORFs and not those occurring elsewhere in the
plasmid. Six of these 14 alleles were chosen at random
from the four pools for further analysis.

Fig. 1. Isolation ofYKC1mutant alleles that block yeast proliferation. Growth blocking mutations all occurred at the
(A) Summary of the screen used to isolateYKC1mutants of functional cytoplasmic ends of the post-P loop membrane
consequence. See Material and methods for a detailed description. spanning domains
(B) Growth blocking phenotype ofYKC1mutants. Equal titers of cells

The DNA sequences of these six mutant alleles wereof yeast strainαku8 transformed with the empty plasmid pGALURA,
determined. Two independent isolates,YKC1-301 andwild-type YKC1-expressing pGALYKC1 (YKC11) or mutant

YKC1-expressing pGALYKC-X (where X is the corresponding mutant YKC1-401, both contain a T322I substitution,YKC1-201,
allele number) were serially 10-fold diluted (left to right) and allowed YKC1-304 andYKC1-402 contain a S330F substitution
to form colonies under conditions which: repressedYKC1expression andYKC1-101 contains a V456I substitution (Figure 2A).(glucose); induced expression ofYKC1 (galactose); induced expression

YKC1-201 andYKC1-401 contain additional silent I248Iof YKC1but allowed cells which had spontaneously lost their
plasmids to proliferate (galactose1 uracil). As can be seen, the and F409F nucleotide mutations. The repeated T322I and
mutantYKC1caused galactose sensitivity, which was a S330F alleles arose from independent mutagenic events,
plasmid-dependent phenotype since it occurred only when cells were since they were isolated from separately mutagenized
concomitantly required to maintain their plasmids.

plasmid pools, indicating that at most only a few other
hydroxylamine-mutable sites would elicit such a pheno-
type. The clustering of the mutations is striking, sincestream of the galactose-inducibleGAL1 promoter. No

Ykc1 current could be detected in the plasma membrane they all occur at the cytoplasmic ends of the membrane
spanning domains following either P loop, M6 or M8,of a YKC1 deletion yeast strain (αku8) alone nor in this

strain bearing plasmid pGALYKC1 (αku8[pGALYKC1]) termed the ‘PP’ (post-P loop) region (Figure 2A). All six
mutations occurred within a 10 amino acid windowcultured in glucose. Ykc1 current increases to levels

several fold higher than its native expression when this downstream of the aligned P loop, sequences (Figure 2B).
Ykc1 comprises 691 residues. Even if the size of thisstrain is cultured in the presence of galactose.

To screen forYKC1mutations which cause deleterious window is doubled to 20 amino acids (solid bordered box
in Figure 2B), the chance of six independent mutationschannel activities, four pools of pGALYKC1 plasmids

were mutagenized with hydroxylamine (HA) and trans- randomly appearing in such a window by chance alone is
,1 in 1 000 000. Thus, CT→AG transitions that com-formed separately intoαku8 yeast cells (Figure 1A)

(note that HA, though commonly used, primarily induces pletely block proliferation on SG appear to exclusively
occur in the PP regions.CG→TA transitions and this limits the range of mutations

available; see Discussion). Such a strategy guarantees that
mutant plasmids isolated from separate pools have resultedPP mutations do not affect the O or C2 state

The channel activities of the wild-type and all three mutantfrom independent mutagenic events. Note that the plasmids
and not the yeast cells were mutagenizedin vitro and the alleles,YKC1-101 (V456I),YKC1-301 (T322I) andYKC1-

402 (S330F), were analyzed. I–V plots show that thechromosomal copy ofYKC1 in αku8 had been deleted.
These transformed cells were plated onto synthetic glucose steady-state ensemble currents of both wild-type and the

mutants, all of which were well expressed in oocytes,medium (SD) lacking uracil (Sherman, 1991), which
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Fig. 2. Location of growth blocking mutations of Ykc1. Both strands
of six mutant alleles ofYKC1which blocked proliferation completely
were sequenced. Both strands of all six alleles were sequenced.
Non-silent mutations occurred in only three residues. The multiple
instances of T322I and S330F were due to independent mutagenic
events since they were isolated separately from the original
mutagenesis reactions. (A) These mutations cluster in a common
topological region, the intracellular junction of the membrane spanning
domains immediately following either P loop, a region we called ‘PP’
for post-P loop. (B) The P1 M6 and P2 M8 regions are aligned and
marked. The PP regions, defined as an area of 20 residues surrounding
the growth blocking mutations, are marked with solid edged boxes.
Identical residues are shaded. Note that the T322I and the V456I
mutations are precisely equidistant from the P loops.

rectify outwardly with no substantial inward currents at
any potential (Figure 3). Raising external K1 5-fold from
20 (open symbols) to 100 mM (closed symbols) causes
an ~40 mV rightward shift in the threshold of activation
of outward currents in both the wild-type and the mutants, Fig. 3. Wild-type and PP mutant channels maintain steady-state

rectification. Whole cell currents were recorded from oocytes injectedsimilar to the140 mV shift this substitution would have
with RNA transcribed from wild-type and each of the three differentonEK. Thus the steady-state current–voltage relationships,
mutant alleles ofYKC1. Near steady-state current was measured 900

being largely determined by∆µK1, not Vm, are not ms (dotted line) after stepping from the holding potential of –80 mV
substantially affected by the PP mutations. to test potentials of between –100 and180 mV at 10 mV intervals in

20 (open symbols) and 100 mM (closed symbols) bath K1. The nearDirect examination of the rapid C2→O activation (see
steady-state rectification is not significantly affected by PP mutations.Introduction) demonstrates that C2 remains largely intact
For both wild-type and the mutants there was no significant inwardin the PP mutants. Using recording techniques designedcurrent and the current activation threshold was near the predictedEK.

to detect sub-millisecond transitions (see Materials and Currents were recorded from oocytes 3–5 days after injection with
methods), the time dependence of the ‘instantaneous’ ~50 ng synthetic mRNA. Bath solutions contained 5 mM HEPES,

pH 7.5, 1 mM MgCl2, 1 mM CaCl2 and either 100 or 20 mM KCl andactivation from C2 can in fact be seen (Figure 4A, top;
80 mM NaCl. Traces were neither leak subtracted nor compensated fornote that the entire trace is only 1 ms here). This C2→O
capacitance. All calibration bars 10µA3100 ms.

activation occurs notably more slowly than the time it
takes for Vm to equilibrate to the command potential
(Figure 4A, bottom), ruling out that this time dependence mutant types (data not shown). The apparent unitary

slope conductance calculated from single channel excisedis an artifact of the time dependence of charging the
oocyte. When the capacitive component of the outward patches was 22.06 1.9 pS for Ykc1-101, similar to the

20.36 2.5 pS for Ykc11 (mean6 SD, n 5 3). Note thatcurrent is subtracted, this activation from C2 can be seen
to have a rate upon depolarization to180 mV of ~100µs these conductances are probably underestimates of the

true open channel conductance, due to the flickery open(Figure 4B). Activation from C2 of Ykc1-101 (Figure 4C)
appears similar to that of the wild-type. Thus, this PP channel behavior of Ykc1 (Bertlet al., 1993).
mutation does not significantly affect the rapid transition
from C2 to O. PP mutations decrease residence in and alter

activation from the C1 statesThe PP mutations also had no substantial effect on
the outward conducting properties of O. Substitution of Fitting the delayed activation from the C1 states (see

Introduction) of the wild-type required three rate constantscytoplasmic K1 with either Na1 or NH4
1 abolished

outward currents in inside-out patches of bothYKC11- of 14.9 6 2.9, 71.8 6 9.0 and 2756 13 ms when
depolarized from –80 to180 mV at 23°C in 100 mM K1and YKC1-101-expressing oocytes (Figure 5), indicating

that Ykc1-101 maintained the wild-type selectivity for (n 5 6 separate oocytes) (Figure 6A, individual rate
components illustrated by dotted traces at the bottom ofK1. Similar results were obtained with the other two PP

4819



S.H.Loukin et al.

Fig. 5. PP mutant channels maintain ionic selectivity. Ionic
selectivities were determined by perfusing bath solutions containing
the stated cations over the cytoplasmic face of inside-out patches from
oocytes expressing either multiple wild-type or Ykc1-101 channels.
Outward currents were observed in both cases only when K1, but not
Na1 or NH41, was present on the cytoplasmic side. Currents were
recorded at aVm of 150 mV. The higher current level of the
Ykc1-101 trace results from higher expression levels. Bath
(cytoplasmic) solutions contained 140 mM chloride salt of the statedFig. 4. PP mutation does not affect activation from C2. Note the rapid
cation and 5 mM EGTA. Pipette (external) solutions contained 14 mMtime scale displayed, with all the traces in this figure showing only
KCl, 126 mM NaCl. Both solutions also contained 1 mM CaCl2,1 ms or 1/1000 the time course illustrated in the whole cell traces of
1 mM MgCl2 and 5 mM HEPES, pH 7.2. Dashed lines represent zerothe previous figures. All calibration bars are 15µA30.4 ms.
current levels. Leakage was not subtracted.(A) (Upper traces) Whole cell currents of oocytes expressing wild-type

Ykc1 upon voltage steps from –20 mV to180, 170, 160, –100,
–110 and –120 mV in 100 mM external K1. The capacitive currents
can be seen upon all voltage steps. Rapid activation from the C2 state dwell in C1. Thus at mildly negative potentials, where a
can clearly be resolved after these capacitive surges upon significant fraction of wild-type channels are in C1 (e.g.
depolarization (star). (Lower traces)Vm was simultaneously monitored 0 to –50 mV in 100 mM K1), almost none of the mutantwith the current shown in (A) to verify thatVm in fact reached the

channels are. At highly negative potentials, the likelycommand potential before significant C2→O activation occurred. The
vertical dashed line marks the same time point in both the upper and yeast resting potential, wild-type Ykc1 channels will
lower traces to help show that the command potential was reached exclusively reside in the delayed C1 states, whereas at
long before the majority of C2→O activation had occurred. (B) Traces most 55% of the mutant channels will, with the remainder
showing C2→O activation with the capacitive currents subtracted by

residing in rapidly activating C2.addition of the –120, –110 and –100 mV traces to the180, 170 and
The remnant of the mutant Ykc1-101 delayed current160 traces respectively in (A). Wild-type Ykc1 was activated from C2

at a rate of ~100µs. (C) Capacitance-subtracted C2→O activation of activation can be fitted to two exponentials of 33.86
Ykc1-101-expressing oocytes shows that this activation is not affected 11.4 and 1116 20 ms when depolarized from –80 to
by this PP mutation. All currents were recorded from oocytes 3 days

180 mV in 100 mM K1 at 23°C (n 5 5 separate oocytes,after injection with ~100 ngYKC1RNA to induce high current
illustrated as dotted lines in Figure 6A,YKC1-101). Thus,expression. Electrical recording techniques are described in Materials

and methods. all three wild-type delayed C1 states activations were
altered by the single V456I mutation, indicating the
structural relatedness of the individual C1 states. That thethe YKC11 plot). Thus, C1 is actually a set of closed

states. Entry into the C1 states is favored by negative rapid C2→O transition was unaffected by this same
mutation (Figure 4) in contrast demonstrates the physicalvoltage (Figure 6B). Comparing the distribution of chan-

nels in the C1 states in 100 mM K1 (Figure 6B,d) with distinction between C2 and C1.
The mutants lack of delayed activation from the C1that in 20 mM K1 (Figure 6D,s), it can be seen that

high external K1 also favors residence in C1. The 31 mV states is clearly seen at the single channel level as well
(Figure 7). Latency analysis on single channel patchesnegative shift of the Boltzmann distribution between C1

and C2 caused by decreasing external K1 from 100 to demonstrated a lack residence in the delayed C1 states in
the mutant. When patches containing single wild-type20 mM is close to the –38 mV shift such a lowering of

K1 would be predicted to have onEK, suggesting that Ykc1 channels were depolarized from –80 mV, there was
a characteristic lag of tens to hundreds of millisecondsdistribution between C1 and C2 is determined, at least in

part, by∆µK1 (a further examination of the wild-type C1– before the channel opened (Figure 7, *). This same degree
of latency was not seen when the patch was stepped fromC2 distribution will be presented in Loukinet al., in

preparation). 140 mV (Figure 7, top right), demonstrating that this
latency was due to a transition from the C1 states. WhenIn contrast to activation from rapidly activating C2,

residence in and activation from the delayed C1 states stepped from –80 mV, Ykc1–101 channels did not show
such a latency (Figure 7, bottom). Thus, activation fromwere notably affected by the PP mutations. The PP

mutations caused a.50 mV negative shift in the holding the delayed C1 states in the wild-type, as well as its
absence in the PP mutants, can be observed at the singlepotential at which Ykc1 starts to significantly dwell in C1

(Figure 6 B and D). Whereas wild-type Ykc1 exclusively channel level.
Both wild-type and Ykc1-101 single channels rapidlyresides in C1 at –100 mV in 100 mM K1 (Figure 6B,d),

extrapolation of the Boltzmann fits of C1 residence versus flicker, which may be due to rapid C2↔O transitions
at positive potentials. Visual inspection discerned littleholding potential showed that,55% of Ykc1-101 and

Ykc-402 and ,32% of Ykc1-301 channels maximally difference in this flicker between wild-type and mutant
channels. It is also notable that the mutant channels closedreside in the delayed C1 states even at highly negative

voltages (Figure 6B). In 20 mM K1 ,32% of Ykc1-101 for up to 200 ms at positive potentials, possibly reflecting
an inactivating state of Ykc1 unrelated to the C1 states.and Ykc-402 and,10% of Ykc1-301 channels maximally
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Fig. 6. PP mutations severely affect residence in and activation from the C1 closed states. (A) Current activations upon stepping to180 mV from
holding potentials between –100 and120 mV at 10 mV intervals were recorded from whole oocytes expressing wild-type (d), Ykc1-101 (j),
Ykc1-301 (m) and Ykc1-402 (.) in 100 mM bath K1. Three exponential components were required to adequately fit the current activation from –80
to 180 mV of the Ykc11 current, whereas only two such components were required for Ykc1-101 current activation (dotted lines show extrapolated
contributions from individual activations to scale). Thus delayed activation of Ykc1 occurs from three distinct C1 states; the single V456I mutation
of Ykc1-101 alters all three. (B) The fraction of steady-state current which was activated with delayed kinetics is plotted as a function of holding
potential. Lines are Boltzmann fits of the raw data (symbols).V1/2 (curve midpoint),k (slope factor) andA (maximum amplitude) of the Boltzmann
fits were –19.8 mV, 21.5% and 102.3% for wild-type, –79.7 mV, 18.8% and 54.7% forYKC1-101, –95.3 mV, 20.1% and 36.3% forYKC1-301 and
–72.7 mV, 20.1% and 52.8% forYKC1-402. Thus, a negative extrapolation of these fits indicates that while wild-type channels reside exclusively in
C1 at sufficiently negative voltages, the maximal extent to which Ykc1-101 and Ykc1-402 dwelt in C1 was,55% and for Ykc1-301 was 32%.
(C andD) Similar to (A) and (B) except that the bath contained 20 mM instead of 100 mM K1. The parameters for the Boltzmann fits in (D)
were –51.0 mV, 22.3% and 100.0% for wild-type, –104.8 mV, 19.0% and 31.8% forYKC1-101, –93.3 mV, 12.22% and 8.3% forYKC1-301 and
–92.7 mV, 16.9% and 32.9% forYKC1-402. Symbols are: wild-type,s; Ykc1-101,u; Ykc1-301,n; Ykc1-402,,. The 0 time and steady-state
current levels for (B) and (D) were determined from curve fits of the raw data (A and B) extrapolated to 0 and` time respectively. Recording
solutions and oocyte preparation were as described in Figure 1A. The stated holding potentials were held for at least 20 s prior to depolarization to
180 mV. Calibration bars 10µA3100 ms.

Attempts were made to quantify residence in these closed
states, but were thwarted by channel run-down over the
course of the extended depolarization of excised patches.

PP mutations slow entry into the C1 states

In addition to activation, entry into the delayed C1 states
was also examined. Twenty percent of the outward current
resulted from activation from the delayed C1 states when
YKC11-expressing oocytes were stepped from 0 to
180 mV (100 mM bath K1) (Figure 8A, uppermost trace
of YKC11 traces; Figure 8B,d, t 5 0). Inward currents
were not observed during a brief intervening step from 0
to –100 mV, yet still only 20% of the outward current
was activated with delayed kinetics upon depolarization
if the dwell at –100 mV was brief. Thus Ykc1 first enters
C2, not the delayed C1 states, initially upon polarization
to –100 mV. If the length of the –100 mV conditioning
pulse was increased, an increasing fraction of the currentFig. 7. Single channel analysis of emergence from the C1 states.

Latency analysis was conducted on Ykc11 (upper traces) andwas activated from the C1 states (Figure 8A,YKC11,
Ykc1-101 (lower traces). Excised inside-out single channel patcheslower traces). When the fraction of the eventual steady-
were held at either –80 (left) or140 mV (right) for 10 s beforestate current which was activated from the C1 states was
stepping to the test potential of150 mV. The latency to the first

plotted against the dwell time at the –100mV conditioning opening event at150 mV was plotted on logarithmic event
pulse, it can be seen that all wild-type Ykc1 channels histograms below three representative traces shown for each condition.

These histograms are each a compilation of at least 50 sucheventually migrated from the C2 to the C1 states at a
measurements from patches from at least three separate oocytes. Bathcombined rate of 280 and 2700 ms at –100 mV (Figure
(cytoplasmic) solutions contained 140 mM KCl and 5 mM EGTA.8B, d). Pipette (external) solutions contained 14 mM KCl, 126 mM NaCl.

A similar voltage protocol was applied to oocytes Both solutions also contained 1 mM CaCl2, 1 mM MgCl2 and 5 mM
HEPES, pH 7.2. Calibration bar 10 pA3250 ms.expressing Ykc1-101 channels (Figure 8A,YKC1-101).
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single property, delayed C1 states gating, were isolated
under the conditions and criteria used in this study. By
repeatedly and exclusively isolating mutations in the PP
region, we have shown that this region plays a particularly
important role in Ykc1 gating. By showing that other
channel properties, such as ionic filtration and the C2–O
distribution, remain largely unaffected, we have shown
that C1 gating is determined, at least in part, by a domain
of Ykc1 which is discrete from those which determine
these other functions. Lastly, we may have uncovered
evidence for a conserved gating function for the PP region
among V and CNG cation channels.

PP mutations affect Ykc1 gating

At membrane potentials belowEK, YKC1dwells either in
C2, from which it can be activated near instantaneously,
or C1, from which it is activated slowly. We have found
that rapid activation from C2 to O is not a typical gating
transition and thus we refer to C2 and O as ‘forms’ of a
single O/C2 state (the wild-type C2 properties are beyond
the focus of the PP mutant analysis presented here and
will be considered in a separate report; Loukinet al., in
preparation). The O/C2 state remained intact in the PP
mutants. Unitary conductance and ionic selectivity were
unaffected (Figure 5). The activation rate from the rapid
C2 form was similar to that of the wild-type (Figure 4).
The delayed C1 states, in contrast, were substantially
affected by the PP mutations. Far fewer mutant channels
dwelt in the delayed C1 states at potentials belowEK than
did wild-type channels, which remain in the rapid C2

Fig. 8. PP mutation decreases C2→C1 transition rate. (A) Oocytes form. The diminished distribution in the delayed C1 states
expressing eitherYKC11 (d) or YKC1-101 (j) RNA were repeatedly could be due either to a decrease in the stability of thestepped to180 mV in 100 mM bath K1 from a holding potential of

delayed C1 states relative to the C2/O state or a defect in0 mV with increasing intervening conditioning pulses at –100 mV.
responding to the factors which drive Ykc1 to the delayedTraces show currents, from top, activating from conditioning pulses

lasting 0, 10, 20, 50, 100, 200 and 500 ms and 1, 2, 5, 10 and 20 s. C1 states (i.e. a defect in the sensor).
(B) The fraction of current activating with delayed kinetics, calculated It is unlikely that the reduced distribution in the C2as in Figure 6B, is plotted as a function of dwell time at the –100 mV

state is due to a defect in a sensor. The distributionconditioning pulse. Wild-type channels migrated from the C2 to the
between C1 and C2 at holding potentials belowEK (whereslowly activating C1 states at an initial rate at least eight times faster

than Ykc1-101 channels (inset to B). Recording conditions and no channels are in the conducting O form) appears to be
calculations were as described in Figure 6. Calibration bars determined by∆µK1 (i.e. offset fromEK; compare Figure
10 µA3200 ms. 6B with D). ∆µK1 also determines the steady-state recti-

fication of Ykc1 (Figure 3). This rectification remains
intact in the mutants and thus these mutants clearly haveUnlike the wild-type, only a minority of the mutant

channels dwelt in the delayed C1 states at steady-state at a normally functioning ‘∆µK1 sensor’per se. A defective
sensor causing the PP mutant phenotype would imply the–100 mV. Because of this, the initial rate of C2→C1

transition was determined, so that any reverse C1→C2 existence of an additional∆µK1 sensor. Having two
independent∆µK1 sensors within Ykc1 seems inordinatelytransition of the mutant could be ignored. The inset of

Figure 8B shows that the C2→C1 transition of the mutant complex and we prefer a much simpler model in which
residence in the C1 states is a result of prolonged,channel was initially eight times slower than that of the

wild-type. Thus, the Ykc1-101 PP mutation dramatically uninterrupted residence in C2 (the relationship between
the wild-type C1 and O/C2 states will be discussed inslows the transition from C2 to the delayed C1 states upon

hyperpolarization. detail elsewhere; Loukinet al., in preparation)
The remaining possibility, destabilization of the delayed

C1 states relative to the C2/O state, is the most attractiveDiscussion
explanation for the decreased residence in the C1 states
by the PP mutant channels. That the activation rates fromThe findings presented in this report have several-fold

significance. We have demonstrated that classical micro- (Figure 6A) and the entry rates into (Figure 8B, inset) the
C1 states were altered by PP mutation further supportsbial selection can be fruitfully applied to structure–function

studies of ion channels. Using microbial selection we have this conclusion. Although it cannot be determined here
whether the PP region is the ‘gate’ of Ykc1, i.e. the regionisolated Ykc1 mutants of functional consequence via their

ability to block yeast proliferation. Despite the possibility of the protein which actually occludes the deactivated
channel pore, it can be concluded that the PP region isof isolating a plethora of functional defects using such a

general screen, only mutants which were defective in a particularly important in determining stability of the closed
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C1 conformation relative to the O/C2 conformation. Thus channels relative to the closed state. Recently Liuet al.
(1997) presented evidence for residues on the cytoplasmicthe PP region appears to be important in the gating of

Ykc1. There is evidence that the PP region is the receptor side of M6 of theDrosophilla Shaker K1 channel being
intimately involved with gating of that channel. Given thefor a ‘ball-and-chain’ type inactivating particle in Na1

channels (McPheeet al., 1995). It is unlikely that the PP extensive phylogenic divergence between fungi, insects
and mammals, our results may suggest the existence of aregion functions as such in Ykc1, since mutations in the

‘ball’ domain itself should have been isolated here. conserved primordial gating function for the PP region of
V and CNG cation channels.

Whereas comprehensive conservation of topologicalC1 states gating may not be exclusively

determined by the PP region structure is clear among V and CNG channels, no compre-
hensive conservation of primary amino acid sequence isThe six growth blocking Ykc1 alleles isolated all occur

in the PP regions of Ykc1: two residues in the first PP apparent. Conservation of structure and function in lieu
of primary amino acid sequence conservation has beenregion, T322 and S330, and a single residue in the second

PP region, V456. All six mutations occur within a 10 observed among other types of proteins, such as heme-
containing globins, which have similar crystal structuresamino acid window relative to the aligned P regions

(Figure 2B). Even if this window is doubled to 20 amino yet sometimes bear no obvious primary sequence homo-
logy (Creighton, 1993). It is certainly tenable that intrinsicacids, the chance of this happening randomly is,1 in

1 000 000. Multiple independent isolations of the T322I gating could be one of the functions driving the topological
conservation among V and CNG channels.and S330F mutations indicate that the screen is near

saturation and therefore few other mutable residues are
expected to cause growth blockage. There are, though,Microbial selection in future studies of ion
two caveats which prevent the conclusion that the PP channels
domain is the only region which is involved in C1 In this report we have used yeast as a tool to show us
states gating. which HA-mutable residues of Ykc1 are important in

The first is that the screening criteria used, complete affecting those functions which block proliferation when
blockage of proliferation, may preclude isolation of less incorrectly regulated. Here we focused on drawing correl-
severe C1 states mutants. It is unlikely that more severe ations between the structural and electrophysiological
C1 states mutants would not have been isolated, sinceproperties of the Ykc1 molecule. The basis of growth
Ykc1-301, which almost completely lacks functioning C1 blockage and the cell physiological role of wild-type Ykc1
states (Figure 7B), was recovered. The second caveat isare important and are being investigated (C.L.Fairman,
that the mutagen used, HA, primarily causes GC→TA X.-L.Zhou, R.Hoffman and C.Kung, in preparation).
transitions. This results in 42.5% of the amino acids of We have shown that microbial selection of non-targeted
Ykc1 being immutable and limits the range of substitutions mutants is indeed a powerful tool for correlating such
among the HA-mutable amino acids. This does not mean functions preserved in domain structure but not obviously
that 42.5% of the Ykc1 protein was not surveyed. We so in amino acid sequence. Without the guidance of
presume that functional domains of Ykc1 comprise conserved sequence, choosing appropriate residues to site
multiple, not single, amino acids. Assuming a random specifically mutate is difficult. A second advantage of
distribution of immutable sites, the probability of a func- selecting randomly generated mutants is that the entire
tional domain being HA-immutable should be 0.43n, molecule is easily surveyed. By tailoring the screening
wheren is the number of amino acids required for function method employed, looking for mutations which cause
of the domain. Although these caveats do not weaken theless severe disruption of growth or those which induce
conclusion that the PP region is clearly important in C1 sensitivity to growth under particular ionic conditions, it
states gating, they do raise the possibility that other regionsshould be possible to isolate mutants which induce subtler
are also potentially involved. It is clear, however, that the alterations of the C1 states or other conserved functions
random mutagenesis employed here facilitates a muchof Ykc1.
more comprehensive survey of the Ykc1 protein than a
targeted approach would have.

Materials and methods

Evidence of conserved gating function in the PP Strains and media
The budding yeastS.cerevisiaestrainαku8 (MATa, leu2-3/112, ura3-1,region
trp1-1, ade2-1, his3-11/15, can1-100, ykc1-∆::ura3–), which wasThere is evidence for conserved gating function in the PP
exclusively used in these experiments, has been described previouslyregion among V and CNG cation channels. Whereas (Zhou et al., 1995). Cells were cultured either in standard rich yeast

binding sites on the exterior side of the pore are accessiblegrowth medium YEPD (Sherman, 1991), standard defined medium
containing glucose as a carbon source (SD; Sherman, 1991) or SG, into externally applied TEA regardless of whether the
which the glucose in SD was replaced by an equal weight of galactose.channel is open or closed, binding sites on the cytoplasmic

side of the channel pore are accessible to internally applied
Mutagenesis and mutant isolation

TEA only when the channel is in an open state (Armstrong, Mutant alleles ofYKC1 were generated by mutagenizing the plasmid
1971; Stanfield, 1983), placing the channel gate on the pGALYKC1 (Zhou et al., 1995) in vitro with HA by the methods

described by Leeet al. (1995). The extent of mutagenesis was monitoredcytoplasmic side of the channel pore. Gordon and Zagotta
by transforming mutated plasmids into apyrf Amps bacterial strain(1995) found that the binding of Ni21 to histidine residues
(MH1066) which relies on the plasmid-borneURA3 gene product forin the PP region of CNG channels affected gating, growth in the absence of exogenous uracil (Sikorski and Boeke, 1991).

destabilizing the open state of olfactory CNG channels Two percent of the colonies were Ura–, amp1, indicating the loss-of-
function mutation rate of the plasmidURA3gene, which is approximatelyand stabilizing the open state of photoreceptor CNG
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