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ABSTRACT. We have characterized single and double mutations in the M1-M2 segment of an inwardly
rectifying K™ channel, Kir2.1, using the cell-attached configuration of the patch-clamp technique. These
mutations generated novel N-glycosylation sites at positions 128, 140, 143, and 147. Previously, we showed
that these mutants were glycosylated, functional, and at the cell surface, which indicated that the putative
pore-forming segment, including the invariant G(Y/F)G sequence ofcKannels, was extracellular
[Schwalbe, R. A., Rudin, A., Xia, S.-L., and Wingo, C. S. (2002Biol. Chem. 27,724382-24389]. In

this study, three conductance states, corresponding to the main open state and two subconductance states,
were identified in WT Kir2.1 channels expressed in infected Sf9 cells. Kir2.1 channels with mutations in
the M1-M2 linker had at least one distinguishable conductance state of WT channels. In addition, these
mutations altered the transitions, duration, and frequency of the defined populations of permeating and
nonpermeating states. Of note, S128N had permeation rates similar to those of WT Kir2.1, but the total
duration of the lower subconductance state wa$ 3imes longer. Mutations in the signature sequence,
1143N/Y145T, produced channels with permeation rates similar to those of the main open state and lower
subconductance state of WT Kir2.1; however, the frequencies of these states were substantially different.
These results demonstrate a novel functional role of the M1-M2 segment in regulating the transitions of
the Kir2.1 channel and therefore suggest that this segment is a critical structural determinant in adjustments
of pore conformations. Additionally, our results indicate that these mutants are correctly folded and thus
further substantiate that the M1-M2 segment, including the G(Y/F)G sequence, is topologically extracellular.

Kir2.1, a member of the large gene family of inwardly subunits lead to channel opening and conduction of ions
rectifying K™ channels (Kir}t was cloned from a mouse (12—14).

maCfOphage cell IIHQQ The inward rectification properties |nward|y rectifying Kt channels open and close Spontane-
of the expressed Kir channels are voltage- and time- ously at membrane potentials negative to theg§uilibrium
dependent, and these properties of the expressed Kir2.lpotential Ex; 15, 16). Single channel records show a highly
channel are virtually identical to those of a natiye(inward favored open state (main open state) with brief and long
potassium current) channel in the he@t More recently,  closures 2, 5). However, intermediate current levels (sub-
ventricular myocytes isolated from Kir2.1 knockout mice conductances) that are short-lived and much less favorable
were shown to have greatly reduckd currents §). Thus,  have been capturedl§, 17—20). Transitions are mainly
Kirs are essential for maintaining cellular resting membrane petween the nonpermeating (closed) state and main current
potential and in regulating cellular excitability, as well as |evel, and a small amount of the transitions is between the
transepithelial electrolyte transpoB)( main current and intermediate current levels. In addition, Kir
Kirs are predicted to have two transmembrane segments,channels have been shown to step from nonpermeating state
M1 and M2, and cytoplasmic N- and C-termii#, §). The o intermediate current leveld%, 18, 20).
M1-M2 linker contains the putative pore-forming segment, 1,5 models have been proposed to explain subconduc-
HS, Wh'(?h ha§ been d|(ectly shown to be extracellulape(_ tances, the “partial” closed (single barrel pore) and subunit
7). Four identical subu_mt;; are proposeq to form the functional type (multibarrel porel13, 14). The partial closed model
channel §—11), and distinct conformational changes of the proposes that each identical subunit contribute to the lining

of the pore. The subunit type model predicts that each subunit
T This work was supported by National Institutes of Health Grant gnsists of a conducting pathway, and together they con-

DK52990 (to R.A.S.), and with resources and the use of facilities at , . . . i,
the Medical Research Service of the Department of Veterans Affairs. tribute to the single pore. In both models, the highly positive
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two models has been used to describe the subconductancesupernatant to suspension cultures [cell density,1(2) x

(13, 15). A more recent study reports that Kir2.1 expressed 10° cells/mL], incubated overnight, and then transferred to
as a naturally occurring channel or in a heterologous system35 mm Petri dishes containing glass coverslips. Cells were
produces a number of subconductances but does not appeaalso infected by adding viral supernatant (915mL) to cells

to favor the multibarrel pore mode2Q). [(1-2) x 10 cells] attached to 35 mm dishes containing

Our recent topological studies demonstrate that novel 9lass coverslips. Infected cells were incubated at@7or
N-glycosylation sites introduced throughout the M1-M2 22—-25hand 'ghen transferred to room temperature for patch-
linker in Kir2.1 (1), as well as Kirl.1 § 7), could be  clamp analysis up to 72 h. .
glycosylated. All glycosylated N-glycosylation substitution ~ Single Channel Recordings and SolutioAs. Axopatch
mutants expressed whole cell currents that were blocked by200A amplifier with a DigiData 1200 interface (Axon
barium. We also demonstrated that" kselectivity was  Instruments) connected to a 166 MHz Pentium computer
retained for K117N, S128N, and F147N/C149T of Kir2.1 (Millennia; Micron Computer) was used for single channel
and M128N, Y144N/F146S, and F146N/F148S of Kirl.1. recordings. All recordings were conducted at room temper-
These studies of Kir2.1 and Kirl.1 indicate that the M1-M2 ature. Fetchex and Clampex software (pClamp 6.0.4; Axon
linker is topologically extracellular, as is the invariant G(Y/ Instruments) was used for data collection. Single channel
F)G sequence. In an attempt to further demonstrate that thecurrents were digitized at 10 kHz, filtered at 1 kHz, and
single and double mutants were folded correctly, this study Subsequently stored on the computer hard disk.
was conducted to compare the single channel properties of Patch pipets were pulled from borosilicate capillary glass
the Kir2.1 glycosylation substitution mutants to WT Kir2.1 using a micropipet puller (model P-87, Sutter Instruments)
channels. The single channel properties of each of theseand fire polished using a microforge (MF-83; Narishige
single and double mutations were evaluated using the cell-International). Fire-polished pipet electrodes had tip resis-
attached configuration of the patch-clamp technique. We tances between 5 and 123/ The reference electrode was
have identified three nonzero current levels, the main state@ Ag/AgCI wire connected to the bath through a salt bridge
and two substates, in WT Kir2.1 channels. In addition, our constructed of a plastic pipet tip filled with 2% agarose (Bio-

results show that mutations in the M1-M2 linker produce
similar size current steps with different frequencies. There-
fore, this study demonstrates a novel functional role of the
M1-M2 linker, including the putative pore-forming segment,

which regulates transitions of the Kir2.1 channel. It also
further strengthens that the M1-M2 region is extracellular,

Rad) in 1 and 0.3 M KCI. The pipet solution contained (in
mM) potassium aspartate (140), MgGb), HEPES (10),
EGTA (10), and mannitol (40) (pH adjusted to 7.2 with Tris-
OH). The bath solution contained (in mM) potassium
aspartate (140), Mggl(1), MES (10), and mannitol (60)
(pH 6.3, adjusted with Tris-OH). Chemicals used for the

because only subtle pore changes were detected in theelectrophysiological experiments were purchased from Sigma

functional mutant channels.

EXPERIMENTAL PROCEDURES

Molecular Biology All Kir2.1 cDNAs were constructed

Chemical Co.

Data Analysis.Single channel analysis was done on
records obtained from patches with seal resistante GC2.
Clampfit, Fetchan, and pSTAT software (pClamp 6.0.4;
Axon Instruments) was used for calculating the mean channel

using polymerase chain reaction (PCR) and cloned into acurrent amplitude and all points histograms and estimating

baculovirus transfer vectot), Briefly, all constructs contain
a FLAG epitope (DYKDDDDK) attached to the Bnd of
mouse Kir2.1 cDNA (GenBank Accession No. XP22345).
In addition, each glycosylation substitution mutant has a
novel N-glycosylation site in the M1-M2 linker generated
by single or double point mutations. Standard protocols for
DNA amplification, isolation, and sequencing were followed
(22).

Cellular Biology.Cell solutions, cell maintenance, recom-

binant viruses, and protein expression protocols were carried

out as previously describedl)( In short, insect cells
[Spodoptera frugiperdéSf9), American Type Culture Col-
lection] were grown under natural atmosphere at’@7in
Hink’s TNM-FH insect medium (Fisher) containing 10% (v/
v) fetal bovine serum (Gibco Life Technologies), A§/mL
gentamicin (Sigma Chemical), and 0.1% pluronic F-68
(Gibco Life Technologies), and monolayer cultures were
passaged every-31 days. Recombinant viruses were gener-
ated by cotransfection of Sf9 cells with recombinant bacu-
lovirus transfer vectors, encoding WT Kir2.1 and Kir2.1
glycosylation substitution mutant cDNAs and BaculoGold
viral DNA (modified AcNPV) as indicated in the manufac-
turer’s booklet (Pharmingen). High viral supernatants were
prepared from viral seed stocks (Infected cells expressing
Kir2.1 channel proteins were produced by adding viral

opening probability P,). The threshold of the current
amplitude was manually set to the lower limit of the observed
current amplitude. Efforts were made to choose records with
a single channel in the patch for determining #eof the
main current levels. However, in some cases the channel
density was high so at least two channels are in the patch
(i.e., F147N/F149T). The following formula is used to
estimate theP,:

P = [ (nt)/TI/IN

whereN is the number of active nonzero current levels in
the patch recordingl is the total recording time, ang is

the total channel opening time at each current lemet (1,

..., N). The total recording time fdP, estimation at any given
potential is at least 60 s or as indicated. When determining
the P, of the fully open state and the substate, two current
amplitudes were manually set to the lower limit of each state.
In the case where thB, is low (i.e., Q140N and 143N/
Y145T), N might be underestimated, and theref&gemay

be overestimated.

Durations of the substates for WT Kir2.1 and S128N were
determined by manually setting the cursors in Clampfit at
the beginning and end of each state. In addition, the main
current amplitude and substate amplitudes were identified
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MIHE — M5 — _HsM2_ (applied voltage pulsey) to create a currentvoltage
Kir2.1 LHGDLDTSKVSKACVSEVNSLTA [AFLFSIETQTTIGYGFR]CVTDECPI relationship (_V CUI’VG). The unitary conductance was
N N N NTN T . _r . . .
100 127 128 140 145 145 156 derived from the slope by fitting a linear regression (with
143 147 confidence of 95%) to the data points in theV curve.

Ficure 1: Amino acid sequence of the M1-M2 linker of Kir2.1.

Letters represent the single amino acid code of the M1-M2 region, RESULTS

Which runs from resjdues 16956. H5, (esidues 132148, is the

p_utatu;/e pore-forming dsegme”to-l_ ?zsutdues 336 tf_OFtr; 1{29 Experimental DeelopmentAs we have previously dem-
signature sequence and are predicted to con ectivity. The . i . e

M1-H5 linker consists of residues 16931, and the H5-M2 linker onstrated, Kir2.1 N-glycosylation substitution mutants S128N,
is amino acids 149156. Enlarged, bold letters in the linear Q140N, 1143N/Y145T, and F147N/C149T are glycosylated,
sequence are the amino acids that are mutated to Asn or Thr, adre transported to the cell surface, and are functiahalr
indicated by the single amino acids below the linear sequence. comparison to WT Kir2.1 channels, all Kir2.1 glycosylation
Numbers represent the first and last amino acid residues of the g\ \pstitution mutants displayed strong inwardly rectifying
M1-M2 linker sequence, and the residues that were mutated to Asncurrems' and whole cell currents were blocked by barium

or Thr. . . A .
(1. As shown in Figure 1, the individual sites were

for each tracing to eliminate error in identifying a substate. introduced by mutating amino acids 128, 140, 143, and 147
The number of channels in analyzed single channel recordsto Asn and residues 145 and 149 to Thr. Since these
for WT Kir2.1 was 3 and for S128N was 42. The mutations were made in the putative pore-forming segment,
records were evaluated prior to and after filtering data at @ahd our former results were unexpected, based on the
500 Hz to determine whether there were significant differ- accepted topological models of Kchannels, this study was
ences produced by filtering. The durations of the substatesundertaken to determine if these mutations in the M1-M2
before filtering and after filtering were similar. linker alter channel opening and permeation. The single
Origin 4.0 (Microca| Software, Northampton' MA) was channel properties of each of these Single and double
used for statistical ana|ysis and graphics_ The data aremu.tations were evaluated USing the cell-attached Configu-
reported as means= SD. Statistical significance was ration of the patch-clamp technique.
examined using the unpaired Studerittest. A value ofP Main Open Leel and Two Intermediate Current Lels
< 0.05 was considered significant. The mean current of WT Kir2.1 ChannelsSingle channel tracings of WT
amplitude () was plotted against the transmembrane potential Kir2.1 have long openings and both brief and long closures

A.
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Ficure 2: Single channel tracings of the main open level and two intermediate current levels of WT Kir2.1. (A) Representative single
channel recordings in infected Sf9 cells under the cell-attached configuration. The holding potential for each of the displayed recordings
was applied for 10 s. Onll s tracings are shown for the sake of clarity. Portions of 1 or 10 s recordings were expanded to demonstrate
sublevel 2 (B) and sublevel 1 (C) at the various potentials. Solid lines represent the closed state, and dashed lines denote the fully open state
(O), sublevel 2 (S2), and sublevel 1 (S1), as indicated. The potassium concentration in the pipet and bath solutions was 140 mM. (D) Plot
of the relationship of the single channel current amplitude and the holding potential. Squares are the main current levels, circles are sublevel
2, and triangles are sublevel 1. The lines represent a least-squares linear regression. The number in parentheses indicates the number of
cells.
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Ficure 3: Intermediate currents of WT Kir2.1 are observed in the presence of main state activity. (A) Single channel tracing of WT Kir2.1

at a holding potential of-120 mV. The solid line represents the closed state (C). Dotted lines denote sublevel 1 (S1), sublevel 2 (S2), and
the fully open state (O). (B) All points histograms from three consecutive 10 s tracings. The histogram on the right includes the trace in
panel A. The left and middle panels reveal two peaks, corresponding to the closed state (C) at zero current and the main open state (O),
also referred to as the fully open state. The right panel has these two peaks and an additional peak slightly shifted from zero current, which
represents sublevel 1 (S1). Only one channel was detected in the patch.

(Figure 2A). The channel appears to switch stochastically example, the total duration for sublevel 1 was 794 ms, and
between the closed and main open states. However, expansublevel 2 was 342 ms at120 mV from a total of eleven
sion of the tracings revealed two distinct intermediate current 10 s recordings that had one to three channels 6).

levels at potentials ranging from60 to —120 mV (Figure Three distinct current steps, referred to as a main current
2B,C). The larger intermediate current level called sublevel level, sublevel 1, and sublevel 2, were clearly observed in
2 (S2) was observed following the fully open state of the WT Kir2.1 channels, but the subconductance states were rare
channel (Figure 2B). Passing from the closed state to this(Figure 3A). For instance, all points histograms of 10 s
intermediate current level could not be clearly shown becausetracings usually reported two peaks, corresponding to the
it was very brief and infrequent. The steps of the smaller closed and main open states (Figure 3B, left and middle
intermediate current level, referred to as sublevel 1 (S1), werepanels). However, a 10 s tracing that followed the previous
to and from the fully open state (Figure 2C, top and bottom two records and includes the trace in Figure 3A, clearly
panels) or the closed state (Figure 2C, middle panel). Theshows an additional peak, which corresponds to sublevel 1
channel also stepped to sublevel 1 during its transition (Figure 3B, right panel). The openings of both states were
between closed and fully open states (Figure 3A). Current not simultaneous, indicating that these two nonzero current
amplitudes of all three nonzero current levels increased with amplitudes are from the same channel. Sublevel 2 could not
more negative potentials, and ratios between the step sizebe observed in a similar manner because the duration of the
of the large current step (main current amplitude) and either event was brief (Figures 2B and 3A).

the larger intermediate current step or smaller intermediate Mean Current Amplitudes of the M1-M2 Linker Mutants
current step were similar at all potentials (Figure 2D). Unitary Are Similar to Those of WT Kir2.I'he three mean current

conductance of the fully open state was 22.9.4 pS (= amplitudes at-120 mV of WT Kir2.1 were defined as the
8), sublevel 2 was 9.4 0.2 pS (= 5), and sublevel 1 was  main open current level, sublevel 2, and sublevel 1, and the
5.2+ 0.5 pS 6 = 6). M1-M2 mutants had at least one of these three distinct

The mearP, of the main current level of WT Kir2.1 was current levels as shown in Figure 4. S128N, similar to WT
high (meanP, at —80 mV is 0.82+ 0.09,n = 6), whereas channels, expressed all three nonzero current levels. The fully
those of the intermediate current levels were very low. For open current level and sublevel 1 were detected in 1143N/
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Ficure 4: Three distinct current levels of WT Kir2.1 are compared
to the current levels of the Kir2.1 mutants. The mean current
amplitudes of the fully open state (O), sublevel 1 (S1), and sublevel
2 (S2) of WT Kir2.1 and the N-glycosylation mutant channels at
—120 mV. The mean current amplitudes wer8.54 + 0.06 pA

(O), —1.08 £ 0.05 pA (S2), and-0.61+ 0.14 pA (S1) for WT
Kir2.1, —2.56+ 0.06 pA (0),—1.05+ 0.02 pA (S2), and-0.50

+ 0.07 pA (S1) for S128N;-0.53 + 0.14 pA (S1) for Q140N,
—2.50+ 0.01 pA (O) and-0.46+ 0.13 pA (S1) for I143N/Y145T,
and 1.14+ 0.04 pA (S2) for F147N/C149T. The number in
parentheses represents the number of cells used to determine th
mean current amplitudes.

Y145T mutant channels. Of interest, observation of the fully
open level in the presence of sublevel 1 indicates that the
two mutations in the signature sequence ofdtannels do

not reduce current amplitudes of the fully open state. Current
amplitudes in Q140N and F147N/C149T were similar to
sublevel 1 and sublevel 2, respectively. In both cases, the

Biochemistry, Vol. 41, No. 41, 20022461

reductions in current amplitudes are due to destabilization
of the fully open state and stabilization of WT Kir2.1
substates or a result of reduction in the current amplitude of
the fully open state. We also observed current amplitudes
such as sublevel 1 at80 mV for F147N/C149T as shown
below. Thus, mutations of Kir2.1 in the M1-M2 linker
produce channels with similar current amplitudes as those
in the WT channel, and the following sections will show
additional details to support these three defined permeation
rates of the Kir2.1 channel.

Mutation of Serl28 to Asn in the M1-H5 Linker Alters
Spontaneous Single Channel Gatiingle channel records
of three distinct nonzero current levels, similar to WT Kir2.1,
and thel -V relationships for these current levels of S128N
are shown in Figure 5. In contrast to WT Kir2.1 channels,
transitions between sublevel 2 and either the main open state
or closed state could be shown (Figure 5B). Similar to WT
Kir2.1, sublevel 1 could pass to the closed or open states
and visa versa (Figure 5C). Currentoltage relationships
were derived for the main open level, sublevel 2, and sublevel
1. The inward conductance of the main current level was
24.3+ 0.5 pS (= 5), sublevel 2 was 9. 0.4 pS (= 3),
and sublevel 1 was 6.4 0.5 pS 6 = 3; Figure 5D). The
eatios between the current amplitudes of the main state and
sublevel 2 were similar at all potentials, as were those for
sublevel 1.

The P, of the main open state was high (meBnpwas
0.77+ 0.16 at—80 mV, n = 3) and was much lower for
the sublevels. From a total recording time of 195 s, the total
duration of sublevel 1 was 3576 ms, and that of sublevel 2
was 340 ms at-120 mV ( = 3, one to two channels). In

fully open state was not detected, suggesting that thesecomparison to WT Kir2.1 channels, the estimated ratio of
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Ficure 5: Fully open state and two short-lived subconductance states detected in S128N channels. (A) Representative single channel
and C) Selected and expanded regions of single channel tracings at the
), respectively. The solid line indicates the closed state. The dashed line
nt amplitudes of the main open state and the intermediate current levels
n current amplitude, circles are S2, and triangles are S1. The number in
parentheses in. (E) All points histograms from three consecutive tracings. The left and right panels detect two peaks, representing the
referred to as the fully open state. The middle panel reveals an additional

tracings of the main current amplitude at the various potentials. (B
various pulses to demonstrate sublevel 2 (S2) and sublevel 1 (S1
denotes the main and intermediate current levels. (D) Mean curre
plotted at the indicated potentials. The squares represent the mai
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- (2)
D. 0 . @ @ &
g &
-1 4 e
< - (3)
<& ™)
_—
4
3] (4)
“(3)
120 -80 -40
V (mV)
E'm 180007 O (o) 160007 O
2 12000
4 12000
% 12000 9000
8 6000 ¢ 8000 c
€ 6000 S1
5 C 3000 4000
2 e I\
0 0 0
4 2 0 4 2 0 4 2 0
Current (pA)

peak slightly shifted from the zero current, which corresponds to sublevel 1 (S1). Only one channel was detected in the patch.
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the total duration of sublevel 1 for WT Kir2.1 to the total A.

duration of sublevel 1 for S128N was about*3 and the 80 T

estimated duration ratio of sublevel 2 was about 1:1. These _

ratios indicate that sublevel 1 is more prevalent in S128N -100 U -

channels than WT Kir2.1, and that of sublevel 2 is - ) . .
:'~w\4\mwm“w/w f v Rt

comparable. -120 U

Similar to WT Kir2.1, all points histograms of 10 s tracings
of S128N usually showed two peaks, but a third peak, 140 -y [T

corresponding to sublevel 1, was also clearly observed
(Figure 5E). Furthermore, the openings of the two distinct
states do not overlap. These results indicate that mutating -160 LA Ij“”“‘ IV RSO ‘0_31
Serl28 to Asn increases the total duration of sublevel 1 and

also appears to alter the transition from the closed to the | 10A
main open state by entering a more stable sublevel 2. B 25ms — 1P
Mutations in the Signature Sequence Modify Channel 80 WWWMWMWWM

Opening and Permeatio®ingle channel records of 1143N/

Y145T reveal two distinct nonzero current levels (Figure 100 WMWMM‘WWW

6A,B). The resultant slope conductance was 28.6.5 pS

(n=4; O) and 6.7+ 0.3 pS = 5; S1; Figure 6C). Both 120 %WMWW
of these permeation rates were detected in WT Kir2.1 and |
S128N channels. However, the main current level was the ot
smaller conducting state, and the minor current level was 140 W'\ ’ L 7 e
the highly favored open state of WT Kir2.1. The transition WJ
between the fully open and closed states usually involved a e
visit at sublevel 1 (Figure 6A). -160 _%‘ WWJ’W M- -C

The mearP, of sublevel 1 was 0.09- 0.05 = 3). Fully i (“"“ -S1
open levels were rare compared to sublevel 1, and when the 100 ms —| 0.5 pA
current went above sublevel 1, the channel usually flickered C.
too much to get an accurate measurement of the current 0, 5 5)
amplitude. From one cell expressing 1143N/Y145T channels 4) 4)
the recording was very stable, and it appeared that the
opening to the full level was voltage-dependent. For example, - -14
one channel opening event was observed every 120, 70, 16, < (K]
15, and 7 s at-80, —100, —120, —140, and—160 mV, R
respectively. In addition, the duration of the opening at more —
negative potentials appeared to be longer (Figure 6A). )

The main current level observed in Q140N channels was 3)
sublevel 1 (Figure 7A), similar to 1143N/Y145T. The mean
inward conductance was 54 0.3 pS ( = 7; Figure 7B). -3 4)
At some time intervals the current levels would rise above
sublevel 1 and display channel flickering so current levels
above sublevel 1 could not be categorized. Figure 7C shows : : . . .
a representat&/5 s tracing of Q140N. The openings are short -160 -120 -80
and few, while the closures are long. TRgfor Q140N was V(mV)
0.09 + 0.05 (@ = 5). Similar long single channel records
were observed for 1143N/Y145T. The only difference FGUREG: Single channel current levels identified in I143N/Y145T
between the two mutant channels is that the fully open statemutant channels. (A and B) Selected and enlarged portions of single

: : : channel records at the different potentials to illustrate the fully open
was observed to be stable for brief periods in 1143N/Y145. state and intermediate current level (S1). (C) Cu tage

Thus, mutations in the signature sequence appear to disrupfejation of single channel activity constructed from the number of
the transition between the highly favored open state andcells as indicated by the number in parentheses above each point.
closed state of WT Kir2.1 channels, not reduce current Squares are current amplitudes of the fully open state, and circles
amplitudes of the main current levels of WT Kir2.1. are S1.

H5 Mutations Alter Channel Gating and Permeation.
Mutations of Phel47 to Asn and Cys149 to Thr of Kir2.1 channel recordings of F147N/C149T have long openings and
produce a main current level that is less than the main openbrief and a few long closures (Figure 8C), similar to the main
level for WT channels (Figure 8). This main current level is current level of WT channels, and thus the mé&grof the
similar to sublevel 2 detected in WT Kir2.1 (Figure 2B) and main current level was high (0.9t 0.09;n = 3).
S128N (Figure 5B), as is the resultant slope conductance Overall, sublevel 2 was highly favored and only short-
(9.2 £ 0.7 pS;n = 8; F147N/C149T). Because current lived smaller current levels were observed. However, one
amplitudes and unitary conductance of F147N/C149T are cell displayed a long-lived smaller current step (Figure 9),
similar to sublevel 2 of WT Kir2.1 and S128N, we refer to which appeared to be similar to the short-lived smaller
the main current amplitude as sublevel 2. Interestingly, single current steps. The mean current amplitude of this smaller

A
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Ficure 7: Q140N mutant channels expressed intermediate current levels. (A) Representative single channel records at different potentials.
(B) Current-voltage relationship of the Q140N mutant channel. (C) Represeatats/single channel trace &80 mV. C represents the
closed state, and S1 indicates sublevel 1.
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Ficure 8: An intermediate current level detected in F147N/C149T mutant channels. (A) Representative single channel traces at several
potentials. (B) Currentvoltage plot of the main current level. (C) A represengtivs single channel tracing a80 mV. C is the closed
state, S2 is sublevel 2, §& the opening of one channel to this level, and B#licates two channels.

current level was 0.33 0.04 pA (= 1) at—80 mV. Since S128N, Q140N, and 1143N/Y145T, and that sublevel 1 can
this current amplitude was similar to sublevel 1 of WT step to sublevel 2.

Kir2.1, S128N, Q140N, and 1143N/Y145T, we refer to it as

sublevel 1. Transitions were between both closed state anoDISCUSSlON

sublevel 1 and between sublevel 1 and sublevel 2. Hhe Three distinct conductance states were identified in WT
of sublevel 1 and sublevel 2 for F147N/C149T from four Kir2.1 channels expressed in infected Sf9 cells (Table 1).
consecutive 10 s pulses, individually and total time;-80 The main current level referred to as the fully open state of

mV was 0.01+ 0.03, 0.90+ 0.28; 0.01+ 0.01, 0.97+ WT Kir2.1 channels was long lasting. This result is consistent
0.14; 0.144+ 0.22, 0.664+ 0.46; 0.01+ 0.02, 0.95+ 0.17, with observations made from Kir2.1 channels expressed in
and 0.04+ 0.07, 0.87+ 0.14, respectively. It appears that other cell lines 2, 17). The two intermediate current levels
sublevel 1 (0.14t 0.22) is more stable when sublevel 2 (0.66 were relatively short lasting under our experimental condi-
+ 0.46) is less stable. Thus, overall tAgand frequency of  tions. These intermediate current levels were observed in the
this smaller current level in F147N/C149T channels were presence of main state activity, interconverted with the main
very low, but these results provide evidence for the existencestate, and the openings did not overlap, indicating two
of sublevel 1 in F147NC149T channels, as observed in WT, distinguishable subconductance stat&3).(Current levels
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-0 . favored and, furthermore, that Kir2.1 channels with different
| 51 permeation rates make up a channel complex of small and
; ‘ ‘ ‘ s2 large channels, as well as intermediate channels. Future
NMM‘”H - studies are needed to determine whether specific protein
-C modifications can favor different permeation rates and also
M_m to determine if a channel complex is composed of channels
WWWMWMWW ' s2 with different permeation rates that correspond to the main
" open current level and intermediate current levels of the
-C Kir2.1 channel. Nonetheless, our results do support that

L
memr , -$1 Kir2.1 expressed in Sf9 cells has three permeation rates, a
-S2 fully open state (main current level) and two subconductance
0.5 pA states (intermediate current levels).

100 ms All three permeation rates of the WT Kir2.1 channel were
FIGURE 9: Sublevel 1 detected in F147N/C149T mutant channels. observed when Ser128, a residue preceding the putative pore-
Representative single channel tracings-&0 mV. C represents forming segment (Figure 1), was substituted with Asn (Table
tsrLeblré?/rengrmeatlng state, S1 refers to sublevel 1, and S2 refers tol). When mutations 1143N/Y145T and Q140N were intro-
' duced in the signature sequence df éhannels, the single

of subconductance 1 and subconductance 2 were 23% andhannel records revealed two current levels. These current
39% of the main current level, respectively. Similar sub- amplitudes were similar to those observed in WT Kir2.1 and
conductance states (25% and 46% of the main conductance128N channels and therefore indicate that the two current
of a Kir channel in ventricular cells were reported by levels for I143N/Y145T are the fully open state and sublevel
Sakmann and Trubel®). Thus, WT Kir2.1 channels 1 of WT Kir2.1 and S128N, and that of Q140N is sublevel
expressed in infected Sf9 cells have at least two subconduc-1. Of note, observation of the fully open state for 1143N/
tance states. Y145T indicates that sublevel 1 is not a reduction in the

Recently, Picone et al20) have shown that WT Kir2.1  fully open state of WT Kir2.1 but similar to sublevel 1 of
expressed iXXenopusocytes produces channels with a large WT Kir2.1 and S128N channels. In the case of Q140N the
range of unitary conductance®0j. In particular, they have  fully open state was not detected so it is possible that this
characterized two Kir2.1 channels, called the large and smallmutation reduces the current amplitude of the fully open state.
channels, and suggested that they are part of a channeHowever, our results highly favor that the main current
complex. The current amplitudes of these two Kir2.1 amplitude of Q140N is sublevel 1 because the current
channels appear to be similar to the main open state andamplitudes are similar to WT Kir2.1, S128N, and 1143N/
sublevel 1 in this study. The all points histogram from our Y145T. In addition, theP,’s of Q140N and 1143N/Y145T
study does not show the open times of these two nonzeroare similar. As shown in Figures 6 and 7, the single channel
current levels overlapping for WT Kir2.1 (Figure 3B), as tracings of 1143N/Y145T and Q140N are identical, except
well as S128N (Figure 5E). Single channel tracings of WT for the rare opening to the fully open state for 1I143N/Y145T.
and S128N show that some of the transitions between theOther mutations in the putative pore-forming segment,
closed and open state involve a visit to sublevel 1 or 2 F147N/C149T, produced two current levels that were less
(Figures 3A and 5B,C). Our results also show that the than the main open state of WT Kir2.1 channels. The larger
sublevel 1 opening from either the closed state or main opencurrent amplitude was similar to sublevel 2 of WT Kir2.1
state can be quite long (Figures 2C and 3A). Therefore, we and S128N, and the smaller current amplitude was similar
interpret the current amplitude referred to sublevel 1 as ato sublevel 1 of WT Kir2.1, S128N, Q140N, and 1143N/
subconductance state of Kir2.1. Y145T, suggesting that only the intermediate permeation

However, our study does not rule out that small and large rates are present in F147N/C149T channels. An alternative
Kir2.1 channels were present in a channel complex asinterpretation is that the larger intermediate current level is
demonstrated by Picone et &20f because these two states similar to the fully open state of WT Kir2.1 with reduced
could be detected opening simultaneously when two or more current amplitudes, because fgwas high like WT Kir2.1.
main openings were detected in a patch. In addition, sublevelOn the other hand, the single channel tracings of the lower
1 was observed in the absence of the main open level forintermediate current appear to be more like sublevel 1 than
quite long periods. Thus, it is possible that under certain sublevel 2. This would mean that the mutations changed the
conditions different permeation rates of Kir2.1 may be permeation rate of the fully open state and maintained that

Table 1: Conductance States and Transitions of Kir2.1 Chahnels

Kir2.1 o s2 s1 G=0 0=52 0=S51 c=s2 c=s1 S2=S1  Pogman
wT + + + + + + - + - high
S128N + + + + + + + + - high
Q140N — - + - - - - + - low
I143N/Y145T  + - + + - + - + - low
F147N/C149T  — + + - - - + + + high

@ The three distinct current levels of the Kir2.1 channels are categorized into three permeating states: the fully open state (O), sublevel 2 (S2),
and sublevel 1 (S1), respectively. The two antiparallel arrows between two states indicate transitions between the respective states. The mean

opening probability of the main state for each channel is indicatd® i A plus sign means the permeating state or transition could be demonstrated,
and a minus sign indicates that they were not.
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of sublevel 1. These results demonstrate that WT Kir2.1 are highly favorable whereas the intermediate pore confor-
channels consist of at least three specific conductance statesnations (subconductance states) are unfavorable, and thus
a fully open state and two subconductance states, and thathe transition between the closed state and main open state
these mutants with N-glycosylation sites introduced in the has a strongly positive cooperativity. Mutations S128N,
M1-M2 linker retained at least one WT-like conductance Q140N, 1143N/Y145S, and F147N/C149T in the M1-M2
state. linker give rise to Kir2.1 channels that favor various
Differences between WT Kir2.1 and the mutants are intermediate pore conformations to a larger extent than WT
evident when comparing the transition, duration, and fre- Kir2.1 channels. Taken together, these results suggest that
quency of the three conducting states (Table 1). For WT subtle changes of the pore produced by these mutations
Kir2.1, the transitions were between the intermediate current reduce the positive cooperativity of this transition.
levels (sublevel 1 and 2) and the main state. The lower The M1-M2 linker mutants favored intermediate pore
current step (sublevel 1) was also to or from the closed state.conformations to a greater extent than WT Kir2.1. These
Similar transitions were observed in S128N. In addition, the findings support that this segment alters pore conformations
larger intermediate current step (sublevel 2) could be of the homomultimer channel. In addition, H5 and H5-M2
demonstrated to occur from or to a nonpermeating stateappear to be directly involved because Koster et fjave
(Figure 5B). This transition was observed in WT Kir2.1 but shown that multimeric structures of Kirl.1 containing H5,
could not be clearly shown because the duration of sublevelH5-M2, M2, and C-terminal regions were coimmuno-
2 was only about 1 ms. A clear difference between S128N precipitated to a larger extent than those without these regions
and WT Kir2.1 was that the total duration of sublevel 1 was (22). Other functional studies have also shown that confor-
longer for S128N than WT Kir2.1. Significant differences mational changes in the M1-M2 linker alter channel gating
were also present in Kir2.1 channels with mutations in the and permeation. For example, utilization of the native
putative pore-forming segment. The main current level in N-glycosylation site, as well as other introduced sites
1143N/Y145T mutant channels was sublevel 1, while the throughout the M1-M2 linker, was shown to stabilize the
minor current level was the fully open state of WT Kir2.1. open state of the channe23). This would indicate that
Transitions between these two conducting states and theglycosylated Kirl.1 favors a different conformational struc-
nonconducting state were similar to WT Kir2.1. Q140N was ture than its unglycosylated counterpart. In addition, ion
similar to 1143N/Y145T but did not step to the fully open permeation was shown to be modulated by M1-H5 and M2-
state. Sublevel 2 could not be demonstrated in Q140N or H5 regions in Kir 6.0 channels and thus control the
1143N/Y145T. The transitions between the two current levels conformation of the permeation pathwag4). Distinct
of F147N/C149T were between the closed and open statessubconductance levels were introduced when the backbones
as well as each other. As mentioned, the current amplitudesof two Gly residues of the GY/FG selectivity sequence were
suggest that the current levels are sublevel 2 (main currentmutated, indicating that conformational changes of this
level) and sublevel 1 (minor current level), and therefore invariant sequence affected channel gating and permeation
our interpretation is that the transitions were between sublevel(19). Furthermore, Kir2.1-Kirl.2 chimeric channels have
2 and closed state, sublevel 1 and closed state, and betweeshown that the M1-M2 linker of Kirs is an important
sublevels. The frequency of sublevel 2 was very high, determinant of channel kinetici®) and that channel open
whereas that of sublevel 1 was rare and none for the fully time duration of Kir2.1 depended on Tyr145 of the invariant
open state. These results provide direct evidence thatGY/FG sequencel(/). These studies support that minor
mutations in the M1-M2 linker of Kir2.1 channels alter the changes in the M1-M2 linker can result in alterations of pore
transition, duration, and frequency of these three distinct conformations and, therefore, suggest that this linker may
populations. Furthermore, the results indicate that mutationsbe involved in allosteric interactions for regulating transitions
in this region produce slight changes in the pore, which result of the homomultimeric channel.
in stabilizing minor WT pore conformations. Previously, we showed that these Kir2.1 mutants were
Single channel behavior of WT Kir2.1 was dominated by glycosylated and at the cell surface, suggesting that the
two states, the closed and main open states; however, Kir2.1putative pore-forming segment of the M1-M2 linker is
channels with mutations in H5 were dominated by inter- extracellular {). All the mutants expressed strong inwardly
mediate current levels that were identified as the two rectifying whole cell currents that were blocked by barium.
subconductance states of WT Kir2.1 channels. The predomi-In addition, we showed that the single channel current
nant states of S128N channels were the closed and main opeamplitudes of Q140N, 1143N/Y145S, and F147N/C149T
states, but unlike WT Kir2.1, the duration of sublevel 1 was were reduced. In this study, we have shown that the smaller
longer, and also the transition between the closed and mainunitary conductances detected in Q140N, 1143N/Y145S, and
open states could be shown to involve a short intermission F147N/C149T are also observed in WT Kir2.1 and S128N.
at sublevel 2 (Figure 5B). If ion permeation rate increases Furthermore, the main open unitary conductance of WT
with the number of subunits in the open conformation as Kir2.1 and S128N channels was observed in 1143N/Y145T
described by single pore (partial closed) and multipore channels. These results indicate that the reductions in the
(subunit type) models 13, 14), then these introduced single channel conductances are different intermediate pore
mutations reduce the number of subunits in the open conformations of WT Kir2.1 and that the structural changes
conformation. The “partial closed” model would also include in the pore are minor. The subtle pore change of the mutant
different conformational states of the oligomeric pore, channels suggests that the proteins are folding correctly and
including the closed state, main open state, and each minorthat the mutations are not direct structural changes of the
open state 3). Nonetheless, the models would agree that pore. Therefore, this study further substantiates our previ-
the closed and main open pore conformations of WT Kir2.1 ously proposed topological model that the M1-M2 linker,
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including the putative pore-forming segment, is extracellular

(1, 6, 7). We conclude that the extracellular M1-M2 loop is

a critical structural determinant in regulating the transitions

of the Kir2.1 channel.
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