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Transmembrane Structure of an Inwardly Rectifying
Potassium Channel

subtypes are regulated by a variety of factors. In consti-
tutively active Kir channels like Kir 2.1, the reduction in
outward current is mediated by small cytoplasmic mole-
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Departments of Physiology and Biochemistry cules like polyamines or magnesium ions that physically

plug the conduction pore (Nichols and Lopatin, 1997).University of California
San Francisco, California 94143-0725 In addition to these factors, other subfamily members

are regulated by modulators that include G protein bg
subunits (Kir 3.x), ATP (Kir 1.1, Kir 4.1) or the ATP and
ADP concentrations that reflect the metabolic state ofSummary
the cell (Kir 6.x/sulfonylurea receptor complexes) and the
lipid PIP2 (Doupnik et al., 1995; Wickman and Clapham,Inwardly rectifying potassium channels (Kir), com-

prising four subunits each with two transmembrane 1995; Nichols and Lopatin, 1997; Babenko et al., 1998;
Baukrowitz et al., 1998; Huang et al., 1998; Shyng anddomains, M1 and M2, regulate many important phys-

iological processes. We employed a yeast genetic Nichols, 1998; Sui et al., 1998).
Kir channels have the simplest structural plan of char-screen to identify functional channels from libraries of

Kir 2.1 containing mutagenized M1 or M2 domains. acterized eukaryotic channels. Most Kir channels are
tetramers (Yang et al., 1995; Corey et al., 1998; Raab-Patterns in the allowed sequences indicate that M1

and M2 are helices. Protein–lipid and protein–water Graham and Vandenberg, 1998) that are assembled from
either identical or nonidentical subunits to make func-interaction surfaces identified by the patterns were

verified by sequence minimization experiments. Sec- tional channels that are either homomeric or hetero-
meric. This combinatorial diversity in assembly leads toond-site suppressor analyses of helix packing indicate

that the M2 pore-lining inner helices are surrounded a great deal of functional diversity. Each subunit has
two transmembrane segments (M1 and M2), a regionby the M1 lipid-facing outer helices, arranged such

that the M1 helices participate in subunit–subunit in- responsible for monovalent cation selectivity (P region),
and N- and C-terminal cytoplasmic domains (Figure 1A).teractions. This arrangement is distinctly different

from the structure of a bacterial potassium channel The P region is located in the membrane domain and
contains the signature tripeptide sequence G(Y/F)G thatwith the same topology and identifies helix-packing

residues as hallmark sequences common to all Kir su- is common to all potassium channels (Heginbotham et
al., 1994). The two transmembrane segments M1 andperfamily members.
M2, which comprise the remainder of the membrane
domain, are similar among Kir channels but are onlyIntroduction
distantly related to other potassium channels.

Obtaining high-resolution structural information forInwardly rectifying potassium channels (Kir) are integral
eukaryotic membrane proteins remains a difficult prob-membrane proteins that comprise a superfamily of eu-
lem. However, the hydrophobic nature of the cell mem-karyotic channels responsible for regulating processes
brane seems to restrict transmembrane protein struc-that include cell excitability, vascular tone, heart rate,
ture to relatively regular architectures such as helicalrenal salt flow, and insulin release. They have a direct
bundles or b barrels (Lemmon and Engelman, 1994; vonphysiological effect on the membrane potential of cells
Heijne, 1997). Consequently, techniques that can iden-in the brain, vasculature, heart, and pancreas (Hille,
tify periodicities characteristic for secondary structure1992; Doupnik et al., 1995; Jan and Jan, 1997; Nichols
types like mutagenesis (Lemmon et al., 1992) or site-and Lopatin, 1997). Loss-of-function mutations in vari-
directed spin labeling techniques (Hubbell et al., 1998;ous Kir genes result in hypertension, familial hyperin-
Perozo et al., 1998) can provide useful structural infor-sulinimia, or the elimination of slow inhibitory postsyn-
mation for transmembrane protein domains at the levelaptic potentials in central neurons (Simon et al., 1996;
of the backbone fold. To this end, we used rescue of aLüscher et al., 1997; Nestorowicz et al., 1997). Under
potassium transport–deficient strain of yeast, SGY1528appropriate electrochemical potentials, they conduct
(Dtrk1, Dtrk2) (Tang et al., 1995), by functional Kir 2.1more inward than outward potassium current. However,
channels encoded in randomized libraries, to probe thethe conditions necessary to drive inward current fluxes
local environments of amino acids in the transmembraneare rarely met in animal cells. Thus, despite their name,
segments of Kir 2.1.the principal physiological currents Kir channels conduct

Many sequences in our libraries encode functionalare outward potassium currents.
channels. Within these sequences, clear position-spe-The Kir superfamily comprises at least seven distinct
cific preferences are observed with respect to side chainsubfamilies that respond to different types of regulation.
shape and chemistry. The patterns of allowed aminoMembers are designated Kir x.y, where “x” designates
acid substitutions suggest that both M1 and M2 trans-the subfamily and “y” designates the subtype within
membrane segments are helical and identify protein–the subfamily (Doupnik et al., 1995). Kir channel family
protein, protein–lipid, and protein–water interaction sur-
faces. A structural model for the arrangement of the* To whom correspondence should be addressed (e-mail: gkw@

itsa.ucsf.edu). transmembrane segments was developed and tested by
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where M1 and M2 form the outer and inner helices,
respectively.

Comparison of the structural constraints derived here
with the X-ray crystallographic structure of a bacterial
potassium channel with the same topology (Doyle et al.,
1998) indicates that these two types of channels have
distinct differences in quaternary structure, although the
tertiary structure between M1 and M2 helices within a
single subunit is similar. The patterns of allowed amino
acid substitutions observed in our selection experi-
ments identify sequence features that are hallmarks of
the Kir superfamily and absent in other potassium chan-
nel types. Together, the results presented here strongly
suggest that Kir channels form a structurally distinct
class of potassium channels with respect to transmem-
brane structure.

Results

Selection for Functional Kir 2.1 Channels
Rescue of the growth of the potassium transport–
deficient yeast SGY1528 (Tang et al., 1995) under selec-
tive conditions identified functional Kir 2.1 channels from
libraries in which either of the transmembrane domains
were subjected to random mutagenesis (Figure 1B). The
gene segments encoding the transmembrane domains
of Kir 2.1 (Kubo et al., 1993) were replaced with synthetic
oligonucleotide cassettes bearing on average five co-
don changes per cassette to create libraries of channels
with transmembrane domains with high amino acid sub-
stitution rates. For both libraries, 50 unselected clones
were sequenced to verify that all positions had similar
rates of mutation. The M1 and M2 libraries encode a
large number of functional channels (Figure 1C), sug-
gesting that both transmembrane segments are very
tolerant to amino acid changes, a result observed for

Figure 1. Membrane-Spanning Topology of Kir 2.1 and Selection for other membrane proteins (Wen et al., 1996; Kaback et
Functional Channels al., 1997). However, in contrast to many membrane pro-
(A) Cartoon schematics of Kir channel structure. The membrane teins, the high variability is position specific. Both M1
domains are colored yellow and the cytoplasmic domains blue. The

and M2 have many side chains that have restrictedleft-hand cartoon represents a single subunit. M1, M2, and P indicate
requirements for both shape and chemistry (Figure 2;the two transmembrane segments and the selectivity filter, respec-
Table 1) reminiscent of patterns observed in solubletively. The right-hand cartoon represents an extracellular view of an

assembled tetrameric Kir channel. The green sphere represents a proteins (Bowie et al., 1990) and suggesting that well-
potassium ion. defined packing interactions are present. Importantly,
(B) Rescue of the potassium transport–deficient yeast strain electrophysiological examination of positive clones from
SGY1528 under selective conditions. Yeast-bearing plasmids ex-

the selection experiments demonstrates that channelspressing Kir 2.1 and Kir 2.1 mutants are indicated. M1-stuffer is a
that rescue yeast are functional Kir channels with wild-nonfunctional Kir 2.1 mutant where the M1 domain is replaced with
type properties (Figure 3). The selection seems to be300 amino acids from a soluble protein. Functional Kir 2.1 mutants

are as follows: M1W8: I87N, F88I, V93G, F98L, G100A; M1W10: F88L, very stringent, as mutations that drastically reduce but
A91V, L94V, L97C, G100A; M1W128: F88V, C89G, C101F, V102A. do not abolish channel activity in Xenopus oocyte
(C) Selection of functional Kir 2.1 channels from randomized libraries. assays do not rescue (data not shown).
Library sizes, numbers of yeast screened in each library, the percent-

The transmembrane positions were classified as toler-age of surviving yeast colonies, “winners,” and the average number
ant (green), moderately tolerant (blue), or restricted (red)of observed amino acid changes per sequence are indicated. Back-
with respect to the number and type of substitutionsground was determined by transforming nonfunctional Kir 2.1-stuffer

(see Experimental Procedures) clones in parallel with the libraries. allowed (Figure 2). The assignment of tolerant and re-
In the M1 library, 314 amino acid changes were observed in 122 stricted positions was fairly straightforward. The semi-
independent sequences, and in the M2 library, 369 amino acid tolerant designation denotes positions that vary at a low
changes were observed in 123 independent sequences.

frequency to a generally restricted class of residues
with similar properties to the native residue such as b
branching, hydrophobicity, or volume. The assignmentsequence minimization experiments as well as second-

site suppressor experiments, to probe helix–helix con- of residues into the semitolerant class is somewhat sub-
jective but not critical to the subsequent structural inter-tacts. Taken together, the data indicate that the trans-

membrane structure of Kir channels is a helical bundle pretation of the data. We assume that most amino acid



Transmembrane Structure of Kir 2.1
881

Figure 2. Functional Substitutions and Peri-
odicity Analysis

(A) Allowed amino acid changes in the M1
domain of Kir 2.1. The wild-type residue is
shown in black. Changes are arranged with
the most frequently observed amino acid
change placed closest to the wild-type se-
quence and the least frequent at the top of
the column. Positions are color coded: green,
tolerant; blue, semitolerant; red, restricted.
Classifications were assigned on a position
by position basis by considering the nature
of the allowed changes relative to the wild-
type residue and the frequency of change.
Total changes for amino acids at each posi-
tion are given in Table 1. Inset shows the
power spectra calculated as described (Cor-
nette et al., 1987; Rees et al., 1990).
(B) Allowed amino acid changes in the M2
domain of Kir 2.1. Sequences are depicted as
in (A).

changes in the functional sequences are not correlated. 1987) and are frequencies that are characteristic of
a-helical structure with a heptad-type repeat (v 5 1038No obvious covariation patterns could be discerned for

changes at restricted or semitolerant positions. for a strict heptad repeat of 3.5 amino acids/turn).
In an a helix with a heptad repeat, residues on the

same face of the helix occur with a 3–4 spacing in theStructural Analysis of Sequence Patterns
primary sequence (Cohen and Parry, 1990). The mostRegular secondary structures in anisotropic environ-
tolerant positions in M1 occur with this spacing andments can be identified using discrete Fourier transform
were placed at the “a” and “d” positions of a heptadtechniques to evaluate periodic variation in parameters
helical wheel diagram (Figure 4A) (Cohen and Parry,that are a function of residue position, such as side chain
1990). This reveals a clear segregation of residue typesvariability, hydrophobicity, or accessibility (Cornette et
onto different helical faces. Restricted positions fall onal., 1987; Rees et al., 1990). We examined the variation
one face of the M1 helix (positions “b,” “c,” “e,” and “f”)of allowed amino acid substitutions in the M1 and M2
while the tolerant positions fall on the opposite facetransmembrane segments for patterns characteristic of
(positions “a,” “d,” and “g”). Residues on the restrictedsecondary structure using these methods. This evalua-
face include strongly conserved residues among Kir se-tion is independent of the color-coded classification
quences: F92, S95, W96, F99, G100, and A107. Lipid-scheme, as the parameter that is evaluated is simply
facing residues in membrane proteins show high vari-the total number of unique amino acid changes allowed
ability for hydrophobic residues, while the side chainat each position. The power spectrum of the amino acid
properties of buried interior positions are restrictedvariability in M1 contains a single peak at v 5 1108
(Rees et al., 1990; Donnelly et al., 1993; Wallin et al.,(Figure 2A inset), a frequency in the range characteristic
1997). Our data suggest that positions “a,” “d,” andof a helices. The power spectrum of the amino acid
possibly “g” form the protein–lipid interface of M1,variability in M2 is more complex, containing a strong
whereas positions “b,” “c,” “e,” and “f” present a surfacepeak at the helical hallmark frequency v 5 1058 (Figure
for protein–protein interactions. Therefore, we designate2B inset) in addition to a larger lower frequency peak.
M1 as the “outer helix” located between the lipids andThis feature is commonly observed for helices in less
the protein interior.anisotropic environments (Cornette et al., 1987; Perozo

M2 residues tolerating positive charges and many ofet al., 1998). The frequencies observed for M1 and M2
are within the range seen for a helices (Cornette et al., the most drastic changes observed (cf. S165W/E,
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Table 1. Observed Substitutions in M1 and M2 of Kir 2.1

M1

I 87 V (4) F (2) S (2) L (1) M (1) N (1) 11
F 88 I (15) L (13) V (9) S (6) C (5) Y (3) P (1) T (1) 53
C 89 S (10) W (4) F (3) G (2) R (1) 20
L 90 F (3) V (2) I (1) T (1) H (1) 8
A 91 S (8) T (8) G (4) V (4) D (2) C (1) L (1) 28
F 92 Y (4) S (3) 7
V 93 G (2) A (2) 4
L 94 V (8) I (3) F (2) P (2) M (1) H (1) 17
S 95 A (2) T (1) P (1) 4
W 96 0
L 97 F (2) C (1) I (1) V (1) M (1) 6
F 98 L (21) S (13) C (7) I (5) V (4) 50
F 99 C (1) 1
G 100 A (8) T (1) 9
C 101 F (17) S (6) G (2) W (2) L (1) 28
V 102 A (4) G (2) I (1) 7
F 103 Y (7) V (4) L (1) C (1) T (1) 14
W 104 C (5) L (3) 8
L 105 F (6) V (4) M (3) S (1) 14
I 106 T (4) V (3) M (2) L (1) F (1) 11
A 107 G (1) S (1) 2
L 108 M (4) Q (3) R (3) K (1) V (1) 12

M2

A 157 T (1) V (1) 2
V 158 I (7) A (1) S (1) C (1) 10
F 159 I (16) L (10) V (4) C (4) S (3) M (1) T (1) 39
M 160 V (5) L (3) T (3) I (1) 12
V 161 L (2) 2
V 162 L (4) I (2) 6
F 163 L (6) V (5) S (4) I (3) 18
Q 164 E (7) L (1) I (1) 9
S 165 W (6) A (4) T (4) F (2) Y (2) C (1) E (1) L (1) 21
I 166 L (10) F (6) V (4) M (4) Y (1) T (1) 26
V 167 L (15) I (3) G (3) F (1) E (1) 23
G 168 S (3) C (2) 5
C 169 W (4) Y (4) R (4) F (3) S (2) N (1) 18
I 170 L (4) M (3) F (2) S (2) T (2) V (1) 14
I 171 F (4) L (3) M (2) T (2) S (1) N (1) 16
D 172 N (7) E (5) A (2) G (2) H (2) Y (1) V (3) S (1) 21
A 173 G (5) T (5) S (3) P (2) V (1) E (1) 17
F 174 L (6) S (3) V (2) Y (1) I (1) C (1) D (1) 15
I 175 L (8) V (6) T (6) S (4) F (3) M (3) N (1) 31
I 176 M (7) V (6) S (6) T (5) L (3) N (1) K (1) 29
G 177 E (7) A (3) R (2) Q (1) F (1) V (1) 15
A 178 T (9) P (5) S (3) V (3) G (1) 21

The first column indicates the wild-type residue. Subsequent columns indicate observed amino acid substitutions in functional channels; the
number of times the change was observed is given in parentheses. The last column indicates the total number of changes observed at each
position. The number of total substitutions per M1 or M2 sequence is listed below as number of changes (observed independent sequences):
M1: 1(28), 2(37), 3(30), 4(17), 5(6), 6(4); M2: 1(20), 2(29), 3(31), 4(23), 5(14), 6(4), 7(2).

C169W/R, D172Y/H, I176N/K) similarly occur with a 3–4 positions on the face containing residues 165, 169, 172,
and 176, suggests that these positions are exposed tospacing. These were placed at the “a” and “d” positions
an aqueous environment in the pore of the channel.of a heptad wheel diagram (Figure 4B). As a result, one
Thus, we designate M2 as the pore-lining “inner helix.”face of the helix contains the highly variable residues,

while another (positions “c” and “g”) contains restricted
residues that are highly conserved among Kir channels: Sequence Minimization
A157, V161, Q164, and G168. One of the residues on We used a sequence minimization approach to test the
the highly variable face, residue 172, has been shown assignment of the lipid-facing and pore-facing residues.
to influence Kir channel rectification properties through Residues suspected of participating in these interfaces
interactions with a pore-blocking magnesium ion (Lu were simultaneously altered to probe the general prop-
and MacKinnon, 1994; Stanfield et al., 1994; Wible et erties of the environment of a given face of the helix.
al., 1994; Reuveney et al., 1996). This, together with the For the predicted lipid-facing residues of M1, we made

Kir 2.1 channels where the M1 “a” and “d” positions—high variability and tolerance for charged residues at
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Figure 3. Kir 2.1 Mutants that Rescue Yeast Are Functional Inward Rectifiers

Two-electrode voltage clamp recordings from Xenopus oocytes expressing M1 and M2 mutants isolated from the screen. Amino acid changes
within each mutant are indicated. Diplayed currents are the difference between 90 K and 90 Na solutions.

seven residues in total—or the M1 “a,” “d,” and “g” (M1ad–Xaa7 and M1adg–Xaa10, respectively). Two-elec-
trode voltage clamp recordings from Xenopus oocytespositions—ten residues in total—were changed whole-

sale either to the hydrophobic residues alanine, leucine, demonstrate that M1ad–Ala7, –Leu7, and –Phe7 and
M1adg–Ala10, –Leu10, and Phe10 form functional channelsor phenylalanine or to the hydrophilic residue serine

Figure 4. Helical Diagrams of Kir 2.1 Amino
Acid Tolerance Patterns

Helical wheel and net diagrams of (A) M1 and
(B) M2. The principal side chain types found
at the restricted positions are indicated and
are as follows: M1 92, aromatic (Ar); 93, small
(Sm); 95, Sm, hydroxyl containing (S); 96,
tryptophan (W); 99, phenylalanine (F); 100,
Sm; 102, Sm; 107, Sm; M2 157, alanine (A);
158, Sm; 161, valine (V) ; 162, V; 164, gluta-
mine/glutamate (Q/E); 168, Sm; 178, Sm. Heli-
cal wheels depict the residue number and
wild-type residue.
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Figure 5. Sequence Minimization, Assembly, and Second-Site Suppressor Experiments

(A) Normalized I–V relationships for M1ad–Xaa7 and M1adg–Xaa10 channels. The inset shows a helical wheel diagram with the positions of the
M1 helix that were changed highlighted in yellow.
(B) Normalized I–V relationships for M2ad–Xaa4 channels. The inset shows a helical wheel diagram with the positions of the M2 helix that
were changed highlighted in blue. Recordings were made from Xenopus oocytes expressing the mutant channels and represent the difference
between currents recorded in 90 K and 90 Na solutions. Inward potassium currents in (A) and (B) were normalized to the value at 290 mV.
The current amplitudes ranged from 1–10 mA.
(C) Interaction assay for the hydrogen bond reversal mutant S95E/Q164S, or wild-type Kir 2.1, with wild-type Kir 2.1-C136 channels bearing
an ER retention signal. Normalized inward potassium-selective current from Xenopus oocytes is plotted versus the ratio of Kir 2.1-C136/test
RNA for Kir 2.1 or S95E/Q164S injected (see Experimental Procedures).
(D) Second-site suppressor interactions and sequence-minimized positions. Arrows indicate the positions of the suppressor mutations relative
to the position of the nonfunctional mutant they suppress. The mutation and its suppressors were as follows: W96A was suppressed by F159I/
A173P or F159V/A173P; F99A was suppressed by F159I; Q164S was suppressed by S95E; and V161W was suppressed by F103Y/I106N. The
vertical positions of the mutant relative to the suppressor along the helical axes are consistent with an antiparallel packing arrangement.
Positions of the lipid-facing residues are highlighted in yellow; those of the pore-lining residues are highlighted in blue. Restricted positions
from the selection experiments are indicated in red. For simplicity, only the relevant residue numbers are displayed.

(Figure 5A). No detectable currents were measured from Similarly, we replaced the putative pore-lining resi-
dues of M2 (residues 165, 169, 172, and 176) simultane-the M1ad–Ser7 channel. These results support the idea

that the residues at “a,” “d,” and “g” in M1 comprise a ously with either alanine, serine, asparagine, or aspar-
tate (designated M2ad–Xaa4). M2ad–Ala4, –Ser4, –Asn4,protein–lipid interface, as the only necessary require-

ment is side chain hydrophobicity, not shape or size. and –Asp4 form functional channels in Xenopus oocytes,
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hydrogen bond may play such a role and can be consid-Table 2. Tests of the M1/M2 Interhelix Hydrogen Bond
ered a structural hallmark of Kir channels.

Residue 95 Residue 164 Rescue?
A subunit interaction assay was used to assess

S Q Yes whether the S95/Q164 hydrogen bond occurs between
S E Yes M1 and M2 in an inter- or intrasubunit manner. Coex-
S N No

pression in Xenopus oocytes of a wild-type Kir 2.1 sub-S D No
unit with a Kir 2.1 subunit modified with a C-terminalS A No
endoplasmic reticulum (ER) retention/retrieval signal, KirS S No

E S Yes 2.1-C136 (Zerangue et al., in press), led to a reduction
Q S No in the amount of inward current due to ER retention/
D S No retrieval of coassembled channels (Figure 5C). Coex-
A A No

pression of Kir 2.1-C136 and the hydrogen bond reversal
Explict hydrogen bonding pairs were examined to assess the struc- mutant S95E/Q164S led to a similar reduction in current,
tural requirements of the interaction between residues 95 and 164. indicating that the S95E/Q164S mutant can coassemble
Results of rescue of SGY1528 under selective conditions, 0.5 mM with the wild-type subunit. Homomeric channels bearing
KCl (see Experimental Procedures), are indicated. Functional chan-

S95/Q164S or S95E/Q164 pairs in the same polypeptidenels with nonhydrogen bonding mutations at positions S95 and
chain are not functional, and S95/Q164S subunits bear-Q164 were observed rarely in selection from the M1 and M2 libraries.

These changes occurred in concert with a number of other muta- ing the retention signal were ineffective at reducing cur-
tions. There was one exception, S95P, which was isolated as a rent from wild-type subunits (data not shown). If the
single amino acid change. The additional mutations in channels hydrogen bond interaction occurred between subunits,
where 95 and 164 were nonhydrogen bonding residues are: C89W, complexes of S95E/Q164S-Kir 2.1-C136 subunits would
L90F, L94I, S95A, F98S, V102A; F88S, V93A, S95A; V158I, F163L,

contain nonfunctional pairings. Hence, it would be diffi-Q164L, I171F, I176S; and Q164I, G168C, C169S, D172E, F174D,
cult to explain the compatibility of the hydrogen bondG177R. The change Q164L did not rescue when tested as a single

point mutant. reversal mutant but not the single mutant S95/Q164S
with the wild-type subunit, unless the hydrogen bond
occurs between residues 95 and 164 from the same
subunit.as assessed by two-electrode voltage clamp measure-

Both S95/E164 and E95/S164 hydrogen bond pairingsments (Figure 5B). These data strongly suggest that
make homomeric functional channels when the pair oc-residues 165, 169, 172, and 176 face a hydrophilic envi-
curs in each polypeptide chain of the homomeric chan-ronment. Taken together, the minimization experiments
nel (Table 2). If the hydrogen bond interaction occurredsupport the assignments of M1 and M2 as the outer and
in an intersubunit fashion, heteromeric complexes ofinner helices, respectively.
S95/Q164S and S95E/Q164E subunits would have the
S95–E164 and E95–S164 functional pairs. However,Helical Arrangement
coexpression of subunits containing S95/Q164S andSecond-site suppressor experiments were used to map
S95E/Q164E pairs did not result in measurable current.residues involved in interhelix contacts. In these experi-
These observations further support the idea that thements, changes in side chain shape or chemistry that
hydrogen bond pairing occurs between residues withindisrupted function were made at conserved positions
a single subunit.in the M1/M2 interfaces and screened against libraries

To obtain more information about M1/M2 contacts,of the other helix of the pair. For example, S95 and Q164
other suppressors were obtained for nonfunctional mu-are highly conserved in our selection experiments and
tants with changes at M1- or M2-restricted positions.among all Kir sequences but not in other potassium
The changes W96A, F99A, and V161W were rescued bychannel types. We hypothesized that these residues
F159I/A173P or F159V/A173P, F159I, and F103Y/I106N,might participate in a membrane-embedded interhelix
respectively. Together, the positions of suppressors thathydrogen bond. To test this, the mutant Q164S, a non-
restore function to other nonfunctional mutants suggestfunctional mutant that shortens the side chain of one of
that each M1 helix interacts with two M2 helices (Figurethe proposed hydrogen bonding partners but preserves
5D), one from its own subunit via the interface containingthe hydrogen bonding potential, was screened against a
the S95/Q164 hydrogen bond and one from the neigh-directed library where only residue 95 was randomized.
boring subunit. Since the open probability for Kir 2.1 isSelection experiments identified a single change, S95E,
very near 1 at negative potentials (Kubo et al., 1993)that restored channel function. This change effectively
and the selection experiments require functional openreverses the positions of the hydrogen bonding part-
channels, this arrangement most likely reflects the openners. We explicitly examined other possible hydrogen
state of a Kir channel. This arrangement of transmem-bonding pairs at these positions (Table 2). Only combi-
brane helices is distinctly different from that seen in thenations that preserve hydrogen bonding potential as
bacterial potassium channel KcsA, which has the samewell as total side chain length result in functional chan-
transmembrane topology.nels. Specific buried polar interactions have been ob-

served in other membrane proteins (Bargmann and
Weinberg, 1988; Lemmon and Engelman, 1992; Sahin-

Structural Comparison with a BacterialTóth et al., 1992; Smith et al., 1996) and in helical bundles
Potassium Channel(Lumb and Kim, 1995), where they play important roles
Recently, the high-resolution structure of a bacterial po-in folding, helix association, and the establishment of

specific structure. Our data suggest that the S95/Q164 tassium channel with the same topology as Kir channels
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Figure 6. Structural Comparison with the
KcsA Bacterial Potassium Channel

(A) Helical wheel diagrams depicting intra-
subunit M1/M2 interactions in KcsA and Kir

2.1. M1/M2 KcsA residues that make helix–
helix interactions are indicated in red. Near-
est-neighbor contacts were identified using
a contact analysis program (Oas and Kim,
1988) and were defined as any atom pair with
a center to center distance less than or equal
to 150% of the sum of the van der Waals
(vdW) radii. Invariant Kir 2.1 residues are indi-
cated in red; colors are as in Figure 2. The
diagram gives the view from the extracellular
side. Pore residues are surrounded by a blue
circle. KcsA residues F103, L110, and F114
involved in M2–M2 subunit–subunit interac-
tions are indicated in bold. Residue contacts
between M1 and M2 in KcsA were as follows:
0 # vdW radii # 110%: 36–98, 36–102, 40–95,
43–91, 47–91, 50–98; 110% # vdW radii #

150%: 33–102, 36–95, 39–94, 43–95, 50–91,
46–91, 46–98, and 33–106. The residues in
M1 and M2 that make the closest interhelix
contacts, 0 # vdW radii # 110%, occur with
a 3–4 repeat.
(B) Sequence alignment based on structural
analysis of KcsA and mutational analysis of
Kir 2.1. Equivalent positions in the 3–4 heptad
repeats are surrounded by a red box.

was solved by X-ray diffraction methods (Doyle et al., bond pair corresponds to KcsA L36/A98, two residues
in intimate contact with each other across the M1/M21998). In order to compare the structural constraints

derived for Kir channels with the KcsA structure, we interface. Structural correspondence also seems to ex-
ist between the Kir 2.1 invariant residues V158 and V162examined the nearest-neighbor side chain–side chain

contacts (Oas and Kim, 1988) in KcsA. This analysis and KcsA M2 residues A92 and M96 that make major
contacts to the pore helix, a short helix between M1shows that the M1 and M2 helices of KcsA are organized

as a pair of antiparallel coils in which each M1 helix only and M2 with its carboxy terminal aimed at the ion con-
ductance pathway (Doyle et al., 1998).contacts M2 from its own subunit. The principal M1/M2

interface residues occur with a 3–4 heptad repeat (Figure There is a poor structural correspondence between Kir

2.1 and KcsA in the residues at the M2/M2 intersubunit6A; also see legend). The sequence identity between
the transmembrane segments of Kir 2.1 and KcsA is very interface and the pore-lining residues. Principally, resi-

dues that make substantial intersubunit contacts inlow. In order to align the sequences, we matched the
heptad repeats that comprise the M1/M2 intrasubunit KcsA, M2 residues F103 and L110, correspond to two

positions that show extreme variability in Kir 2.1, 169interface (Figure 6B). This results in an alignment that
is different from the previously published alignments and 176. Furthermore, the strong conservation of W96

and G100 in our selection experiments and in all Kirbased on sequence comparison alone (Schrempf et al.,
1995; Doyle et al., 1998). channels cannot be interpreted in light of the KcsA struc-

ture, since the corresponding positions (KcsA V37 andAlignment based on structural constraints indicates
that the positions of the interactions between M1 and L41) have few interactions with other parts of the protein.

Constraints derived from our mutagenesis data sug-M2 are conserved in both channel structures, although
the exact chemical nature of the side chains in the inter- gest that although some basic tertiary structural similar-

ity exists between KcsA and Kir 2.1, the transmembraneface is not similar. For instance, the S95/Q164 hydrogen
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C-terminal end of the pore helix remains aimed at the
ion conduction pathway.

Discussion

The information in the amino acid sequence that deter-
mines the final folded structure of a protein is highly
degenerate, allowing many different sequence varia-
tions to encode for essentially the same structure. Selec-
tion of functional protein sequences from pools of re-
lated sequences allows one to examine the tolerance
to change at each position within a given structural
framework. In favorable circumstances, these types of
investigations reveal positions of high and low informa-
tion content, information about the local environment of
each residue, and sets of interactions that are essential
for establishing a specific protein fold (Bowie et al.,
1990). For simple folds such as those that are common to
membrane proteins, this information can lead to testable
structural models for the transmembrane structure of a
given protein.

There is a strong tendency for membrane-embedded
polypeptides to form regular secondary structures in
order to satisfy the maximal number of backbone hydro-
gen bonds (Popot and Engelman, 1990; von Heijne,
1997). However, beyond this feature, the “rules” for
membrane protein folding are less well understood than
those for soluble proteins. Uniquely packed structures
are common in functional, soluble proteins (Richards
and Lim, 1994). In contrast, well-packed specific struc-
tures (Lemmon et al., 1994; Bowie, 1997), as well as
passively assembled structures of linked transmem-
brane helices (Lemmon and Engelman, 1994; KabackFigure 7. Arrangement of Transmembrane Helices in KcsA and Kir

et al., 1997; Zhou et al., 1997), have been reported in2.1 and Hallmark Kir Sequence Patterns
functional membrane proteins. The patterns of high and(A) Schematic representation of the transmembrane helical arrange-

ments in KcsA and Kir 2.1 channels. In the KcsA arrangement, the low information content positions in Kir 2.1 clearly sug-
M2 helices participate in subunit–subunit interactions, while the M1 gest that the transmembrane fold of the Kir 2.1 channel
helices interact only with M2 helices from their own subunit. In the has characteristics typical of a well-packed protein
Kir arrangement, each M1 helix contacts two M2 helices, one via structure.
intrasubunit interactions and one via intersubunit interactions. M1

It has been suggested that Kir channels may be struc-helices are colored orange and M2 helices yellow. The central green
turally related to the last two transmembrane segmentscircle denotes a potassium ion in the pore of the channel.

(B) Hallmark sequence patterns in the transmembrane domains of Kir of the six transmembrane voltage-gated potassium
superfamily members. Positions of restricted amino acid positions in channels (Jan and Jan, 1994). The structural differences
Kir 2.1 are indicated in red. Positions that face lipid (cf. Figure 5A) between the topologically identical Kir and KcsA potas-
are colored yellow, and those that face the aqueous pore of the sium channels raise questions regarding which arrange-
channel are colored blue (cf. Figure 5B). The hallmark patterns in M1

ment of helices is closer to the analogous structure inand M2 are FX2SWX2FGX6A and A(V/I)X2(V/L)X2QX3G, respectively.
the voltage-gated channels. The sequence of KcsA isSequences are Kir 2.1 residues 87–108 and 157–178 (Kubo et al.,

1993), Kir 1.1 residues 83–104 and 156–177 (Ho et al., 1993), Kir 3.2 more similar to voltage-gated channels than Kir channels
residues 97–118 and 169–190, Kir 4.1 residues 70–91 and 143–164 (Schrempf et al., 1995; Doyle et al., 1998), and Kir chan-
(Takumi et al., 1995), Kir 5.1 residues 76–97 and 146–167 (Bond et nels have sequence hallmarks that are not found in other
al., 1994), Kir 6.2 residues 74–95 and 145–166 (Inagaki et al., 1995), potassium channels. These observations suggest that
and Kir 7.1 residues 59–80 and 134–155 (Krapivinsky et al., 1998).

KcsA may more closely resemble the structure in the
last two transmembrane segments of the voltage-gated
channels, whereas the Kir channels form a structurallyarrangements of these channels differ significantly. The

M1 helices in Kir channels are situated between two M2 distinct class.
A sequence alignment of representative membershelices where they may participate in subunit–subunit

interactions (Figure 7A), while the M1 helices in KcsA from each of the Kir subfamilies (Figure 7B) shows that
the pattern of restricted residues (red) identified in M1only contact one M2 helix (Doyle et al., 1998). In Kir

channels, this difference may impact the location of of Kir 2.1, FX2SWX2FGX6A is strongly conserved in all
Kir family members. Similarly, the pattern of restricteddeterminants for subunit assembly and the placement

of the pore helix and residues from the P region relative positions in M2, A(V/I)X2(V/L)X2QX3G is also strongly
conserved. These patterns include the residues that par-to the ion conduction pathway. However, these dif-

ferences do not preclude an arrangement where the ticipate in the putative membrane-embedded Ser95–
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Gln164 hydrogen bond. The positions of high variability LQ2 for Kir 1.1 (Lu and MacKinnon, 1997). Together, the
findings with TEA and peptide toxin blockers suggestthat comprise the lipid-facing (yellow) and pore-facing

(blue) residues also seem to be well matched. The preva- that structural differences exist between Kir channels
and other potassium channels in the region where po-lence of these patterns within the Kir superfamily sug-

gests that these are hallmark sequence patterns re- tassium channels have the highest degree of sequence
homology. This is consistent with the idea that Kir chan-flecting the stereochemical requirements for building

a structural framework shared by the transmembrane nels are structurally different from other potassium
channels. Since the P region bridges the M1 and M2portions of all Kir channels. Interestingly, some of the

positions that appear strongly conserved in the se- transmembrane helices of Kir channels, the packing ar-
rangement of M1 and M2 is expected to impact its struc-quence alignment (cf. F88 and G177) are extremely

permissive to change in our selection experiments, in- ture. Thus, differences in the transmembrane structure
are likely to be propagated to other parts of the iondicating that conservation within related families of se-

quences does not always correspond to positions that conduction pathway.
Since the structural scaffold we have identified seemsare essential for function, at least when assayed in heter-

ologous expression systems. The hallmark patterns to be shared by all Kir channels, the structural model
presented here should provide a useful conceptualidentified here are absent in all other known potassium

channels, including voltage-gated channels and the two framework for pursuing detailed studies of the trans-
membrane segments in other Kir potassium channels.P domain channels with parts that topologically resem-

ble Kir subunits (Ketchum et al., 1995; Lesage et al., For instance, it points to residues on the exterior surface
of the M1 helices that may provide an interaction surface1996; Wei et al., 1996; Fink et al., 1998). These sequence

comparisons add further support to the assertion that for membrane resident molecules such as auxiliary pro-
tein subunits (Babenko et al., 1998) or lipids (BaukrowitzKir channels are structurally unique.

The P region sequence is the region of highest homol- et al., 1998; Huang et al., 1998; Shyng and Nichols, 1998;
Sui et al., 1998) that regulate the function of some Kirogy among potassium channels (Heginbotham et al.,

1994), forms part of the ion conductance pathway, and channels. Our results also uncover the structural com-
plexity that can exist in a seemingly simple protein fold ofcontains the residues critical for ion selectivity. Data

concerning the interaction of the P region sequence of a tetramer of subunits with two transmembrane helices
each. Finally, the general approach outlined here pro-voltage-gated potassium channels with the extracellu-

lar blockers tetraethylammonium (TEA) and channel- vides a method for obtaining detailed structural informa-
tion for transmembrane segments of potassium chan-blocking peptide toxins are very well explained by the

structure of this region in KcsA (Doyle et al., 1998) and nels in the absence of high-resolution data.
suggest that this region is structurally similar in different
potassium channel types (MacKinnon et al., 1998). The Experimental Procedures
notable exception is the P region of Kir channels. A single

Library Constructionpoint mutation in the P region of a Shaker voltage-gated
Kir 2.1 was cloned into a derivative of pYES2 (Invitrogen) containingchannel confers sensitivity to extracellular TEA block.
the following changes: the PvuI restriction site at position 2516

This mutation has also been shown to bestow TEA sensi- (pYES2 numbering) was destroyed by changing sequence 59-GTAC
tivity to a TEA-insensitive calcium-activated potassium GATCG-39 to 59-GTAGGATCG-39 (change underlined), and the PvuI
channel (Ishii et al., 1997). However, this same mutation site at position 4417 was destroyed by changing sequence 59-CAAC

GATCGGAG-39 to 59-CAACGATTGGAG-39 by single-strand muta-did not bestow TEA sensitivity when incorporated at the
genesis. The gene for Kir 2.1 (Kubo et al., 1993) was modified toanalogous position in TEA-insensitive Kir channels (Bond
remove the BglII site from residue 386 and to contain BglII, PvuI,et al., 1994).
and SfiI sites at amino acid residues 111, 142, and 177, respectively,

Peptide toxins have been very useful for probing the and was cloned into the HindIII–XhoI sites of the vector. All gene
features of the P region in voltage-gated channels changes preserve the wild-type amino acid sequence of Kir 2.1 and
(Miller, 1995). Until recently, there were no high-affinity create a construct in which the M1 and M2 regions were framed by

BglII–SalI and PvuI–SfiI restriction sites, respectively. Finally, thepeptide toxins for any Kir channels (Jin and Lu, 1998),
GAL4 promotor was excised from the plasmid and replaced withand a number of studies demonstrated that the high-
the Met-25 promotor (Kerjan et al., 1986). Kir 2.1-M1-stuffer and Kiraffinity peptide toxins that interact so well with voltage-
2.1-M2-stuffer were made by cloning a cassette encoding nucleo-

gated channels do not interact with Kir channels as tides 210–1720 of the Drosophila protein Inscuteable (Kraut and
tightly or in the same way (Lu and MacKinnon, 1997; Campos-Ortega, 1996) in frame into either the BglII–SalI or PvuI–SfiI

sites. This was done to facilitate cloning and to ensure that simpleImredy et al., 1998; Jin and Lu, 1998). Charybdotoxin
plasmid religation in construction of the libraries resulted in nonfunc-family members share a conserved lysine that interacts
tional Kir 2.1 genes.directly with the potassium permeation pathway of volt-

Cassettes for M1 and M2 were synthesized by PCR of overlapping
age-gated channels (Park and Miller, 1992; Miller, 1995). oligonucleotides (Biosynthesis, Houston, TX) in which the bases for
Mutation of this lysine to alanine in three different toxin amino acid codons 87–108 and 157–178 contained 88% of the wild-
family members drastically alters the binding affinity type base and 4% each of the other three bases (Reidhaar-Olson

et al., 1991). This yields an average of five codon changes per(.1000-fold) for these channels. Recently, a toxin from
sequence. Cassettes were cloned into the appropriate Kir 2.1-stufferthis family, LQ2, has been found to interact with the
plasmid.inward rectifier Kir 1.1 (Lu and MacKinnon, 1997). In con-

trast to its dramatic consequences for the binding affin-
Selection

ity of the toxin for voltage-gated channels, the mutation Selection experiments were conducted in the yeast strain SGY1528
of the pore-blocking conserved lysine to alanine has (Mata ade2–1 can1–100 his3–11,15 leu2–3,112 trp1–1 ura3–1

trk1::HIS3 trk2::TRP1) (Tang et al., 1995). Libraries were transformedonly modest effects (z10-fold) on the binding affinity of
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into SGY1528 yeast and plated onto nonselective conditions con- the neu-encoded receptor protein by point mutation and deletion.
EMBO J. 7, 2043–2052.taining 100 mM KCl. After 2 days of growth, the yeast were replica

plated onto plates containing 1 mM KCl, allowed to grow for 2 days, Baukrowitz, T., Schulte, U., Oliver, D., Herlitze, S., Krauter, T., Tucker,
and finally replica plated onto plates containing 0.5 mM KCl. All S.J., Ruppersberg, J.P., and Fakler, B. (1998). PIP2 and PIP as deter-
growth was at 308C. Plasmids were rescued from Kir 2.1 mutants minants for ATP inhibition of KATP channels. Science 282, 1141–1144.
that grew on 0.5 mM KCl plates, sequenced, and transformed a Bond, C.T., Pessia, M., Xia, X.M., Lagrutta, A., Kavanaugh, M.P.,
second time into SGY1528 to confirm the phenotype. and Adelman, J.P. (1994). Cloning and expression of a family of

Nonselective plates were made from standard 2ura/2met drop- inward rectifier potassium channels. Receptors Channels 2, 183–191.
out media supplemented with 100 mM KCl and titrated to pH 6.5 with

Bowie, J.U. (1997). Helix packing in membrane proteins. J. Mol. Biol.free Tris base. Selective plates contained the following components:
272, 780–789.

2ura/2met dropout powder, 1.5% SeaKem LE agarose (FMC), 1
Bowie, J.U., Reidhaar-Olson, J.F., Lim, W.A., and Sauer, R.T. (1990).mM MgSO4, 50 mM CaCl2, 1% dextrose, 0.81 mM-H3BO3, 0.14 mM
Deciphering the message in protein sequences: tolerance to aminoCu(II)SO4·(H2O), 0.6 mM KI, 1.8 mM Fe(II)SO4·(H2O)7, 2.6 mM MnSO4,
acid substitutions. Science 247, 1306–1310.7.3 mM (NH4)6Mo7O24, 1.4 mM ZnSO4, 8.1 nM biotin, 1.7 mM D-panto-
Cohen, C., and Parry, D.A.D. (1990). a-helical coiled coils and bun-thenic acid hemicalcium salt, 3.2 mM nicotinic acid, 1.9 mM pyridox-
dles: how to design an a-helical protein. Proteins 7, 1–15.ine·HCl, 1.2 mM thiamine, and 11 mM inositol. Media was adjusted

to pH 6.0 with H3PO4 and supplemented with either 1 mM or 0.5 Corey, S., Krapivinsky, G., Krapivinsky, L., and Clapham, D.E. (1998).
mM KCl. Number and stoichiometry of subunits in the native atrial G-protein

regulated K1 channel IKACh. J. Biol. Chem. 273, 5271–5278.

Periodicity Analysis Cornette, J.L., Cease, K.B., Margarlit, H., Spouge, J.L., Berzofsky,
J.A., and DeLisi, C. (1987). Hydrophobicity scales and computationalPower spectra of the amino acid variability of allowed substitutions
techniques for detecting amphipathic structures in proteins. J. Mol.in M1 and M2 were calculated using published algorithms (Cornette
Biol. 195, 659–685.et al., 1987) (Professor D. R. Rees, CalTech). Discrete Fourier trans-

form methods and least-squares methods gave the same principal Donnelly, D., Overington, J.P., Ruffle, S.V., Nugent, J.H.A., and Blun-
peaks. The peak near v 5 1708 in the M2 spectra is not seen using dell, T.L. (1993). Modelling a-helical transmembrane domains: the
the least-squares procedure. calculation and use of substitution tables for lipid-facing residues.

Protein Sci. 2, 55–70.

Electrophysiology Doupnik, C.A., Davidson, N., and Lester, H.A. (1995). The inward
Constructs for electrophysiology were subcloned into a pGEMHE rectifier potassium channel family. Curr. Opin. Neurobiol. 5, 268–277.
(Liman et al., 1992) derivative, and RNA transcripts were made using Doyle, D.A., Cabral, J.M., Pfuetzner, R.A., Kuo, A., Gulbis, J.M.,
the Ampliscribe kit (Epicentre Technologies). Two-electrode voltage Cohen, S.L., Chait, B.T., and MacKinnon, R. (1998). The structure
clamp experiments (CA-1; Dagan Instruments, Minneapolis) were of the potassium channel: molecular basis of K1 conduction and
made on defolliculated stage V–VI Xenopus laevis oocytes that had selectivity. Science 280, 69–77.
been microinjected with z5–10 ng of RNA transcripts. Before injec- Fink, M., Lesage, F., Duprat, F., Heurteaux, C., Reyes, R., Fosset,
tion, oocytes were surgically removed and treated with 2 mg/ml M., and Lazdunski, M. (1998). A neuronal two P domain K1 channel
collagenase (Worthington) in 96 mM NaCl, 2 mM KCl, 1 mM MgCl2, stimulated by arachidonic acid and polyunsaturated fatty acids.
5 mM HEPES (pH 7.5) at room temperature for 2 hr. Recordings EMBO J. 17, 3297–3308.
were made 12–48 hr postinjection in a bath of either 90 K (90 mM

Heginbotham, L., Lu, Z., Abramson, T., and MacKinnon, R. (1994).
KCl, 1 mM MgCl2, 10 mM HEPES [pH 7.5]) or 90 Na (90 mM NaCl,

Mutations in the K1 channel signature sequence. Biophys. J. 66,
1 mM MgCl2, 10 mM HEPES [pH 7.5]) solutions. Electrodes were 1061–1067.
filled with 3 M KCl and had resistances of 0.3–1.5 MV. Data were

Hille, B. (1992). Ionic Channels of Excitable Membranes. (Sunder-processed using PCLAMP software (Axon Instruments). For the sub-
land, MA: Sinauer Associates, Inc.).unit interaction assay, oocytes were injected with mixtures of Kir

Ho, K., Nichols, C.G., Lederer, W.J., Lytton, J., Vassilev, P.M., Kanaz-2.1-C136 and wild-type Kir 2.1 or S95E/Q164S RNA’s at different
irska, M.V., and Hebert, S.C. (1993). Cloning and expression of anratios. Recordings were measured in a bath of 90 K or 90 Na solu-
inwardly rectifying ATP-regulated potassium channel. Nature 362,tions.
31–38.

Huang, C.L., Feng, S., and Hilgemann, D.W. (1998). Direct activationStructure Analysis
of inward rectifier potassium channels by PIP2 and its stabilizationNearest-neighbor contacts for KcsA were calculated from the Pro-
by Gbg. Nature 391, 803–806.tein Data Bank coordinates (Doyle et al., 1998) using a program
Hubbell, W.L., Gross, A., Langen, R., and Lietzow, M.A. (1998). Re-written by T. G. Oas (Oas and Kim, 1988). Nearest-neighbor van der
cent advances in site-directed spin labeling of proteins. Curr. Opin.Waals interactions were evaluated at #110% and #150% of the
Struct. Biol. 8, 649–656.sum of the atom–atom van der Waals radii.
Imredy, J.P., Chen, C., and MacKinnon, R. (1998). A snake toxin
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