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ABSTRACT To probe the protein environment of an ion
channel, we have perturbed the structure of a transmembrane
domain by substituting side chains with those of two different
sizes by using site-specific mutagenesis. We have used Trp and
Ala as a high- and a low-impact perturbation probe, respec-
tively, to replace each of 18 consecutive residues within the
putative second transmembrane segment, M2, of an inwardly
rectifying potassium channel, ROMK1. Our rationale is that
a change in the channel function as a consequence of these
mutations at a particular position will reflect the structural
environment of the altered side chain. Each position can then
be assigned to one of three classes of environments, as graded
by different levels of perturbation: very tolerant (channel
functions with both Trp and Ala substitutions), tolerant
(function preserved with Ala but not with Trp substitution),
and intolerant (either Ala or Trp substitution destroys func-
tion). We identify the very tolerant environment as being
lipid-facing, tolerant as protein-interior-facing, and intoler-
ant as pore-facing. We observe a strikingly ordered pattern of
perturbation of all three environmental classes. This result
indicates that M2 is a straight a-helix.

The activity of ion channels in excitable cells forms the physical
basis for neuronal function (1). Despite a wide variety of ion
selectivity and modes of regulation, many ion channels appear
to share a similar structural architecture (2, 3). Voltage-gated
potassium channels are tetrameric assemblies of homo- or
heteromeric subunits (4-6), each consisting of six putative
transmembrane helices (S1-S6) with a pore-lining P region
between the fifth (S5) and the sixth (S6) helix (3, 7, 8). Other
ion channels, such as sodium or calcium channels, are assem-
bled as a single polypeptide chain containing four homologous
repeats, each of which resembles the subunit of a potassium
channel (2, 9-11).
We chose to study the structure of an inwardly rectifying

potassium channel because of its apparently simple architec-
ture. From the amino acid sequence of an inwardly rectifying
potassium channel, ROMK1 (12), deduced from a cDNA
recently cloned from mammalian kidney, it was proposed that
each subunit consists of two transmembrane segments, Ml and
M2, each including about 21 hydrophobic residues, and a
connecting loop H5 between them that contains the P region.
Ml and M2 of inwardly rectifying channels correspond to S5
and S6 of the canonical structural motif of voltage-gated
potassium, sodium, and calcium channels. The P region is
believed to form a hairpin-like turn conformation within the
membrane (7, 8, 13, 14) and is primarily responsible for ion
selectivity. Thus the Ml, M2, and P-region segments of the
ROMK1 channel are viewed as the minimum and sufficient
structural elements necessary for forming a protein ion chan-
nel (12, 15-18).
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In the absence of detailed structural information, we have
reasoned that if the Ml and M2 transmembrane segments are
packed around the pore-lining P region, then the protein
environment of amino acid side chains projecting from Ml and
M2 can be segregated into three classes: lipid-facing, protein-
interior-facing, and pore-facing (Fig. 1A). These environmen-
tal milieu are expected to tolerate structural perturbation
introduced by site-specific mutagenesis to different extents.
Using two hydrophobic amino acids, Trp and Ala, as pertur-
bation probes, we have formulated the following three criteria
in judging the effects of mutational perturbation (Table 1). (i)
If a mutation to either Ala or Trp preserves channel function,
the residue is likely to face the lipid environment. The lipid-
exposed exterior surface of the channel would be topologically
equivalent to a water-exposed surface of globular proteins, and
Trp represents a high-impact perturbation probe because of
the large atomic volume of its side chain. The atomic volume
of side chains of Ala and Trp are 29 and 168 A3, respectively.
The numbers of nonhydrogen atoms of the side chains of Ala
and Trp are 1 and 11, respectively (21). (ii) If a mutation to Trp
eliminates channel function but one to Ala does not, the
residue is likely to face the pro.tein interior, where a minor
change to Ala might be tolerated but the larger Trp side chain
could not be accommodated (22-25). Ala represents a low-
impact perturbation probe because the geometry of its side
chain is common to all amino acids except Gly. (iii) If the side
chain of the residue is directly facing the hydrophilic channel
lining, mutation to either Trp or Ala is likely to eliminate
channel function since the pore structure is sensitive to any
small structural modifications. Despite the empirical nature of
our classification criteria, the data on mutants at 18 consec-
utive positions within the M2 segment show a remarkable
orderliness in the perturbation pattern.

MATERIALS AND METHODS
Mutagenesis of ROMK1. ROMK1 mutants were generated

by the PCR-based overlap-extension method of site-directed
mutagenesis and were verified by sequencing (26).
Measurement of Channel Activity. Xenopus oocytes were

injected with up to 5 ng ofRNA transcribed in vitro by T7 RNA
polymerase according to the Ambion (Austin, TX) mMessage
mMachine protocol. Two-electrode voltage-clamp recordings
were made 1-7 days after RNA injection. Oocytes were
continuously superfused with recording solution containing 96
mM KCl, 5 mM Hepes, 1 mM MgCl2, and 0.3 mM CaCl2 (pH
7.6). Current-voltage (I-V) relations were generated by ramp-
ing the membrane potential from -150 mV to +60 mV over
8.5 sec in the presence and absence of 5 mM barium (a
ROMK1 channel blocker) (12) and then by subtracting the I-V
curve generated in the presence of barium from that observed
in the absence of barium. The barium-sensitive potassium
current of uninjected oocytes was typically less than 25 nA.

Abbreviation: I-V, current-voltage.
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A Ml 84 FITAFLGSWF LFGLLWYVVA Y 104
P 131 AFLFSLETQV TIGYGFRFVT E 151

M2 156 AIFLLIFQSI LGVIINSFMC G 176
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FIG. 1. (A) Schematic drawing of a channel. (Upper) Amino acid
sequences of Ml, P-region, and M2 segments ofROMK1 (12). (Lower)
The drawing is a conceptual representation emphasizing the following
points: (i) ROMK1 is a tetramer with four subunits related by fourfold
rotational symmetry around a central pore, and (ii) each subunit con-

Table 1. Summary of classification criteria

Functional Tolerated Structural
environment substitution(s) environment

Very tolerant Both Trp and Ala Lipid-facing
channel exterior

Tolerant Ala but not Trp Protein interior
Intolerant Neither Ala nor Trp Channel pore

Mutant channels were classified as nonfunctional if the bari-
um-sensitive potassium current of oocytes injected with 5 ng of
mutant RNA was c25 nA. The barium-sensitive potassium
current of oocytes expressing functional channels was typically
greater than 1 ,uA when 5 ng of RNA was injected.

RESULTS AND DISCUSSION
Table 2 summarizes the results from 32 mutations introduced
in M2 of ROMK1. Based on electrophysiological measure-
ments from oocytes injected with RNA of each mutant (Fig.
2), our criteria for classifying the protein environment assign
each residue to one of three environmental classes. These
results are shown in a helical wheel diagram, in which the three
classes are represented by the side chains in three colors (Fig.
1B). It is evident that the three classes are clustered when
mapped onto an a-helix and their relative positions are in
accord with each other.

Side chains in the very tolerant environment (seven lipid-
facing residues), colored in red, are all clustered in one area
with an angular spread of about 1400, consistent with the model
that M2 is a straight helix with these residues exposed to the
membrane lipid. Met-174 in this class is an exception, presum-
ably because it lies close to the end of the M2 helix.

Side chains in the intolerant environment (four pore-facing
residues), colored in yellow, are all clustered on the side
opposite from the lipid-facing residues. Among the four pu-
tative pore-facing residues (Leu-160, Gln-163, Gly-167, and
Asn-171), position 171 has been implicated as a pore-lining
residue (27, 28). The Asn-171 -- Asp substitution in ROMK1
alters its weak rectification property to that of IRK (a strong
inwardly rectifying potassium channel), in which Asp is found
at the equivalent position (15), by providing a Mg2+ binding
site. The idea of Mg2+ having direct access to the binding site
inside the channel pore is consistent with our model.

Because Gly-167 is unique in having no side-chain atoms
that can directly face the pore lining, we have assigned Gly-167
in the pore-facing side according to the following supposition.
Based on the result from the Gly-167 -* Trp mutant, we can
first conclude that it is not in the lipid-facing environment.
However, Gly-167 -* Trp could have been nonfunctional
because Trp disrupts a unique and essential geometrical
flexibility of the M2's peptide backbone atoms provided by Gly
(e.g., positive phi and psi angles due to its intrinsic nonchiral-
ity). If this were the case, mutation to any other amino acid at
this position would disrupt such a conformation regardless of
its protein environment. This possibility can be eliminated
because mutation to Ala at position 167 retains channel

sists of Ml, M2, and a pore-lining P region. There are three classes of
protein environments for these structural elements: lipid-facing chan-
nel exterior (red), protein-interior-facing (blue), and pore-facing
(yellow). These definitions of environmental classes are independent
of the relative disposition of Ml, M2, and the P region. The extracel-
lular side of the membrane is upward. (B) (Upper) Helical wheel
diagram generated with a pitch of 3.6 residues per turn. (Lower)
Lipid-facing (red), protein-interior-facing (blue), and pore-facing (yel-
low) side chains are shown with the a-helical backbone (white). The
canonical backbone coordinates for the helix were generated with the
program MIDAS (19), and the side-chain atoms were modeled with the
program o (20). G represents the position of Gly-167, which has no
side-chain atoms.
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Table 2. Summary of mutation data

ROMK1 Mutation
residue Ala Trp

Ile-157
Phe-158
Leu-159
Leu-160
Ile-161
Phe-162
Gln-163
Ser-164
Ile-165
Leu-166
Gly-167
Val-168
Ile-169
Ile-170
Asn-171
Ser-172
Phe-173
Met-174

F

F
NF
F

NF
F
F
F
F
F
F
F
NF
F

NF
F
NF
NF
NF
F
NF
NF
F
F
NF
NF
F
NF
NF
F
F
F

A

Environmental
class

Interior
Lipid
Interior
Pore
Interior
Lipid
Pore
Interior
Lipid
Lipid
Pore*
Interior
Lipid
Interior
Pore
Lipid
Lipid
Lipid

F and NF refer to functional and nonfunctional channels, respec-
tively. Mutants showing barium-sensitive current no larger than that of
uninjected oocytes were assigned to NF (see Fig. 2). Lipid, interior,
and pore refer to lipid-facing exterior, protein-interior-facing, and
channel-pore-facing environments. -, Mutant was not made because
it is not needed for the classification purpose.
*See text for explanation.

function, indicating that Gly-167 does not cause a kink in the
helix and validating our interpretation that position 167 is not
lipid-facing. Thus, position 167 belongs to either the pore-
facing or protein-interior-facing environments. A straightfor-
ward interpretation of these data (functional Gly-167 -- Ala
and nonfunctional Gly-167 -- Trp) according to our classifi-
cation criteria would be that position 167 is in the protein-
interior-facing environment, if it were a non-Gly residue.
Instead, we have concluded that Gly-167 is in the pore-facing
environment, on the basis of the helical perturbation pattern
of all other positions and because the structural role of Gly's
"nonexisting" side-chain atoms is effectively as if they were
buried in a protein-interior-facing environment.

Side chains in the tolerant environment (six protein-interior-
facing residues), colored in blue, are clustered in two regions
flanking each side of the lipid-facing region of the M2 helix,
sandwiched between the pore-facing and the lipid-facing sides.
Homotetrameric assemblies of ROMK1 subunits are probably
arranged with a fourfold rotational symmetry around the
channel pore, as seen in the electron microscopic image of the
voltage-gated Shaker potassium channel (29). Therefore, the
finding that the protein-interior-facing residues are clustered
in two separate regions suggests that the two protein-interior-
facing sides of M2 interface with two different regions: pre-
sumably, one within the same subunit and the other within a
neighboring subunit.

Supporting our classification criteria is the observation that
those positions that are intolerant of the low-impact probe are
always intolerant of the high-impact probe, and those tolerant
of the high-impact probe are also tolerant of the low-impact
probe. An opposite case where a position tolerated a high-
impact probe but did not tolerate a low-impact probe (i.e., a
Trp-insensitive and Ala-sensitive mutant) was never observed.
Additionally, there was no apparent correlation between the
consequence of mutation and other physical characteristics
such as the size and hydrophobicity of the side chain at the
position where a mutation was introduced. For instance, there
are three Leu residues in M2, and mutations to Ala or Trp at
Leu-159, Leu-160, and Leu-166 resulted in all three possible
combinations of nonfunctional and functional channels. These
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FIG. 2. (A) I-V curves of an oocyte expressing wild-type ROMK1
and an uninjected control oocyte. (B) I-Vcurves of oocytes expressing
a functional mutant, L159A, and a nonfunctional mutant, L159W. The
I-V curves of functional channels were generated from oocytes
injected with 0.05-0.5 ng of RNA to avoid saturation of the amplifier
at strongly hyperpolarized membrane potentials.

findings support our assumption that the consequence of
mutation mainly reflects the level of structural tolerance to
perturbation within the channel.
While it is possible that mutations at some positions of the

oocyte-expressed protein result in inefficient transport to the
membrane surface (30, 31), the periodic clustering of func-
tional and nonfunctional channels strongly argues against such
a possibility. This internal self-consistency among the helical
perturbation patterns of the three environmental classes is the
strongest evidence that the periodic pattern in perturbation
accurately reflects the helical nature of the M2 structure.
The relatively subtle structural change introduced by a

single-point mutation leading to a dramatic change in channel
function may be the result of a 4-fold amplification in ho-
motetramers to a level at which the mutational effect can be
observed. For this reason, our strategy of differential pertur-
bation by a combination of small and large hydrophobic
probes, Ala and Trp, might be particularly effective in probing
other homomultimeric ion channels.
Transmembrane domains of membrane proteins deter-

mined at atomic resolution have invariably shown ordered
secondary structural motifs and relatively simple orientation
with respect to the membrane (32-40). Such a structural
constraint is believed to be due to a low dielectric constant
within the membrane (41, 42). Although the notion of differ-
ential perturbation by size is not directly applicable to probing
the structural environments of globular proteins, it will be
generally applicable to probing transmembrane domains of
membrane proteins.
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