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The small viral channel Kcv is a Kir-like K* channel of only 94
amino acids. With this simple structure, the tetramer of Kcv
represents the pore module of all complex K* channels. To
examine the structural contribution of the transmembrane
domains (TMDs) to channel function, we performed Ala scan-
ning mutagenesis of the two domains and tested the functional-
ity of the mutants in a yeast complementation assay. The data
reveal, in combination with computational models, that the
upper halves of both TMDs, which face toward the external
medium, are rather rigid, whereas the inner parts are more flex-
ible. The rigidity of the outer TMD is conferred by a number of
essential aromatic amino acids that face the membrane and
probably anchor this domain in the bilayer. The inner TMD is
intimately connected with the rigid part of the outer TMD via
777 interactions between a pair of aromatic amino acids. This
structural principle is conserved within the viral K™ channels
and also present in Kir2.2, implying a general importance of this
architecture for K* channel function.

K* channels are transmembrane proteins, which catalyze the
selective and regulated flux of potassium ions across mem-
branes. A breakthrough in understanding of structure/function
correlates in these important proteins occurred with the high-
resolution structures determined for several K* channels
(1-4). Many functional properties such as selectivity and gating
of K™ channels are now understood on the basis of the specific
architecture of these channel proteins. Still, many aspects of
function and regulation cannot be explained only on the basis of
the protein structure. The performance of the protein also
depends on the lipid environment and on the organization of
the protein in this environment. Indeed, there is increasing evi-
dence that many different properties of K" channels are
depending on the interaction between the protein and the sur-
rounding host membranes (5-7). As a consequence of this
dependence, many amphiphilic drugs, which target ion chan-
nels, have dual effects, one effect being directly related to an
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interaction with the protein and a secondary effect being medi-
ated by modification of the bilayer properties (8).

A good model system for understanding the interplay of
membrane proteins with the membrane is provided by the viral
potassium channel Kcv (9, 10). This Kir-like potassium channel
with two transmembrane domains is, with only 94 amino acids,
very small. The protein is almost completely embedded in the
membrane. Only a small, 15 amino acid-long domain at the N
terminus and a short turret domain between the two trans-
membrane domains stick out of the membrane into aqueous
solution (11). It can be assumed that in this arrangement any
protein/membrane interaction strongly reflects back on
function.

Unbiased information on the structural significance of the
two transmembrane domains (TMDs)? and their importance
for channel function can be obtained by an alanine scan of the
relevant domains. In this approach, each amino acid in a pri-
mary sequence is individually replaced by the amino acid ala-
nine, and the effect of this mutation is tested in a functional
assay. In this way, it is possible to eliminate all side chain inter-
actions, except for the CB atom, without altering the main
chain conformation or the insertion of steric effects (12—14).
Alanine is a common natural amino acid in all kinds of second-
ary structures, including TMDs (12). For these reasons, alanine
is the amino acid of choice in the mutagenesis scan. Hence, the
replacement of a residue with alanine should reveal the contri-
bution of the replaced residue to the overall stability and fold of
the protein (15).

In the present study, we use alanine scanning mutagenesis of
the two transmembrane domains of Kcv in conjunction with a
structural Kcv model (11, 16). The data provide a comprehen-
sive picture of the functional architecture of the channel. The
upper part of the outer transmembrane domain is anchored via
aromatic side chains with the membrane. A mutual interaction
between a pair of amino acids on the two TMDs attaches the
inner TMD to the outer TMD and in this way also immobilizes
the upper part of TMD2. The application of an elastic network
model supports the structural significance of a mutual interac-
tion of these amino acids (17, 18).

2The abbreviations used are: TMD, transmembrane domain; TMDI1, first,
outer transmembrane domain; TMD2, second, inner transmembrane
domain; MD, molecular dynamic.
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EXPERIMENTAL PROCEDURES

For the yeast complementation assay, the Kcv gene was
cloned into pYES2 (Invitrogen) into the EcoRI and Xhol site or
as a chimera with EGFP into the BamHI and Xhol site of the
plasmid (19). The QuikChange site-directed mutagenesis
method (Stratagene) was used to insert the point mutations.
The point mutations were designed on the primer level or ran-
domized on the primer level by using the wobble base codon
NNK (where N is AGCT and K is GT), which codes for all
possible amino acids. The resulting constructs were checked by
DNA sequencing.

Yeast complementation experiments were done with the
yeast strain SGY1528 (Mat a ade 2—1 can 1-100 his 3—11,15 leu
2-3,112 trp 1-1 ura 3-1 trk 1:HIS3 trk 2::TRP1) (19). This
strain, kindly provided by Dr. Minor (University of California
San Francisco), lacks an endogenous potassium uptake system
and is not able to grow on media = 10 mm potassium. For the
complementation assay, yeasts were grown in parallel under
selective (1 mM and 0.5 mm KCl agar plates) and non-selective
(100 mm KCl agar plates) conditions for 3 days at 30 °C.

To analyze the spatial distribution of amino acids in the
channel protein, the MD model of Kcv based on the tetrameric
form of the KirBacl.1 (PDB code 1P7B) x-ray template struc-
ture was used (11). The programs PyMOL and MOLCAD (20)
were used for studying the three-dimensional structure and the
spatial relationships of the amino acid residues.

Elastic network models (18) have already been successfully
applied to determine vibrational dynamics and kinetically hot
residues, avoiding time-consuming molecular dynamics simu-
lations (21). Such network models use a coarse-grained repre-
sentation for amino acids by substituting the complex amino
acid by a bead on the respective Ca position. Interactions
between residues are modeled as harmonic springs for contacts
within a cutoff distance. Anisotropic network models (17) addi-
tionally invoke anisotropy of positional fluctuations to assess
the directions of collective motions. Eigenmodes and eigenfre-
quencies are derived from the so-called Hessian matrix by
diagonalization techniques. The approach to quantify the
impact of thought-experiment-style mutations, e.g. altering
intramolecular forces up to the full deletion of contacts, is
described elsewhere (22). We expanded this approach by com-
puting overlaps of corresponding eigenvectors belonging to
eigenvalues greater than zero. This allows us to qualitatively
assess the effect the presence or absence of an amino acid pair
interaction has on the functional mechanics of the protein.

RESULTS

To detect functionally important side chains in the amino
acid composition of the transmembrane domains of Kcv, the
respective amino acids were replaced one by one by alanine.
The two alanines (Ala-22 and Ala-82), which are already pres-
ent in the TMDs of the wild-type channel (Fig. 14), were
replaced by glycine. All channel mutants were expressed indi-
vidually in a yeast strain, which lacks a functional K" uptake
system. These yeasts are only able to survive in medium with a
high K* concentration. They do not grow on a selective low K™
medium unless they are expressing a heterologous K* uptake
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system (19, 23). Fig. 2 shows representative data from a growth
assay of the yeast mutants expressing only the vector (pYES2),
the Kcv-WT channel, or its mutants. All yeasts transfected with
either of the constructs were able to grow on high (100 mm) K™
medium, meaning that the expression of the mutations was
deleterious for the cells. The two top rows show that the yeast
strain transfected with the vector is, as expected, not able to
grow under selective conditions with only 1 mm or 0.5 mm K™.
Growth under selective conditions can be rescued by express-
ing the Kcv-WT channel. Hence, an active viral K channel in
the plasma membrane provides a sufficient K* influx for yeast
growth under selective pressure.

A scrutiny of the yeasts transfected with Kcv mutants shows
that many mutants also grew under the selective conditions
(Fig. 2). This implies that a large number of amino acid posi-
tions in the TMDs tolerate a mutation into alanine without loss
of function. The data also highlight several important amino
acids that are crucial for channel function in yeast. The substi-
tutions of nearly all phenylalanines (Phe-14, Phe-24, Phe-30,
and Phe-31), histidine (His-17), isoleucine (Ile-20), tyrosine
(Tyr-28), and proline (Pro-32) in the first outer transmembrane
(TMD1) domain showed the most dramatic effects. In these
cases, the substitution results in a near or complete loss of chan-
nel function.

The picture is different in the second, inner transmembrane
domain (TMD2). In this domain, alanine scanning revealed that
nearly all of the amino acid side chains were not essential for
channel function. Only the substitution of histidine (His-83)
caused a total loss of function, whereas substitution of leucine
(Leu-94) leads only to a significantly reduced function of yeast
growth (Fig. 2).

To understand the spatial organization of the sensitive amino
acids in the context of the three-dimensional structure of the
channel, we localized their positions in the simulation model of
Kcv (11). Fig. 1B shows the Kcv structure with the respective
amino acids highlighted. It seems that the relevant amino acids
of TMDI nearly all present their side chains to the membrane.
Fig. 1A illustrates that nearly all of the sensitive amino acids
shown in Fig. 2, with the exception of Phe-31 and Ile-20, are also
conserved (24 —26) within the sequences of all viral potassium
channels. This emphasizes that the overall architecture of the
channel is maintained throughout this family of channels.

The conservation and orientation together with the aromatic
side chain character suggests that these amino acids are
involved in an anchoring of TMD1 in the lipid. An alternative
explanation for the loss of function in the mutants could be the
reduced hydrophobicity that is introduced with the alanine. To
test the importance of a hydrophobic flavor of the critical
amino acids, one of them, Phe-24, was mutated to Leu. This
eliminates the aromatic side chain but preserves the hydropho-
bic character of this amino acid. A test of the mutant in the yeast
system revealed that the substitution of Phe-24 with leucine
failed to recover channel function (Fig. 34). Hence, the hydro-
phobic nature of the amino acid in this position is not the only
requirement.

To test the alternative hypothesis, namely the importance of
the aromatic side chains, the amino acids Phe-24 and Tyr-28
were replaced by tryptophan or tyrosine for position 24 or with
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FIGURE 1. Alignment of different viral K* channels and structure of Kcv. A, several algae viruses (the names are given on the left) that infect different hosts
code for K* channels (second row). The channel proteins are variable between the viruses but can also differ in isolates from the same virus, e.g. in NC64A
viruses. The alignment highlights the position of the canonical K* channel selectivity filter (in gray) as well as two amino acids corresponding to Phe-30 and
His-83 in Kcv from virus Paramecium bursaria chlorella virus 1 (PBCV-1). The structural organization of Kcv from PBCV-1 with the position of the two transmem-
brane domains (TMD1 and TMD?2) as well as the pore helix are illustrated in the top panel (A) and are shown explicitly in the simulation model (B). The degree
of amino acid conservation between the viral K™ channels was estimated according to Ref. 46 and is given as a color-coded bar below the structure sketch.
Different tones of blue indicate variable amino acids, whereas red tones indicate conserved amino acids. B, position of selected amino acid residues in the first
transmembrane domain of Kcv. Two opposing subunits of Kcv are shown as ribbons in the left panel in side view and all four subunits in top view (right panel).
Critical amino acids in TMD1, which were detected by the alanine-scanning mutagenesis, namely Phe-31 (red), Tyr-28 (green), Phe-24 (blue), lle-20 (magenta),
and His-17 (cyan), are highlighted. Both perspectives show that all critical residues are facing toward the lipid bilayer.

tryptophan, histidine, or phenylalanine for position 28, respec-
tively. The results of the yeast complementation assay in Fig. 3B
imply that the presence of an aromatic side chain in these posi-
tions is indeed sufficient for channel function. All aromatic sub-
stitutions were able to rescue channel function with varying
degrees. The results of these experiments stress that proper
channel function requires the presence of aromatic amino acids
in TMD1, which are oriented toward the membrane for
anchoring of the protein in the bilayer.

In further experiments we also tested the significance of
another aromatic amino acid, His-17, in TMD1. In this case we
replaced His-17 with a randomization approach, meaning that
in principle any of the 20 possible amino acids could occur at
this position. Twelve of the 60 tested yeast colonies trans-
formed with the randomized plasmids showed growth on selec-
tive media with 0.5 mm KCI. After eliminating false positives
and WT-like channels, we found that a mutant in which histi-
dine was substituted by tryptophan was able to rescue channel
function. The results of these experiments imply that the amino
acid tryptophan with its aromatic side chain can replace the
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aromatic histidine in a functional channel. The results of these
experiments are in agreement with the findings of Fig. 1B and
underscore the importance of the aromatic side chains for
anchoring of the protein in the membrane. Hence, the essential
features of the critical amino acids are exposure and geometric
orientation of the side chains toward the lipid bilayer. This kind
of anchoring of transmembrane domains seems to be a general
feature and has been described for several transmembrane
domains (27-29).

Among the critical amino acids in TMD], Ile-20 is an excep-
tion in that it does not carry an aromatic side chain. Yeasts
expressing a channel with an Ala substitution are barely grow-
ing (Fig. 2). Previous studies already revealed that this position
in TMD1 influences functional properties of the Kcv channel
via long-distance interactions with the pore (30). This mutant
is, for example, more sensitive to cesium than the wild-type
channel in voltage clamp measurements in Xenopus oocytes
(30). Because of this critical role of Ile-20, further mutations
were made to test the influence of the position on channel func-
tion and behavior. Fig. 4 shows the complementation assay of a
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FIGURE 2. Yeast complementation assay of Kcv mutants. The amino acids
of the first transmembrane domain (left panel) and of the second transmem-
brane domain (right panel) were individually mutated to alanine. The two
endogenous alanines were replaced by Gly. When the K* uptake deficient
yeast strain SGY1528 was transfected with the vector only (pYES2), it was only
able to grow on medium with high (100 mm) K*. Transfection of the yeast
strain with the WT Kcv channel allowed growth on selective media with low (1
mm or 0.5 mm) K*. Mutations in the transmembrane domains resulted in vari-
able growth under selective conditions. The yeasts transfected with Kcv-WT,
Kev mutants, and with empty vector were plotted in different dilutions: 1
(undiluted), 1:10, and 1:100.

series of different mutants. The data support a critical role of
this position in channel function in the sense that channel per-
formance is sensitive to the amino acid flavor in this position.
The Kcv-120V mutant is, as expected from previous experi-
ments (30), functional. It is able to rescue yeast growth on selec-
tion media with 0.5 mMm and 1 mm K. However, the exchange
with Trp or Gly modifies channel function. The substitution of
Ile to Trp leads to a mutant that can still support yeast growth
on 1 mmM K™ selective media but not on 0.5 mm KCl. The second
mutant, Kcv-120G, completely fails to rescue yeast growth
under selective conditions.

An important feature that is highlighted with the help of the
MD model is the interaction of the two TMDs of Kcv. Although
TMD2 is very tolerant to exchanges in amino acids, the substi-
tution of His-83 caused a total loss of function (Fig. 2). The
reason for the critical role of this amino acid becomes apparent
from the MD model, which shows that this residue is in close
contact with another essential amino acid in the TMD1, namely
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FIGURE 3. Yeast complementation assay of aromatic amino acids in
TMD1. A, areplacement of the hydrophobic amino acid Phe-24 by the hydro-
phobic amino acid Leu did not rescue yeast growth on selective media.
B, substitution of Phe-24 and Tyr-28 by other amino acids with an aromatic
side chain rescued yeast growth on selective media. The complementation
assay was done as described in Fig. 2.
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FIGURE 4. Structural significance of lle-20 in TMD1. Yeast complementa-
tion assay of different mutants of Kcv in which lle-20 was replaced by alanine,
glycine, leucine, valine, or tryptophan. Position 20 was sensitive to the flavor
of the amino acid side chain character. The complementation assay was done
as described in Fig. 2.

Phe-30. The structure reveals that Phe-30 and His-83 are inter-
acting via a 7r-stack over a distance of only 3.3—3.4 A (Fig. 54).
Such a stack of mr-electron-rich residues occurs if two or more
aromatic molecules are oriented in a parallel manner over a
distance of about 3.3 A. London dispersion forces, which dom-
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FIGURE 5. Flexibility of TMDs and aromatic-aromaticinteraction between
TMD1 and TMD2. A, the distance between Phe-30 in the TMD1 and His-83 in
the TMD2 is about 3.3-3.4 A. This is the typical spacing for 7 interactions
(r-stack). Therefore, the two aromatic residues can contribute via this helix-
helix interaction to larger protein stability. Ca B-factor distribution of Kcv
(B)and inKir2.2 (C) (4). B, the distribution of B-factors in Kcv as a function of the
amino acids. The position of the transmembrane domains is indicated by a
gray background. Critical amino acids are highlighted in color: His-83 in yellow
and Phe-30in green. The membrane facing aromatic amino acids His-17, Phe-
24, Tyr-28, and Phe-31 are shown in red. C, the B-factors of Kir2.2 (PDB code
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inate these 77 interactions, play important roles for correct
folding and stability of many proteins (31) and for mutual inter-
actions between helices in many membrane proteins (32, 33).
Evidence for the contribution of these aromatic side chain
interactions were already found for acid-sensing ion channels,
where the m-m-stacking between the extracellular and trans-
membrane domain is essential for proton gating (34, 35). Also,
the architecture of synthetic ion channels relies on this kind of
m-1r-stacking interactions (36). It is hence possible that the aro-
matic-aromatic interaction between Phe-30 and His-83 is an
essential factor for structure and function in the Kcv channel.
The presumed interaction between Phe and His in Kcv is not
a frequently occurring pairing in membrane proteins for inter-
helical contact points (37). An alignment of viral potassium
channels (Fig. 14), however, shows that the His in TMD?2 is
highly conserved throughout all viral potassium channels. Even
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the distantly related potassium channel Kesv of the Ectocarpus
siliculosus virus (EsV-1) (38) is conserved at this position. The
complementary amino acid in TMD1, e.g. Phe-30 in Kcv, is only
semi-conserved (Fig. 14). In Kesv, we find a glutamine in this
position, i.e. an amino acid that is uncharged and aliphatic. All
other viral ion channels contain a phenylalanine or methionine
in this position. In the case of methionine, it seems possible that
the long and extended thiomethyl group is able to stabilize the
channel structure through C-Hm interactions, where methi-
onine is the aliphatic C-H donor and histidine is the aromatic
mr-acceptor (39). To test the importance of 7 or C-H-r
interactions for channel structure and function, different sub-
stitutions of positions Phe-30 and His-83 with Ala, Gly, Phe,
His, Met, Trp, and Gln were made. Note that the F30Q mutant
mimics the amino acid pair in the Kesv channel (Fig. 14). Fig.
6A shows that only two of the 14 substitutions were able to
rescue yeast growth on selection media. The substitutions,
which generate a functional channel, agree with the idea of a
a7 interaction in this site. One of the two positive substitu-
tions of Phe-30 is tryptophan, i.e. an amino acid with an aro-
matic side chain. As already expected from the alignments (Fig.
1A), Phe-30 could also be replaced by methionine.

C-H-r interactions, like the Met-His interaction, can con-
tribute to the stability of proteins with the overall stabilization
energy of about 0.5 to 1.0 kcal mol ™" per interaction. They are
therefore an important factor for protein stability (39). Also,
almost all tryptophan residues in proteins are involved in
C-H- or 7 interactions (39, 40). The Trp-His interaction
can stabilize a structure by about 1.0 to 4 kcal mol ™' (41). This
is in the same range as the Met-His interaction. Hence, it is
quite reasonable that the substitution of either methionine or
tryptophan can rescue channel function in yeast. This finding
highlights the concept of a functional conservation in proteins.
This means that the conservation in a protein is not on the level
of the specific amino acid but rather on the maintenance of a
structural interaction. In the present case, the important factor
is the interaction between the two TMDs, which can be brought
about either by a 7+ interaction or, alternatively, also by the
weaker C-H-m-interaction (42).

Additional data show that three other mutations, namely
F30H, F30Q, and F30G rescued yeast growth on selective
media. However, in these cases, yeast growth could only be
detected at high, undiluted yeast concentration on the selective
plates (Fig. 6B). The data imply that these channel mutants
are in principle also functional. They may provide a lower con-
ductance for K* uptake and hence a reduced rescue efficiency.
Important to note is that the amino acids Gln and His in posi-
tion 30 are potential partners for a side chain pairing with
His-83 (43, 44). Only the mutant F30G does not follow this
pattern.

Collectively, the results show that the two positions Phe-30
and His-83 are essential for proper channel function. The struc-
tural importance is given by the formation of intra-subunit
interactions between the two TMDs. Furthermore, these posi-
tions are highly conserved throughout the viral K* channels
and are susceptible to changes. Moreover, the results empha-
size an even higher complexity because there is no reciprocity
between the two positions, as the mutual exchange of Phe and
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FIGURE 6. Yeast complementation assay to test the nature of a possible interaction between Phe-30 and His-83. Replacements of Phe-30 and His-83 by
other amino acids showed that His is obligatory in position 83. The Phe could be replaced by a few amino acids. A, with a low concentration of yeast, a
replacement of Phe-30 by Met or Trp conferred growth on selective media with 1 or 0.5 mm K*. B, at an undiluted yeast concentration it was also possible to
detect yeast growth on selective media when Phe-30 was replaced by GIn, Gly, or His. The complementation assay was done as described in Fig. 2.

His leads to a non-functional mutant (Fig. 6A4). Additionally,
these results demonstrate that the MD model of Kev (11) repro-
duces the real conditions in the protein quite well. Delicate
interactions such as the m--stacking would not have occurred
in an inappropriate model that differs from the more realistic
one, for instance by a small helix rotation.

The information from the alanine scanning mutagenesis is
together with the structural model of Kcv able to provide details
on the three-dimensional model of the Kcv channel. More
information can be gained by analyzing thermal B-factors orig-
inating from the MD simulations (11) that measure the average
atomic fluctuations around the equilibrium position and there-
fore the flexibility of each amino acid in the Kcv protein. Fig. 5B
shows Ca atom B-factors that indicate a pronounced dichot-
omy in both TMDs. Both membrane-spanning domains exhibit
a high degree of flexibility toward the cytosolic side. The upper
halves, which face the extracellular side, are far less flexible. The
present data imply that the more or less rigid nature of TMD1 is
achieved by an anchoring of this part of the protein in the mem-
brane. Most of the aforementioned critical aromatic amino
acids that face the membrane are located in this rigid part of
TMDI1 (Fig. 5B). TMD2 on the other hand does not have such a
direct anchor in the membrane. The rigid character of the
upper part of TMD2 can therefore be best explained by the
contact between the two TMDs via the 77 interactions
between Phe-30 and His-83. This hypothesis is supported by
the fact that the mobility of TMD2 indeed increases down-
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stream of His-83, e.g. the point at which the two transmem-
brane domains are in intimate contact (Fig. 5B). The fact that
any disturbance of the architecture that affects the rigidity of
the TMDs results in a loss of channel function implies a certain
importance for channel function. It is reasonable to speculate
that the maintenance of the rigid nature of the TMDs in this
part of the protein is connected to the function of the selectivity
filter. The delicate structure of the selectivity filter, which has to
maintain its structure to select between cations, probably
requires this suspension by the two TMDs.

The relevance of the 7ar-interactions between the two
TMDs for channel structure and stability is further supported
by an application of the theory of anisotropic network models
to the Kcv model (11). By using a homogeneous parameteriza-
tion of the network model, we performed a purely structural-
topological sensitivity analysis of the channel: we artificially
deleted the mutual contact of amino acids 30 —83 within each
subunit at the same time. This mutation has no experimental
analog and can therefore be performed in silico only. To assess
the effect of this deletion on the mechanics of the potassium
channel, we computed the difference between the wild-type
and mutant covariance matrix using the Frobenius norm. The
covariance matrix contains information on correlated motions
of all the residues in the tetramer. To avoid obscuration effects
that may emerge by summing up the absolute differences of the
whole matrix, we defined distinct channel elements and thus,
by extension, different subparts of the above-mentioned cova-
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FIGURE 7. Overlap distance for eigenvectors of the wild type and mutant (A 30-83) Kcv. With «; denoting the angle between two eigenvectors, y;
(wild-type) and v; (mutant), the overlap distance is computed as d;; = 1-cos(«;). Overlap distances are shown for corresponding eigenvectors computed for the
wild-type and the mutant system using anisotropic network models. In the mutant Kcv, the contact between residues 30 and 83 is artificially deleted within all
chains simultaneously. Small indices (slow motions) agree with a high confidence between the wild type and mutant. The respective eigenvectors describe
global motions of the molecule that are relevant for biological function(s). High-frequency motions (large indices), however, describe localized dynamics
acting on single atoms crucial for the stability of the protein (46). We clearly see that most if not all changes that are caused by the mutation A 30-83 stem from

the structural modes and thus cause stability issues.

riance matrix, which describe local mechanics for relevant parts
of the channel (11). The Frobenius norm of a mutant with
respect to the wild type increases whenever a mutation has a
significant impact on the mechanics of the region under con-
sideration. We detected here a major influence of the contact
deletion on both TMDs and the turret region (data not shown).

Another measure of the biomechanical effect that is invari-
ant under rotation is the overlap distance. It is derived for all
mechanical modes of the channel. The similarity of corre-
sponding eigenvectors denoting distinct fluctuations of each
residue of the wild-type and mutant system can be quantified by
the angle between the vectors. We defined the overlap distance
d;; as d;; = 1-cos(ay), with a;; being the angle between each of
the two eigenvectors (i in the wild type and j in the mutant). A
pairing with similar fluctuation vectors shows a distance close
to zero, whereas a distance close to 1 indicates large differences
between the eigenvectors. In the present case, we identified
corresponding modes from the wild type and mutant by using
the frequencies of the mechanical motions.

The final results for mechano-dynamical similarity of modes
of motions upon mutation of the 30 —83 contacts are depicted
in Fig. 7. Clearly, large deviations (d;;) between wild type and
mutant eigenvectors are present for large indices only. Small
indices denote small frequencies and represent functional
motions of the channel. Such global mechanics are mainly
because of function, whereas high-frequency motions, which
are populated with only a small probability, describe local-
ized motions having effects mainly on the structure and sta-
bility of the protein (45). The data show that the contact
between residues 30 and 83 has a major impact on local

APRIL 1,2011+VOLUME 286+NUMBER 13

dynamics as expressed by high-frequency modes and, hence,
influences the structure rather than the functionality of the
Kcv channel.

DISCUSSION

The present data support a model for the functional archi-
tecture of the small viral K™ channels in which the upper part of
the outer transmembrane domain must be anchored via aro-
matic side chains with the surrounding membrane. Such an
anchoring is typical for many membrane proteins (27-29).
Mutual interaction of an amino acid pair attaches the inner
TMD of the channels to the outer TMD and immobilizes in this
way also the upper part of the former TMD. An elastic network
model of the Kcv channel underscores the structural signifi-
cance of this amino acid pairing and reveals that its disruption
results in modified protein stability. The experimental data fur-
ther imply that the respective interaction between the two
TMDs supports optimal function of the channel, although it
does not seem to be essential. Loss of channel function was
induced by the disruption of the pair-wise interaction in most
of the mutants that were tested in the rescue assay. The fact that
mutants that maintained the stronger 7 interaction or the
weaker C-H-+ interaction between the TMDs still support
proper rescue efficiency implies that the amino acid pairing
motive that connects the two TMDs is beneficial for channel
function. Interesting to note is that the F30Q mutant, which
mimics the amino acid sequence of the Kesv channel, is able to
rescue, albeit with a low efficiency, growth of yeast mutants.
This observation implies that a general motive of interactions
between the two transmembrane domains is indeed conserved
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within the small viral K channels. One mutant, F30G, in which
Gly-30 does not interact with His-83, is also able to rescue yeast
growth with a low efficiency. The results of these experiments
suggest that a close interaction between positions 30 and 83 is
not obligatory for basic channel function. The structural con-
nection between the two TMDs may, in the case of the F30G
mutant with the small and flexible Gly, be taken over by other
interactions between the TMDs, e.g. between Phe-31 and
His-83.

The overall architecture and dynamics we find here for the
TMDs in Kcvs is not restricted to the small viral K™ channel.
The same bipartite organization of the two TMDs, which is
characteristic for Kcvs (Fig. 5B), is also present in the Kir2.2
channel. In the latter channel (4), the B-factors imply that those
parts of the TMDs that face the external medium are fairly rigid
(Fig. 5C). Like in Kcv, the parts of the Kir2.2 TMDs, which are
directed toward the cytosol, are more flexible (compare Fig. 5, B
and C). A scrutiny of its crystal structure shows that the amino
acid pair Phe-97 and GIn-165 can in Kir2.2 generate the contact
between the two TMDs and hence a mutual fixation of the two
helices in Kir2.2. The XH* interaction between the two amino
acids over a distance of 3 A is in the same range as the 7-stack-
ing interaction in Kcv. Moreover, the two critical amino acids of
Kir2.2 are located as in Kcv in the rigid parts of the TMDs at the
transition to the flexible parts (Fig. 5C). The mutual interaction
between the two amino acids together with their location is
consistent with the idea that they generate a close contact
between the two transmembrane domains in Kir2.2. The find-
ing of a similar architectural principle in the Kcv and Kir chan-
nels implies that the interhelical contact between the two
TMDs and the rigid character of the outer part of the TMDs are
important features for channel function.
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