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Supplementary Discussion

Role of 194V in conditional lethality and suppression

Therelatively conservative mutation 194V was intentionally introduced into the S1-S2
linker to create a Sall cut site for inserting the S2-S4 mutant library into KAT1. We
tested various combinations of single, double, and triple mutants to assess the
involvement of 194V in our screens. As expected, the 194V mutation alone did not affect
the channel’ s ability to rescue yeast (data not shown). Without the 194V mutation, W75D
but not W75E compromised the ability of KAT1 channels to rescue yeast (Supplementary
Table S2). A feature of the model presented in the main text isthat 194V isinvolved in
S1-S2 packing, which supportsitsrole in creating synthetic lethality with W75E.

Subunit interactions

We wanted to determine whether the two pairs identified between S4 and S5 correspond
to $4 contacting a single S5 segment or the bottom of one S5 and the top of another. The
distance between S4 suppressors M169L and S179N is about 17 A (Ca-Cov), while the
distance between the corresponding conditional |ethal mutations on S5, H210E and
V/204E, is about 9 A within the same subunit and 29 A between subunits. Due to the
length of the side chainsinvolved, either of these scenarios is possible, so we carried out
directed screening to determine which is most likely (Supplementary Table S1D).
Notably, we tested positions about one helical turn below (L172) the upper $4
suppressor, M169L, and one turn above it (R165) for their ability to suppress the
conditional lethality of H210E. Screening with arandomized codon at the R165 position
in 4 revealed that R165K suppressed H210E (Fig. 1b), but no such suppressor at L172
was found. The distance between S4 suppressors R165K and S179N is 24 A supporting
the configuration in which S4 makes contact with two different S5 segmentsin the down
state.

As discussed above, we believe that 4 contacts two S5 segments from adjacent
subunits. We critically probed this assumption by carrying out two sets of simulations:
first, we assumed that all interactions are between the same pair of $4 and S5 segments,
and second, we assumed a single S4 contacts two adjacent S5 segments (the result of
these simulations is presented in the main text). Representative structures showing the $4
segment in relationship to the central pore from each set of simulations are depicted in
Supplementary Fig. 1. Thetotal Co-Co distance between the six restraints used in each
set of simulationsis similar in these models (48 A versus 45 A for the best two modelsin
each set). Whereas the $4 helix remains straight when making contacts with two S5
segments (Supplementary Fig. 1a), alarge helical bend (> 90°) at position L175is
necessary for spatially matching the pairs of interactions between $4 and the same S5
segment (Supplementary Fig. 1b). This bend is between charged residues R3and R4 in
Shaker-like channels according to alignment A and between R2 and R3 according to
alignment B (see Supplementary Fig. 1b) —an unlikely scenario given that the leucine
located at the bend in either of the alignments has the second highest helical propensity?,
and $4 is predicted to be highly helical in this region based upon several structure

www.nature.com/nature 1



doi: 10.1038/nature05494 SUPPLEMENTARY INFORMATION

prediction algorithms™*. Moreover, data presented in the companion paper by Tombola
and colleagues are in agreement with the configuration in panel a. Taken together, these
considerations suggest that the S4 helix islargely straight in both the up and the down
states.

Alignments

The alignment between S4 and S5 segments of KAT1 and Shaker/Kv1.2 isimportant for
our analysis, and the low level of amino acid identity in this region makes aligning
difficult. We present two possible alignments of $4 (Supplementary Fig. 1c): thefirst (A)
is deduced from a massive multiple-alignment using clustal-W along with manual
adjustments, and the second (B) is based on cysteine accessibility studies. Latorre and
colleagues showed that R177C of KAT1 isthe deepest arginine site that could be
chemically modified from the external solution in the up state”. Similar experimentsin
Shaker revealed that the deepest arginine site is R368°. This gives strong experimental
evidence for the reliability of alignment B, which we use throughout the main text.
However, the conclusions of our manuscript do not depend critically on this choice.

The second question concerns the alignment of S5 segments. In our previous
manuscript, we adopted an alignment of KAT1 to Shaker from Shealy et al.” that is
shifted by six residues compared to the one used here (see Supplementary Fig. 1c). The
Kv1.2 crystal structure revealed that this alignment provided an exceedingly short $4-S5
linker. Thus, we searched for additional evidence for an alignment. The present
alignment is taken from Latorre et al.8, and it has several positive features. First, the S4-
S5 linker is comparable in size to the Kv1.2 linker for both S4 alignments above. Second,
the extracellular end of the S5 helix of Kv1.2 terminates in a series of charged residues.
The present alignment places two proline residues in KAT1 where the termination of
Kv1.2 occurs, and given therole of proline residues in terminating helices this supports
the present alignment. Finally, sequence analysis of 15 channels closely related to KAT1
shows that there is a sudden increase in sequence variability immediately following the
second proline, P226 (data not shown). Highly variable positions often indicate water-
accessibility, which would be the case if this proline marks the extracellular end of the S5
helix.

Gating charge calculations

A final test of the model isto compare the predicted voltage sensitivity with the
experimentally measured values. To do this, we used Kv1.2 to model the up state of the
voltage sensor and the structure suggested by our results to model the down state. While
KAT1 is ahyperpolarization-activated channel and Kv1.2 is a depolarization-activated
channel, gating charge movement, cysteine accessibility studies, and functional chimeric
channels combining KAT1 and Xenopus Kv1 sequences suggest that the voltage-sensing
mechanism is similar>®*!°. Homology modelsin both states were embedded in a low-
dielectric, solute-impermeable slab mimicking the lipid environment (Supplementary Fig.
2b), and a membrane potential was imposed on the system through the far-field boundary
conditions. We calculated the interaction energy of the S4 positive charges with the
membrane potential, and the difference in these energies between the down and up states
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to determine the gating charge transfer'’. Carrying this out using a model of Shaker
produced gating charge values of 11.0 (alignment A) or 11.6 (alignment B) using one of
two very similar $4 alignments, both very close to the experimental range™. The
robustness of this result was tested by repeating the process using another KAT1
structure randomly selected from the top 10% of the models to make homology models of
Shaker in the down state. The valueswere 11.1 and 11.4, respectively, with the small
variation due to the similarity in S4 orientation among our best models. For models based
on structures in Supplementary Fig. 1b in which $4 contacts only a single S5 segment,
the gating charge transfer values are 10.1 (alignment A) and 12.1 (alignment B). Both
types of modelsin Supplementary Fig. 1 produce large gating charge values due to the
large outward movement of the $4 segment. In these calculations, only the contribution
due to a 17-residue span centred on the $4 helix are considered (L358-K 374 for Shaker,
1166-F182 for KATL1).

Repeating the process with models of KAT1 produced significantly smaller gating
charge values of 5.0 (alignment A) or 7.3 (alignment B), compared to gating charge
measurements of 5.2 in one study™® and 3.0 in another®.

The sensitivity of the Shaker channel to voltage is remarkable™, and it is of
primary interest that our model exhibits this sensitivity by producing large gating charge
transfers. However, it has been shown that, of the key acidic residuesin S2 (E283 and
E293) and S3 (D316), neutralization of E293 but not E283 or D316 influences the gating
charge™. To determine the contribution of these negative residues, we assessed the effect
of the S2 charges, E283 and E293, on our calculations. For our Shaker models, E283 and
E293 together contribute only ~0.5 charges to the total gating charge. While thisis
consistent with the result that E283Q has little effect on the magnitude of the gating
charge, ostensibly it is at odds with the result that E293Q, 2 helical turns down from
E283, reduces the gating charge by 6.3 charges per channel™®, or 1.6 charges per subunit.
Clearly thislatter result cannot solely be interpreted in terms of the motion of E293
through the membrane electric field, since this value cannot physically exceed unity. One
possible explanation is that the lack of acharge at E293 energetically biases the
conformation of the voltage sensor so that it does not undergo its full range of motion
under the applied membrane potential and hence, the gating charge is greatly reduced.
Whilethisis speculative, a detailed energetic analysis of how each residue contributes to
the total gating charge is needed to determine if this can explain the discrepancy between
the current theoretical analysis and experiment.

Coupling voltage sensor movementsto channel gating

Whereas the hydrophobic interactions between the $4-S5 linker and S6 in Kv1.2 suggest
that the cytoplasmic extension of the voltage sensor segment S4 and the pore-lining helix
S6 remain associated in both open and closed Kv1.2 channels, amodel of the KAT1 $4-
S5 linker and the S6 cytoplasmic extension based on the Kv1.2 structure places arginines
from both segmentsin close apposition (Supplementary Fig. 3). Such aconfiguration is
unlikely to be realized. Rather, when the S4-S5 linker isin the up state, electrostatic
repulsion between S6 and the linker may induce dissociation of these regions leading to
channel closure.
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To assess the possible interactions between S6 and the $4-S5 linker when the
VSD isin the down state, we used Modeller™® to introduce the S4-S5 linker to the down
state KAT1 transmembrane structure that we constructed from our experimental
constraints. We imposed a pha-helical restraints on the linker from L185 to C198. The
model presented in Supplementary Fig. 3 shows that two arginines (R190 and R197) on
the $4-S5 linker, which point toward S6 in the up state according to the Kv1.2 structure,
are pointing away in the down state. Meanwhile, thisrotation of the linker places an
aspartate (D188) close to R310 on S6. While this model lacks experimental restraints and
istherefore tentative, such favourable electrostatic interactions may cause an outward
motion of the C-terminus of S6 toward the $S4-S5 linker and open the channel.

Our model for the gating of hyperpolarization-activated KAT1 channels based on
el ectrostatic interactions between the $4-S5 linker and S6 isin agreement with recent
experiments on spHCN channels that also activate upon hyperpolarization*’. Prole and
Y ellen reported that crosslinking the S4-S5 linker to S6 of the SpHCN channel, thereby
forcing the cytoplasmic end of S6 to track the S4-S5 linker during VSD movements,
converts the channel into a depolarization-activated channel™. It will be interesting in
future studies to examine the possibility of two evolutionarily conserved mechanisms for
voltage-gating: one where persistent association of S6 with the $4-S5 linker leads to
channel opening as the VSD moves upward upon depolarization for depolarization-
activated channels, and another where state-dependent interactions allow S6 to approach
the $4-S5 linker only when VSD isin the down state thereby opening the channel upon
hyperpolarization for hyperpolarization-activated channels.
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Supplementary Methods

Molecular Biology and Library Construction. Y east screens and selection were carried
out as previously described, as were the construction of the S1-S3 and $4 libraries™. For
the S2-S4 library, a Sall cut site was made at residue 194 thereby mutating this residue to
valine, and asilent BamHI cut site was engineered in at residue W195. This construct
gave the same phenotype as wild-type in the yeast assay (data not shown). The stuffer
sequence containing the N- and C-terminus (residues 1-96 and 192-414 linked with a
GGSGG sequence in between) of Kir 3.2 was inserted between the Sall-BamHI cut sites,
providing a non-functional background and negative control cloning vector for library
construction (KAT1-S2-A-stuffer) in the same way the KAT1-S1-S3-stuffer and KAT1-
SA-stuffer constructs were for the S1-S3 and $4 libraries as previously described™®. The
stuffer negative control shown in the figuresis the KAT1-S4-stuffer. All constructs were
verified by fluorescence sequencing. The error-prone PCR and library construction for
the S2-S4 library were performed as previously described™®, with flanking primers
containing the Sall and BamHI cut sites for proper ligation into the parent vector.

All targeted mutations were made using the QuikChange site-directed mutagenesis kit
(Stratagene, Lalolla, CA). Randomized codons were created using the QuikChange kit
with primers containing NNN (25% A,C,G,T at each site) yielding 64 possible codons or
NN(G/C) yielding 32 possible codons and all amino acids.

Constructing the models. Modeller'® was used to construct an open state model of the
KAT1 pore region based on the Kv1.2 crystal structure™® using the alignment in
Supplementary Fig. 1c. Alignment of the S5 segment follows from the work of Latorre et
al.®, while theinner helix alignment was adapted from Shealy et al.”. We repeated this
process for the four transmembrane segments S1-S4 ignoring the soluble loop regions.
Both S1 and S3 are represented as polyalanine helices in the Kv1.2 structure, so an
alignment is not possible, and the structure is used simply as a template for the secondary
structure. $4 was constructed using either the A or B alignment in Supplementary Fig. 1c.
These four helices were initially aligned with, and centred on, the pore axis in a manner
consistent with known membrane topology. The $4 helix was then translated away from
the pore domain, randomly rotated about its axis, tilted off-axis up to £45°, and then
rotated in the x-y plane about its centre. This was repeated for segments S1-S3, which
were disposed around $4 in an order consistent with the helix order seen in the Kv1.2
structure.

Several sets of force restraints were then placed upon the initial, randomized
structure:

1) Harmonic restraints were placed between six of the eight pairsidentified in the
screen and marked in Table 1, using a force constant of 4 kcal/mol/AZ,

2) Our screen revealed no structural constraints for the S3 segment. To model this
helix, an alignment of 30 homologous KAT1 channels was carried out from
which we determined that several residues are strictly conserved yet others are
highly variable. Forces were placed upon these residues either attracting them to
the other VSD transmembrane elements or repelling them, with the notion that
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high conservation designates protein-packing faces of the S3 helix®’. Residues
were designated as strictly conserved, highly conserved, or variable and force
constants —0.008, -0.001, and 0.008 kcal/mol/A? were placed on each,
respectively. Harmonic restraints were also placed between the N-termina end of
S3 and the C-terminal end of S2 as well as the C-terminal end of S3 and the N-
terminal end of $4.

3) Dihedral restraints were placed along the backbone of segments S1-$4 to
maintain secondary structure during the simulations.

4) All backbone atoms of the central pore were fixed. S1-$4 side chains not involved
in pair interactions were modelled as glycine.

Molecular dynamics simulations using NAMD 2.5 were performed at high
temperature, 600K, for atotal of 80 pswith areduced 1.5 fstime step allowing the
protein complex to pack together®’. This was followed by minimization of the entire
system. 200 simulations were carried out with different initial configurations of the
helices S1-$4, and each fina structure model was scored based on the Co-Co: distance
betwe;ezzn lethal and suppressor residues. Our methodology closely follows that used by
Roux“*.

Electrostatic calculations. All electrostatic calculations were carried out with the
program APBS? using the PARSE parameter set for the protein partial charges®. The
effect of the membrane potential and membrane was accounted for as described by Grabe
and colleagues™. The dielectric value of the water, protein, and membrane were assigned
values of 80, 10, and 2, respectively. The aqueous environment was modelled with a
symmetric ionic solution of 200 mM. Numerically, the linearized Poisson-Boltzmann
equation was solved with two levels of focusing with a spatial discretization of 0.6 A per
grid point at the finest level.
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Supplementary Figures
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162: LG-======m———- FRILSMLRLWRLRRVSSLFAR---LEKDIR :KATI1
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W

S5
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S6
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Supplementary Figure 1 | Two down state models of KAT1. Two sets of models
were generated from the results of the yeast screen assuming $4 contacts asingle S5
segment or two S5 segments. The central pore is shown as a surface, with alternating
subunits coloured grey and white. A single, S4 segment (green) is shown in each panel.
a, We assumed that the N-terminus of $4 contacts H210 in the white subunit and the C-
termina end contacts V204 of the neighbouring grey subunit. b, All interactions are
between the same $4 and S5 segments. This produces alarge kink in the centre of the $4
helix, but otherwise satisfies the experimental constraints quite well. ¢, The alignment of
KAT1 to Kv1.2. Two possible alignments of the S4 segment are provided.
Transmembrane domains are indicated above the sequence, and only underlined residues
were used in constructing models. Positions coloured red indicate interacting residues
between the S$4-S5 linker and S6 in the Kv1.2 crystal structure®™. Note that while many of
these residues are hydrophobic in Kv1.2, they are highly charged in KAT1 suggesting
that the mechanical coupling between the $4-S5 linker and the central pore may be
electrostatic in KAT1 rather than hydrophobic (see Supplementary Fig. 3). Note that
R294, R297, R300, and R303 in Kv1.2 are commonly referred to as R1, R2, R3, and R4,
respectively.
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Supplementary Figure 2 | Gating charge calculations using the Shaker
channel. a, Homology model of Shaker constructed on the down state model of KAT1
from Fig. 2 using alignment B from the Supplementary Discussion. Thefirst five charged
groups are represented explicitly (red sticks), and the first four are labeled R1-R4. R1 and
R2 have intimate contact with S1, but the last residues point down into the cytoplasmic
space. Directly behind the VSD is the neighbouring central pore subunit (grey) while its
own subunit isto the right (white). b, The channel (blue) was embedded in alow
dielectric dlab (red) corresponding to the lipid bilayer, and a membrane potential was
applied across the system. The slab is 28 A thick and bounded above and below by water.
Gating charge transfers were determined for the transition from the down state to the up
state based on such calculations.
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Supplementary Figure 3 | Connection between S4-S5 linker and S6. The $4-
S5 linker (top, green) of Kv1.2 (a) and KATL1 (b) together with the C-terminal end of S6
(bottom, gold) are pictured looking from the cytoplasm. Kv1.2 isthe crystal structure
solved by Long et al.*®, while KAT1 is an up state model based on the Kv1.2 structure
using alignment B in Supplementary Fig. 1c and constructed using Modeller'®. Residues
at the interface of S6 and the $4-S5 linker are represented explicitly. These residues are
coloured red in Supplementary Fig. 1c. Acidic residues are blue, basic residues red, and
neutral residues white. All white residues are hydrophobic except for the S6 residue Y 417
in Kv1.2, which is polar but aromatic. Clearly, the chemistry of the Kv1.2 interfaceis
much more hydrophobic than the KAT1 interface, which has many argininesin close
proximity. When the $4-S5 linker isin the up state, the central pore of KAT1 is closed.
The energetic considerations suggest that the proximity of arginines on adjacent segments
of KAT1in panel b based on the Kv1.2 structure isin fact a high energy state, implying
that the open channel conformation in this KAT1 model is unrealistic, and repulsive

el ectrostatic forces between S6 and S4-S5 linker residues will induce a closing of the
central pore when the VSD isin the up state.
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R197 VD311
D188 R310

Supplementary Figure 4 | A down state model of the S4-S5 linker. The $4-Sb
linker region was modelled onto the KAT1 structure in Fig. 2 using Modeller'® with the
restraint that the linker be helical. The figureis positioned asin Fig. 2a and coloured asin
Supplementary Fig. 3. Thisview islooking down the $4-S5 linker from the membrane.
Compared to Supplementary Fig. 3b, this structure represents a rotation of the arginines
on the $4-S5 linker, R190 and R197, away from the interface, which may allow for
favourabl e interactions between the C-terminus of S6, R310 and R307, with D188 on the
linker. This may result in an outward radial motion of S6 leading to channel opening.
This model of the linker placement lacks experimental verification, and should therefore
be regarded as tentative.
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Supplementary Tables

Supplementary Table 1 | Summary of screens performed to identify interactions between transmel

a, S1-S3 screen

Putative TM
region of Conditional Library # Screened Estimated % % Unselected AA % Unselecte
Conditional Lethal Complexity Rescue changes b.p. change
Lethal
S4 R171E 1.5x10° 9279 1.70 4.3-6 2.2-3
S4 R174E 1.2 x 10* 10206 0.27 6-6.3 3.0
S4 L175N 9.4 x 10° 2067 0.01 6.0 3.0
sS4 L175H 1.6 x 10* 1474 0.00 6.0 3.0
S4 L175P 1.1 x10* 1714 0.00 6.0 3.0
S4 V178N 1.7 x 10* 1948 0.20 6.0 3.0
S5 F207D 1.8 x 10* 2724 0.00 6.0 3.0
S5 F207K 1.0 x 10° 531 0.00 6.0 3.0
S5 F207R 1.7 x 10* 2508 0.00 6.0 3.0
S5 F215R 5.2 x 10° 1991 0.00 6.0 3.0
S6 N284K 3.1x10° 1720 0.00 6.0 3.0
S6 N284R 4.2 x10° 1578 0.00 6.0 3.0
b, S4 screen
Putative TM
region of Conditional Library # Screened Estimated % % Unselected AA % Unselecte
Conditional Lethal Complexity Rescue changes b.p. change
Lethal
S5 F207D 1.2 x10° 1007 0.00 5.8 3.1
S5 F207K 1.4 x 10° 873 0.00 5.8 3.1
S5 F207R 8.0 x 10° 876 0.00 5.8 3.1
S5 F215R 5.2 x 10° 4536 0.00 5.8-7.7 3.1-35
S6 N284K 1.0 x 10* 2715 0.00 5.8 3.1
S6 N284R 1.5 x 10* 2231 0.00 5.8-7.7 3.1-35
S6 N284P 1.0 x 10° 548 0.00 7.7 3.5

c, S2-S4 screen
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Putative TM
regigr_1 of Conditional Library_ # Screened Estimated % % Unselected AA % Unselecte
Conditional Lethal Complexity Rescue changes b.p. change
Lethal
S1 WT75E + 194V 8.4 x 10° 2620 0.30 5.2 2.6
Ss1 W75D + 194V 4.2 x 10° 3646 0.10 5.2 2.6
S1 W75K + 194V 1.7 x 10° 1777 0.00 5.2 2.6
S1 W75R + 194V 3.6 x 10° 2697 0.00 5.2 2.6
d, Screens against a specific amino acid
Putative TM Putative TN
regigr_1 of Conditional Library_ # Screened Estimated %  Site of Rz_andom region of Site
Conditional Lethal Complexity Rescue Mutation Random
Lethal Mutation
sS4 L175N 960 353 0.00 V204X S5
sS4 L175N 1287 133 0.00 F207X S5
S4 L175N 1008 176 0.00 H210X S5
S5 V204E 1035 2481 0.00 R165X sS4
S5 V204E 1364 5223 0.00 L172X S4
S5 H210E 128 2405 0.25 R165X S4
S5 H210E 59 658 0.00 L172X sS4
S6 F283P 638 532 0.00 R165X sS4
S6 N284K 842 1114 0.00 M169X S4
S6 N284K 1300 557 0.00 L172X S4
S6 N284P 200 91 0.00 M169X sS4
S6 N284P 768 458 0.00 L172X sS4
S6 N284R 133 13* 0.00 M169X S4

The putative transmembrane region, the conditional lethal, library complexity, number of
yeast colonies screened, the estimated percent rescue, the percent amino acid (AA)
changes in the unselected library, the percent base pair (b.p.) changesin the unselected
library, and the suppressor mutation(s) are given. Conditional lethal mutations arein red
and specific second-site suppressor mutations in blue. Screens of conditional |ethal
mutations against randomized regions of S1-S3 (a), $4 (b), and S2-$4 (c¢) are shown. d,
A summary of the screens performed looking for a second-site suppressor of a particular
conditional lethal at a specific site. The site of the randomized codon and its putative
transmembrane segment location are given.
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Supplementary Table 2 | Analysis for the requirement of the 194V mutation.

Putative TM Region Mutations 0.4 mM K+

S1 W75E +

S1+S2 W75E + 194V -
S1+S2 WT75E + 194V + N99D +

S1 W75D -

S1+S2 W75D + 194V -
S1+S4 W75D + M169L +
S1+S2+S4 W75D + 194V + M169L +

A detailed examination of the role of the 194V mutation created by the Sall cut site for
the S2-S4 mutant libraries. The phenotype in the K™ transporter deficient yeast strain on
0.4 mM K" platesis represented by + for yeast growth and — for no yeast growth. W75E
alone rescues yeast growth on 0.4 mM K™ selective plates, but W75E+194V is
conditionally lethal. W75D is conditionally lethal with or without 194V. The suppressor,
M169L, was discovered in conjunction with W75D+194V; however, 194V is not required
for suppression.

Supplementary Movie

A movie of the down and up gating states has been provided. The channel is viewed from
the extracellular space, and subunits are coloured silver and blue, aternatively. A
potassium ion (purple) can be viewed in the centre of the channel, and the central pore
remains unchanged in both states since the up state is based on the open Kv1.2 channel
and the down state is based on the open KAT1 channel. The VSDs undergo large
rearrangements at the edge of the channel, and they are next to the pore domain of the
neighbouring subunit in the up state and their own subunit in the down state.
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