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SUMMARY

Kv7.x (KCNQ) voltage-gated potassium chan-
nels form the cardiac and auditory Ixs current
and the neuronal M-current. The five Kv7 sub-
types have distinct assembly preferences en-
coded by a C-terminal cytoplasmic assembly
domain, the A-domain Tail. Here, we present
the high-resolution structure of the Kv7.4 A-
domain Tail together with biochemical experi-
ments that show that the domain is a self-
assembling, parallel, four-stranded coiled coil.
Structural analysis and biochemical studies in-
dicate conservation of the coiled coil in all Kv7
subtypes and that a limited set of interactions
encode assembly specificity determinants. Kv7
mutations have prominent roles in arrhythmias,
deafness, and epilepsy. The structure together
with biochemical data indicate that A-domain
Tail arrhythmia mutations cluster on the sol-
vent-accessible surface of the subunit interface
at a likely site of action for modulatory proteins.
Together, the data provide a framework for
understanding Kv7 assembly specificity and
the molecular basis of a distinct set of Kv7 chan-
nelopathies.

INTRODUCTION

Members of the Kv7 (KCNQ) potassium channel family
play important roles in the function of the heart, brain, au-
ditory and vestibular organs, and epithelia (Jentsch, 2000;
Jespersen et al., 2005). These proteins belong to the volt-
age-gated ion channel superfamily (Hille, 2001) and consti-
tute the pore-forming subunits of the Is current that is
present in cardiac myocytes, vestibular dark cells, and
marginal cells of the stria vascularis (Barhanin et al.,
1996; Jentsch, 2000; Sanguinetti et al., 1996; Wang
etal., 1996), and the classically studied neuronal M-current

(Delmas and Brown, 2005; Wang et al.,, 1998). Kv7
channels have a prominent role in human disease and har-
bor mutations that are linked to cardiac arrhythmias, deaf-
ness, and epilepsy (Jentsch, 2000). While there has been
great effort in the functional characterization of Kv7 chan-
nels, little is known about their underlying structure. This is
a particularly important problem because many disease
mutations cause amino acid substitutions in the cytoplas-
mic regions of the protein where their direct functional con-
sequences are not immediately obvious.

There are five mammalian Kv7 subtypes (Kv7.1-Kv7.5)
(Gutman et al., 2003). Functional studies indicate that
each has distinct assembly preferences (Friedrich et al.,
2002; Kubisch et al., 1999; Lerche et al., 2000; Schroeder
et al., 2000). The subunit responsible for the Ixs current,
Kv7.1 (KCNQ1), does not coassemble with other Kv7
subunits. In contrast, Kv7.3 (KCNQS3) can form heterote-
tramers with all subunits except for Kv7.1 and is poorly ex-
pressed at the plasma membrane as a homotetramer
(Schwake et al., 2000). The other family members, Kv7.2
(KCNQ2), Kv7.4 (KCNQ4), and Kv7.5 (KCNQ5), can form
functional homotetramers and functional heterotetramers
with Kv7.3. Different combinations of Kv7 subunits display
different biophysical properties that produce functional di-
versity (Hadley et al., 2000; Kubisch et al., 1999; Schwake
et al., 2000; Selyanko et al., 2000; Wang et al., 1998).

The molecular mechanisms that direct Kv7 subunit as-
sembly selectivity are incompletely understood. Kv7 sub-
units contain a C-terminal region of ~100 amino acids,
called the A-domain, that appears to function as an as-
sembly domain (Figure 1A) (Maljevic et al., 2003; Schmitt
et al., 2000; Schwake et al., 2003, 2000) and that carries
all information for directing subtype-specific assembly
properties (Friedrich et al., 2002). Sequence alignment of
the five Kv7 subtype A-domains indicates that the A-
domain has three subdomains (Figure 1B). Two of these,
the Head (Jenke et al., 2003) and the Tail (Jenke et al.,
2003; Schwake et al., 2006), have a high probability for
forming coiled coils. The Head domain on its own appears
incapable of supporting multimerization (Schmitt et al.,
2000). Surface expression seems to be closely tied to
the integrity of the A-domain Tail (Kanki et al., 2004). The
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Kv7.1 KKKFQQARKPYDVRDVIEQYSQGHLNLMVRIKELQRRLDQS 566

Kv7.2 KRKFKESLRPYDVMDVIEQYSAGELDMLSRIKSLOSRVDQI 592

Kv7.3 KKKFKETLRPYDVKDVIEQYSAGHLDMLSRIKYLQTRIDMI 571 Head
Kv7.4 KRKFKETLRPYDVKDVIEQYSAGHLDMLGRIKSLOTRVDQI 586

Kv7.5 KRKFRETLRPYDVKDVIEQYSAGELDMLCRIKSLOTRVDQI 574

Makkarp pAhkk RRRARRE RRkpzi RAR KR Ak

Kv7.1 IERPSLFISVSB-==-===================== KSKD 582

Kv7.2 VGRGPAITDEDR- -~ - - ---=--=-- TKG----PAEAEL 613

Kv7.3 FTPGPPSTPKHKKSQKGSAFTFPSQQSPRNEPYVARPSTSE 612  Linker
Kv7.4 VERE@- -PGDRKA-=============== REKGDKGPSDAEV 609

Kv7.5 LGKGQITSDRKS - -~ -= === === REK---ITAEHET 596

Tail

Figure 1. Structure of the Kv7 Coiled-Coil Assembly Domain

(A) Topology cartoon for one Kv7 subunit. The S1-S6 transmembrane segments and pore-forming “P region” are labeled. The voltage-sensor helix,
S4, is indicated by the plus symbols. The A-domain is shown as an oval.

(B) Sequence alignment of A-domains from all five Kv7 family members, indicating the positions of the Head, Linker, and Tail regions. Yellow high-
lighting and symbols below alignments indicate sequence conservation (asterisk, identical residues; colon, conservative substitution; period, weakly
conservative substitution). In the Tail region, the positions of the coiled-coil heptad repeat (abcdefg) are indicated below the alignment. Coiled-coil
residues occupying hydrophobic “a” and “d” positions are denoted by blue and pink, respectively.

(C) (Left) Kv7.4 A-domain Tail coiled-coil model used for molecular replacement and calculated 2F,-F. map after initial rigid body refinement. F639,
for which there is clear electron density, was absent from the model. (Right) Final refined structure and composite-omit 2F,-F, map built by random
omission of 5% of model. Both maps are contoured at 1.2 . The positions of F639 and Y640 from one subunit are indicated.

(D) Ribbon diagram of the Kv7.4 A-domain Tail coiled coil with side chains shown in ball-and-stick representation. Chains from individual subunits are
colored green, orange, purple, and gray. The N- and C-terminal ends of the green and orange subunits are indicated. The positions of F639 and Y640
of the orange subunit are also indicated.

(E) Ribbon diagram looking down the helical axis from the N terminus. Subunits are colored as in (D).
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A-domain Tail shows significant sequence variation
among the subtypes. There is a clear role for this subdo-
main as the primary determinant of assembly specificity
(Maljevic et al., 2003; Schwake et al., 2006, 2003), but
how exactly this domain encodes specificity determinants
remains unknown.

Understanding the nature of Kv7 A-domains has impor-
tant consequences for elucidating the relationship be-
tween Kv7 channels and disease, as one class of disease
mutations falls within the A-domain (Cooper and Jan,
2003; Jentsch, 2000). Some of these mutations prevent
channel assembly and impair channel function by a simple
truncation of the A-domain (Schmitt et al., 2000; Schwake
et al., 2000). However, a number of A-domain Kv7.1 Long-
QT (LQT) mutations in Romano Ward syndrome (RWS)
and Jervell and Lange-Nielsen syndrome (JNLS) are mis-
sense mutations that reside in the A-domain Tail. One of
the LQT mutants, G589D, has been shown to disrupt B-
adrenergic receptor modulation of Kv7.1 by interfering
with the interaction of the channel with the scaffold protein
yotiao. This interaction is necessary for anchoring protein
kinase A and protein phosphatase 1 to the channel com-
plex (Marx et al., 2002). The exact mechanisms by which
the other mutations, T587M (Itoh et al., 1998; Neyroud
et al., 1999), A590T (Novotny et al., 2006; Tester et al.,
2005), R591H (Neyroud et al., 1999), and R594Q (Splawski
et al., 2000), act remain unclear. Elucidation of Kv7 A-do-
main architecture should provide an important framework
for understanding how such disease mutations act.

RESULTS

Structure of the Kv7 Assembly Specificity Domain
The A-domain Tail carries the major determinants of chan-
nel assembly specificity (Maljevic et al., 2003; Schwake
et al., 2006, 2003) and exhibits periodic heptad repeats,
denoted (a-b-c-d-e-f-g),, (Figure 1B) in which the “a”
and “d” positions are hydrophobic residues. This se-
quence motif is characteristic of coiled coils (Jenke et al.,
2003; Schwake et al., 2006), common protein-protein
interaction motifs (Lupas and Gruber, 2005; Woolfson,
2005). While it is relatively straightforward to discern likely
coiled coils based on the presence of multiple heptad
repeats, itis difficult to determine from the sequence alone
which oligomeric state might be encoded, whether the se-
quence makes homomers or heteromers, what the hetero-
meric partners might be, and where the specificity deter-
minants lie (Lupas and Gruber, 2005). Thus, we were
interested in defining the structure of the Kv7 A-domain
Tail to begin to understand the structural basis for Kv7
assembly specificity.

Sequence analysis suggests that the Kv7 Tail contains
as many as four complete heptad repeats (Figure 1B).
We expressed, purified, and crystallized a Kv7.4 A-domain
Tail construct, residues 610-645, that was slightly longer
than the identified heptads and that formed tetramers in
solution (see below). The crystals grew in space group
P42,2 and diffracted synchrotron X-rays to 2.10 A. Despite

extensive effort, we were unable to determine phases by
selenomethionine anomalous experiments, heavy metal
derivatives, or by molecular replacement using parallel
left-handed four-stranded structures from SNARE com-
plexes (Antonin et al., 2002; Sutton et al., 1998), Sendai
virus (Tarbouriech et al., 2000), and designed coiled coils
(Harbury et al., 1993). Therefore, we decided to exploit
the fact that coiled-coil backbone structure can be de-
scribed by a simple parameterization (Crick, 1953; Har-
bury et al., 1998, 1995) to build a library of de novo search
models that could be used for molecular replacement.

We generated a library of 300 polyalanine search models
in which the superhelix radius of the coiled-coil bundle, Rg,
the supercoil pitch (residues/superhelical turn), and the
total number of residues were varied near their expected
values for parallel left-handed four-stranded coiled coils
(see Experimental Procedures). Each model was used as
amolecular replacement search model in EPMR (Kissinger
etal., 2001). The best solution had two 28 residue peptides
in the asymmetric unit, Ro = 5.0 A, and a pitch = 100 resi-
dues/superhelical turn. We were able to use this solution
to build residues 612-642; however, we could not refine
the structure to acceptable R/Rs.e values (Table 1). Be-
cause the electron density clearly showed the appropriate
side chains within the coiled-coil core but had poor density
for the C-terminal part of the bundle, we suspected that
some degree of crystallographic disorder might be the
source of the refinement difficulties. Therefore, we tested
a series of truncation constructs to try to find one that
would crystallize and yield data that were more amenable
to structure solution and refinement.

Crystals of a C-terminal truncation, Kv7.4 residues 610—
640, grew in space group 14 and diffracted X-rays to 2.07
A. We were able to solve the structure by molecular re-
placement using the program CNS (Brunger et al., 1998)
and the model from the P4242 crystals truncated to resi-
due 638. Clear electron density was visible in the initial
maps for portions of the coil that were absent from the
search model (Figure 1C). We were able to build all the
atoms in the sequence except those of the three N-termi-
nal residues and refine the structure to an acceptable level
(R/Rfree = 19.6/22.4%) (Table 1).

The overall structure of the A-domain Tail assembly do-
main is that of a tightly twisted left-handed four-stranded
coiled coil that is ~24 A wide and 40 A long (Figures 1D
and 1E). The last three C-terminal residues (Gly 638, Phe
639, and Tyr 640) splay outward to form a broad base
(31 A from C,, to C,, of opposite subunits) and participate
in crystal contacts with neighboring molecules in the crys-
tal lattice.

The Kv7.4 coiled-coil heptad repeat “a” and “d” posi-
tions interact by classical “knobs into holes” packing
(Crick, 1953; Lupas and Gruber, 2005) to form alternating
layers of the hydrophobic core of the coiled coil (Figures
2A and 2B). Two-, three-, and four-stranded coiled coils
each have different characteristic “knobs into holes”
packing geometries (Harbury et al., 1993). In four-

[Pl

stranded coiled coils, the C,-Cg vector of each “a
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Table 1. Data Collection and Refinement Statistics

Data Collection

Kv7.4 (610-645)

Kv7.4 (610-640)

Space group P 42,2 14

Cell dimensions

a, b, c (A 30.53, 30.53, 33.18, 33.18,
139.94 55.28

o B,y (°) 90, 90, 90 90, 90, 90

Resolution (/f\) 50-2.10 50-2.07
(2.18-2.10) (2.14-2.07)

Rsym 11.3 (52.7) 5.3 (9.6)

I/al 18.7 (2.5) 28.4 (12.6)

Completeness (%)  96.7 (89.5) 99.6 (100.0)

Redundancy 12.5(7.2) 7.3 (6.1)

Refinement

Resolution (A) 2.10 2.07

No. reflections 53,620 13,350

Rwork/Riree 32.1/36.1 19.6/22.4

Total protein atoms 249

Water molecules 18

Average °B factors: 21.1

protein (A%)

Averag(:: B factors: 36.5

water (A?)

RMSD in bond 0.014

lengths (A)

RMSD in bond 1.59

angles (°)

Values in parentheses are for the highest-resolution shell.

Reym= > _ > _[[I-(hkl) — <I(hkl)>| /1 (hkI)]

hkl i
Ruork = > _[|Fops (K1) | — [Feac (k1) || /> ~|Fops (nKI) |
hkl hkl

Rtree = Rwork Calculated using 5% of the reflection data chosen
randomly and omitted from the start of refinement.

position knob makes a perpendicular angle with the C,-C,,
vector of the “hole” formed by the “g” and “a” residues
of the helix to the left (looking down the superhelical axis
from the N terminus), whereas the C,-Cy vector of each
“d” position knob runs parallel to the C,-C,, vector of its
“hole” formed by the “d” and “e” position residues of
the helix to the right. The Kv7.4 A-domain Tail core pack-
ing uniformly corresponds to the canonical four-stranded
coiled-coil geometry, having perpendicular “a” layers and
parallel “d” layers (Figure 2B). Comparison of the super-
helical parameters of the Kv7.4 A-domain Tail with previ-
ously determined four-stranded coiled-coil structures
shows that the particular combination of supercoil radius,
pitch, and radius of curvature found in the A-domain Tail
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is unique and highlights the structural diversity that can
be obtained from such a seemingly simple protein fold
(Table 2).

The surface of the Kv7.4 A-domain Tail complex is pre-
dominantly polar and has two distinct networks of side
chain salt bridges and hydrogen bonds, which we term
“network 1” and “network 2,” that make interhelical con-
tacts across helix interfaces (Figure 2C). In network 1,
Glu623, an “e” position in the heptad repeat, makes salt
bridges to Arg618, a “g” position from the neighboring he-
lix, and Lys624 from the “c” position of its own chain. Net-
work 2 involves five side chains. The two central players
are residues from neighboring helices: Glu630, an “e” po-
sition, and Lys632, a “g” position. Glu630 makes hydro-
gen bonds to GIn625 and Ser628 and a salt bridge to
Lys632, three side chains from the adjacent helix.
Lys632 further participates in cross-subunit interactions
by making a salt bridge to Asp634 from the neighboring
chain. The GIn627 side chain is positioned between net-
work 1 and network 2 and could form a bridge between
the networks by making hydrogen bonds to Glu623 and
GIn625. However, our structural data suggest that neither
the geometry nor distances are optimal for this interaction,
despite the proximity of GIn627 to Glu623 and GIn625.
Notably, this potential link between the networks is absent
from Kv7.1 and Kv7.2 (Figure 1B). It is striking that the
amino acids that form interactions in both network 1 and
network 2 of the Kv7.4 A-domain Tail are changed in the
Kv7 subtypes with specific assembly preferences, Kv7.1
and Kv7.3 (see Discussion).

Kv7.4 Is a Stable Tetramer in Solution

We used a number of biochemical and biophysical mea-
sures to probe the structure and assembly properties of
the Kv7.4 A-domain Tail in aqueous solution. The circular
dichroism (CD) spectrum of Kv7.4 residues 610-645
shows minima at 208 and 222 nm that are characteristic
of a protein with high helix content (Figure 3A). Estimation
of helical content fraction (Chen et al., 1974) indicates that
the peptide is 66.0% helical. This value is in good agree-
ment with the structure where each helix contains 26 res-
idues (Glu612-Leu637) that comprise 68.4% of the 38 res-
idue peptide. The CD spectra of the complex at pH 3.0,
7.5, and 9.0 were superimposable and indicate that the
Kv7.4 A-domain Tail retains its secondary structure over
a wide range of pH conditions.

Both size exclusion chromatography and analytical ul-
tracentrifugation corroborate the crystallographic obser-
vation that the Kv7.4 A-domain Tail is tetrameric. Size ex-
clusion chromatography shows that the Kv7.4 A-domain
Tail migrates as a single peak with an apparent molecular
mass that is consistent with a tetramer (Figure 3B). Be-
cause size exclusion chromatography relies on the hydro-
dynamic radius, comparison of an elongated protein such
as a coiled coil with globular protein standards could be
misleading. Thus, we also used sedimentation equilib-
rium, a method that unlike gel filtration provides shape-
independent mass information (Laue, 1995), to obtain
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a precise measurement of the oligomeric state. The equi-
librium sedimentation data were well fit by a single-
species model that corresponded to the molecular mass
of a tetramer and had random residuals (Figure 3C). To-
gether, these data establish unambiguously that the
Kv7.4 A-domain Tail is a helical tetramer in solution that
mirrors the crystal structure and the expected stoichiom-
etry of Kv7 channels.

Biochemical and Structural Comparisons

of Kv7 A-Domain Tails

Sequence comparisons of Kv7 A-domain Tails show that
the coiled-coil motif is conserved in all Kv7s (Figure 1B).
To investigate self-assembly properties of the other Kv7
members, we expressed and purified fusion proteins of
A-domain Tails from each subtype. Each fusion protein
contained from N to C terminus: a hexahistidine tag, malt-
ose binding protein, and a specific protease site (termed

a Figure 2. Hydrophobic and Electrostatic
Q .@ Contacts in the Kv7.4 Coiled-Coil Domain
(A) Hydrophobic layers of the coiled-coil core.

@' @ Van der Waals spheres depicting the side
>} chains of the “a” (blue) and “d” (pink) layers
"gﬁél: on a ribbon backbone (gray) are shown. The

@ N- and C-terminal ends of the coiled coil are in-
}%u dicated.
<

(B) Geometry of individual coiled-coil “a” and
“d” layers. Top pictograms represent “a” (right)
’Q\ and “d” layers (left). Arrows show the direction
QIE&_ y from the N to C terminus, open circles repre-
¢ sent the C, atoms, and black circles the Cg
atoms. Ball-and-stick representations show
Val 626 each layer of the core. Van der Waals spheres
d indicate core residues, colored as in (A).
o iéﬁ\,\ (C) Intra- and intermolecular electrostatic inter-

). @% actions. Ribbon diagram of tetramer with heli-

Val 619

ces colored as in Figure 1D shows network 1
and network 2 interactions between the side
chains (shown as sticks) of the green and or-
ange subunits. Salt bridges (black lines) and
hydrogen bonds (dotted lines) are indicated.
Side chain labels are color coded to indicate
the subunit of origin.

“HMT,” see Experimental Procedures) followed by the
Kv7 coiled coil. The first two elements serve as orthogonal
affinity purification tags. Gel filtration chromatography ex-
periments show that purified Kv7.1, Kv7.2, Kv7.4, and
Kv7.5 fusion proteins elute with apparent molecular
weights corresponding to tetramers, and all behave simi-
larly (Figure 4A). In contrast, the Kv7.3 A-domain Tail fu-
sion protein elutes as a broad peak that suggests a mixture
of monomers and dimers (Figure 4A). Thus, the A-domain
Tails from the four subtypes (Kv7.1, Kv7.2, Kv7.4, and
Kv7.5) in which the channels are known to form homote-
tramers retain the ability to oligomerize as independent
domains while the A-domain Tail from the channel isoform
that does not form robust homotetramers, Kv7.3 (Wang
et al., 1998), is impaired in its self-association ability.
Structure-based sequence comparisons indicate two
sets of Kv7.3 amino acids that could impair assembly:
there is a large aromatic residue, Phe622, substituted at

Neuron 53, 663-675, March 1, 2007 ©2007 Elsevier Inc. 667
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Table 2. Coiled-Coil Parameters®

Kv7.4 GCN4-pLlI SeVP nSNARE eSNARE Phe-14y,
Superhelical parameters (613-637) (1-31)° (67-111)° (32-83)° (12-63)° (13-54)f
Supercoil radius (A) 7.30 £ 0.15 7.54 + 0.08 7.77 £ 0.51 6.99 + 0.24 7.09 + 0.25 8.24 + 0.22
Residues per 105+ 8 133+ 8 183 + 54 107 £ 13 120 + 14 123+ 13
superhelix turn
Supercoil pitch (A) 152 + 12 197 £ 13 273 + 81 152 £ 19 175 £ 22 178 + 21
Radius of curvature (A) 87.4+11.9 139 + 12 267 + 155 91 + 20 118 + 27 106 + 21
Helix-crossing angle (°) 33.8+2.1 271+15 21.6+4.9 32.6+28 28.8+2.38 32.8 +£3.1
a-Helical parameters
Residues per turn 3.61 = 0.03 3.59 + 0.02 3.61 £ 0.07 3.62 = 0.03 3.61 =+ 0.03 3.61 = 0.03
Rise per residue (A) 1.52 + 0.02 1.52 + 0.02 1.52 + 0.05 1.48 + 0.02 1.50 + 0.02 1.50 + 0.01
a-Helix radius (A) 2.28 + 0.04 2.24 +0.03 2.27 +0.05 2.25 +0.03 2.26 + 0.03 2.29 +0.03
Helix-crossing angle (°) 23.7+15 19.0+ 1.1 1562+ 34 229+1.9 20.3+£2.0 23.0+2.1
Interhelix distance (A) 10.3 £ 0.2 10.7 £ 0.1 11.0+ 0.7 9.9+0.3 10.0+ 0.4 11.7+£0.3

#Helical and superhelical parameters obtained by fitting the C,, backbone to the supercoil parameterization suggested by Crick

(Crick, 1953).

b Designed parallel four-stranded coiled coil based on the GCN4-p1 dimeric leucine zipper peptide (Harbury et al., 1993).

¢ Sendai virus phosphoprotein oligomerization domain (Tarbouriech et al., 2000).

9 Neuronal SNARE core complex; numbering corresponds to synaptobrevin 2 (Sutton et al., 1998).

¢ Endosomal SNARE core complex; numbering corresponds to endobrevin (Antonin et al., 2002).

fDesigned parallel four-stranded “Phe-zipper” coiled-coil based on the Major Outer Membrane Lipoprotein (Liu et al., 2006).

an “a” position and there are two amino acid substitu-
tions, D631 and G633, that disrupt the interhelical salt
bridge and hydrogen bond interactions of network 2
(Figure 4B). The recent structure determination of a tetra-
meric coiled coil bearing phenylalanine at most “a” and

A B 4 1
_ 50+, 11
w 18 7
] - 1
° ¢ -

E 309, > I
] B 1
= 204. 4 5121
2
N'E w04 * E o 1
H s - 1
M § e
2 404 4 220 250 280 310 8 I
2 o 3 |
£ 20 . 3
= a0 0
Wavelength (nm) 5 0
0.10
1271 0,05 4 =
4 YRS
1.0 0.00 Pragfemigags Vo0
-0.05 4
‘5 20,10 mf—
< 595 599 6.03 6.07
4
5
a
°

6.01
R (cm)

5.99

“d” positions (Liu et al., 2006) indicates that accommoda-
tion of phenylalanine side chains in a coiled-coil hydro-
phobic core requires a superhelix radius that is signifi-
cantly larger than that of the Kv7.4 A-domain Tail (Table
2). Thus, incorporation of four phenyalanines into the

Figure 3. Solution Properties of the Kv7.4

ef

Mol Wt (kDa)

[-]
-3
S

A-Domain Tail

(A) Circular dichroism (CD) spectrum of the
Kv7.4 A-domain Tail is insensitive to pH over
a wide range. Overlaid CD spectra of 25 uM
Kv7.4 A-domain Tail residues 610-645 at pH

-
-]
- o o

5 0 5 10 15
Ve-Vg (mL)

5 10
Elution Volume VE-UO (mL)

3.0 (purple diamonds), 7.5 (gray triangles), and
9.0 (pink squares).

(B) Superdex75 (Amersham Biosciences) size
exclusion chromatography of 500 uM Kv7.4
residues 610-642 monitored at 280 nm. Hori-
zontal axis shows elution volume Vg corrected
for void elution volume by subtracting that of
blue dextran (Vo). Vertical dotted lines indicate
predicted elutions of tetrameric (red) and mo-
nomeric (blue) peptides. (Inset) Standard curve
used to calculate molecular weight of eluted
peptides on the Superdex75 column. Molecular
weights are 17.1 kD, observed; 3.98 kD, ex-
pected monomer; and 15.9 kD, expected
tetramer.

(C) Sedimentation equilibrium of Kv7.4 residues
610-645. Equilibrium distribution of peptide
(gray circles) measured by its absorbance at

15 20 25

275 nm is plotted as a function of radial distance at 33,800 rpm at 4°C. Initial protein concentration was 600 M. Raw data shown relative to predicted
curves for tetrameric (red), trimeric (orange), dimeric (green), and monomeric (blue) species. (Inset) Random distribution of residuals as a function of

radial distance.
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Figure 4. Comparing Interactions in Al-
ternate Kv7 Subtypes

(A) Stoichiometry of coiled-coil assembly
domains in all five Kv7 subtypes shown by
Superdex200 (Amersham Biosciences) size
exclusion chromatography. Normalized absor-
bance is plotted against elution volume Vg
corrected for void elution volume Vy as in
Figure 3B. All samples were loaded at a con-

Kv7.3 centration of 50 uM. Vertically displaced chro-
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T T y T T T 1 -5 o 5
-5 1] 5 10 15 20 25
Elution Volume V-V, (mL)

10

Elution Velume Vi -V, (mL)

Electrostatic Contacts
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dard curve used to calculate molecular weight
of eluted proteins on the Superdex200 column.
Molecular weights for each are as follows (ob-
served + SD, expected monomer, expected
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(B) Comparative interaction mapping in all sub-
types. Column labels identify residue types
involved in hydrophobic “a” (blue) and “d”
(pink) layer contacts and electrostatic interac-
tions (green) observed in the Kv7.4 coiled-coil
structure. Filled boxes in table indicate entirely
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Network 1

conserved interactions; shaded boxes indicate
nonconserved residues that are still capable of
interacting as predicted; white boxes indicate
unfavorable contacts. Electrostatic interac-
tions involved in networks 1 and 2 are indicated
below the alignment.

Network 2

(C) Stoichiometry of mutant coiled-coil assembly domains as determined by size exclusion. Kv7.3 A-domain Tail mutants F622L and D631S/G633E
restore tetramerization. Molecular weights for each are as follows (observed, expected monomer, expected tetramer); Kv7.3 (90.3 kD, 49.9 kD, 200
kD); Kv7.3 F622L (212 kD, 49.9 kD, 200 kD); Kv7.3 D631S/G633E (208 kD, 49.9 kD, 200 kD). All samples were loaded onto the column at a concen-

tration of 50 uM.

core of a homomeric Kv7.3 tetrameric coiled coil should
incur a substantial steric and energetic penalty in the con-
text of the coiled-coil core formed by the smaller alkyl side
chains at the other “a” and “d” positions. To test whether
the presence of Phe622 was a major factor preventing tet-
ramer formation by the Kv7.3 A-domain Tail, we mutated
this position to a residue that was smaller, commonly
found at four-stranded coiled-coil “a” positions, and
also found at the equivalent position of Kv7.2 (F622L).
Gel filtration experiments demonstrate that this single mu-
tation was sufficient to convert the Kv7.3 A-domain Tail
into a form that was predominantly tetrameric (Figure 4C).
This result highlights the critical importance of the hydro-
phobic core in controlling Kv7 A-domain Tail assembly.
We also investigated the effects of restoring the network
2 interactions into the Kv.7.3 coiled coil. Similar to the
F622L mutation, the double mutant D631S/G633E was
sufficient to endow the Kv7.3 A-domain Tail with robust
tetramerization properties (Figure 4C). Taken together,
the biochemical and mutational analysis suggest that
two factors prevent Kv7.3 A-domain Tail self-assembly:

the incompatibility of making a stable tetramer bearing
four phenylalanines in the coiled-coil core and the lack
of interstrand stabilizing interactions provided by network
2. These factors are likely to be important for determining
the Kv7.3 preference for heteromer versus homomer for-
mation. Experiments in Xenopus oocytes failed to show
a functional enhancement of Kv7.3 channels bearing mu-
tations that impart homotetramerization to the Kv7.3 Talil
(data not shown). This observation is consistent with the
poor expression of Kv7.3 homomeric chimeras bearing
A-domains or A-domain portions from other Kv7 channels
(Maljevic et al., 2003; Schwake et al., 2003) and suggests
that other yet to be defined factors besides the assembly
defects in the A-domain Tail play a role in impairing Kv7.3
homotetramer surface expression.

Structural Insight into Cardiac Arrhythmia Mutations

The Kv7.1 A-domain Tail bears five mutations that are as-
sociated with cardiac Long QT syndromes (LQT) known as
Romano Ward syndrome (RWS) and Jervell and Lange-
Nielsen syndrome (JNLS): T587M (Chen et al., 2003; Itoh
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et al., 1998; Neyroud et al., 1999), G589D (Piippo et al.,
2001), A590T (Novotny et al., 2006; Tester et al., 2005),
R591H (Neyroud et al., 1999), and R594Q (Splawski
et al., 2000). The exact mechanisms by which these muta-
tions cause arrhythmia remain unclear. Prior work has
shown that G589D is able to abolish sympathetic regula-
tion of cardiac s currents by disrupting the assembly of
a macromolecular complex of Kv7.1 and the scaffolding
protein yotiao (Marx et al., 2002). Three of the mutants,
T587M (Yamashita et al., 2001), R591H (Grunnet et al.,
2005), and R594Q (Huang et al., 2001), appear to be inca-
pable of making functional homomeric channels. T587M
(Yamashita et al., 2001) and R591H (Grunnet et al., 2005)
cannot coassemble with wild-type Kv7.1 subunits. Four
mutations, T587M (Kanki et al., 2004; Yamashita et al.,
2001), G589D (Kanki et al., 2004), R591H (Grunnet et al.,
2005; Kanki et al., 2004), and R594Q (Kanki et al., 2004),
compromise the ability of the channel to reach the plasma
membrane. R594Q appears to coassemble with wild-type
and has a weak dominant-negative effect (Huang et al.,
2001). No functional characterization of A590T has yet
been reported.

To examine the impact of LQTS mutations on assembly
of the Kv7.1 A-domain Tail, we made and tested the ef-
fects of each of them in the background of Kv7.1 HMT-
fusion protein. Gel filtration experiments show that none
of the LQT mutations disrupt Kv7.1 A-domain Tail assem-
bly (Figure 5A). While it is possible that there are subtle
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Figure 5. Mapping of Long-QT Syndrome
Mutations

(A) Stoichiometry of Kv7.1 disease mutants.
Normalized size exclusion chromatograms for
Kv7.1 MBP-fusions: wild-type (black), T587M
(orange), G589D (purple), A590T (green),
R591H (pink), and R594Q (gray).

(B) Surface representation of Kv7.4 coiled-coil
domain with helices colored separately. LQTS
mutation sites have been mapped onto equiva-
lent positions (red) in Kv7.4.

(C) Cartoon of a Kv7 channel regulatory com-
plex. Two complete Kv7 pore-forming subunits
are shown (green and purple). S1-S6 trans-
membrane segments and the pore helix (P)
are indicated for the green subunit. “+”s indi-
cate the S4 voltage sensor segment. All four
subunits of the Kv7 A-domain are shown. The
Head domain is shown as an oval. The Tail
domain helices are shown. The Linker domain
connects the Head and Tail. An interaction
between a portion of the scaffolding protein
yotiao (red) and the channel is shown bringing
protein kinase A “PKA” (blue) near the channel.
The stoichiometry of the yotiao/channel com-
plex is not known.

effects on tetramerization affinity caused by the muta-
tions, the observation that there are no substantial
changes in assembly properties suggests that some other
mechanism must underlie their arrhythmogenic effects.

Comparison of the positions of the Kv7.1 mutations with
their equivalent positions on the Kv7.4 A-domain Tail
structure reveals a striking pattern. The sites cluster
around a common surface pocket at the interhelix cleft
that defines a three-dimensional mutational “hotspot”
(Figure 5B). Notably, we observe that this pocket is the
site of protein-protein contacts within the Kv7.4 A-domain
Tail crystal lattice (see Figure S1 in the Supplemental
Data available online). The observation that none of the
A-domain Tail disease mutants disrupt the self-assembly
of this part of the channel and that a mutation in the
center of the cluster, G589D, disrupts the binding of a nec-
essary regulatory complex (Kanki et al., 2004; Marx et al.,
2002) suggests that all members of this family of LQTS
mutations may act by a similar mechanism.

DISCUSSION

The minimal functional unit of any voltage-gated potas-
sium channel is a homotetramer or heterotetramer of
pore-forming subunits. Because different combinations
of pore-forming subunits can have profound effects on
functional properties, it is critical for all members of this
channel class to encode assembly determinants and
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assembly specificity preferences to direct association
with the appropriate partners (Deutsch, 2002, 2003; Hille,
2001; Papazian, 1999). Despite the fundamental nature
of this problem, the mechanisms that drive channel as-
sembly and assembly specificity remain imperfectly
understood.

Voltage-gated ion channel family members are most
similar within the membrane domain but exhibit consider-
able diversity within their extramembranous domains
(Hille, 2001). While contacts between membrane-span-
ning regions may provide some stability, the more diverse
cytoplasmic domains appear to play a major role in driving
assembly and assembly specificity. The best understood
case involves the Shaker-type Ky family (Kv1-Kv4 sub-
units), where an independently folded, N-terminal intracel-
lular module, called the “T1 domain,” drives tetrameriza-
tion and assembly specificity (Bixby et al., 1999; Li et al.,
1992; Shen and Pfaffinger, 1995). T1 domains are unique
to Shaker-type Kv channels (Hille, 2001) and pose an im-
portant question: do other voltage-gated potassium chan-
nels use modular intracellular domains to drive assembly
and assembly specificity?

A number of Kv7 A-domain functional properties mirror
those of T1 and suggest that the A-domain is another ex-
ample of an independent channel intracellular assembly
module: the isolated A-domain forms stable multimeric
complexes (Schmitt et al., 2000); Kv7 channels bearing
A-domain deletions, including those that are a conse-
quence of certain disease mutations, fail to assemble
into functional channels (Schmitt et al., 2000; Schwake
et al, 2000); and coexpression of Kv7.1 A-domain
sequences act as dominant-negatives on Kv7.1 channel
assembly (Schmitt et al., 2000). The A-domain and T1 do-
main amino acid sequences are unrelated and have differ-
ent locations relative to the pore-forming transmembrane
domain (C-terminal versus N-terminal, respectively).
These differences suggest that voltage-gated channel
superfamily members have exploited diverse types of
protein-protein interaction domains to direct channel
assembly.

Kv7 A-Domain Tails and Assembly Specificity

Our structural data demonstrate that the A-domain Tail is
a self-assembling, four-stranded, parallel coiled coil (Fig-
ures 1D and 1E) that is conserved among Kv7 subtypes
(Figures 1B and 4) and establish a framework for under-
standing Kv7 assembly. Sequence variations among the
Kv7 subtypes at both the hydrophobic core of the coil
and the polar network at the subunit interfaces appear
as candidates for sites of specificity. Kv7.2, Kv7.4, and
Kv7.5 can form functional channels as either homomers
or as heteromers with Kv7.3 (Schwake et al., 2003). Com-
parison of the core and electrostatic contacts that make
protein-protein contacts shows that Kv7.4 and Kv7.5 are
identical (Figure 4B). Kv7.4 and Kv7.2 differ by only two
conservative variations, V619L and 1629M, that are at
“a” and “d” positions, respectively (for simplicity, all com-
parisons use Kv7.4 amino acid numbers). In contrast,

Kv7.1, the channel that does not coassemble with any of
the other subtypes (Schwake et al., 2003), has changes
at both the core positions (M615I, V619L, 1629L, and
L636l) and in network 1 (K624D) and network 2 (E360D
and K632A) relative to Kv7.4. The K624D Kv7.1 change
in network 1 alters the network surrounding Glu623. The
Kv7.1 network 2 would be completely rearranged as one
of the central players in the ionic and hydrogen bond net-
work is shortened by a methylene group, E630D, and the
other is eliminated, K632A. It is striking that the remaining
positions of the Kv7.1 network 2 are changed in a way that
could still form a hydrogen bond and ionic network of side
chain interactions around E630D. These observations
suggest the hypothesis that the differences in network 2
play a role in preventing Kv7.1 A-domain Tails from asso-
ciating with other Kv7 subtypes.

Kv7.3 does not express robustly as a homomeric chan-
nel (Schwake et al., 2000) but does show robust channel
activity when coassembled with Kv7.2 (Schroeder et al.,
1998; Wang et al., 1998), Kv.7.4 (Kubisch et al., 1999),
and Kv7.5 (Schroeder et al., 2000). Our work indicates
that the Kv7.3 Tails are divergent at a number of critical
positions (Figure 4B). There are changes at two coiled-
coil core positions: V619F, an “a” position, and 1629M,
a “d” position. The changes in the interhelical interface
networks include a reversal in the relative positions of
the basic residues that surround Glu623 in network 1,
R618K and K624R, and a relocation of the carboxylate
of one of the central side chains in network 2, E630G, to
a position at a similar altitude on the adjacent subunit by
the S628D change (Figure 2C). These alterations in the
core and the interface networks appear to be critical for
the unique assembly properties of the Kv7.3 Tail.

Our biochemical experiments suggest a rationale for the
poor self-assembly and promiscuous heteromer forma-
tion properties of Kv7.3. The Kv7.3 A-domain Tail is pre-
vented from making stable tetramers by both the incom-
patability of placing four phenylalanines within the core
of the tetramer at the “a” position of the coiled coil and
by the disruption of the interhelical hydrogen bond and
salt bridge interactions made by network 2. Although the
combination of both factors is important for impairing ho-
motetramerization, neither factor alone is incompatible
with homotetramer formation (i.e., Kv7.3 Tails bearing
the core phenylalanine can make tetramers provided net-
work 2 is intact, and tetramers lacking network 2 interac-
tions can form provided the steric problems in the core
caused by the “a” position phenylalanine are relieved).
Thus, it appears that the Kv7.3 A-domain Tails are poised
to form tetramers provided that the destabilizing factors
can be overcome.

This property of being poised for assembly is particu-
larly interesting when considered in the context of the pro-
miscuous assembly behavior of Kv7.3 with Kv7.2, Kv7.4,
and Kv7.5. Each non-Kv7.3 subunit would bring smaller
hydrophobic residues at the Kv7.3 F622 “a” level of the
coiled-coil core (Figure 4B) that would relieve some of
the steric penalty for including the F622 from each Kv7.3
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subunit and promote heteromer formation. Network 1 and
network 2 residues are identical in Kv7.2, Kv7.4, and Kv7.5
(Figure 4B). Consideration of the amino acid combinations
that would be present in both networks in the context of
a heterotetramers suggests that these interfaces should
remain compatible across the Kv7.2/Kv7.3, Kv7.4/Kv7.3,
and Kv7.5/Kv7.3 A-domain Tail interface and could con-
tribute to the stability of a heteromeric complex. The pre-
cise arrangements of interactions at such interfaces are
not evident from the current structure and will require fur-
ther study.

Structural Consequences for Kv7.1 Arrhythmia
Mutations and Implications for Coiled Coils as Sites
of lon Channel Regulatory Complex Assembly
In addition to providing insight into the likely sources of as-
sembly specificity, the Kv7.4 coiled-coil structure sug-
gests a new hypothesis as to how certain Kv7.1 LQTS mu-
tants act. One of the LQTS mutations, G589D, is known to
interfere with the recruitment of a macromolecular com-
plex that responds to B-adrenergic receptor stimulation
and includes the scaffolding protein yotiao, protein kinase
A, and protein phosphatase 1 (Marx et al., 2002). Both
G589D and simultaneous mutation of two “d” positions
to alanine (L602A/I609A) in the A-domain Tail prevent
yotiao binding. Based on these mutations, Marx et al. sug-
gested that that the A-domain heptad repeats interact
directly with similar repeats in yotiao through a leucine-
zipper-like mechanism (Marx et al., 2002). Our structural
and biochemical data show that the position of G589D is
on the coiled-coil surface and that the G598D mutation
does not affect tetramerization. Together, these data sug-
gest a different scenario for how G598D and other LQTS
mutations within the A-domain Tail act (Figure 5C). We
propose that yotiao interacts with the exterior surface of
the helical bundle and that disease mutations such as
G589D interfere with yotiao binding to the intact A-domain
Tail coiled-coil. In support of this idea, it is striking that all
of the known A-domain Tail disease mutations map to
a single hotspot on the coiled-coil surface. This clustering
of mutations to a single area on the surface of the assem-
bled domain suggests that this site may be the binding site
for yotiao and that all four Long-QT syndrome mutations
cause disease by a similar mechanism to G589D. It is no-
table that this hotspot is composed of residues from adja-
cent subunits and is only present when the domain is
intact and assembled as a coiled coil. Because the integ-
rity of the A-domain Tail appears to be critical for proper
channel trafficking (Kanki et al., 2004) and T587M (Kanki
et al., 2004; Yamashita et al., 2001), G589D (Kanki et al.,
2004), R591H (Grunnet et al., 2005; Kanki et al., 2004),
and R594Q (Kanki et al., 2004) compromise the ability of
the channel to reach the plasma membrane, binding of
accessory proteins in this region may be a mechanism
of quality control for correctly assembled subunits.
Recent work indicates that a variety of voltage-gated
ion channel superfamily members employ C-terminal cy-
toplasmic coiled-coil domains as a modular means for
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directing subunit assembly (Jenke et al., 2003). Coiled
coils are one of the most widespread and versatile pro-
tein-protein interaction domains and are found in diverse
types of proteins (Lupas and Gruber, 2005; Woolfson,
2005). The characteristic coiled-coil heptad repeat (a-b-
c-d-e-f-g), in which “a” and “d” are usually hydrophobic
side chains makes coiled-coil identification from protein
sequences straightforward; however, the oligomeric
state, homomeric versus heteromeric preferences, and
parallel or antiparallel orientation specified by a particular
sequence remain difficult to discern from sequence infor-
mation alone (Lupas and Gruber, 2005). To date, there is
experimental evidence for coiled-coil assembly domains
in varied types of voltage-gated ion channel superfamily
members, including Kv7 channels (Schwake et al., 2006)
(and this work), eag channels (Jenke et al., 2003), cyclic
nucleotide gated channels (Zhong et al., 2003, 2002), in-
termediate conductance channels (Syme et al., 2003),
and TRPM channels (Tsuruda et al., 2006). Thus, the
coiled-coil motif appears to represent a general strategy
for directing channel assembly in this diverse superfamily
of channels.

Interactions between coiled-coil sequences and regula-
tory proteins are an emerging theme in channel regulation
and disease (Kass et al., 2003; Marx et al., 2002). The
presence of coiled-coil assembly domains in a wide vari-
ety of voltage-gated ion channels and the insights pro-
vided from the structural analysis presented here suggest
that beyond channel assembly these domains may be im-
portant sites of nucleation for protein complexes that reg-
ulate channel activity (Figure 5C). Furthermore, disruption
of protein-protein interaction regulatory networks that are
assembled on such intracellular channel domains is likely
to be an important mechanism of disregulation and chan-
nelopathies such as Long QT syndrome.

EXPERIMENTAL PROCEDURES

Protein Cloning, Expression, and Purification

DNA fragments of Kv7.1 (residues 583-623), Kv7.2 (residues 614-654),
Kv7.3 (residues 613-653), Kv7.4 (residues 610-645), Kv7.4 (residues
610-640), and Kv7.5 (residues 597-633) were amplified by PCR and
ligated into the Narl/Hindlll or Narl/Xhol sites of a pET27 (Novagen)
derived vector (pSV272) denoted “HMT” (Van Petegem et al., 2004)
that contains, in sequence, a hexahistidine tag, maltose binding pro-
tein, and a cleavage site for the Tobacco Etch Mosaic Virus (TEV)
protease. Point mutations were made using mutated oligonucleotide
extension (Pfu Turbo Polymerase, Strategene) from plasmid templates
harboring the HMT fusion of interest, digested with Dpnl (New England
Biolabs), and transformed into DH5«. cells. All constructs were verfied
by complete DNA sequencing of the HMT fusion.

HMT fusion proteins were expressed in Escherichia coli [BL21(DE3)-
pLysS] grown in 2YT media at 37°C and induced at ODgggnm = 0.4-0.8
with 0.4 mM IPTG for 4 hr. Cells were harvested by centrifugation at
5000 x g for 20 min at 4°C, and cell pellets were frozen at —20°C.
Thawed cell pellets were lysed by sonication in lysis buffer (100 mM
Tris pH 7.6, 200 mM KCI, 10% sucrose, 25 mM B-octylglucoside,
20 pg ml~" lysozyme, 25 ug mi~' DNasel, 5 mM MgCl,, 1 mM PMSF).
Insoluble material was precipitated by centrifugation for 20 min at
12,000 x g at 4°C. The resulting soluble fraction, which contained the
HMT fusion protein, was applied to a 45 ml Poros20MC (Perseptive
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Biosystems) nickel-charged column, washed in wash buffer (10 mM
P02, pH 7.3, 250 mM KCI, 1 mM PMSF), and eluted on a linear gra-
dient to 300 mM imidazole in the same buffer on an AKTA-FPLC sys-
tem (Pharmacia). Imidazole was removed using a Centriprep YM-10
concentrator (Millipore). Fusion proteins were then applied to a 60 ml
Amylose (New England Biolabs) column, washed in wash buffer, and
eluted in maltose buffer (10 mM PO42’, pH 7.3, 250 mM KCI, 10 mM
maltose). To prepare purified Kv7.4 A-domain Tails, the HMT-fusion
protein was cleaved with TEV protease (Kapust et al., 2001). Coiled-
coil peptides were collected in the flow-through from another Po-
ros20MC nickel column and concentrated in a Centriprep YM-4. Pro-
tein concentration was determined by absorbance (Edelhoch, 1967).

Crystallization and Data Collection

Crystals of two Kv7.4 coiled-coil constructs, one comprising residues
610-645 and the other 610-640, were obtained at 16°C by sitting-drop
vapor-diffusion. For the longer construct, 1 pl peptide (4 mg mi~" in
10 mM PO42~, pH 7.3, 250 mM KCl) was mixed with 1l of a reservoir
solution containing 0.1 M citric acid pH 3.0, 23% (w/v) PEG 1000 and
10% (v/v) n-propanol. For the shorter construct, 1 pul peptide (0.1 mg
mi~" in 10 mM PO,2~, pH 7.3, 250 mM KCI) was mixed with 1 pl 0.1
M Bis-Tris, pH 5.5, 0.2 M NH, acetate and 45% (v/v) MPD. For data
collection, crystals of the longer construct were transferred to a solu-
tion containing 0.1 M citric acid, pH 3.0, 23% PEG 1000 and 15%
n-propanol and flash-cooled in liquid nitrogen. Crystals of the shorter
construct were frozen directly out of the drop in liquid nitrogen. Data
were collected at <100 K at Advanced Lightsource Beamline 8.3.1
(Lawrence Berkeley National Laboratory, Berkeley, CA) equipped
with a Quantum 210 CCD detector (Area Detector Systems). All data
were processed using HKL2000 (HKL Research) (Otwinowski and
Minor, 1997).

Structure Determination

A library of 300 polyalanine parallel four-stranded left-handed coiled-
coil models was generated based on the coiled-coil geometric param-
eterization (Crick, 1953) and the helix generator code (Harbury et al.,
1998) (helix generator code is available at http://bl831.als.Ibl.gov/
~jamesh/scripts/supertwist.awk). Models varied by number of resi-
dues per monomer (28-40), superhelical radius R (4.0-8.0 ,3\), and res-
idues per superhelical turn (90-190). Each model in the library was
used for molecular replacement with EPMR (Kissinger et al., 2001)
in a dataset collected from crystals of Kv7.4 (residues 610-645). The
de novo model giving the best correlation coefficient (0.641; second
best = 0.635) and R factor (77.6%; second best = 76.2%) was used
for a second round of molecular replacement with PHASER (Storoni
et al., 2004). This initial refinement led to a model with a superhelical
radius of ~7 A for each molecule in the asymmetric unit. Refinement
and iterative model building were performed using ARP/wWARP
(Perrakis et al., 1999) and CNS (Brunger et al., 1998). The structure
could not be refined fully. The best model was used as a molecular
replacement model in data collected from crystals of Kv7.4 (residues
610-640) using CNS (Brunger et al., 1998). The resulting solution
was built manually and refined using CNS (Brunger et al., 1998) and
the CCP4 program suite (Collaborative Computational Project, Num-
ber 4, 1994). Structure quality was monitored with PROCHECK. Struc-
ture and cavity volumes were calculated in SwissPDB (Schwede et al.,
20083). Coiled-coil parameters were calculated using the FITCC script
(M. Sales and T. Alber, personal communication: http://ucxray.
berkeley.edu/~mark/fitcc.html). Table 1 summarizes the data collec-
tion, refinement, and model quality. Figures were prepared with Py-
MOL (DeLano, 2002).

CD Spectroscopy

Twenty-five uM purified Kv7.4 coiled-coil peptide in a buffer of 250 mM
NaCland 2 mM each Na acetate, borate, citrate, and phosphate, pH as
indicated in Figure 3A was analyzed with an Aviv Model 215 spectro-
polarimeter (Aviv Biomedical) equipped with a peltier device. Wave-

length scans from 315 nm to 190 nm were taken at 2°C in a cuvette
of 1 mm path length. Molar ellipticity per residue of the buffer-sub-
tracted CD spectrum was calculated as a function of concentration,
path length, and number of residues per monomer:

[0]\mp =0eM/(ce1eNg)

where [0]urp is the molar ellipticity per residue in degecm?
(dmoleres) ™", 0 is the experimental ellipticity in millidegrees, M is the
molecular mass of the peptide, ¢ is the protein concentration in uM, |
is the cuvette path length in cm, and Ng is the number of residues in
the peptide. The percent helicity was estimated by:

% helicity = [0],5, /[0]55, (1 — ic/N) x 100

where [0]22, is the experimental molar ellipticity per residue at 222 nm,
[6]55 is the molar ellipticity for a helix of infinite length at 222 nm (i.e., -
39,500 degecm? dmol ™), i is the number of helices, « is a wavelength-
specific constant with a value of 2.57 at 222 nm, and N is the number of
residues in the peptide (Chen et al., 1974).

Size Exclusion Chromatography

For the isolated Kv7.4 coiled coil, 100 ul peptide (500 uM peptide in
250 mM KCI, 10 mM PO,2~, pH 7.3) was passed through a Superdex75
HR 10/30 column (Amersham Biosciences) in HEPES buffer (250 mM
KCl, 1 mM EDTA, 10 mM maltose, 20 mM HEPES, pH 7.3) on an
AKTA-FPLC system (Pharmacia) at 4°C. For HMT fusion proteins,
100 pl at 2 pg mi~" was loaded on a Superdex200 column (Amersham
Biosciences) equilibrated with high-salt buffer (400 mM KCI, 1 mM
EDTA, 10 mM PO,2, pH 7.3). On both columns, eluates were monitored
at 280 nm over a flow rate of 0.3 ml min~". Each column was calibrated
using at least four standard protein molecular mass markers. Elution
volumes from at least three runs were averaged.

Equilibrium Sedimentation

Sedimentation equilibrium experiments were performed at 4°C in a
Beckman Optima XL-A analytical ultracentrifuge (Beckman Coulter).
Kv7.4 coiled-coil peptide (700 uM in 10 mM PO,2", pH 7.3, 250 mM
KCI) was loaded in a six-chamber analytical ultracentrifuge cuvette,
using buffer in the adjacent chamber as a blank. The molecular mass
was calculated from a single-species exponential fit (Excel) to the dis-
tribution of concentration over the radius of the chamber:

M= (2RT/[(1 — vp)ew?])e(d[In(c)] /d(r*))

where M is the molecular weight in g/mol, Ris the gas constant [8.314 J
(moleK)~"], T is the temperature in K, v is the partial specific volume of
the protein inml g~", p is the density of the solvent in g/mL, w is the an-
gular velocity of centrifugation in rad s, and r is the distance in cm
from the center of the rotor to a given position in the cell (Laue,
1995). Partial specific volume was calculated from the sum of the vol-
umes of individual residues in the protein. Solvent density was calcu-
lated from the components of the buffer. Residuals were calculated as
the difference between the measured absorbance value and the pre-
dicted value extrapolated from the calculated molecular mass.

Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/53/5/663/DC1/.
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