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Voltage-dependent K" channels transfer the voltage sensor movement into gate opening or closure through an
electromechanical coupling. To test functionally whether an interaction between the S4-S5 linker (I.45) and the
cytoplasmic end of S6 (S61) constitutes this coupling, the 145 in hKv1.5 was replaced by corresponding hKv2.1 se-
quence. This exchange was not tolerated but could be rescued by also swapping S61. Exchanging both 1.45 and S6+
transferred hKv2.1 kinetics to an hKvl.5 background while preserving the voltage dependence. A one-by-one
residue substitution scan of 1.45 and S6t in hKvl.5 further shows that S6; needs to be a-helical and forms a
“crevice” in which residues 1422 and T426 of .45 reside. These residues transfer the mechanical energy onto the
S6¢ crevice, whereas other residues in S6; and 1.45 that are not involved in the interaction maintain the correct

structure of the coupling.

INTRODUCTION

Voltage-gated potassium channels (Kv channels) are
composed of four a-subunits, each containing six mem-
brane-spanning helices (S1-S6) with a pore loop be-
tween S5 and S6 that forms the ion selectivity filter. The
four subunits line the rest of the ion-conducting path-
way primarily by their hydrophobic S6 segments. The S4
segment forms the main part of the channel’s voltage-
sensing domain (VSD) that reorients upon a change
in the membrane potential (for review see Bezanilla,
2000). This reorientation subsequently triggers the
opening or closing of the activation gate, which is lo-
cated at the lower end of S6 (Liu et al., 1997; del Camino
and Yellen, 2001). It is still not fully understood how the
voltage sensor is physically coupled to the channel gate.
One hypothesis states that the S4 movement pulls or
twists the cytoplasmic S4-Sb linker that is coupled to the
bottom of the S6 segment. Interactions between the S4-
S5 linker and the C-terminal end of S6 have been pro-
posed in hERG and HCN channels (Tristani-Firouzi
etal., 2002; Decher et al., 2004; Ferrer et al., 2006). In the
case of Shaker and KcsA, chimeric constructs were func-
tional only when the chimera contained both the se-
quence of the S4-S5 linker and the cytoplasmic end of
S6 from Shaker (Lu et al., 2002; Caprini et al., 2005).
The 3-D crystal structure of the mammalian Shakertype
channel rKvl.2 strengthened this hypothesis as it sup-
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ported an interaction between the bottom part of S6
and the S4-S5 linker (Long et al., 2005b). However, as
channel gating is a process that involves several move-
ments (rotation, translation, and tilting), the coupling
mechanism is a dynamic process that likely involves
multipoint interactions that need not be the same in
the open and closed state.

Mutations in the C-terminal S6 end of Shaker and
hKvl.5 altered both channel gating and the stability of
the activation gate, strengthening the role of this sec-
tion in channel gating (Hackos et al., 2002; Rich et al.,
2002). Furthermore, cysteine substitutions in the S6r
region (tail end of S6 and the beginning of the C-termi-
nal region, named as in Ding and Horn, 2002) of Shaker
altered the single-channel conductance and affected
gating currents (Ding and Horn, 2002; Ding and Horn,
2003). To evaluate whether the important residues in
S61 of hKvl.5 matched those within the rKvl.2 crystal
structure, we preformed a glycine and alanine substitu-
tion scan and made selected proline mutations. To
characterize further the residues that constitute the
electromechanical coupling, we first replaced in an
hKvl.5 background the S4-S5 linker (abbreviated as
L45 throughout) and/or the S61 region by the corre-
sponding hKv2.1 sequence. Subsequently, we substi-
tuted selected residues individually and interpreted the
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results using an hKvl.5 homology model based on the
rKv1.2 crystal structure (Long et al., 2005a). The results
suggest that both 1.45 and S6; adopt an a-helical struc-
ture and that at least two groups of residues can be iden-
tified as critical for gating: residues that physically
transduce the mechanical energy and residues that
keep the correct interface intact.

MATERIALS AND METHODS

Molecular Biology

Mutations were introduced in hKvl.5 in a pBK-CMV expression
vector using the QuikChange site-directed mutagenesis kit (Agi-
lent Technologies) and mutant primers. After the PCR-based mu-
tagenesis, the fragment containing the mutation was cut out of
the PCR-amplified vector and ligated in hKvl.5/pBK-CMV to re-
place the wild-type (WT) sequence. Double-stranded sequencing
of the exchanged fragment and the adjacent sequence confirmed
the presence of the desired modification and the absence of
unwanted mutations. Plasmid DNA for mammalian expression
was obtained by amplification in XL2 blue script cells (Agilent
Technologies) and harvested using the GenElute HP plasmid
maxiprep kit (Sigma-Aldrich). The ¢cDNA concentration was
determined with UV absorption.

Electrophysiology

Ltk™ cells were cultured in DMEM medium supplemented with
10% horse serum and 1% penicillin/streptomycin. The cells were
transiently transfected with 1-5 pg cDNA for WT or mutant sub-
units using polyethyleneimine (Sigma-Aldrich) (Boussif et al.,
1995). 1-5 pg cDNA was mixed with 5 pl of a 1-mg polyethylenei-
mine/ml stock solution and was added to 100 pl DMEM medium.
After a 15-min incubation at room temperature, the mixture was
added to the cells in a culture dish that had a cell confluency of
~60%. 1624 h after transfection the cells were trypsinized and
used for analysis within 12 h. Current recordings were done at
room temperature (21-23°C) with an Axopatch-200B amplifier
(MDS Analytical Technologies) in the whole cell configuration
and digitized with a Digidata-1200A data acquisition system (MDS
Analytical Technologies). Command voltages and data storage
were controlled with pClamp8 software (MDS Analytical Technol-
ogies). Patch pipettes were pulled from 1.2-mm quick-fill boro-
silicate glass capillaries (World Precision Instruments) with a
P-2000 puller (Sutter Instrument Co.) and heat polished. The
cells were perfused continuously with a bath solution containing
(in mM) 130 NaCl, 4 KCl, 1.8 CaCly, 1 MgCly, 10 HEPES, and 10
glucose, adjusted to pH 7.35 with NaOH. The pipettes solution
contained (in mM) 110 KCI, 5 KsBAPTA, 5 KoATP, 1 MgCl,, and
10 HEPES, adjusted to pH 7.2 using KOH. Junction potentials
were zeroed with the filled pipette in the bath solution. The
remaining liquid junction potential was not corrected and
estimated to be 1.7 mV. Experiments were excluded from analysis
if the voltage errors originating from series resistance exceeded
5 mV after compensation.

Data Analysis

The holding potential was —80 mV, and the interpulse interval
was at least 15 s but was increased to 25 s for some protocols to
prevent the accumulation of slow inactivation. Voltage protocols
were adjusted to characterize the biophysical properties of mu-
tant channels adequately. Time constants of activation and deacti-
vation were determined from fitting a single or double exponential
function to the recorded currents. The voltage dependence of
activation and inactivation was fitted with a Boltzmann function:
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y = 1/(1+exp[—(E—V,,9) /k]), where E is the applied voltage, Vo
the midpoint potential, and k the slope factor. Results are expressed
as mean = SEM, with n the number of cells analyzed.

Confocal Imaging

To determine cell surface expression, we introduced a HA tag into
the S1-S2 loop of WT hKvl.5 and mutants by a loop-in PCR reaction
with primers containing the coding sequence for the tag. Ltk™ cells
were cultivated on coverslips and transfected following the lipofec-
tion method using lipofectAMINE (Invitrogen).4 pg channel cDNA
was cotransfected with 0.5 pg DsRed ER localization vector that al-
lowed us to visualize the ER without the need of an antibody. Two
semi-confluent coverslips were transfected in parallel. After 18 h of
incubation, the cells were washed and fixed with 4% paraformalde-
hyde. The cells of one coverslip were permeabilized with 0.1% Tri-
ton X-100 (Sigma-Aldrich), the other not. Subsequently, cells were
stained with rat anti-HA (Roche) followed by anti-rat FITC (Sigma-
Aldrich) antibody. Confocal images were obtained on a Zeiss CLSM
510 equipped with an argon laser (excitation 488 nm) and a Helium-
Neon laser (excitation 543 nm) for the single-track visualization of
FITC and DsRed-ER.

Homology Model

The hKvl.b pore domain was homology modeled using Modeller
(Sali and Blundell, 1993) and the channel x-ray structure of rKvl.2
(PDB code 2A79) as a template (Long etal., 2005a). Sequence align-
ment of the target sequence was generated using ClustalX. 50 ho-
mology models were generated and scored against the minimum
number of constraint violations. Among them, the five lowest energy
models were selected and analyzed using Procheck (Laskowski et al.,
1993). The final model was chosen according to the highest percent-
age of residues in the allowed region of the Ramachandran plot
(>90%).

The interaction between S6; and 1.45 was studied by optimizing
the interaction among residues located on the contacting surface of
these segments. Thus, we restricted our calculations to the S6 helix
and $4-S5 linker alone. The 1.45 was manually moved upwards to po-
sition 1422 and T426 at contact distance to F519 and F522, respec-
tively. This distorted model was optimized by performing a 1,000-step
conjugate gradient minimization, followed by a 10,000-step molecu-
lar dynamics simulation in vacuo at 300 K with constant volume. The
CHARMMI force field was used with package NAMD 2.6 (Phillips
etal.,, 2005). Energetic analysis was performed using the NAMD en-
ergy module in the VMD package (Humphrey et al., 1996). The
space-fill representations of the S6 and S4-S5 linker interaction has
been rendered by calculating the solvent-accessible surface with
MSMS (Sanner et al., 1996) using a probe radius of 1.4 A and visual-
ized with VMD 1.8.6.

Online Supplemental Material

The subcellular localization of chimeric channel constructs and the
detailed biophysical properties of substitution mutants of important
L45 residues are shown in Figs. S1 and S2, respectively. The struc-
tural implications of substituting residues F519, F522, and Y523 in
the S6r region by an alanine or a leucine are shown in Fig. S3. The
coordinates of the hKvl.5 homology model that was generated as
well as the coordinates of the hypothetical model of the coupling are
also available as PDB files. The online supplemental material is avail-
able at http://www.jgp.org/cgi/content/full/jgp.200810048 /DC1.

RESULTS

Alanine/Glycine Substitution Scan in the Bottom Part of Sé6
It has been suggested that the S61 region is involved in
channel gating of Shakertype channels (Ding and Horn,
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2002; Hackos et al., 2002; Rich et al., 2002; Ding and
Horn, 2003). The 3-D crystal structure of rKvl.2 strength-
ened this hypothesis and showed a possible coupling
with the S4-S5 linker (Long et al., 2005b). To evaluate
the structure of the S61 region and to investigate the
contribution of each residue in channel gating, we
replaced residues 515-527 in hKvl.5 individually by
glycine or alanine (Table I). Because of the lack of a

side chain, glycine has a large degree of freedom of ro-
tation about the phi psi dihedral angles and can intro-
duce conformational flexibility (O’Neil and DeGrado,
1990; Blaber et al., 1993) in case the S6 region would
not be a-helical. However, to exclude the possibility that
glycine substitutions would not be tolerated because of
their a-helical destabilizing ability, we also performed
an alanine substitution scan. An alanine has likewise a

TABLE |
Substitution Scan of the C-terminal Part of S6
hKvl.5 \% P \% I A% S N F N Y F Y H R E T D
I 1 1 I I 1 1 I
position 513 515 517 519 521 523 525 527
(475) (477) (479) (481) (483) (485) (487) (489)
Activation Deactivation Inactivation

Vie (mV) k (mV) T, (ms) Tq (ms) Vijei (mV) ki (mV) n
hKvl.5 -14.3+1.0 5.8+0.2 3.5+0.2 249+ 25 —23.2+1.3 3.9+0.1 8
1515G no current 5
V516G no current 9
S517G 0.3+1 6.4+0.4 5.1+0.7 31.9+35 —83=+1.3 4.6+0.3 6
N518G no current 8
F519G no current 14
N520G 28 +1.7 6.7+0.3 6.9+0.5 21.4+39 —6.6+1.4 4.6+0.2 7
Y521G >28 >32 13.0+0.9 18.6 + 3.1 -18.7+1.5 4.4+04 4
F522G no current 9
Y523G no current 16
H524G —9.8+2 6.9+ 0.4 6.5+1.0 23.5+1.5 —-185+2.7 51+0.3 5
R525G -59+1.7 6.9+0.5 6.3+ 0.6 11.8+1.2 —-15.7+1.3 4.0+0.3 5
E526G —-0.7+1.5 5.7+0.3 3.3+0.2 11.1+0.8 —-78+1.4 4.6+0.3 7
T527G 55+ 1.7 6.4+0.4 49+0.5 12.7+0.9 0.8+22 51+0.5 6
I515A no current 6
V516A —-73+1.8 6.0+0.3 4.0+ 0.6 3.6+0.3 —11.6+1.8 3.8+0.2 7
S517A -1.1+15 6.7+0.2 5.3+ 1.0 26.0 + 3.2 -11.6+1.2 49+0.1 6
N518A no current 9
F519A no current 8
Nb20A —52+14 6.9+0.3 4.3+0.3 3 .9 -15.3+0.5 48+0.3 6
Y521A —-16.6 + 1.3 54+0.3 3.3+0.2 +0.4 —-204+1.1 39+0.2 5
F522A no current 11
Y523A no current 16
H524A —-16.1+1.6 6.7+0.4 5.6 +0.4 33.7+5.2 —252+1.9 4.3+0.2 7
R525A -14.0+1.3 6.1+0.4 5.1+0.7 31.2+3.8 —239+1.3 4.1+0.3 6
E526A —15.0+1.2 6.7+0.5 46+0.5 18.7+2.3 —23.1+1.1 43+0.1 8
T527A —5.0+2.2 6.6 + 0.6 71+1.5 21.4+2.8 -11.8+1.2 4.6+04 5
V516P no current 5
S517P no current 7
N520P no current 7
Y521P no current 5
F519L no current 5
F522L —20.6 + 3.2 5.2+0.6 33+0.3 32.8+39 —28.1+29 3.6+0.1 5
Y523L —22.8+22 55+0.5 36+0.3 145 + 18 -31.7+£0.9 3.7+0.2 6

On top the sequence of the S61 region of hKvl.5. The mutations are represented with the residue numbering of hKvl.5. Midpoint of activation (V9)
and slope factor of activation (k) were calculated as described in Materials and methods. The time constants of activation (1,) and deactivation (74) were

obtained at Vy,, +60 mV and V5 —40 mV, respectively. In the case of Y521G, the V; 5 was too positive and the slope too shallow to be determined by curve

fitting, precluding an accurate estimate. For Y521G, the time constant of activation and deactivation was obtained at +80 mV and —30 mV. Midpoint of
inactivation (Vy,9;) and slope factor (k;) were obtained from the reduction of current during a step to +50 mV after a 5-s prepulse to voltages between —80

and +20 mV.
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small side chain but in contrast acts as an o-helix pro-
moter (O’Neil and DeGrado, 1990; Blaber et al., 1993).
If neither an alanine nor glycine substitution would be
tolerated, this would indicate the loss of an important
side chain (interaction).

The individual replacement of residues S517, N520,
Y521, H524, R525, E526, and T527 by a glycine or an al-
anine resulted in functional channels (Table I). With
the exception of Y521G, the voltage dependence of ac-
tivation of these mutants was similar to WT or slightly
shifted toward positive potentials (Table I). The activa-
tion curve of the Y521G mutant did not reach full satu-
ration within the voltage range of —40 to +100 mV, but
the apparent threshold for activation was similar to WT
(Fig. 1). As a result, the voltage dependence of activa-

A WT hKv1.5 Y521G V516A
+90 mV
%O i -35 mV % -15mV %50 iid 0mV
150 ms 100 ms 150 ms

" |400pA

—| 200 pA

"] 500 pA

tion was very shallow with a midpoint potential positive
to +28 mV and a slope factor of at least 32 mV. hKvl.5
displays slow and partial C-type inactivation; with 5-s
steps the isochronal inactivation curve is characterized
by a midpoint of —=23.2 + 1.3 mV (n=8) and a slope fac-
tor of 3.9 + 0.1 mV. Apparently, the inactivation curve of
Y521G did reach saturation and displayed a small shift
toward negative potentials compared with WT (Fig. 1).
The activation and deactivation time constants were for
all functional mutants similar to WT, except for Y521G,
which activated approximately four times slower than
WT (Table I). In contrast, the Y521 A mutation resulted
in channels with activation kinetics that resembled WT
but with deactivation time constants that were approxi-
mately five times faster (Table I). On the other hand,

Figure 1. Biophysical properties and subcellular localiza-
tion of WT hKvl.5 and selected channel mutants. (A) Cur-
rent tracings for WT hKvl.5 and S6; mutants Y521G and
V516A with the voltage protocol used on top. The horizon-
tal bar on the left indicates the zero current level. (B) The
voltage dependence of activation and inactivation of both
WT hKvl.5 (open circles) and the mutant Y521G (filled
triangles). Normalized current amplitudes were plotted

B C © WT hKv1.5 as a function of the Prepglse.potential. Note'that the volt-
100 A Y521G age dependence of inactivation was normalized between
1.0 olcaasa® o° m V516A 0 and 1, but the extent of inactivation after 5-s depolariza-
ot e . o .sa tions was 58 + 5% (n="7) and 54 + 9% (n=4) for WT and
ﬁ ] _ 2 OA§§ ‘ltggnn Y521G, respectively. Values are expressed as mean + SEM.
g 05 1 ::g 10 g4 " o (C) The activation and deactivation time constants of WT
2 O WT hKv1.5 = Qo n 853. hKvl.5 (circles), Y521G (triangles), and V516A (squares).
| ; A Y521G - ° Note that V516A, which displayed a voltage dependence
0.0 _?9????.- s T 1 — of activation and inactivation like WT, deactivated clearly
-80  -40 0 40 80 -80 -40 0 40 faster than WT, although the activation time constants
Vm (mV) Vm (mV) were comparable. (D) Confocal images of WT hKv1.5 and
the nonfunctional channel mutant F522G. Subcellular
localization was determined with immunocytochemistry
WT Kv1 5 mutant mutant with HA antibody against HA tag in the S1S2 loop. In the

not permeablized not permeablized  permeablized

FITC +
DsRed-ER

FITC +
DsRed-ER

FITC
staining

ER
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left column, confocal images from nonpermeabilized WT
hKvl.5-expressing cells are shown. In the middle and right
columns, images from cells that express the mutant F522G
before and after permeabilization, respectively, are shown.
The top panels show an overview image containing several
cells. The panels below are a confocal image of a typical
cell. In all the detailed panels, a scale bar of 5 pm is shown.
For WT, there was a prominent FITC (green fluorescence)
membrane staining with a proper ER coloring (red fluo-
rescence). The FITC membrane staining indicated that
channels were expressed at the level of the cell membrane.
Note that the images were obtained from nonpermeabi-
lized cells. The cells expressing the nonfunctional channel
mutant F522G in the middle column were not permeabi-
lized and displayed no FITC staining (no green fluores-
cence), although ER marking (red fluorescence) indicated
that the cells were properly transfected. In contrast, the
permeabilized cells displayed a clear intracellular FITC
staining (right column of images). The yellow-brown over-
lap between the red (ER) and green fluorescence (channel
subunits) indicated that the subunits were synthesized but
retained in the ER and did not reach the cell membrane.
All nonfunctional mutants showed a staining pattern simi-
lar to that of the F522G mutant.
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alanine or glycine substitutions of residues 1515, N518,
F519, F522, and Y523 were not tolerated, as no time-de-
pendent current activation was observed within the volt-
age range of —130 to +130 mV with up to 7 pg cDNA
transfected (that yields currents >20 nA for WT). Posi-
tion V516 formed an exception as an alanine substitu-
tion resulted in functional channels, but this was not the
case for the glycine substitution (Table I and Fig. 1).

To determine if nonfunctionality resulted from mis-
folded channel proteins that did not pass the ER quality
control, the plasma membrane expression of WT and
nonfunctional channel mutants was determined with
immunocytochemistry using constructs that contained
an HA tag in the S1-S2 loop. Confocal imaging showed
that WT displayed prominent membrane staining,
whereas the nonfunctional glycine mutant F522G did
not (Fig. 1). The success of the cell transfection was ver-
ified by the ER fluorescence of the DsRed ER marker.
Furthermore, a clear intracellular staining was observed
upon membrane permeabilization, indicating that the
F522G mutant channels were synthesized but did not
reach the cell surface. The other nonfunctional substi-
tution mutants all showed similar results as for the
F522G mutant (not depicted).

Altogether, between residue positions 515 and 527,
the positions where glycine or alanine substitutions
were tolerated or not coincided, and the periodicity
matched an a-helical structure (Fig. 2 A). As a conse-
quence, disrupting the o-helical structure may result
in nonfunctionality. This was tested with selected pro-
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o

P > o NN
K AT KT AP AP g P 2P 2P g g2 e it
B S S S PG I

¢

C

S5-helix

N518 1426
F522

$4-S5 linker

line substitutions, as a proline residue tends to destabi-
lize an a-helical structure due to folding constraints
(MacArthur and Thornton, 1991). The individual pro-
line substitution of residues S517, N520, and Y521 that
tolerated both alanine and glycine substitution, as well
as V516 that only tolerated the alanine substitution,
were indeed not tolerated.

To interpret the structural repercussions of the substi-
tution mutants, a rKvl.2-based homology model was
generated for hKvl.5, as described in Materials and
methods. In this model, the side chain of residue F519
is directed almost perpendicular to the axis of both S6
and the S4-S5 linker (L.45) (Fig. 2). In contrast, the side
chains of F522 and Y523 are positioned at an angle of
~60° with the S6¢ axis, thus protruding less. Therefore,
we hypothesized that a bulky non-aromatic residue
might substitute for F522 and Y523, but not for F519.
Indeed, F522L and Y523L generated voltage-dependent
K' currents, whereas F519L did not, likely because a leu-
cine is not bulky enough to substitute for F519. Both
functional mutants shifted the voltage dependence of
activation and inactivation toward negative potentials
compared with WT (Table I). The channel kinetics were
comparable to WT except for the deactivation of Y522L,
which were approximately six times slower (Table I).

Exchanging L45 and Sé67 in hKv1.5 by hKv2.1 Sequence

To identify the molecular determinants of the coupling
between the S4-Sb linker and the S6¢, all residues that
could be responsible for this contact in Kv channels

Figure 2. S67 is a-helical and forms a crevice that accom-
modates residues of L45. (A) Bar diagram showing the
current level observed at +60 mV for the different alanine
substitutions of S61. V516A and R522A displayed moderate
expression, whereas others like I515A did not display any
current at all. The periodicity of residues that tolerated a
substitution or not is in favor of S6r adopting an a-helix.
(B) hKvl.5 homology model (obtained as explained in
Materials and methods) showing the S4-S5 linker and the
S5 and S6 segments of one subunit. The positions in the S61
region that tolerated an alanine substitution are shown in
gray space fill, whereas the residues that did not tolerate
this substitution are in red. (C) The same view as in B, but
with the L45 and S5 helix rotated (~~180°) away from the
S6 segment to show both interacting surfaces. Note that
the S6¢ residues that did not tolerate a substitution (red
space fill) form a crevice in which residues of the S4-S5
linker fit. This crevice, highlighted with the dotted line, is
largely created by the aromatic residues F519, F522, and
Y523. For comparison, 145 is also shown in space fill with
residues 1422 and T426 (that likely reside in the S6; crev-
ice) in blue.
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were tested. hKvl.5 and hKv2.1 subunits do not form
heterotetramers, and we hypothesized that if the 145 of
hKv2.1 is not compatible with a hKv1.5 background, the
channel would be nonfunctional. Therefore, the 1.45
linker was replaced in hKvl.5 (residues 418-432) by
hKv2.1 sequence. As expected, the Kvl.5 chimera with
an exchanged L45 (L45Kv2.1inKv1.5) did not generate
currents within the voltage range of —130 to +130 mV
(Fig. 3). Confocal imaging in combination with the immu-
nocytochemistry approach as above showed that the chi-
mera was retained intracellularly (Fig. S1, available at
http://www.jgp.org/cgi/content/full /jgp.200810048/
DC1). To narrow down the critical region in L.45, we sub-
stituted nonconserved residues back to their hKvl.5
counterpart. This gradually back mutation approach
in L45 (Table II) showed that mutating T418 back to
a lysine (L45mutantl) and S422 back to an isoleucine
(L45mutant2) was not sufficient to restore channel
expression. Further replacing F425 for a lysine
(L45mutant3) resulted in functional channels that acti-
vated slightly slower compared with WT hKv1l.5 (Table II).
Also, restoring hKv2.1 to hKvl.5 sequence at positions
431 and 432 (L45mutant4) resulted in functional chan-
nels that displayed a voltage dependence of activation
that was shifted +25 mV toward positive voltages and
with deactivation kinetics that were approximately five
times faster than WT (Table II). Testing various combi-

A WT hKv1.5 WT hKv2.1 L45Kv2.1inKv1.5

+120 mV
+60 mV +70 mV +70 mV

-35 mV % 25mv
g—v L

S6Kv2.1inKv1.5

. e R R e

0mv | % 20 mvV % omv

150 ms 200 ms 150 ms
oo pa T “l1o00pa

nations of back mutations to hKvl.5 sequence high-
lighted the double mutation K425F+R432N as most
critical (Table II). This double mutation did express,
but at very low levels, whereas mutants that changed
only K425 or R432 to their hKv2.1 counterpart gener-
ated reasonable currents. The K425F+R432N mutant
channels displayed a voltage dependence of activation
that was shifted about +15 mV toward positive potentials
with activation kinetics similar to WT hKvl.5.

As 145 of hKv2.1 was not compatible in an hKv1.5 back-
ground, we tested whether the additional replacement
of the S6 region (residues 512-531) by corresponding
hKv2.1 sequence might restore channel expression.
Indeed, this double chimera L45S6Kv2.1inKv1.5 resulted
in channels with a voltage dependence like hKv1.5 but
with activation and deactivation kinetics comparable to
hKv2.1 (Fig. 3 and Table II). This suggests that during
and/or after folding, the S6; region of hKv2.1 adopts a
different conformation than the one of hKvl.5, such
that the necessary contacts with the L45 linker from
hKv2.1 can be formed. Apparently, exchanging in hKvl.5
both L.45 and S6; had no impact on the energy differ-
ence between both the closed and open state (similar
midpoint) but altered the barrier between both states
(reflected by the slower hKv2.1-type kinetics). Substituting
only S61in hKv1.5 by hKv2.1 sequence (S6Kv2.1inKv1.5)
was unexpectedly tolerated. This chimera, S6Kv2.1inKv1.5,

Figure 3. Properties of WT
hKvl.5, WT hKv2.1, and chi-
meric constructs. (A) On top,
a schematic representation for
WT hKvl.5 (black subunit), WT
hKv2.1 (red subunit), and the
chimeric constructs is shown. In
an hKvl.5 background, the S4-S5
linker (LL45Kv2.1inKv1.5) or C-ter-
minal S6 part (S6Kv2.1inKvl.5)
was substituted by its corre-
sponding counterpart of hKv2.1,
indicated in red. On the bot-
tom, the applied voltage pro-
tocols with corresponding K*
currents are shown. Note that
L45Kv2.1inKvl.5 was nonfunc-
tional and that the expression
could also be restored by re-

L4586Kv2.1inKv1.5

+80 mV

200 ms 200 ms
—|1 nA j 200 pA

placing the C-terminal S6 part
(L45S6Kv2.1inKvl.5). (B) Volt-

C v WThKv2.1 L
B O WThKvi5 age dependence of activation
1.0 " 25“! R SeKvzlinkvi® obtained by plotting the nor-
0.8 A - 1 - Aogc Bx malized tail currents from A as
< £ . _. Bt Dy n E 'Y a function of the applied voltage.
x 067 H E ivo 0© Op B _°F ¥3 (C) Both activation and deacti-
0.4 - : A 10 _ ovy o "o, (] vation time constants are repre-
0.2 | o] s ez T %5 sented. The activation kinetics
’ A B SBKu2inKui.5 fo %o of L45S6Kv2.1inKv1.5 resembled
0.0 1 4 LASSOKv2 tink1.5 1 those of hKv2.1. The deactiva-
60 -30 0 30 60 90 60 -30 O 30 60 tion time constants of the chime-

Vm (mV)
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TABLE Il
Biophysical Properties of hKv2.1/hKv1.5 Chimeric Constructs

$4-S5 linker S6

hKvl.5 KGLQILGKTLQASMR I PVPVIVSNFNYFYHRETDHEE
hKv2.1 T---S--F—--RR-YNI/#Z-1-1--N--SE--KEQEKRQ-K
L45Kv2.1inKv1.5 T---§$-—-F-—-RR-YNI—-——-—=-—-——=————= === — — = — — — — — —
L45mutantl - ---S-—-—F - -RR-YNIl — === === = = = — = — — = — — — —
L45mutant2 0 0- = = = = — = F--RR-YNI-—-—=-—-——-——=-——-——-——-——-——=———— — — — — — — —
L45mutant3 =0 0- - - - - - — — — —= RR-YN I - === === = = — = = = — — — = — — —
L45mutant4 00— - - - — — - F--RR---1I - - - —-——-———-— - - - - — - - = - = - - = =
L45mutantb =0 0- - - - - - —- — — — RR--"=-0I - - - - - - - - = = = = = = = = =
K425F+R432N - - — — = = = F - - - - - - NI -—--=-=—-=-=-——-—=—=-——-—=-—-— - - = - - = - =
L45S6Kv2.1inKv1.5 T---§$-—-—F--RR-YNI-T-1I—-—-N-—-SE--KEQKRQ-K
S6Kv2.1inKvl.5 - — — — — — — — — — — — — — — 7 -1 -1 —-—-N-—-SE--KEQKRQ-K
Kvl.5chimeral T---§$- - F--RR-YNI-T-1T--N--SE-—-——-—-——-— - — — —
Kv1.5chimera2 T---§$--F-—-RR-YN I —---—- - - N--SE--KEQKRQ-K
Kv1.5chimera3 T---$S- - F-—-RR-YNI-T-T1T-—-——-——-——-——— — — KEQKRQ-K
Kvl.5chimera4 T---8S--F—--RR-YNIUI-—-—-1---—-—- - — — - KEQKRQ-K
Kvl.5chimerab T---§$--F--RR-YNI-———-T1T—-——-——— == — — — — — QKRQ-K
Kv1l.5chimera6 T---§$--F-—-RR-YNI-———=-1T—-——-————— — — — — QKR - - —
Kvl.5chimera7 T---§$--F-—-RR-YNI-———=-T1T—-——-—————— — — — — — KR - — —
Kvl.5chimera8 T---§$--F-—-RR-YNI-—-1T—--————— — — — — — QK - - - —
Kvl.5chimera9 - — — — — — — F - - - - - - NI -1-1T--N--SE--KEQKRQ-K
Kvl.5chimeralo = - — — — — — — F - --- - - N§U6---1T1-----—--—- - - - QKR - — —

I Vi (mV) k (mV) T, (ms) Tq (mMs) n Vi,0; (mV) ki (mV) n
hKvl.5 ++ —14.3+1.0 5.8+0.2 35+0.2 249 +25 9 —232+1.3 39+0.1 8
hKv2.1 ++ 123 +1.4 9.5+ 0.6 33.8+29 29.2+22/170+18 9 —159+1.2 72+06 5
L45Kv2.1inKv1.5 -
L45mutantl -
L45mutant2 -
L45bmutant3 + —20.6 1.6 7.1+0.2 10.1+1.2 20.9 £ 3.2 7 —-30.6+1.1 41+0.1 6
L45mutant4 + 11.1+3.8 9.6 1.0 39+04 45+0.9 6 —58+1.6 50+0.7 6
L45mutant5 + —87+24 9.8+0.8 39+0.2 20+0.3 9 —-169+1.8 6.4+04 8
K425F+R432N +/— 0.8+29 7.0+0.8 4.7+0.4 ND 3 ND ND
L45S6Kv2.1inKv1.5 + —84+1.4 6.2 +£0.2 48.1+3.3 170 + 17 5 —184+1.2 41+04
S6Kv2.1inKv1.5 ++ 1.1+25 6.0 0.5 149 +2.0 395 + 35 8 —8.7+24 49+0.3
Kvl.5chimeral -
Kv1.5chimera2 -
Kv1.5chimera3 + —-139+1.1 7.4+0.4 39.9 +4.2 234 + 40 7 —275+0.6 54+0.1 4
Kv1.5chimera4 + —23.7+£23 6.0 0.4 13.0+ 1.4 513 + 41 5 —37.1+3.0 42+06 4
Kvl.5chimerab + —-31.3+15 5.7+ 0.6 10.6 + 1.0 356 + 52 6 —449+1.3 48+04 5
Kvl.5chimera6 + —16.4+1.4 7.3+0.3 10.0 + 0.9 306+ 13 6 —=31.2+2.0 45+04 5
Kvl.5chimera7 -
Kvl.5chimera8 -
Kv1.5chimera9 ++ 0.1+1.3 6.0 £0.4 8.3+0.9 366 + 48 6 —11.8+1.2 54+04 5
Kv1.5chimeralO ++ —124+0.6 6.5+0.3 4.6 +0.4 211+ 18 9 —27.0+0.6 40+£02 9

The L45 and S61 sequence of hKvl.5 is shown on top, above the hKv2.1 sequence. Mutant constructs were created in an hKvl.5 background with the

respective substitutions set in bold. A + or — in column I indicates the presence or absence of time-dependent ionic current in the voltage range of —130

to +130 mV. The amount of plus signs represents the amplitude of K" current

recorded. For the double mutant K425F+R432N, +/— indicates that only

very small time-dependent currents were observed with a maximal current amplitude of ~50 pA with 7 pg cDNA transfected. V) 5, k, and time constants 7,
at Vi 9 +60 mV and 74 at V;,5 —40 mV were obtained as in Table I. ND, not determined.

generated channels with a voltage dependence of acti-
vation that shifted +15 mV positive compared with WT
hKvl.5. The time constants of activation were interme-
diate between those of hKvl.5 and hKv2.1, but channel
closure was clearly impeded, as time constants were

markedly slowed compared with both WT channels
(Table II).

To investigate which residues of the S61 were respon-
sible for rescue, the nonconserved residues were mu-
tated back to hKvl.5 sequence. As was the case for .45,
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this approach did not identify a unique residue that re-
sulted in full rescue (Table IT). However, we identified a
combination of two molecular determinants that were
important for restoring channel functionality (Table
II). One was a single valine to isoleucine mutation
(V514I) directly following the PXP motif, and the other
was a cluster of three residues located further down-
stream replacing ETD by QKR. This Kvl.5chimerab re-
sulted in a channel with a voltage dependence of
activation like hKvl.5 (Fig. 4). Compared with hKv2.1
and the chimera .45S6Kv2.1inKv1.5, the activation time
constants were approximately four times faster, but de-
activation remained as slow (Fig. 4). Furthermore, in
the double .45 mutant K425F+R432N, channel expres-
sion was also restored by replacing the complete S6¢ re-
gion by hKv2.1 sequence or by only the two most crucial
determinants (Fig. 4 and Table II).

The residues identified by the alanine/glycine substi-
tution scan as important in S6 were fully conserved be-
tween hKvl.5 and hKv2.1 (Tables I and II). This suggests
that the S61 in both hKvl.5 and hKv2.1 adopt a similar
“crevice” structure, and that a different orientation of
the S61 and 145 regions makes the latter one not inter-
changeable. The most obvious differences between
hKv1.5 and hKv2.1 were the neutralization of the posi-
tive charges K425 and R432 in 145 and the EDT to QKR
charge reversal in S6t. To test for possible electrostatic
interactions, both K425 and R432 in hKvl.5 were mu-
tated into the negatively charged aspartate. Surprisingly,
both mutants (K425E and R432E) resulted in channels
that expressed well and had biophysical properties simi-
lar to WT hKvl.5. Apparently, the distortion of the local

K425F+R432N Kv1.5chimera6

+60 mV. +60 mV +60 mV
60 m 60 m omv
80 ms 150 ms

_| 40 pA Eg —| 200 pA

Kv1.5chimera10

"W R N

% -30 mV

150 ms
_| 1nA

electric field at these positions in 145 did not impede
channel functionality. To further investigate the role of
these residues, we mutated both residues one by one to
their corresponding hKv2.1 counterpart. The K425F
mutation in hKvl.5 reduced channel expression drasti-
cally; as a result, the deactivation kinetics could not be
determined adequately, but the voltage dependence
and Kkinetics of activation were comparable to WT. An
alanine substitution (K425A) also reduced channel ex-
pression but shifted the voltage dependence of activa-
tion and inactivation with +25 mV toward positive
potentials. Substituting the positively charged arginine
at position 432 by the corresponding hKv2.1 asparagine
(R432N) also shifted the voltage dependence toward
positive potentials and slowed down deactivation by
twofold. Replacing R432 by a phenylalanine (which is
more hydrophobic than an asparagine) shifted the volt-
age dependence of activation and inactivation even
more positive, ~+30 mV compared with WT. These re-
sults indicate that it was not the charge neutralization in
L45 but the change in overall hydrophobicity that dis-
torted channel function.

To test if hydrophobicity is a major determinant for
the conformation of 145 and S6, the mean hydropho-
bic vector of both regions was calculated. Given that S6¢
and probably 145 is a-helical, the mean hydrophobic
vector was calculated as described by Eisenberg et al.,
(1982) using the assumption of an a-helical pattern and
the scaled hydrophobicities for each residue as deter-
mined by Black and Mould (1991). For these calcula-
tions, we used windows with boundaries that included or
excluded the crucial residues. For L45 the complete

Figure 4. Properties of
K425F+R432N, Kvl.5chimera6,
and Kv1.5chimeral0. (A) On top,
aschematic representation of the
double mutant K425F+R432N
and the Kvl.5chimera6 con-
taining the most critical resi-
dues of the S6r region is shown.
Kvl.5chimeral0 contains only
the critical residues in both 1.45
and S6t. (B) Both chimeras had
a voltage dependence of activa-
tion like WT hKvl.5 and the

;mmﬁ; chimera 1.45S6Kv2.1inKvl.5.
B 10 4 C a2t & K425F+R432N (C) Chimera 10 displayed a
. A o A Kv1.5chimera6 slowing of deactivation similar
0.8 100 ** 23Ty, exvischmeral0 (o [45S6Kv2.1inKvl.5 but acti-

@ 3 v 2 ¥ rated much faster, resemblin
S 06 - £ ¢ v tE Ty, va en 8
P = ® OOQOQOGE ¥ WT hKvl.5 activation. On the
0.4 1 SO WT hKvi 5 S 10 4 ég" ogﬁgaaa other hand, chimera 6 dis-
02 - ¥ = K425F+R432N 055 ° 888 played gating kinetics similar to
. A Kv1.5chimera6 L45S6Kv2.1inKv1.5. This indi-
00 .. . IQIKVI1.5'chEme'ra10 1 ———————————————— cated that regarded to chimera
60 -30 0 30 60 90 60 30 0 30 60 10, chimera 6 contained resi-
Vm (mV) dues in L45 that slowed activa-

Vm (mV) tion compared with WT hKv1.5.

674 The Sé1 “Crevice” Houses Residues of the S4-S5 Linker

920z Arenigad 60 uo 1senb Aq 4pd-81001.800Z dbl/26998.1/299/9/Z€ | /pd-8jonie/dbl/Bio sseidny/:dpy wouy pepeojumoq



region was used, which in hKvl.5 ranged from residue
1418 to R432. For hKv2.1 and the mutant constructs, the
corresponding residue window was used. The resulting
hydrophobic vectors displayed a clear difference in ori-
entation between hKvl.5 or hKv2.1 sequence (Fig. 5).
The mean hydrophobic vector of 1.45 from the double
mutant K425F+R432N tended toward that of hKv2.1,
consistent with this double mutation in L.45 being most
critical. To determine the effect of changes in the hydro-
phobic vector of S61, we used a window section that ex-
cluded the region that constitutes the crevice, as the high
sequence homology caused an overlap in hydrophobic
moment between hKvl.5 and hKv2.1 if included. There-
fore, the window used for S6; ranged in hKvl.5 from
Hb524 to E530. Because 145 is amphipathic (or amphi-
philic), the mean hydrophobic vectors obtained for this
segment were larger than the ones for S61. Using this
window for S6+, the difference in hydrophobic vector be-
tween hKvl.5 and hKv2.1 matched the difference ob-
served for L.45 (Fig. 5). The hydrophobic vector of S6¢
for the Kvl.5chimeralO tended toward those of hKv2.1,
whereas the one of Kvl.5chimera7, which did not result
in rescue, overlaps with the one of hKvl.5 (Fig. 5).

® R

Replacing Residues in L45 and Sér of hKv1.5 by Their
hKv2.1 Counterpart

To determine the effect of the other nonconserved resi-
dues in L45, all residues that differed between hKv1l.5
and hKv2.1 were individually replaced in an hKvl.5
background. The mutations K418T, Q428R, and M431F
were well tolerated and resulted in channels with bio-
physical properties similar to WT hKv1.5 (Table III). On
the other hand, at position A429 the substitution by an
arginine (A429R) generated a channel with a voltage
dependence like WT but with deactivation time con-
stants that were approximately five times faster. Further-
more, the mutant [422S resulted in channels that
displayed markedly perturbed gating. Besides a —10-
mV shift in their voltage dependence, the activation ki-
netics were slowed by fourfold and channel deactivation
was slowed by 20-fold. On an a-helical wheel representa-
tion, residues A429 and 1422 cluster apparently more or
less on the same side as residues K425 and R432, which
impeded channel expression upon substitution by hy-
drophobic residues. On the other hand, both Q428 and
M431 cluster at the opposite side in 1.45, presumably
one which is less critical (Fig. b).

Figure 5. «-helical wheel representation with hydro-
phobic vector for both L45 and S6+. (A, top) The L45
residues K418 to R432, with hKvl.5 sequence in bold-
face and small uppercase blue letters indicating differ-
ent residues found in hKv2.1. The hydrophobic vectors
for hKv1l.5 and hKv2.1 are indicated with a black and a
red arrow, respectively. The hydrophobic vector of the
double mutant K425F+R432N is shown in green. The
residues that most likely reside in the S6r crevice are
encircled in blue. (Bottom) The S61 residues V514 to
E531 of hKvl.5, with hydrophobic vectors color coded
as in the top. Residues that are conserved between
hKvl.5 and hKv2.1 did not tolerate an alanine substitu-
tion in hKvl.5 (red encircled). Similar to the represen-
tation of .45 above, the hydrophobic vector of hKvl.5
is shown in black, whereas the one of hKv2.1 is shown
in red. In green, the hydrophobic vector of the rescue
Kvl.5chimerab is shown. Note the relative rotation be-
tween the vectors of hKvl.5 and hKv2.1 (for both 1.45

L45 and S6r). (B) The possible structural repercussion of

the swiveled hydrophobic vector. For the WT hKvl.5
situation, we used our generated homology model (see
Materials and methods). On top, a representation of
the coupling between 145 and S6¢ in WT hKvl.5 with
residue 1422 of the 1.45 and residues F519, F522, and
Y523 on S6 in black is shown. On the bottom, close ups
of the 145 and bottom part of S6 that show the effect
of swiveling both segments in such a way that the hy-
drophobic vectors of hKvl.5 and hKv2.1 (shown in A)
match each other are shown. When the 145 is swiveled
~20°, residue 1422 would orient more toward the cy-

toplasm (in the representation downward). The position of residue 1422 in a WT hKvl.5 situation is colored black. If the swivel of the
hydrophobic vector reorients the 1.45, residue 1422 would occupy the (hypothetical) position indicated in red. The effect of swiveling
S6r according to the difference in hydrophobic vector is represented below, again with the position of residues F519, F522, and Y523 in
WT hKvl.5 indicated in black and the hypothetical position after swiveling shown in red. The direction of the rotation between WT and

chimeric constructs is indicated in all panels with a dotted arrow.

Labro et al. 675

920z Arenigad 60 uo 1senb Aq 4pd-81001.800Z dbl/26998.1/299/9/Z€ | /pd-8jonie/dbl/Bio sseidny/:dpy wouy pepeojumoq



TABLE Il
Biophysical Properties of Individual Substitutions in hKvl.5

hKvl.5 K G L Q I L G T L Q A S M R E
I I I I I I I I
position 418 420 422 424 426 428 430 432
(380) (382) (384) (386) (388) (390) (392) (392)
Activation Deactivation Inactivation

Vi/e (mV) k (mV) T, (ms) Tq (ms) Vi (mV) ki (mV) n
K418T 1.5+1.5 7.3+0.6 45+0.4 22.8+3.0 —82+0.7 4.9+0.3 6
14228 —26.4+1.9 6.9 0.6 12.6 0.9 475 £ 27 —389=+1.0 45+0.2 5
1422A —241+23 7.0+0.7 57+04 277 + 52 —33.7+1.7 5.8+0.3 7
1422W no current
1422R no current
K425E —-10.1+£1.9 6.0+0.3 4.3+0.3 18.9+3.2 —16.4+1.4 36+0.3 5
K425F -5.2+27 62+1.3 7.8+1.0 ND ND ND 3
K425A 122+1.6 7.0+0.3 57+0.8 19.2+1.9 29+15 5+0.3 6
T426A —-1.5+2.0 6.6+0.3 3.6+0.2 6.6 +0.8 —139+26 +0.4 5
T426W no current
T426R no current
Q428R -9.7+1.4 6.5+0.2 50+0.8 22.0+5.2 —19.3+0.6 50=0.1 5
A429R —-82+138 7.1+05 7.0+0.6 44+05 —16.2+2.6 52+0.3 5
M431F —11.1+1.4 59+0.3 55+0.9 16.1+1.4 —-16.3+0.9 49+0.3 6
R432E —9.4+0.6 49+0.3 3.0+0.3 13.7+0.3 —14.0=1.5 4.1+0.2 4
R432N -1.6+£1.2 58+0.2 4.4+0.5 57.0+5.3 —75+1.4 45+0.2 8
R432F 174+1.3 7.0+0.5 59+0.7 125+0.5 20+1.1 4.3+0.3 7
V5141 -5.1+1.7 54+0.7 45+0.5 223+ 19 —124+1.4 36+0.3 5
Y521E —-149+1.4 53+0.4 35+0.3 11.9+1.1 —228=+21 3.7+0.4 5
H524K —5.0x1.6 46+0.4 4.0+0.4 26.6 + 2.7 —115+1.3 4.0£0.1 5
R525E —16.5+0.9 56+0.4 35+0.2 258 +2.1 —26.4+0.9 32+0.1 6
E526Q —9.6+0.3 51+0.3 4.8+0.6 13.8+1.8 —16.8+1.2 45+0.2 4
T527K -7.1+0.3 51+0.2 4.2+0.5 179+32 —123+1.4 3.8+0.3 5
D528R —109+1.5 53+05 47+0.4 26.6 +2.6 —18.4+0.6 4.0+0.2 7
H529Q —-3.7+12 50+0.4 4.2+0.5 18.8+2.3 —9.0+2.0 41+0.4 6
E531K —-9.9+28 5.6 0.6 49+05 20.4+1.6 —-17.0+ 1.1 35+0.2 5
Sequence of L45 from hKvl.5 on top with Shaker numbering between parentheses. All mutations were done in an hKvl.5 background, and Vo, k, and t

were obtained as in Table I. ND, not determined.

According to the 3-D crystal structure of rKvl.2, resi-
due 1422, whose substitution affected gating most pro-
foundly, is in close contact with the bottom part of S6.
Likewise, residue T426, which is conserved between
hKvl.5 and hKv2.1, is likely to make contact. To check
the latter possibility, both residues were further mutated
in a tryptophan (a bulky residue to perturb protein con-
tacts), an alanine (small side chain and losing potential
interactions), and an arginine thatis charged and highly
hydrophilic. At both positions neither a tryptophan nor
arginine was tolerated. An alanine substitution was toler-
ated but altered channel gating markedly. I422A displayed
a negatively shifted voltage dependence of activation
and slowed down deactivation by 10-fold, similar to 14225
(Table III and Fig. S2, which is available at http://www
Jjgp-org/cgi/content/full/jgp.200810048 /DC1). On the
other hand, an alanine substitution for T426 shifted
the voltage dependence of activation with +10 mV more
positive and displayed fivefold faster deactivation time
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constants compared with WT (Table III and Fig. S2).
In both cases the activation time constants were similar
to WT. This indicated that 1422A stabilized the open
state, whereas T426A did the opposite. As expected
from our alanine/glycine substitution scan of S6r, the
individual substitution of the residues that differed
between hKvl.5 and hKv2.1 did not identify residues
that were individually critical for channel gating.
A noted exception was position 514, where the conser-
vative substitution of a valine by an isoleucine (V514I)
slowed down channel closure drastically compared with
WT and might explain the impaired channel closure of
several of the chimeras that contained this V5141 muta-
tion. This indicates that this residue is involved in the
gating process and is in agreement with the observation
that this V5141 mutation is needed for making the 1.45
of hKv2.1 compatible in an hKvl.5 background (Table II).
In conclusion, the one by one substitution in hKvl.5
of residues that differed from hKv2.1 did not uncover a
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unique single pair of L45/S6+ residues (Tables II and
III) that was responsible for the distortion or rescue of
channel gating, indicating that multiple residues deter-
mine the proper contact.

DISCUSSION

The a-helical Configuration of Sé1 Is Essential for Gating

of Kv Channels

Individual glycine and alanine substitution of residues
515-527 in hKvl.5 resulted in a periodicity for func-
tional and nonfunctional channels every three to four
residues, which supports an a-helical configuration for
this region (Table I and Fig. 2). Furthermore, substitu-
tions for proline residues, which destabilize an a-helical
configuration because of the loss of an H bond, were
not tolerated (O’Neil and DeGrado, 1990; Blaber et al.,
1993). At position V516, an alanine substitution was tol-
erated but a glycine substitution was not, likely because
this residue is a prime candidate to occlude the pore in
the closed state (del Camino and Yellen, 2001; Hackos
etal., 2002). The homologous V516G mutation in Shaker
(V478G) was functional but resulted likewise in a chan-
nel that expressed poorly (Kitaguchi et al., 2004). Be-
cause a cysteine substitution at this position (V478C)
was able to react with methanethiosulfonate reagents
and was sensitive to cadmium block (Liu et al., 1997; del
Camino and Yellen, 2001), this residue must be accessi-
ble from the cytosol and should thus be facing the ion-
conducting pore. Because both the crystal structure and
our functional results favor an a-helical structure for
the S6y region, the subsequent residues S517, N520,
Y521, H524, and R525 are most likely also exposed (Fig.
2). The observation that S517 can be replaced by a glu-
tamate that is negatively charged further supports its
orientation toward the pore or at least an aqueous envi-
ronment (Yeola et al., 1996).

The residues N518, F519, F522, and Y523 that did not
tolerate a substitution map on the other side of the S6
a-helix (Fig. 5), which is therefore probably important
for channel gating and/or channel folding (protein
packing). These two possibilities are not necessarily mu-
tually exclusive because the failure to fold properly
could be due to the inability to create the contacts that
are crucial for channel gating. Because neither glycine
nor alanine substitutions were tolerated, the nonfunc-
tionality is indeed likely due to the loss of required side
chain interactions. Alanine and cysteine substitutions of
N480 and F481 in Shaker (N518 and F519 in hKvl.5)
also resulted in subunits that failed to express functional
channels, whereas a tryptophan substitution at that po-
sition was well tolerated (Liu et al., 1997; Hackos et al.,
2002). The homologous residues of F522 and Y523 in
Shaker (F484 and Y485, respectively) were also critical
for normal gating, indicating that these residues form

part of the gating machinery (Ding and Horn, 2002;
Hackos et al., 2002; Ding and Horn, 2003).

An hKvl.5 homology model based on the rKvl.2
structure (Long et al., 2005a) shows that the residues
that are sensitive to substitutions orient toward .45, and
that the individual substitution of residues N518, F519,
F522, and Y523 to an alanine or glycine created a cavity
(Fig. S3, available at http://www.jgp.org/cgi/content/
full /jgp.200810048/DC1). The creation of such cavities
could cause structural rearrangements as surrounding
residues move toward the vacant space (Eriksson et al.,
1992). If hydrogen bonds are present, replacing resi-
dues with bulkier side chains by alanines would result in
unpaired hydrogen-bonding partners. Furthermore,
water may penetrate into the cavity and form a hydro-
gen bond with the partner. Thus, mutations that create
cavities are very destabilizing because of the loss of van
der Waals interactions and possible hydrogen bonds. In
this model, the aromatic side chains of residues F519,
F522, and Y523 form a crevice, with the upper wall
formed mainly by F519 and the bottom one by F522
(Fig. 2). Thus, the region on S6; that presumably cou-
ples to the L.45 adopts a crevice in which residues from
L45 can reside.

Coupling between L45 and Sér Requires a Correct
Conformation of Both Regions

Substituting the 1.45 of hKv1.5 by the linker sequence of
hKv2.1 resulted in nonfunctional channels that did not
pass the ER quality control. Apparently, the opposite ex-
change was tolerated, as an hKv2.1 channel with the
L45 sequence of Kvl.2 was functional (Scholle et al.,
2004). Also, the 1.45 of Shaw and Kv3.4 channels was in-
terchangeable (Bhattacharji et al., 2006). This suggests
that subtle differences in sequence between Kv chan-
nels determine the mutual compatibility of 1.45. At first
glance, the result of our 45 chimeras between hKv2.1
and hKvl.5 differs from the observation that heterotet-
ramers between hKv2.1 and Shaker are possible after re-
moving the N-terminal T1 domain (Li et al., 1992).
However, our results indicate that the 1.45-S6 compati-
bility is based on intra-subunit interactions that are most
likely maintained in the heteromeric channels (Labro
etal.,, 2005; Long et al., 2005a).

To make the 145 of hKv2.1 compatible in an hKvl.5
background, it was sufficient to also replace S6 by the
corresponding hKv2.1 sequence. This double chimera
resulted in channels with a voltage dependence similar
to that of hKvl.5 but with hKv2.1-like kinetics. The
observed hKvl.5-type voltage dependence would
thus result from the VSD that is still from hKv1.5. The
hKv2.1-like kinetics suggest that the constraints on the
movement of the electromechanical coupling have
been changed, most likely reflecting those of hKv2.1.
Thus, exchanging the “full coupling unit” can transfer
hKv2.1 kinetics to a hKvl.5 background, which indicates
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that differences in coupling constraints may determine
the different gating kinetics observed throughout the
Kv family.

Previous work suggested that the 1.45 is also a-helical
(Ohlenschlager et al., 2002), and this was further indi-
cated by the 3-D crystal structure of rKvl.2 (Long et al.,
2005a). When the residues of both 1.45 and S61 were
mapped on an a-helical wheel representation, the resi-
dues that differ between hKvl.5 and hKv2.1 cluster for
both regions at one side of the helix (Fig. 5). However,
in the hKvl.5 homology model, these regions of .45 and
S6rare (unexpectedly) notin direct contact. Apparently,
the critical residues in S6; that constitute the crevice
and the residues of L45 that reside in it are conserved in
both channels. Also, the leucine repeat in L45 is fully
preserved. Substitutions of these leucine residues in
Shaker affected the channel’s biophysical properties
probably because several of these leucine residues face
the lipid bilayer (Isacoff et al., 1991; McCormack et al.,
1991; Long et al., 2005a). The recent 3-D crystal struc-
ture of a Kv channel in a membrane-like environment
indeed showed the presence of lipids in the vicinity of
L45 (Long et al., 2007). Thus, the majority of residues
that mutually differ between hKvl.5 and hKv2.1 map on
the side of .45, which presumably faces the cytoplasm.

S6-helix
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The individual substitution of residues K425 and
R432 indicated that the impact of the substitution
depended largely on the change in hydrophobicity. Be-
cause the reduction in entropy is an important deter-
minant for protein folding, hydrophobicity of certain
channel regions may be a critical regulator and changes
in overall hydrophobicity might cause regions to orient
differently. The orientation of the hydrophobic vector
of L45 indeed differed between hKvl.5 and hKv2.1, and
a rotation of ~20° is needed to match both vectors.
These different vector orientations may explain why
the L45 of hKv2.1 is incompatible in an hKvl.5 back-
ground, whereas the opposite is tolerated. Similar to
L45, the mean hydrophobic vector of the lower part of
S61 differs between hKvl.5 and hKv2.1 by a rotation
of ~20°. Thus, simultaneously changing the orientation
of both S61 and L45 results in a configuration in which
the residues that constitute the 1.45/S61 coupling come
in close proximity again (Fig. 5 B). However, another
crucial determinant for rescue was the EDT to QKR
charge reversal in S61, and we cannot exclude that this
charge cluster interacts with channel parts other than
L45 and thereby positions S61. Thus, several residues in
both 145 and S6 that are supposedly not making the
coupling contacts themselves are needed to orient both

Figure 6. Structural model of the mechanical coupling.
(A) Side view of the coupling between 1.45 and S6¢ region
in the hKvl.5 homology model. The L45 and S5 segment
are displayed in transparence to show the interaction be-
tween residues. On the left, the important residues 1422
and T426 of .45 are shown in blue. The residues that form
the crevice in S6¢ are shown in red. In this model, the resi-
due 1422 of 145 is positioned beneath residue F519 of the
S6r, whereas residue T426 is positioned above residue F522.
On the right, the same point of view is shown but with color
coding according to the hydrophobicity of the residues.
White refers to hydrophobic residues, whereas an increased
orange tone reflects an increase in the hydrophilic nature
of the residue. Note that the S6¢ crevice is largely hydro-
phobic. (B) Similar views on the mechanical coupling as
in panel A, but in this case a hypothetical model was used
(instead of the hKvl.5 homology model) that was obtained
and optimized as described in Materials and methods. In
this model, the L45 is reoriented such that 1422 and T426
come closer to their respective interacting residues F519
and F522. The distance between both pairs is indicated
with a dotted line in the representation on the left. (C) Van
der Waals energy shown as a function of the MD time step
during optimization of our hypothetical model. The graph
shows the nonbonding Van der Waals energy of the total
potential energy that was defined by the CHARMM19 force
field (see Materials and methods). The initial value (step
1) refers to the starting energy of the distorted model in
which L.45 was manually positioned such that residues 1422
and T426 came within contact distance to F519 and F522,
respectively. The last value (step 1,000) corresponds to the
optimized model that is shown in B. The plot clearly shows
the drop of Van der Waals energy and indicates that a local
energy minimum is reached, which is compatible with an
optimized new position of the 145 with respect to S61.
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regions correctly and maintain the correct structure of
the coupling. Consequently, an incorrect conformation
might result in an incomplete coupling with altered ki-
netics or even misfolded channels.

Motions at the Contact Interface between S4-S5 Linker
and S6+

The movement of the VSD is most likely translated in
opening and/or closing of the channel gate through
145, which works as a lever that exerts force on S6t. The
exact motions at these contacts have not yet been re-
solved. Although it is not straightforward to interpret
changes in gating functions from mutations, the combi-
nation of our biophysical results with the constructed
models indicate that multiple residue contacts are im-
portant in the electromechanical coupling, and that
they can be divided in at least two groups: those resi-
dues that effectively transduce the mechanical energy,
and others outside the interacting surface that are criti-
cal to maintain the correct 3-D configuration that allows
and constrains the interaction (“contact residues” vs.
“structural residues”). This might be compared with the
structures for the mechanical interaction and stability
of a ball and socket joint (e.g., hip joint): the cartilage
forms the surface that transmits the mechanical energy,
but the surrounding structure (ligaments and the rim
of the socket) hold the two interacting faces in place.
Thus, the interactions between the contact residues are
not needed to keep the overall structure intact; there-
fore, the coupling contacts between both regions need
not be very tight. This allows for both dynamic motions
at the coupling interface and for the work to be exerted
for the transition between the closed and open state. In
the homology model, the side of 145 that resides in the
S6¢ crevice contains residues 1422 and T426. Because
channel gating is a dynamic process, some of the con-
tacts may only be transient, or only be present in either
the open or closed conformation. Because the rKvl.2
channel structure was determined in an open configu-
ration (Long etal., 2005a), it is possible that the side on
L45 that forms the coupling is wider and residue A429
comes in close contact with the bottom part of S6 upon
channel closure. This is supported by the observation
that mutating this residue speeds up channel deactiva-
tion (Table III and Fig. S2). However, in the open state
this residue should be exposed and accessible, as it is
documented that the corresponding residue in Shaker
(A391) forms part of the putative binding site for the
inactivating N-ball (Holmgren et al., 1996). Thus, if res-
idue A429 forms part of the coupling, L45 or S6; would
rotate slightly during channel gating.

The individual substitution of residues 1422 and T426
resulted in channels with markedly altered gating (Ta-
ble III). The observed shifted voltage dependence of
T426A is similar to the corresponding T388A mutant in
Shaker (Isacoff et al., 1991). Initially, it was proposed

that this T388 residue in Shaker contributed to the bind-
ing site for the inactivating N-ball, but this was later re-
vised and the observed effects on inactivation upon
mutation are most likely a reflection of their effect on
the electromechanical coupling (Isacoff et al., 1991;
Holmgren et al., 1996). Our results show that mutating
1422 impaired channel closure, whereas the substitu-
tions of T426 speeded up deactivation. Therefore, both
residues apparently stabilize a different conformational
state of the channel. The fact that both residues map on
the same side of L45 is not in favor of significant rota-
tional motions at the contact interface between L.45 and
S6+. If both residues would occupy the S6¢ crevice alter-
nately in the open- or closed-channel conformation,
this would suggest a sliding motion of the residues
through the contact interface (crevice). Alternatively,
this could indicate that residues 1422 and T426 act on
different residues of the S6; crevice and alternately
push on their contacts, depending on the gating transi-
tion (open-to-closed or closed-to-open).

Pathak et al. (2007) suggested in their recent model
that to translate the VSD movement into gate opening,
the N-terminal part of S5 needs to twist first. In this way,
it unlocks the coupling before the 1.45/S6 could reori-
ent. For the movement of .45 itself, they suggested a ra-
dial motion parallel to the lipid bilayer, preserving its
location between the hydrophobic and polar layers of
the membrane. Such a movement differs from the more
downward movement of the N-terminal part of .45 pro-
posed by Long et al. (2005b, 2007). The difference be-
tween both models is that the 145 linker pushes S6
mainly sideways in the former and downward in the lat-
ter. Despite this (slightly) different mechanism, signifi-
cant rotational movements are absent in both. In
Pathak’s model, both 1422 and T426 also reside in the
S61 crevice, and their interaction site remains roughly
the same in both the open and closed state. According
to our hKvl.5 homology model, T426 might contact
residue F522 and 1422 residues F519 and Y523 (Fig. 6).
We propose that these contacts are largely responsible
for the mechanical coupling of the 145 with S6T, and
that the type of interactions is mainly carried by Van der
Waals interactions. This hypothesis is supported by the
energy minimization of the speculative model of the
L45/S6T coupling that evidenced the contribution of
the Van der Waals interactions (Fig. 6 C).

Collectively, our results show that the a-helical config-
uration of S6 is required for the creation of a S61 crev-
ice in which the L.45 resides. The residues at the contact
interface most likely make up the mechanical coupling,
whereas the flanking residues serve a stabilizing and
structural role by orienting 1.45 and S6¢ correctly.
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